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Abstract 

Structural perturbations influence many properties of proteins, but sequence 

variations are frequently observed in nature without perturbing the overall stability, fold, 

and function. In this thesis work, heme proteins cytochrome c and c2 have been used to 

provide insight into the relationship between peripheral contacts and its function.  

Recent studies with pathogenic cytochrome c mutations G41S and Y48H, and 

growth-inhibiting mutation K72A, have highlighted the importance of contacts between 

loops C and D in function of the protein. Characterization of these variants shows that loop 

D local stability and dynamics are altered upon loop C perturbation, influencing electron 

transfer, alkaline transition, and peroxidase activity. Effects of these structural 

perturbations are different for human and horse heart proteins. Computational models 

suggest these differences may depend on whether the native peripheral contacts involving 

loops C and D are preserved. These contacts are also important for the cooperative acid 

unfolding transition. 

Loop D packs closely to the 60’s helix, forming additional intermolecular contacts 

for the protein to fold into a compact state with a Met80-ligated 6-coordinate heme iron. 

Y67R mutation perturbs these inner peripheral contacts and triggers a conformational 

rearrangement to induce Lys-ligation. Conformational rearrangements are important in 

cytochrome c. Interaction between cardiolipin and cytochrome c breaks up native 

peripheral contacts, which triggers a conformational rearrangement that enhances 

peroxidase activity so the protein functions as a peroxidase instead of an electron carrier. 

The heme ligation state of the species responsible for the increased peroxidase activity has 

been under debate. Characterization of Y67H, a variant that readily forms bisHis-ligation 
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upon structural perturbation, suggests that bisHis-ligated species is not the species 

responsible for the enhanced peroxidase activity.  

Peripheral contacts are key participants in the proton-coupled electron transfer 

mechanism of cytochrome c2, an electron carrier in the bacterial photosynthetic electron 

transfer pathway. A calorimetric characterization of Rhodospirillum rubrum cytochrome 

c2 suggests that His42, a residue hydrogen-bonded to heme propionate 7, participates in 

proton transfer and is responsible for the pH-dependent reduction potential.  

Preliminary studies designed to probe the relationship between peripheral contacts 

and the heterogeneity of unfolded states are also discussed. 
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Introduction 
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Metalloproteins have diverse functions and are essential participants in biological 

processes.1 Twenty amino acids and select transition metals form metalloproteins, and 

diversity in function is provided, in part, by structural variations of the polypeptide chain.1 

The residues in the polypeptide chain provide coordinating ligands to the metal, and  

polypeptide fold alters the geometry of the metal complex, which tunes the chemical 

properties of the metal center.2 For example, in heme proteins that participate in electron 

transfer (ET) pathways, the reduction potential of the metal center can change dramatically 

depending on whether one of the axial ligand is methionine or cysteine.1, 2 More modest 

changes can also influence the properties of the metal site. 

Besides alterations in the first coordination sphere, changes in the secondary 

coordination sphere can dramatically alter the chemical properties of the metal and 

influence protein function. Changes within the polypeptide chain can tune the solvent 

exposure, environment, and electronic properties of the metal site. Such tuning is 

commonly observed in heme proteins. For example, myoglobin with a 5-coordinate heme 

iron behaves as small molecule transporters.3 On the other hand, peroxidases also with a 5-

coordinate heme iron efficiently bind and utilize H2O2 to oxidize biological substrates due 

to the presence of catalytic amino acids in the secondary coordination sphere that are absent 

in myoglobin.3 Modifications in the secondary coordination sphere do not have to be 

directly adjacent to the metal center. Changes in distal contacts of the polypeptide chain 

have been shown to tune the enzymatic activity in peroxidases.1, 4, 5 Furthermore, 

comparisons between structurally similar and related proteins from thermophilic, 

mesophilic, and psychrophilic organisms have suggested that changes in peripheral 

contacts between residues on the surface of the protein modify thermodynamic and kinetic 
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properties of the folded polypeptide chain, which ultimately influence the enzymatic 

properties of the protein.6-8  

The relationship between function and modification in intraprotein peripheral 

contacts is of particular interest. Although changes in the secondary coordination sphere 

and peripheral contacts can have dramatic effects on protein function, these changes are 

generally well tolerated. Sequence variations are frequently observed in nature without 

radically changing the metal coordination geometry or the global structural and functional 

properties of the protein.1, 2 Yet, comparisons of proteins containing sequence variations 

show that, although similar, thermodynamic and kinetic properties are varied in proteins 

from different species. Such variations suggest that sequence variations introduce local 

variations that alters properties in the protein. Further, it is unclear why some changes in 

peripheral contacts are tolerated while others are not, and how these sequence variations 

translate to altering thermodynamic and kinetic properties of the polypeptide. 

Thesis Objectives and Outline. 

c-type cytochromes, mitochondrial cytochrome c (cyt c) from horse, human, and 

yeast, and Rhodospirillum rubrum (R. rubrum) cytochrome c2 (cyt c2), are used as models 

to explore how peripheral contacts tune protein function. A brief overview of cyt c, a 

multifunctional protein whose structure and function have been well-documented in a 

variety of species, is introduced in Chapter 2. The bulk of the experimental work presented 

in this thesis focuses on horse heart cyt c. Studies with cyt c probe the structure-function 

relationship commonly observed in metalloproteins and show that preservation of the 

overall structure (polypeptide fold as well as metal ligation and geometry) do not 

necessarily indicate that the function is unaffected. Mutational studies are conducted to 
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explore how variations in peripheral contacts are reflected in the local (and at times, global) 

thermodynamic and kinetic properties of the protein, and how these changes affect 

function. Cyt c2 is studied to illustrate how perturbations in peripheral contacts modify 

proton-coupled electron transfer (PCET) properties.  

 Cyt c has loosely structured loops C and D near the heme that also contain varied 

sequences when compared across species. Chapter 3 explores how peripheral contacts in 

loop C of cyt c tune the local polypeptide stability, dynamics, and peroxidase activity of 

the protein. Wild-type (WT) cyt c proteins from human, horse heart, and yeast are 

compared through molecular dynamics (MD) simulations and previous literature results. 

These comparisons are then used to explain the differential responses of human and horse 

heart cyt c to structural perturbations introduced by hereditary thrombocytopenia 

mutations. Chapter 4 describes how perturbations in the loop regions affect the ET 

properties of cyt c. This chapter highlights that even with a similar heme ligation, 

peripheral changes at or near loop D and the heme can affect the ET properties of the 

protein.  

 Previous mutational studies with yeast cyt c have shown that peripheral contacts to 

the heme propionate (HP) “staples” loops C and D, promoting the native fold with a Met-

ligated heme iron.9 Depending on the pH, cyt c undergoes multiple conformational 

rearrangements, and these peripheral contacts near HP have been suggested to play a role. 

Chapter 5 presents the characterizations of cyt c variants during acid-induced unfolding.  

 In cyt c, the identity of the 6th axial heme iron ligand is critical in tuning the 

reduction potential of the iron center and in switching the protein function from an electron 

carrier to a peroxidase. Many residues in loop D can act as heme iron ligands, and its fold 
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is essential in determining the residue that coordinates to the heme iron. Chapter 6 discusses 

how tertiary contacts modulate native packing and heme iron ligation.  

Although many sequence variations are present in the vicinity of the heme in cyt c 

across many species,10 only a selected set of amino acids is observed at residue locations 

where sequences do vary. Chapter 7 illustrates how certain residues alter the function of 

the protein even if it does not alter the heme iron ligation or the native polypeptide fold. 

Discrepancies in Lys- and His-ligated heme iron species reported in the literature are also 

explored in Chapters 6 and 7, respectively.  

 Importance of peripheral contacts and roles of residues near the HP groups of other 

cytochrome proteins is highlighted in Chapter 8 with R. rubrum cyt c2, a bacterial 

cytochrome that has been suggested to have a PCET mechanism due to its pH-dependent 

reduction potential.11, 12 Previous studies with R. rubrum cyt c2 have suggested that the 

peripheral interaction between one of the HP group and a histidine residue (His42) plays a 

role in the PCET mechanism, with either His42 and/or the HP acting as the ionizable group. 

However, it has been difficult to characterize this mechanism by NMR spectroscopy, as 

shifts in signals can stem from changes in ionization and conformational changes in the 

polypeptide packing unrelated to PCET mechanism. To avoid these complications, a 

calorimetric characterization of PCET mechanism in cyt c2 has been attempted. 

 Many proteins interact with lipids, and cyt c is of no exception. In cells, the 

interaction of cyt c with the mitochondrial membrane promotes the functional switch in cyt 

c from an electron carrier to a peroxidase. Appendix I describes attempts at probing 

whether structural perturbations near the heme alter the conformational ensemble in the 

lipid-bound state. Preliminary spectral measurements have shown discrepancies between 
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different spectroscopic measurements, requiring further optimization in sample 

preparation. The effects of different lipid preparations on spectroscopic features are also 

presented in this Appendix.  

 The polypeptide of cyt c accesses multiple conformations in the unfolded state, 

some of which are stabilized when histidine residues in the polypeptide coordinate to the 

heme iron.13 This tendency for His residues to coordinate to the heme iron can have 

potential effects in many mutational studies with cyt c where His residues are introduced 

in the polypeptide chain. Additional spectroscopic measurements of variants with non-

native histidine residues at positions 48 or 67 are presented in Appendix II. Variation is 

observed in the folded state for one of the variants., most likely due to the local structural 

perturbation in the folded state when the non-native His residue is introduced. In contrast, 

differences between variants are more pronounced in the unfolded state, highlighting the 

conformational heterogeneity of the unfolded state. It is most likely that the introduction 

of non-native His residue in the polypeptide stabilizes different polypeptide conformations 

depending on the location in the polypeptide chain, suggesting that some unfolded 

conformations are favored over others.  
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c-type Cytochromes. 

c-type cytochromes are Fe-containing heme proteins that have a covalently bound c-type 

porphyrin with an Fe center, usually with one or two amino acid ligands provided by the 

polypeptide chain to serve as axial ligands to the metal ion (Figure 2.1). Depending on the 

axial ligand, the reduction potentials of Fe-containing hemes can vary widely, and 

cytochromes are commonly found as participants in ET reactions. In particular, 

mitochondrial cyt c in the cytochrome family of proteins is a well-studied protein where 

much is known about its function, folding, and structure.1, 2 

Cyt c is a multi-functional protein that can switch its function from an electron 

carrier in the biological electron transfer chain (ETC) to a peroxidase to initiate apoptosis 

(programmed cell death) in many organisms (Figure 2.2).3 These functions are regulated 

by structural properties that differ in ligation and fold of the protein. Cyt c is present in the 

intermembrane space of the mitochondria and transfers electrons between the Fe heme in 

cytochrome bc1 (cyt bc1) and the CuA center in cytochrome c oxidase (CcO).1, 4 In the 

presence of cardiolipin (CL) and reactive oxygen species (ROS), such as H2O2, structural 

change occurs within cyt c, activating the secondary function of the protein as a peroxidase 

that oxidizes the mitochondrial membrane to allow the release of cyt c into the cytosol 

(Figure 2.2).5 Depending on the oxidation state of the protein, cyt c in the cytosol interacts 

with Apaf-1 and forms the apoptosome complex that initiates apoptosis.6-10 In some 

organisms such as yeast, apoptosis can be triggered independent of cyt c.9, 11 These different 

functions in cyt c make it a good model to correlate how intermolecular contacts alter the 

global and local properties of the protein, and how these structural changes are relayed to 

affect protein functions. 
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Figure 2.1. (Left) A molecular depiction of a c-type heme (heme c), in the x, y-plane. In 

class I c-type cytochromes, His and Met serves as axial ligands to the heme iron (through 

the z-axis according to the depiction, with His on the bottom and Met on the top of the x, 

y-plane). In hemoproteins containing c-type hemes, the heme moiety is covalently linked 

to Cys residues in the polypeptide chain. In cyt c and cyt c2, solvent-exposed heme edge is 

located on the side of the heme porphyrin with heme propionate 6 (HP6). (Right) Range of 

reduction potentials in proteins and model compounds with c-type hemes. Type of axial 

ligands can tune the reduction potential of the heme iron, as observed in microperoxide-11 

(MP11, contains heme with a 11-residue peptide chain containing His18 and Cys-

linkers).12 In class I c-type cytochromes with His/Met coordination, reduction potential can 

range from 450 mV to -80 mV.13 Depending on the polypeptide fold and heme iron ligation, 

an even wider range of potentials can be observed as exemplified by Met-ligated (native) 

cyt c,12, 14 Lys-ligated (alkaline) cyt c,12 bisHis-ligated (imidazole bound) cyt c,12 and H2O-

ligated cyt c in the molten globular (MG) state.15 Other relevant reduction potentials of 

CcO,16 cyt bc1,
17 and cyt c2,

18 are also shown. 
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Figure 2.2. A schematic depicting the biological function of cyt c in cellular respiration 

and apoptosis in many organisms, including mammals, based on refs. 4, 8, 13. Cyt c primarily 

shuttles electrons between complex III (cyt bc1) and complex IV (CcO) of the oxidative 

phosphorylation pathway in the mitochondria.13 Cyt c is also involved in the initial steps 

leading to programmed cell-death (apoptosis).5 In the presence of CL and ROS, cyt c 

oxidizes the mitochondrial membrane to promote cyt c release into the cytosol.19 Ferric cyt 

c (cyt c3+) binds with Apaf-1, forming the apoptosome complex that activates procaspase 

9, required to initiate the caspase cascade that leads to apoptosis.7, 8 On the other hand, 

ferrous cyt c (cyt c2+) cannot initiate the caspase cascade and does not induce apoptosis.8  
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Furthermore, cyt c has been widely studied in multiple organisms, including horse, yeast, 

and human. Comparing cyt c from various organisms provides an insight as to how natural 

sequence variations influence the structural and functional properties.  

Cyt c Structure. 

Mitochondrial cyt c is a small, globular ~12 kDa protein that contains a c-type heme 

covalently linked to the polypeptide chain.1, 2 In the pH range from 3.5 to 8, Met and His 

from the polypeptide chain act as axial ligands to the heme iron (native state).20 Like cyt c 

from other organisms, horse heart cyt c is composed of five α-helical segments, a short β-

sheet segment, and three loosely structured loop regions. Folding regions (foldons) have 

been identified from extensive hydrogen-exchange (HX) experiments with horse heart cyt 

c: blue foldon comprised of N- and C-terminal helices, green foldon comprised of 20’s loop 

and 60’s helix, yellow foldon comprised of anti-parallel β-sheet, red foldon comprised of 

loop D, and infrared foldon comprised of loop C (Figure 2.3).21-24 These foldons differ in 

stability, and have been shown to fold in a cooperative manner at near neutral pH 

conditions.21-23, 25, 26 Intermolecular contacts between these foldons have been shown to 

promote cooperativity in folding of cyt c.26 Perturbation in these contacts leads to 

subsequent loss in cooperativity, as observed at lower pH conditions where protonation of 

residues severed key hydrogen-bonding contacts.27 The least stable foldons, loops C and D 

(Figure 2.3 left, with loops colored white and red, respectively), have been observed to fold 

independently of one another.26 These two loops are of particular interest as their 

thermodynamic and kinetic properties are involved in pH-dependent conformational 

rearrangements.28, 29 
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Figure 2.3. (Left) X-ray crystal structure of horse heart cyt c (PDB ID: 1HRC).30 

Highlighted are residues according to the color assignments used in classifying the foldons 

of cyt c, based on HX experiments:21 in N- and C-terminal helices, residues 3 to 13 and 88 

to 101, respectively (blue), in 20’s loop and 60’s helix, residues 20 to 30 and 62 to 70, 

respectively (green), in anti-parallel β-sheet region, residues 37 to 39 and 58 to 61 (yellow), 

in loop C, residues 40 to 57, also referenced as infrared (iR) foldon (white), and in loop D, 

residues 71 to 85 (red). In this thesis, residue 70 is included as a residue that makes up loop 

D, as the secondary structure prediction includes residue 70 in the α-helical segment in 

loop D, and HX experiments did not assign residue 70 as a marker residue in determining 

the foldon units.22-24, 31 (Right) Gibbs free energy for unfolding (ΔGD in kcal/mol) as 

determined from HX experiments at pD 7.4 for WT horse heart cyt c from refs. 22-24. A 

schematic depicting the sequential folding pathway for WT horse heart cyt c from refs. 21-

23, 25, 26. Loops C and D have been suggested to unfold separately,26 and at lower pH 

conditions, unfolding of the 60’s helix and the 20’s loop is no longer cooperative.27  
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Such rearrangements in the polypeptide are ultimately related to the functional control of 

the protein, as conformational rearrangements can change heme iron ligation and alter 

heme potential.  

Proper protein folding is important for native conformation and Met-ligation to the 

heme iron, which are essential properties for cyt c to act as an electron carrier in the ETC. 

Furthermore, local and global unfolding of the polypeptide can readily result in dissociation 

and replacement of Met-ligation to the heme iron. A soft Met is a poor ligand for the hard 

ferric heme iron and can be readily replaced by exogenous ligands such as imidazole and 

cyanide, or other endogenous ligands such as His or Lys upon structural perturbations.32-34 

Spectroscopic titrations with N-terminal acetylated microperoxidase 8 (AcMP8, heme with 

a 8-residue peptide chain that contains His18 and Cys-linkers) and N-acetylmethionine 

(AcMet) have shown that the dissociation constant for AcMet adduct of AcMP8 is two 

orders of magnitude lower in the ferrous heme (FeII) than in the ferric heme (FeIII),35 a 

difference not observed in other ligands such as imidazole or lysine.35, 36 This does not, 

however, indicate that the Fe-Met bond is stronger in the ferrous Fe over the ferric Fe, and 

the strength of the Fe-Met bond alone does not promote native Met-to-heme iron ligation 

in cyt c. Resonance inelastic X-ray scattering measurements with horse heart cyt c have 

shown that the bond strength of Met-Fe(II) bond is weaker than that of Met-Fe(III) bond 

by ~2 kcal/mol, with a bond enthalpy difference of ~3 kcal/mol between the ferric and the 

ferrous Met-ligated species.37 What, then, promotes Met-ligation to the heme iron in cyt c? 

In cyt c, the polypeptide fold plays a role in maintaining a Met-ligated heme iron. 

Ultrafast X-ray spectroscopy and DFT measurements with ferrous horse heart cyt c have 

shown that structural constraints from the polypeptide stabilize the ferrous Met-Fe(II) bond 
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by ~4 kcal/mol in bond enthalpy.38 Besides global polypeptide constraints, peripheral 

contacts also play a role in Met-ligated heme iron. Analyses of recent X-ray crystal 

structures of yeast cyt c have shown that the elimination of trimethylated Lys72 in loop D 

facilitates the dissociation of Met80 from the heme, suggesting that steric hinderance 

promotes native ligation in cyt c.39 Furthermore, ligand substitution reactions of Met-

ligated horse heart cyt c have shown that the rate-limiting step of Met-ligand dissociation 

is the opening of the heme crevice,40 further suggesting that the kinetics of Met-ligand 

dissociation is sensitive to the local dynamic properties of loop D. Recent DFT calculations 

and MD simulations have shown that, depending on the identity of the endogenous ligand 

(such as Met, His, or Lys) and the oxidation state of the heme iron, interloop contacts 

between loops C and D are different.33 Furthermore, resulting changes in solvation due to 

variations in these structural contacts have also been suggested to play a role in altering the 

stability of these ligated species.33 Yet, variations in peripheral contacts at and around loop 

D are frequently observed across species in the form of sequence variation, suggesting that 

some variations in these contacts are tolerated. 

Cyt c Sequence and Structure Conservation. 

Alignment of horse heart cyt c sequence to those from > 250 species shows that the 

sequences of cyt c are highly conserved across species, with its overall sequence identity 

ranging from 40 to 99 %.41 Besides the polypeptide sequence, the structure of cyt c is also 

highly conserved. Comparisons of X-ray crystal structures from mammals, fish, and 

bacteria show that all of these cyt c proteins have a highly conserved globular fold.1  

Despite the high structural and sequence conservation, there are variations in 

peripheral contacts near the heme. For example, Tyr67 and Met80 are highly conserved 
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across species, and these residues are prominent residues in making up the heme cavity of 

cyt c (Figure 2.4). Comparisons of various X-ray crystal structures show a conserved 

structural water forming a hydrogen-bonding (HB) network involving residues Tyr67 and 

Met80 (Figure 2.4).30, 42-44 Although observed in X-ray crystal structures of many 

organisms, the placement of this internal water molecule varies, and is susceptible to 

structural perturbations in the polypeptide. Examinations of X-ray crystal structures of cyt 

c proteins containing N52I, N52I/Y67F, and Y67F point mutations show different or lost 

internal water-mediated network,45, 46 highlighting that peripheral structural perturbations 

may affect  intramolecular contacts of the protein at or near the heme.  

Mutational studies with cyt c have implicated peripheral contacts near the HPs and 

loop regions to influence protein fold.47, 48 Much of the polypeptide fold near the heme is 

conserved, and cyt c has similar heme ligation and functional properties across species. 

Furthermore, many of the global properties, such as polypeptide fold and stability, are 

similar across species. However, although many properties are similar, they are not 

identical, raising the possibility that sequence variations contribute to these minor 

differences between cyt c from various species. In cyt c, the heme is encapsulated largely 

by the loosely packed 20’s loop, and loops C and D (Figure 2.3). Loop D contains most of 

the endogenous heme iron ligands, while loop C and the 20’s loop pack near the heme 

edge, with loop C packing tightly near HP6 and HP7. Based on the analysis of sequences 

from 96 species,2 loop D is highly conserved and sequence identity ranges from 63% to 

100%. In contrast, residues in both loop C and the 20’s loop are more frequently varied 

than in loop D. In a similar sample of 96 species, sequence identity of loop C ranges from 

33 to 100%, with an average sequence identity of 70%. 
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Figure 2.4. Figure showing the inner HB network in X-ray crystal structures of select WT 

cyt c from (A) human (PDB ID 3ZCF),42 (B) horse (1HRC),30 (C) rat (5C0Z),43 and (D) 

iso-1 yeast (2YCC).49 Shown are the residues 67, 52, 75, 78, and 80, with HP6 and HP7. 

HB (blue, dotted lines) are depicted with the distances (blue, italics). Distance between 

oxygen of Tyr67 and sulfur of Met80 are also shown (pink, dotted line).  
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Like loop C, 20’s loop is frequently varied across species and sequence identity 

ranges from 27 to 100%. Furthermore, regions where sequence variations are present may 

also be involved in functional tuning. In loop D, sequence variations, if present, are more 

commonly observed in regions containing residues 81 to 85.41 In loop C, sequence 

variations are more common in regions close to HP6.2, 41 This variation is observed even 

amongst mammals that usually have global (and local) higher sequence identities. For 

example, residues 45 to 49 in cyt c from human and higher apes are comparable with yeast 

than with other mammals, such as horse. Sequence variations in these regions adjacent to 

HP6 have previously been implicated in altering the various functional and dynamic 

properties of cyt c,50 but how these variations affect the local properties of the protein 

requires more exploration.  

pH-Dependent Conformational Changes. 

Cyt c undergoes many structural rearrangements depending on the pH conditions, which 

alter the polypeptide fold, heme iron ligation, and functional properties—more so for ferric 

cyt c than in ferrous cyt c (Figure 2.5). There are three conformational states of ferrous cyt 

c, with pKa values < 4 and > 12 for the acid and alkaline denatured states from the native 

Met-ligated state in horse heart cyt c.2, 20 In contrast, there are five conformational states of 

ferric cyt c, with two distinct states at acidic and alkaline conditions that have not been 

observed in ferrous cyt c.51 Previous HX experiments with horse heart cyt c have suggested 

that loops C and D are involved in these pH-dependent conformational rearrangements.28, 

29 
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Figure 2.5. A plot showing the pH ranges potentially experienced by cyt c in the cell, along 

with pH-dependent changes in heme iron ligation experienced by WT horse heart cyt c 

(bottom). 

aFrom refs. 52-54. In U937 (human histiocytic lymphoma) cells using flow cytometry using 

fluorescent pH probes, pH = 7.2 ± 0.1.52 In kidney cells using pH-sensitive fluorophore 

(SNARF-1), pH = 7.4.53 In ECV304 (human urinary bladder carcinoma T24)55 cells using 

fluorescent proteins, pH = 7.59 ± 0.01.54 

bFrom ref. 53. In kidney cells with pH-sensitive fluorophore, pH decreased from 7.4 to 7.1 

± 0.1 after 40 minutes upon introduction of a solution containing 10 mM 2-deoxy-d-

glucose at pH 7.4 to induce metabolic inhibition. 

cFrom refs. 56, 57. In single cell hepatocytes with single cell fluorescence imagining, 

chemical hypoxia decreased intracellular pH from 7.4 to pH 6.1-6.5.56 Similar acidic 

hypoxia observed in rat hepatocytes, intracellular pH decreased to 6.3.57 

dFrom ref. 52. In human lymphoma cells, exposure to TNF-α (tumor necrosis factor) for 4 

hours decreased the cytosolic pH from 7.2 ± 0.1 to 5.8 ± 0.1.52 

eFrom refs. 53, 54, 58. In kidney cells, pH = 7.7.53 In ECV304 cells, pH = 7.78 ± 0.17.54 In 

HeLa and cardiomyocytes, pH = 7.98 ± 0.07 and 7.91 ± 0.16, respectively.58 

fFrom ref. 54, for the IMS in the mitochondria in ECV304 cells. pH = 6.88 ± 0.09, compared 

to pH = 7.59 ± 0.01 in the cytosol,54 consistent with previous observation that suggested 

the pH in the IMS is lower than bulk pH of the cell by 0.4 to 0.5 pH units.59 

gFrom ref. 60, measured in human T lymphocyte cells. 
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Figure 2.5 caption, continued. 

hFrom refs. 2, 20, 51, for horse heart WT cyt c. His18 can be dissociated or ligated to the ferric 

heme iron, depending on ionic concentrations.61-66 At acidic conditions, pKa of His18 is 

observed to range from having pKa of 2.5 at 0.01 M Cl- to having pKa of 1.4 at 0.1 M Cl-. 

67 

iFrom ref. 34, determined from pH titrations monitoring the Soret absorption band of the 

electronic absorption spectra in a 50 mM phosphate and 4.5 M GuHCl buffer, for WT, 

H26Q, and H33N variants of horse heart cyt c. 
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Acidic Transition. 

Under acidic conditions, Met is no longer coordinated to the heme iron in the ferric protein. 

Depending on the ionic conditions, His18 can dissociate or remain ligated to the ferric 

heme iron,61-66 as its pKa can range from 2.5 at low ionic conditions to 1.4 at higher ionic 

conditions.67 At high ionic conditions, molten globular (MG) state can also be observed, 

which lacks the Met80-ligation to the heme iron but has a native-like polypeptide packing.2, 

66-71 Polypeptide segments in loop C and the 20’s loop near the HP have been implicated 

in triggering the acid unfolding transition in cyt c.72-74 

Alkaline Transition. 

At alkaline conditions, Met80 acting as a heme iron ligand in cyt c is replaced by a Lys 

residue, Lys73 or 79 in horse heart cyt c,29 to form the alkaline species (Figure 2.5).75 

Replacing Met with Lys as an axial ligand to the heme iron requires partial unfolding and 

refolding of loop D.29 Yet, the extent of loop D arrangement is different depending on 

which Lys residue coordinates to the heme iron. Comparison of simulated structures of Lys 

73- and 79-ligated yeast cyt c suggests that replacing Met with Lys73 requires a substantial 

structural rearrangement in loop D, compared to replacing with Lys79.76 Analysis of the 

1H NMR structure of Lys73-ligated K72A/K79A/C102T yeast cyt c have shown that large 

structural changes in loop D are required to accommodate Lys73 ligation to the heme 

iron.77 Examination of the X-ray crystal structure of Lys73-ligated T78C/K79G yeast cyt 

c variant shows that loop D refolds into a β-hairpin structure.78 Difference in loop 

rearrangements with heme iron ligation is reflected in the thermodynamic properties of the 

alkaline transition. Studies with variable-temperature 1H NMR have shown that 

thermodynamic parameters in forming Lys73 and Lys79-ligated heme iron species in the 
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alkaline transition are distinct from one another, and both the entropic and enthalpic 

changes associated with Met80 to Lys73 conversion are close to twice of those for Met80 

to Lys79 conversion.79, 80 This contrast in both the thermodynamic parameters and the 

extent of loop D rearrangement in forming the Lys73- versus the Lys79-ligated species 

strongly suggests that the cyt c alkaline transition could also be sensitive to the changes in 

peripheral contacts involving loop D in the Met-ligated state. 

Besides loop D, structural features and stability of loop C have also been implicated 

in influencing the kinetic properties of the alkaline transition.28, 50 Mutational perturbations 

in loop C have been shown to decrease the pKa of the alkaline transition and alter the kinetic 

parameters of loop D rearrangement in human cyt c. This change in the alkaline transition 

pKa have been observed without perturbing its global fold,81-84 suggesting that minor 

peripheral perturbations can influence not only the coordination environment but also alter 

the local biophysical properties of the protein.  

Local structural differences affect the kinetic properties of the alkaline transition. 

Kinetic properties of the alkaline transition have been described by a generalized two-step 

mechanistic model (Figure 2.6, eq 2.1).75  

kobs=kb+kf 
KH

KH+[H+]
 

(2.1) 

In this model, the observed rate constant (kobs) for the alkaline transition is described by 

the rapid deprotonation of a “trigger” group (KH) followed by the conformational 

equilibrium (KC) consisting of forward (kf) and reverse (kb) rates for the replacement of the 

Met ligand with an unspecified Lys ligand to the ferric heme iron.75 
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Figure 2.6. A schematic describing the alkaline transition mechanism, based on ref. 75.  
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The sum of the equilibrium parameters in this model yields the apparent pKa of the alkaline 

transition (eq 2.2).75 

pK
a
=pK

H
+pK

C
 

(2.2) 

Although Lys residues are not differentiated in this model, the extrapolated parameters 

provide insight into how local structural properties may alter the alkaline transition. 

pKC parameter provides insight into dynamic properties of loop D, and describes 

the rates associated with rearranging loop D to form the Lys-ligated or the Met-ligated 

state. Further, this parameter is sensitive to structural changes in loop D. For example, 

studies with K79H yeast cyt c variant have shown that when trimethylated Lys72 (TmK72) 

is present, value of kf associated with the alkaline transition decreases, compared to variants 

that contained the K72A mutation.85 Comparison of X-ray crystal structures of yeast cyt c 

variants with either TmK72 or K72A have shown that TmK72 forms peripheral 

interactions with other residues in the loop, suggesting that such interactions may hinder 

displacement of Met80.39 Although presence of TmK72 does not alter global stability or 

the global fold of the protein,86 local structural differences affect the properties of the loop 

and the pKC parameter of the alkaline transition.  

On the other hand, pKH parameter presents insights into the local structure near the 

“trigger” group, as this parameter is sensitive to changes in solvent-accessibility and 

environment. The identity of the “trigger” group has been speculated, and HP groups,87, 88 

Tyr67,89 inner water molecule,89, 90 His18,91 or surface Lys residues92 have been proposed 

to be the “trigger” group. More recently a “trigger” unit has been proposed, composed of 

peripheral contacts formed between residues in loops C and D.82 Regardless of the identity, 
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the “trigger” group is particularly sensitive to changes in loops C and D. For example, 

K79G mutation in yeast cyt c has been shown to decrease the pKH by ~1 pKa unit,93 and 

this change has been suggested to be due to increased solvent accessibility and modified 

inner water network near the “trigger” group.93 Alterations in the pKH have also been 

observed with perturbations in loop C. Studies with A51V human cyt c and T49V/K79G 

yeast cyt c have shown that pKH values decreased by ~2 pKa units compared to WT and 

K79G variants, respectively.47, 83 Alkaline transition has been extensively studied, and 

many mutational studies in yeast, human, and horse heart cyt c have suggested that the 

formation of these various pH-dependent conformers are sensitive to structural 

perturbations. Yet, thermodynamic and kinetic properties of the alkaline transition are 

similar between many organisms despite sequence variations in loops C and D.2 This 

discrepancy observed between WT proteins and some variants highlights the need for 

further clarification in the roles of loops C and D in tuning the properties of the alkaline 

transition. 

Biological Relevance. 

Understanding how structural perturbations influence the pH-dependent conformational 

transitions is important to understand how these structural changes affect biological 

function. Depending on cellular conditions, external stimuli, and location of the protein, 

cyt c is exposed to a wide range of pH conditions (Figure 2.5). In the intermembrane space 

(IMS) of the mitochondria where cyt c is usually present, the pH is slightly acidic compared 

to the more alkaline mitochondrial matrix.53, 54, 58 Upon CL oxidation, cyt c is released into 

the cytosol, which also experiences a wider range of pH fluctuations depending on external 

stimuli. At normal conditions, cytosol is at near-neutral pH,52-54 but is slightly alkaline 
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compared to the IMS. In response to stimuli such as metabolic inhibition and hypoxia, 

cytosolic pH is decreased substantially compared to normal conditions.53, 56, 57 During 

apoptosis, pH measurements in apoptotic cells and measurements of caspase activity at 

various pH conditions suggest that cyt c is exposed to acidic conditions during apoptosis.52, 

60 Thus, exploration of how structural perturbations affect both the acidic and alkaline 

transitions will provide a good insight into protein function at physiological conditions. 

Role of Structure in Functional Regulation. 

Biological ET. 

Thermodynamic description of ET illustrates the reaction to occur in the overlap between 

the potential energy curves of the reactant and the product surfaces.2 In long-distance ET 

commonly observed in biological systems, the increased distance between the electron 

donor (D) and the acceptor (A) decreases electronic coupling.94 Thus, biological ET is 

widely described using semi-classical theory which rationalizes kET in terms of 1) the 

thermodynamic driving force of the reaction (-ΔG°), 2) electronic coupling between the 

donor and the acceptor (HAB), and 3) reorganization energy (λ) (eq 2.3).94-96  

kET= √
4π3

h
2
λkBT

HAB
2 exp {-

(ΔG
∘
+λ)2

4λkBT
} 

(2.3) 

-ΔG° of the ET reaction is dependent on the reduction potential of the D-A pair.2, 96 λ is the 

sum of the reorganization energy, and is described to be composed of the inner- (λin) and 

outer-sphere (λo) components. λin is determined by free energy change associated with 

redox-induced structural changes in the primary coordination sphere.94, 97 λo describes the 
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rest of the nuclear rearrangement and is dependent on the dielectric constant of the medium, 

which is readily altered by the extent of metal cofactor encapsulation in metalloproteins.94 

In proteins, HAB is described as a product of individual couplings from covalent bonds, 

HB, and through-space van der Waals (vdW) contact .95 In metalloproteins, the polypeptide 

plays a large role in balancing -ΔG° and λ parameters and tuning the electronic coupling 

between the D-A pairs.98  

 In cases where the D and A groups are in separate complexes, bimolecular ET rate 

constant between complex 1 and 2 (k12) is described as eq 2.4:96  

k12=√(k11×k22×K12) 

(2.4) 

where k11 and k22 is the self-exchange rate constants for complex 1 and 2, respectively 

(Figure 2.7A). K12 is the equilibrium constant for the cross-reaction, and is dependent on 

the difference in the reduction potentials (ΔE) between 1 and 2 (eq 2.5):99 

K12=exp (
nF∆E

RT
) 

(2.5) 

As an electron carrier, cyt c exists in two oxidation states, channeling electrons 

between Complexes III and IV in the respiratory chain. For cyt c to behave as both an 

electron acceptor and a donor in cellular respiration, the reduction potential of cyt c must 

be within the reduction potential gap between the two cyt c partners, which is around 20 

mV16, 17 (Figure 2.1). The reduction potential of native, Met-ligated cyt c is within the 

narrow reduction potential window of these two biological partners, highlighting the 

importance of correct ligation and fold in cyt c for the protein to act as an electron carrier. 



 

30 

 

Figure 2.7. (A) A schematic showing the bimolecular ET reaction between two complexes 

1 and 2 that undergoes changes in oxidation states to 1’ and 2’, respectively. In bimolecular 

ET, electrons can be transferred between complexes 1 and 2, 1 and 1’, or 2 and 2’ at a rate 

k12, k11, and k22, respectively. (B) A scheme of the PCET mechanism, based on ref. 100. In 

PCET, PT and ET can occur in a stepwise (along the edges of the scheme), or in a concerted 

(CPET, across the diagonal) mechanism. 
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Studies with microperoxidase (MP) systems (proteolytically digested horse heart cyt c that 

possesses His18-coordinated hemes with residues 14 to 21 in MP8 or 11 to 21 in MP11) 

have shown that changing the axial ligand of the heme iron alone alters the reduction 

potential (Figure 2.1).12 Folding the polypeptide chain around the metal cofactor increases 

the reduction potential by a couple hundred mV: compared to Met-ligated MP11 with the 

reduction potential of near -70 mV, the reduction potential of Met-ligated native cyt c is 

well over +250 mV.12 As such, native fold and ligation in cyt c are instrumental in ensuring 

that the reduction potential of cyt c is tuned to be within desired reduction potential range.  

Peripheral changes in the polypeptide chain and the identity of the amino acid 

surrounding the heme moiety influence the reduction potential. In c-type cytochromes, the 

reduction potential can vary between 450 mV to -80 mV, despite having similar 6-

coordinate Met- and His-ligated heme iron species.13 Even within cyt c, reduction potential 

of acid-denatured cyt c in the molten globular (MG) state containing the H2O-ligated heme 

iron has been shown to be near that of Met-ligated cyt c than the H2O-ligated MP11 at near-

neutral pH.12, 15, 101 Yet, the replacement of Met80 with Ala forms the hydroxide-ligated 

heme iron species,102 and reduces the reduction potential by ~70 mV compared to that of 

WT at pH 7.0.103 Mutational studies comparing K79G and K79A cyt c variants have shown 

that the reduction potential for K79G have been decreased by nearly 20 mV at pH 6.0 when 

compared to that of WT,80, 93 while such changes have not been observed with K79A.104 

These differences have been argued to stem from differences in solvation in the heme 

crevice,93 highlighting the possibility that the identities of residues near the heme may be 

important in tuning the electrochemical properties of the protein.  
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Besides tuning the reduction potential, peripheral contacts tune kET through 

structural rearrangements that alter peripheral contacts and solvent exposure (eq 2.3). In 

bimolecular ET, the interface between cyt c and CcO or cyt bc1 involves portions of the 

polypeptide (Figure 2.8). Again, polypeptide fold, particularly in regions involving loop D 

and near the solvent-exposed heme edge, is important for ET. Analysis of X-ray crystal 

structures of yeast cyt bc1 and cyt c have shown that cyt c interacts with cyt bc1 along the 

heme edge, and forms  contacts with cyt bc1 through residues in loop D and the 20’s loop 

(Figure 2.8A).105 Examination of the X-ray crystal structure with bovine CcO and horse 

heart cyt c have shown that direct electrostatic interactions are limited to few residues in 

the α-helices,106 and 1H-15N HSQC NMR spectra of bovine CcO and human cyt c have 

shown significant shifts in the signals pertaining to residues in the 20’s loop and loop D 

(Figure 2.8B).107 The interactions between cyt c and cyt bc1 or CcO do not involve residues 

in loop C (Figure 2.8). However, loop C is in constant contact with both loop D and the 

20’s loop in the folded Met-ligated state. Thus, it is likely that perturbations in loop C that 

also affect either of the loops will influence the biological ET between cyt c with its 

partners. 

PCET. 

In many biological ET systems, proton transfer (PT) is coupled with ET,108 where PT 

occurs with ET in either a sequential or concerted manner (Figure 2.7B). D-A pairs 

involved in PT can be same as the D-A pairs involved in ET, or different.100, 108 Although 

PCET is frequently observed in biological systems, there are difficulties in understanding 

PCET mechanisms in proteins. In many cases, D-A pairs for PT and ET may be 

unknown.109 
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Figure 2.8. Representation of possible interaction sites between horse heart cyt c and (A) 

cyt bc1 (orange) or (B) CcO (purple). Highlighted are surface regions where protein-protein 

surface interactions are thought to occur, based on refs. 105-107. X-ray crystal structure of 

horse heart cyt c (PDB: 1HRC) is used.30
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Although proton D-A pairs are limited to HB distances,108 multiple ionizable groups may 

be present within the protein.110 Understanding how properties of the polypeptide fold 

affect PCET in large proteins can be difficult. In proteins such as photosystem II or CcO, 

multiple protons and electrons are transferred simultaneously, complicating the efforts to 

better understand the PCET process in biological systems.108-110 Thus, there are advantages 

in studying the PCET mechanism with smaller proteins. PCET mechanism is observed in 

many cytochromes including Pseudomonas cytochrome c551 (cyt c551), and 

Rhodopseudomonas (Rps.) palustris or R. rubrum cyt c2.
18, 111, 112 Compared to larger 

proteins such as PSII and CcO, these smaller single-heme cytochromes contain a known 

ET site and a relatively smaller pool of PT candidates, serving as good models to study 

how the polypeptide tunes PCET. 

Intrinsic Peroxidase Activity. 

Peroxidase proteins contain 5-coordinated heme iron species, with His serving as the sole 

amino acid axial ligand coordinated to the heme iron (Figure 2.9A). Residues near the heme 

tune the reactivity of the heme moiety to ensure that the O-O bond in H2O2 is heterolytically 

cleaved (Figure 2.9B).94, 113 Peroxidases oxidize a wide variety of substrates including 

lignin, lipids, halides, and organic aromatic molecules.114-117 In peroxidases, the axial His 

residue is in a HB contact with a nearby Asp residue, which introduces anionic character 

to the axial His ligand and stabilize the FeIII species (Figure 2.9B, right).94, 115 In cyt c and 

globin proteins, axial His ligand does not have an anionic character as it is HB to an oxygen 

atom in the carbonyl backbone of the polypeptide chain.94 Mutational studies have shown 

that the anionic character of the axial ligand influences the peroxidase activity and have 

been suggested to play a role in stabilizing the intermediate species.118
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Figure 2.9. (A) A molecular depiction of a b-type heme (also known as protoporphyrin 

IX) found in many peroxidases.94 Heme c is shown for comparison. (B) Active-site 

structure of peroxidases, based on refs. 94, 113 is shown (left). General mechanisms showing 

the heterolytic cleavage of H2O2 and peroxidases with a substrate (SH) are shown (right).  



 

36 

A distal His behaves as an acid-base catalyst and assists the initial deprotonation of the 

coordinated H2O2 and the following protonation of the cleaved oxygen atom (Figure 2.9B, 

left).113, 119 During the heterolytic cleavage, bound H2O2 removes an electron from the 

heme iron and either the porphyrin or a nearby amino acid residue, and a FeIV-oxo radical 

species (compound I) is formed.113 Oxidation of a substrate by compound I removes the 

radical species in the protein and a FeIV-oxo species (compound II) is formed.113 

Subsequent oxidation of a second substrate by compound II regenerates the 5-coordinate 

FeIII heme species.113  

Cyt c also functions as a peroxidase, and this switch-in-function has been of great 

interest.1, 120 Studies with MP8 and MP11 have shown that the heme moiety has peroxidase 

activity in the presence of H2O2.
101, 121, 122 Although the activities of these MP systems are 

lower than that of true peroxidases, spectroscopic studies have shown that the heme forms 

both the compound I and compound II  species observed in peroxidases.101, 122-124 It is likely 

that in cyt c, peroxidase activity proceeds through a similar mechanism as proposed in MP 

systems (Figure 2.10). Spectroscopic studies of the dimeric cyt c detected spectroscopic 

signatures of compound I species, as well as compound III (FeIII-superoxo) species with 

high excess of H2O2,
125 a species observed in HRP that have been suggested to form after 

the compound II species in the presence of excess H2O2 or O2.
126-128 In the formation of 

compound I, previous studies have detected spectroscopic signatures of porphyrin radicals 

in acetylated (Ac)-MP8 systems.123 While this may also be the case in cyt c, formation of 

Tyr radicals have also been proposed to be present in H2O2-activated cyt c.129 
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Figure 2.10. A schematic representation of the pseudo-peroxidase activity of cyt c based 

on the proposed mechanism for MP systems.101, 124, 130, 131 Many chemical compounds, 

including ABTS, have been shown to be oxidized in the peroxidase activity of MP 

systems124, 132 and in true peroxidases.133 CL is a structurally diverse lipid group that has 

many structural variations in the lipid tail, and is also the selectively oxidized biological 

substrate in the cyt c peroxidase mechanism. Of the many CL species found in the cell,134 

those containing the linoleoyl acyl chains (highlighted), such as tetralinoleyl cardiolipin 

(TLCL, 18:2-cardiolipin), are selectively oxygenated.5, 19, 129, 134, 135 In the absence of 

linoelic acid groups, the lipid is no longer oxidized, such as with tetraoleoyl cardiolipin 

(TOCL, 18:1-cardiolipin),5 despite similarities in cyt c-to-liposome binding and liposome-

bound cyt c peroxidase activity to TLCL.136 Although tetramyristoleoyl cardiolipin 

(TMCL, 14:1-cardiolipin) also do not contain linoleoyl acyl chains, TOCL is used rather 

than TMCL in many studies and this thesis work since the peroxidase activity of liposome-

bound cyt c is much more effective with TOCL than with TMCL.137, 138 Free radical 

oxidation of linoleoyl acyl chains by cyt c has been shown to produce various products as 

determined from mass spectrometry (MS) studies,139 including, but not limited to, hydroxy, 

epoxy, and hydroperoxy products.19, 129, 134, 140-142 Formation of peroxy-type products leads 

to other fragmentation reactions.139, 143 Structure of yet another common lipid, dioleoyl 

phosphatidylcholine (DOPC) found in high abundance that do not undergo oxidation is 

also shown.5, 134  
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The steady-state peroxidase reaction has been described as a two-substrate enzyme 

system (ping-pong mechanism), where the peroxidase reaction is dependent on both H2O2 

and the substrate oxidized by compounds I and II.133, 144 Assays that probe protein 

peroxidase activity uses colorimetric substrates, such as ABTS, instead of biological 

substrates to spectroscopically track the reaction and obtain the initial rates.133 At steady-

state conditions where the concentration of one of the substrates are kept constant while 

other is varied, the enzymatic reaction can be explained by Michaelis-Menten type 

parameters. 133, 144 A more generalized Michaelis-Menten treatment has been used to 

characterize the peroxidase activity of the protein in cytochrome proteins, such as in cyt c 

and cyt c550.
145, 146 Difference in mechanistic models describing activities between cyt c 

and true peroxidases (such as horseradish peroxidases and cytochrome c peroxidases) pose 

difficulties in directly comparing peroxidase activities. However, activity assays help 

rationalize how changes in polypeptide affect the peroxidase activity of cyt c proteins.  

Polypeptide fold helps suppress this innate peroxidase activity of the heme moiety 

in cyt c. Intrinsic peroxidase activity is still observed even in folded cyt c because Met80 

can rapidly dissociate and allow H2O2 to coordinate to the heme iron (Figure 2.11). Yet, 

the compact, native fold provides a tightly regulated heme crevice that limits solvent access 

to the heme iron. As a result, the peroxidase activity of cyt c in the folded state is low 

compared to peroxidase activities of unfolded cyt c, MP8, or MP11 that do not possess this 

layer of protection offered by the native packing of the polypeptide chain.121, 122, 147-149 
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Figure 2.11. A diagram depicting the various pathways observed to enhance the peroxidase 

activity of cyt c.  

aIn ferric native cyt c, Met80 readily dissociates from the heme iron and is readily replaced 

by small molecule ligands,40 such as H2O2. Studies with MP8 and MP11 obtained from 

proteolytic digestion of horse heart cyt c that contains heme with residues 14-21 (MP8) or 

11-21 (MP11), show that c-type heme moiety is capable of having peroxidase activity in 

the presence of H2O2.
101, 113, 122 Peroxidase activity of native cyt c is lower than that of MP8 

or MP11, but higher than that of bisHis ligated cyt c observed at near-neutral pH conditions 

in the unfolded state.32 Studies with closely related cyt c550 showed that peroxidase activity 

in the Lys-ligated state at alkaline conditions is lower than that of Met-ligated state,147 

suggesting that alkaline cyt c also has lower activity than that of native cyt c. 

bBased on ref. 137 

cBased on ref. 120, 150 

dBased on ref.151 

eVarious modes of heme iron ligations in the CL-bound state have been reported. Changes 

in heme iron ligation upon CL binding have been proposed to play a role in enhancing the 

peroxidase activity of cyt c. 

fPeroxidase activity of CL-bound cyt c is enhanced compared to intrinsic peroxidase 

activity. This enhancement in activity is argued to oxidize and permeabilize the CL-

containing mitochondrial membrane, allowing cyt c to be released into the cytosol and 

initiate apoptosis.  
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Figure 2.11 caption, continued. 

gIn both CL-bound and unbound cyt c, signs of oxidation and radical formation in the 

polypeptide chain have been observed in the presence of ROS. These chemical 

modifications to the residues in the polypeptide chain have been shown to enhance 

peroxidase activity. 
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The nature of heme iron axial ligand is also important in regulating the innate 

peroxidase function. Peroxidase activity of Lys-bound cyt c550 is lower than that of Met-

ligated cyt c550 at neutral pH conditions,152 suggesting that the peroxidase activity of Lys-

ligated alkaline cyt c at alkaline conditions is also low compared to the Met-ligated cyt c. 

Unfolded cyt c that contains bisHis-ligated species also has lower peroxidase activity 

compared to that of the Met-ligated cyt c.32 A possible explanation for the difference in the 

intrinsic peroxidase activity between hemes with different heme iron ligations can be 

explained by the hard-soft acid base theory, where a hard lysine or a borderline base 

imidazole are both better ligands for a hard ferric iron than a soft base Met.94 Recent DFT 

calculations agrees with this pattern, as dissociation of His and Lys ligands from the ferric 

heme iron was more unfavored compared to dissociation of Met from the ferric heme 

iron.33 Since peroxidase activity requires H2O2 to coordinate to the heme iron, it may be 

that the difference in peroxidase activity between the Met-, His-, and Lys-ligated heme 

species depend on how readily these ligands dissociate from the heme iron. To test this 

hypothesis, one possible method would be to compare the peroxidase activity of variants 

that have Lys- or His-ligated heme iron instead of the usual Met-ligated heme iron in the 

folded state at similar pH conditions. 

CL-Bound Peroxidase Activity. 

In the presence of CL, a diverse lipid group abundantly found in the mitochondria,134 

peroxidase activity of cyt c increases dramatically.137 Although CL is structurally diverse, 

CL species containing the linoelic group (for example 18:20 CL) is selectively oxidized, 5, 

19, 129, 134, 135 which then triggers radical lipid peroxidation mechanisms that lead to lipid 

oxidation and fragmentation reactions (Figure 2.10). 19, 129, 134, 139-143 Although CL is 
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consumed as a substrate in cyt c peroxidase activity, it is also a conformational trigger that 

perturbs the polypeptide fold and increase the peroxidase activity in cyt c.120 

Positively-charged cyt c electrostatically binds to the negatively-charged 

membrane surface, and much has been studied regarding this interaction (Figure 2.11).120 

Depending on the CL content, in vitro experiments have shown various types of interaction 

between the lipid and cyt c, which also differ in the extent of structural perturbation 

experienced by the protein. While some studies note significant conformational 

rearrangements, depending on CL content and/or lipid to protein ratio, others did not.151, 

153, 154 Furthermore, how cyt c binds to CL-containing liposomes varies depending on the 

ionic concentrations, pH conditions, and CL content. Various CL binding sites and 

interactions have been proposed: 1) electrostatic binding in the A-site involving residues 

Lys72 and Lys73, 2) HB in the C-site and between Asn52 and phosphate lipid head group 

at low pH (binding interaction at this site occurs at higher pH levels with increasing CL), 

and 3) L-site binding at pH conditions below 7 that involves Lys 22, 25, and 27 (and 

potentially His26 and 33), which have recently been shown to involve electrostatically 

driven conformational change at relative higher CL content up to 1:50 protein to CL 

ratio.150 Other studies have suggested that lipid tails insert into the hydrophobic cavity of 

the protein near Asn52,155 or into the channel formed by residues 67-71 and 82-85.156 A 

more extensive conformational rearrangement have been observed at conditions with 

relative higher CL concentrations (near 1:66 protein to CL ratio), where the protein is in 

an equilibrium between the unfolded (extended, E) and native-like (compact, C) species.151 

The relative population of the conformational ensemble at high CL conditions have been 
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shown to also depend on the ionic conditions, CL concentration, and available membrane 

surface area.151 157  

Binding of cyt c to CL is highly variable depending on the experimental conditions, 

and conformational heterogeneity of the CL-bound species complicates efforts to 

understand the source of increased peroxidase activity in the CL-bound state. Various 

ligands have been observed to occupy the axial coordination site of the heme iron where 

H2O2 needs to coordinate. Various spectroscopic studies have suggested a presence of 5-

coordinate and/or 6-coordinate heme iron species (where the 6th axial heme iron ligand is 

H2O, Lys, or His) in the CL-bound state.153, 158-161 And yet, Lys, and His-ligated 6-

coordinate heme iron species have been shown to suppresses peroxidase activity in studies 

with chemically unfolded cyt c. Previously, many mutational studies in cyt c have probed 

the role of structure-function relationship in regulating the peroxidase activity, and the 

presence of catalytic radicals near the heme have been accredited to increase the peroxidase 

activity of cyt c.5, 129 Although oxidative damage to the polypeptide from extended 

exposure to H2O2 has been shown to increase peroxidase activity,162, 163 peroxidase activity 

can also increase by increasing the accessibility of ROS to the heme iron.164  

Understanding how structural perturbations alter apoptotic peroxidase activity is 

crucial, as alterations in the polypeptide can result in disease. In humans, genetically 

inherited single-point mutations in loop C (G41S, Y48H, or A51V) or deletions in C-

terminal helix (K100del) of cyt c has been associated with thrombocytopenia, a disorder 

characterized by low platelet counts.165-168 Of many components involved in platelet 

formation,169 components that make up the apoptosome are found in human platelets, 

including cyt c.170 Furthermore, caspase-activation is argued to be implicated in the 
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formation and release of platelets into the bloodstream,171 and abnormalities in this 

mechanism have been suggested to cause disease in humans with pathogenic G41S and 

Y48H cyt c mutations.165, 167 These pathogenic cyt c variants show that structural 

perturbations outside of loop D, such as loop C and the C-terminal helix, can alter 

functional properties of the protein.  
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Introduction 

Protein sequence is considered to dictate the structure of the protein, which in turn 

defines its function.1 Recently, the dogma has been challenged as various proteins 

challenge this assumption. For example, many proteins found in mesophiles, have 

structurally homologous counterparts in extremophiles, but varied global stability and 

conformational dynamics essential for enzymatic activity.2-4 Sequence variations between 

species fine-tune the strength and the number of intramolecular interactions; more 

stabilizing interactions decrease the flexibility of the protein in thermophiles, and less 

stabilizing interactions increase the flexibility of the protein in psychrophiles.2-5 

Relationship between protein stability and polypeptide dynamics has been described in 

terms of the folding energy funnel with mutational studies with yeast cyt c; decrease in the 

global stability of the protein lowered energy barriers between conformations, increasing 

the kinetic rates of interconversion between different conformational states.6 

However, this direct global stability-flexibility relationship is not universal. For 

example, cyt c552 proteins from mesophilic and thermophilic organisms are structurally and 

sequentially similar,7 and seem to follow the global stability-flexibility relationship.7-9 

However, recent studies with cyt c552 from a psychrophilic organism have shown 

comparable Tm and lower ΔH when compared to other mesophilic c-type cytochromes,10 

contrary to what is generally expected from psychrophilic proteins that are usually more 

flexible and less sterically hindered.5, 11 The relationship between steric hinderance and 

local biophysical properties of the protein has been implicated in  mutational studies that 

introduced cavities in SNase, whose changes in local stability and dynamics depended on 

the relative rigidity of the region.12 A similar disconnect between global stability and local 
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dynamics has been shown with yeast cyt c with a L85A mutation, where a globally 

destabilizing mutation does not increase protein dynamics.13 Further, comparison between 

salmon and bovine trypsin has suggested that weakened interdomain interactions might be 

enough to reduce local flexibility, highlighting the subtle roles of innate residue variations 

between species that do not perturb the global properties of the protein.14 Studies with other 

psychrophilic enzymes have also suggested that local flexibility can be decoupled from 

global stability.5 Although these findings suggest that innate sequence variations may have 

dramatic local effects on both stability and dynamics without perturbing the global 

properties, the exact role of sequence variation and local changes between species remains 

elusive. Lack of data makes it difficult to relate global and local thermodynamic data to 

kinetic loop dynamics and enzymatic activity in terms of sequence variation. Not only a 

good understanding of the folding pathway of the protein is required, but also a good 

method to quantitatively measure the local dynamics and stability is essential to explain 

the relationship between sequence variation, local and global stability, and conformational 

dynamics. 

A good model protein to explore this issue is cyt c. Cyt c is a small mitochondrial 

protein with high structure and sequence conservation across multiple species. Cyt c has 

been a model for studying protein folding, as it contains clearly defined folding regions 

(foldons) that differ in thermodynamic stability.15, 16 Of the five foldons in cyt c, loops C 

(nested-yellow foldon, residues 40 to 55) and D (red foldon, residues 70 to 85) are the least 

stable and unstructured, but relatively well-conserved foldons in cyt c.15 In human, horse 

heart, and yeast WT proteins (Figure 3.1 and Table 3.1), sequences of these two loops are 

highly varied. 
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Figure 3.1. Sequence alignment of human (Protein Data Bank (PDB) ID 3ZCF),17 horse 

heart (1HRC),18 and yeast (2YCC)17 WT cyt c using Clustal Omega.19 Highlighted are 

conserved sequences across species (orange), cysteines conjugated to the heme (yellow), 

and native axial ligands (teal). Regions of the sequences conjugated to the heme (purple), 

loops C and D (grey and red, respectively), and the N-terminal, 50’s, 60’s, and C-terminal 

α-helices (blue) are indicated. Sites of mutations discussed in this study, Glys41 (pink), 

and Tyr48 (green), are boxed.  
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Table 3.1. Sequence and Structure Conservation in Cyt c 

 Sequence Conservationa  Structure Conservation 

 Human Yeast  Human Yeast 

Human -- 63.46 %  -- 75.73 % 

Horse Heart 88.46 % 61.90 %  93.27 % 73.79 % 

Yeast 63.46 % --  75.73 % -- 
aSequence alignment of human, horse heart, and yeast WT cyt c using Clustal Omega.19 

Structure alignment was performed using the structure alignment tool on the PDB website, 

using the jFATCAT-flexible algorithm.20, 21 
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The sequence identity of the least stable loop C and slightly more stable loop D 

ranges from 31% to 94 % and 63% to 94%, respectively, when compared between cyt c 

from 96 species to human cyt c.22 Cyt c functions as both a peroxidase and a participant in 

the caspase cascade, as well as an electron carrier in the ET pathway for cellular respiration; 

in both functions, properties of loops C and D play a major role. At alkaline pH conditions, 

the axial ligand switch between Met and Lys is dependent upon stability and dynamics of 

loop D.23, 24 Switch in axial heme iron ligation not only alters the local fold, but also directly 

dictates the capacity of the protein as an peroxidase, an instrumental function to initiate 

apoptosis.25, 26 The peroxidase activity is regulated and tuned, in part, by loop dynamics 

that alter the heme ligation and environment. In recent years, role of sequence variation in 

proteins have heightened due to the discovery of mutations resulting in human diseases27, 

28 or abnormal embryonic development29 in loops C and D.  

It is yet unclear how the innate sequence variations in loops C and D influence the 

various functions of cyt c, particularly when comparing results across species. For example, 

a lethal K72A mutation in loop D slightly enhanced intrinsic peroxidase activity in cellular 

studies compared to WT, despite similar levels of cyt c release and oxygen consumption.29 

Further, the magnitude of increase in peroxidase activity with the K72A mutation observed 

in human cyt c differs from that observed in yeast cyt c, despite many similar global 

characteristics.30, 31 Replacement of side chains in loop C of human cyt c sequence to those 

present in spider monkey cyt c sequence altered the pKa of the alkaline transition, while the 

global chemical stability remained consistent.32 Similarly, genetic mutations in loop C, 

G41S and Y48H, did not exhibit any growth defects in humans.27, 28 However, G41S and 

Y48H human cyt c were also shown to enhance intrinsic peroxidase activity in vitro, but 
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the data are conflicting as to whether the mutation enhances peroxidase activity compared 

to WT in vivo.33-35 Although these mutations are hypothesized to influence the apoptotic 

pathway based on their intrinsic activity,28 this alone would not fully explain the conflicts 

in apoptotic peroxidase activity from cyt c from different species. These data suggest that 

inherent minor sequence differences in loop C affect the properties of loop D. This may 

also be an important factor in tailoring protein function for the organism, especially when 

accommodating unnatural mutations that may disrupt the delicate balance to ensure proper 

function. Further, understanding the role of sequence variation in local dynamics and 

stability is critical in resolving these functional conflicts, which require a detailed 

characterization of intrinsic and dynamic properties for the series of the mutants. 

Many biophysical and biochemical properties of cyt c, such as heme iron ligation, 

global stability, and enzymatic activity remain similar among human, horse heart, and yeast 

cyt c. Yet, subtle differences do exist between species, posing a barrier in addressing 

conflicts in data obtained from different organisms. For example, despite the high sequence 

conservation in loop D between yeast and human WT proteins, local loop D stability is not 

conserved.32, 36 Despite maintaining many similar biophysical characteristics such as heme 

iron ligation and secondary fold,17, 34 other biochemical properties, such as the pKa of the 

alkaline transition, are different between yeast and human cyt c.32, 37 While these 

differences hint that innate sequence variations in the two loop regions may be contributing 

to functional differences, it is difficult to relate such differences to sequence variations, as 

global stabilities of yeast and human WT cyt c are very different,31, 36 and many of the 

biophysical studies have been conducted with either yeast or horse heart cyt c. 
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We thus wondered whether we could better define the local biophysical and 

biochemical contributions from sequence variations. For this purpose, we have chosen 

horse heart cyt c, a well-studied model system that, unlike yeast cyt c, has similar global 

stability to human cyt c to address these questions.38 Furthermore, we have also sought to 

clarify the conflicting data in the effects of the disease mutations, G41S and Y48H, 

particularly when comparing functional results across different species.  

Herein, we have studied a series of horse heart cyt c variants containing G41S or 

Y48H mutations, which have also been characterized with human cyt c. Horse heart cyt c, 

because of its well-characterized folding and other conformational transitions, is a good 

system for examining the relationship between global and local effects on the biophysical 

properties of the protein in respect to local sequence variation. Horse heart cyt c has a 

higher sequence similarity and is more structurally homologous to human cyt c than yeast 

cyt c, making it a better model system to apply the biophysical data in understanding the 

biological pathways in humans (Table 3.1). By comparing variants with mutations in both 

loops C and D (Figure 3.2), we highlight the feedback (cross-talk) between these two 

foldons in tuning the local thermodynamic and kinetic properties of the protein. 

In this chapter, we compare the effects of several mutations in perturbing both the 

global and local stability of the protein and relate these stabilities to changes in local 

dynamics of loop D and Met ligand dissociation from the heme iron. We obtain parameters 

associated with alkaline transition and peroxidase activity to better understand how the 

mutations and surrounding residues affect the kinetic and thermodynamic landscape 

associated with loop rearrangement, heme iron ligand dissociation and exchange. 
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Figure 3.2. Structure of WT horse heart cyt c (PDB 1HRC);18 highlighted are the residues 

discussed in this chapter. Mutation of Gly41 (pink) and Tyr48 (green) to Ser and His, 

respectively, was shown to yield mild thrombocytopenia in humans. Regions in loops C 

and D that are different between human (hu) and horse heart (hh) WT cyt c are indicated 

(teal), with the calculated RMSD values (ΔRMSD) in loop regions, obtained from the 

structural overlay of the horse heart and human WT cyt c X-ray crystal structures, are 

labeled. Loops D (residues 70 to 85, red) and C (residues 40 to 58, white) carrying the 

examined mutations are highlighted.  
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The local sequences and packing of loop D in horse heart and human cyt c are 

nearly identical, except for the region near HP6 (Figures 3.1 and 3.2). Mutations near these 

regions previously have been shown to alter polypeptide dynamics and stability, but their 

effects on altering function are different depending on the species. We explore the how 

sequence variations in cyt c proteins may alter function by altering loop contacts in cyt c 

proteins. Since structural data on G41S and Y48H variants in horse heart cyt c are lacking, 

MD simulations have been conducted on both human and horse heart cyt c proteins to 

compare how G41S and Y48H mutations alter packing in loops C and D. These changes 

have potential to decrease the thermodynamic barrier associated with accessing different 

ligated states of the heme iron and/or increase the kinetic rate associated with loop D 

rearrangement, without major perturbations in the global properties of the protein. With 

this work and prior series, we comment on the biological implications and role of sequence 

variations, but also provide further mechanistic information on the origin of kf and the 

nature of the trigger group in alkaline transition of cyt c.  

Materials and Methods 

General. All aqueous solutions were prepared using water from Barnstead E-Pure 

Ultrapure Water Purification System, purified to a resistivity of 18 MΩ∙cm. Reagents and 

columns were purchased from Millipore Sigma and GE Healthcare, unless noted otherwise. 

Gas-tight Hamilton syringes were used for all titrations and quantitative dilutions. pH was 

adjusted using sodium hydroxide or hydrochloric acid and monitored with an AB15 pH 

meter (Fisher Scientific) or a UB10 pH meter (Denver Instrument).  

Sequence Alignments and Molecular Dynamics Simulations. Sequence alignments for 

figures and structural analyses were performed using Clustal Omega19 and Chimera,39 
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respectively. Energy-minimized models of protein variants were obtained with Visual 

Molecular Dynamics (VMD)40 and Not Just a Molecular Dynamics (NAMD)41 as 

previously described,42 starting from crystal structures of human (PDB ID: 3ZCF, ferric)34 

and horse heart cyt c (PDB ID: 1HRC, ferric)18. Previously published force field parameters 

for the Met-ligated ferric c-type heme43 and backbone peptides44 were employed and 

protein structures were solvated by building a 3-Å water box from the protein surface.  

To compare the structural differences in the ferric variants between horse heart and 

human cyt c, a total of 2-fs snapshots spaced 1 ps apart were acquired during 0.01 ns 

simulations for geometry optimization. These short timescale simulations were then 

equilibrated for 15,000,000 steps (at 2 fs per step, total of 30 ns) at 300 K, and trajectory 

data saved every 10,000 steps (20 ps),  as previously described.45  

To test whether longer timescale simulations were required, snapshots obtained for 

a total simulation length of 120 ns were also obtained. Plots of per residue root mean square 

fluctuation (RMSF) values of protein backbone α-carbons (αC) atoms in WT for all the 

structures in the trajectory compared to the initial structure were obtained for MD 

simulations obtained from either 30 ns or 120 ns total simulation times. Comparison of the 

per residue RMSF showed that after the initial 10 ns, there were no differences in the per 

residue RMSF value between two simulation time scales (Figure 3.3). Thus, longer 

timescales beyond 30 ns were not explored for the variants, as large differences were not 

picked up at 30 ns versus 120 ns simulation times in WT. For each variant, independent 30 

ns timescale simulations were repeated from the initial 0.01 ns simulations in triplicates. 
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Figure 3.3. Plots showing the per residue RMSF of αC positions in the polypeptide 

backbone from various MD-simulated structures horse heart WT cyt c at 300 K. (A) 

Comparison of RMSF plots of Cα from single MD-simulated structures for horse heart WT 

cyt c, at timescales of 0.12 ns (grey), 30 ns (green), 50 ns (pink), and 120 ns (black). (B) 

Plots comparing the per residue RMSF of αC positions in the polypeptide backbone from 

MD-simulated structures at 30 ns time scale for first (blue), second (purple), and third 

(pink) independent simulations. Plot of per residue RMSF of αC positions in the 

polypeptide backbone obtained from three combined simulations are also shown (black, 

dotted line). (C) RMSF plots of Cα from MD simulated structures at 120 ns time scale 

(black) and averaged RMSF plot obtained from the average of 3 simulations (red) 

compared to RMSF plot of Cα from MD-simulated structure reported in literature for 50 

ns simulation (green), from ref. 46.  
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To determine timescale regions where the structures reached an equilibrium, root-

mean-square deviation (RMSD) values of protein backbone atoms of the structures in the 

trajectory relative to the protein backbone atoms in the initial structure of the protein were 

plotted using VMD.40 Analyses of RMSD values of the protein backbone atoms of the 

simulated structures relative to initial structure of the protein showed no large fluctuations 

in the RMSD value after 10 to 15 ns, suggesting that the MD simulation reached 

equilibrium after 20 ns. Therefore, only the structures from trajectories obtained in the 20 

to 30 ns simulation time range were used to calculate the pairwise RMSD distributions of 

αC for loops C and D (where each structure in the trajectory was compared to every other 

structure in the trajectory) and per residue RMSF distributions of αC using GROMACS.47-

53  

Crystal structures of variants of human cyt c (G41S, PDB: 3NWV, ferrous;54 Y48H, 

PDB: 5O10, ferric35) were employed in comparisons to both the crystal structure of WT 

human cyt c and the MD simulations of the variants. To compare the hydrophobic packing 

of the proteins from different species, total solvent-excluded molecular surface volume 

(VMS), void volume (Vvoid), and the Van der Waals (VdW) volume (VVdW) for the structures 

of human (PDB ID: 3ZCF),34 horse heart (PDB ID: 1HRC),18 and iso-1 yeast (PDB ID: 

2YCC)17 WT cyt c were calculated using ProteinVolume,55 using energy minimization 

with 0.08 Å starting probe size, 0.02 Å ending probe size, and 0.1 Å surface probe 

minimum distance. Contributions from N- and C-helices were also considered using the 

PDB data for the residues 3 to 13 and 88 to 101; for this analysis, only the PDB data from 

residues in the N- and C-helices, the heme porphyrin coordinates, and the solvent data were 

used. In cases where multiple protein structures were present in the same unit cell, total 
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computed volumes were divided by the number of protein structures in the unit cell to 

obtain the average value. 

Contact Maps. Contact maps from crystal structures of WT cyt c from human 

(PDB ID: 3ZCF, chain A),34 spider monkey (PDB ID: 5DFS, chain A),32 horse heart (PDB 

ID: 1HRC),18 bovine (PDB ID: 2B4Z and 6FF5),56, 57 bonito tuna (PDB ID: 1CYC),58 

albacore tuna (PDB ID: 5CYT),59 yeast iso-1 (PDB ID: 2YCC),17 and yeast iso-2 (PDB ID: 

1YEA)60 were obtained by using calculated pairwise interatomic distances with a 5 Å cut-

off. In the analyses of MD structures for every variant, structures in trajectories from 20 to 

30 ns from three separate repeats were combined into a single trajectory, and this combined 

trajectory was used to calculate pairwise interatomic distances, with either a 3 Å or a 5 Å 

cut-off. Using calculated distances, contact maps of contact frequencies were generated, 

and heat maps of contact frequencies plotted using Python 3. Python 3 script used for 

generating heat maps of contact frequencies was provided by Dr. Fangfang Zhong.  

For loops C and D, contact maps illustrating HB and vdW interactions were also 

prepared for human (PDB ID: 3ZCF),34 horse heart (PDB ID: 1HRC),18 and yeast (PDB 

ID: 2YCC)17 WT cyt c. In the presence of multiple structures within the unit cell, each 

structure was examined individually, and the results were subsequently averaged. HB 

interactions were identified using the prediction constraints relaxed by 0.4 Å and 20 

degrees to the nearest residue, for up to two water molecules between the residues using 

Chimera,39, 61 and the strength of the interaction scaled using the 1/(r)3 potential energy 

distance relationship for a dipole-to-dipole interaction.62 In the presence of bridging waters, 

the distance between the residues of interest was estimated to be the total sum of the HB 

distances between the residues for simplicity. vdW interactions were identified according 
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to recommended ranges for detecting contacts for all atoms of interest,39, 63, 64 and the 

strength of the interactions scaled using the 1/r6 estimate based on the attractive term in 

Lennard-Jones potential energy distance relationship,62 and grouped the individual atom 

contributions to be representative of the entire residue.  

Site-Directed Mutagenesis, Protein Expression, and Purification. WT horse heart cyt c 

was purchased from Sigma-Aldrich (C2506). Desired point mutations were introduced in 

the pBTR plasmid encoding horse heart cyt c using a QuikChange kit (Agilent).65 PCR 

products were transformed into XL1-Blue competent cells (Agilent), and cells grown using 

14 mL polypropylene Falcon Tubes (Ref 352059) and grown on LB agar plates containing 

100 mg/mL carbenicillin at 37 °C. Humidity was adjusted by placing 500 mL of water 

inside the incubator to prevent agar plates from drying out. Plasmid DNA was extracted 

using a QIAprep Spin Miniprep Kit (Qiagen) and the purity was determined by obtaining 

the absorbance ratio of 1.7-1.8 at 260/280 nm. To improve the purity ratio, plasmid DNA 

was washed twice in the miniprep step. Desired mutations were confirmed by sequencing 

at the Molecular Biology & Proteomics Core Facility (Dartmouth College). At times, DNA 

sequencing chromatogram was visualized by using FinchTV v.1.4.0 (Geospiza) and 

sequences were reconfirmed.  

Large-scale protein expression was performed as previously described,38 except for 

using 2 L of TB media in a 2.8-L flask to prevent heme degradation and increase protein 

yield. Protein extraction was performed at 4 °C using French Press to prevent thermal 

denaturation. Mutations and purity of the expressed proteins were confirmed by Matrix-

Assisted Laser Desorption Ionization (MALDI) at the Molecular Biology & Proteomics 

Core Facility (Dartmouth College). Extinction coefficients of protein variants were 
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determined at pH 7.4 in a 25 mM HEPES or a 100 mM sodium phosphate buffer using 

hemochrome assays.65 

Spectroscopic Measurements. All spectroscopic measurements were obtained at room 

temperature (22 ± 2 ºC) unless noted otherwise. Ferric proteins were prepared by treating 

protein samples with excess potassium ferricyanide and then purified by size exclusion 

(PD-10 desalting column) or ion-exchange (Sepharose HP SP) chromatography. Ferrous 

proteins were prepared by treating protein samples with excess sodium dithionite, and the 

excess of the reductant was removed with a PD-10 column in the N2-filled glove box (COY 

Laboratory Products).  

Electronic absorption spectra were recorded using an Agilent 8453 diode-array 

spectrophotometer. Circular dichroism (CD) spectra were measured on a JASCO-J815 CD 

spectropolarimeter equipped with a variable temperature Peltier cell device (JASCO, Inc.). 

Quartz cuvettes and tubes were purchased from Starna Scientific and Wilmad Lab Glass, 

respectively.  

1H NMR spectra were recorded on a 500 MHz Bruker NMR spectrometer (Bruker 

Biosciences) at 25 ºC. For 1H NMR measurements of ferric proteins, samples of freshly 

oxidized cyt c variants at protein concentration ranging from 0.5 to 3 mM were prepared 

in a 50 mM borate buffer at pD 10.5, a 50 mM sodium phosphate buffer at pD 7.4, or a 50 

mM acetic acid d4 buffer at pD 4.5 in 100% D2O. For 1H NMR measurements of ferrous 

proteins, samples of freshly reduced cyt c variants at 0.5 mM protein concentration were 

prepared in a 50 mM sodium phosphate buffer containing 10% D2O (v/v) at pH 7.4, with 5 

mM excess dithionite. The standard 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) was 

employed as a reference.  
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Low-temperature EPR spectra were obtained at 10 K on a Bruker EMX 300 X-band 

spectrometer (Bruker Biosciences). Spectra were acquired using the following parameters: 

microwave frequency of 9.49 GHz, microwave power of 3.21 mW, modulation frequency 

of 100 kHz, modulation amplitude of 3.21 mW, modulation amplitude of 1.00 G, and time 

constant of 20.48 ms. All samples contained 20% (v/v) glycerol and were prepared in a 50 

mM sodium phosphate at pH 7.4 or a 50 mM sodium acetate buffer at pH 4.5. Buffers were 

treated with a Chelex resin (Millipore Sigma), a copolymer containing chelating groups, to 

remove traces of excess metal ions. 

Denaturation Experiments. Ultrapure GuHCl (Alfa Aesar) was dissolved in a 100 mM 

sodium phosphate buffer at pH 7.4, and solutions at varying concentrations of the 

denaturant were prepared and pH adjusted as needed. Ferric protein samples were aliquoted 

using a Hamilton syringe and final protein concentrations ranged from 8 to 10 μM for 

measurements monitoring α-helical signals at 222 nm and 180 to 230 µM for measurements 

monitoring the CT absorption band at 695 nm. CD ellipticity at 222 nm was observed using 

a 1-mm pathlength CD cuvette for global stability measurements, and electronic absorption 

at 695 nm was observed using a 1-cm pathlength quartz cuvette. The signals were fitted to 

eq 3.1:66  

f(x) = 
[m

f
[GuHCl]+b

f
+(m

u
[GuHCl]+b

u
)exp(

mD([GuHCl]-[GuHCl]
1/2

)
RT

)]

[1+exp(
mD([GuHCl]-[GuHCl]

1/2
)

RT
)]

 

(3.1) 

where mf and bf, mu and bu are the slope and y-intercept of the ellipticity signal of the folded 

and unfolded regions, respectively, in terms of the concentration of the denaturant, 

[GuHCl]; R is the gas constant and T is the experimental temperature. With the midpoint 
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of the transition, [GuHCl]1/2, and slope of the transition, mD, Gibbs free energy of unfolding 

(ΔGD) was calculated using eq 3.2: 

∆GD = mD[GuHCl]
1/2

 

(3.2) 

Eqs 3.1 and 3.2 were obtained by assuming a 2-state mechanism where native folded 

species is in equilibrium with the denatured species have been derived previously.67, 68  

In comparison studies, one often interprets smaller experimental values of m 

(shallow steps of unfolding curves) as indicators of fewer changes in solvent exposure of 

the residue groups i.e., more compact denatured or more open native state, since mD =

α̅ ∑ η
i
δg

tr,i
 (where αi is the average fractional change in exposure, ηi is the total number of 

groups present in the protein, and δgtr,i is the free energy of transfer). 68-70  

Changes in CD ellipticity at 222 nm were recorded in the temperature range 20 to 

90 ºC (rate of 1 ºC/min). Protein concentrations were around 10 μM. Thermal denaturation 

of all variants were 99% reversible, as calculated by the CD ellipticity signal of the protein 

sample at 222 nm taken before and after the temperature melt. Dependencies of CD 

ellipticity signals (θ) on temperature (T) were fitted to eq 3.3:66, 71  

θ= 

[
 
 
 
 mfT+bf+(muT+bu) exp (

-ΔHvH

R
(

1
T

-
1
Tm

))

1+ exp (
-ΔHvH

R
(

1
T

-
1
Tm

))
]
 
 
 
 

 

(3.3) 

where mf and bf, mu and bu are the slope and y-intercept of the ellipticity signal of the folded 

and unfolded regions, respectively, and R is the gas constant. Fit of the ellipticity signals 
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versus temperature to eq 3.3 yielded Tm and ΔHvH, the midpoint of the unfolding transition 

and the van’t Hoff enthalpy of denaturation, respectively. 

pH Titrations and Analyses. Solutions containing proteins at concentrations of 8 to 10 

μM or 200 to 300 μM in a 100 mM sodium phosphate buffer at pH 7.4 were used to monitor 

changes in the Soret (350 to 500 nm) and CT (580 to 750 nm) spectral regions, respectively.  

pH titration profiles were analyzed using singular value decomposition (SVD) as 

described previously.72-74 The obtained pH titration profile A (λm, pHn) was deconvoluted 

into wavelength dependence vectors U (λ, x-value), square roots of the eigenvalues S (k, 

significance), and pH dependence V (pH, populations for the corresponding S vector) using 

the MATLAB SVD function (A=U·S·VT). Number of significant components, i, was 

determined from log of Sj,j values, Sj,j percentages (

 =

k

1j

2
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2

jj,

S

S
)×100%, error levels (
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=

k
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jj,

k

ij

2

jj,

S

S
), autocorrelation of U(λ) and V(pH) matrices, as previously described.72, 73 74 

pH-dependent significant vectors, V, from both Soret and CT bands were globally fitted to 

eq 3.4 using SigmaPlot 10.0:  

V = ∑
Bi+Ai×10

n(pKapp,i−pH)

1+10
n(pKapp,i−pH)

+C 

(3.4) 

where Ai and Bi are the slope and y-intercept of the ith transition, pKapp is the apparent pKa 

for the ith transition, n is the number or protons involved in the ith transition, and C is a 

constant. Spectra of the respective components were deconvoluted using eq 3.5: 



  

80 

 

D = AF-1 

(3.5) 

where D is the spectra of the component, A is the absorption of the spectra at a given pH, 

and F is the fractional population change of the major component as a function of pH.  

pH-Jump Kinetics. Data for pH jump experiments were obtained by Dr. Fangfang Zhong. 

For pH-jump measurements, stock solutions of ferric proteins were prepared in an aqueous 

solution containing 100 mM sodium chloride at pH 6.2. The jump buffers used in the 

measurements contained 10 mM sodium phosphate for final pH 7.0 to 8.0; sodium borate 

for final pH 8.5 to 10.0; CAPS for final pH 10.5 to 12.5, containing 100 mM NaCl. The 

final protein concentration was 8 to 10 M and the final pH was achieved by mixing the 

stock protein sample with jump buffers in a 1:5 (v/v) ratio using a Bio-Logic SFM-300 

stopped-flow instrument. The kobs values were obtained by fitting the time course of the 

absorbance at 405 nm to a monoexponential equation at all pH ranges. The goodness of 

each fit was evaluated with analyses of the residuals of the fit. The kinetic parameters, kf, 

kb, and KH, were determined from fitting dependencies of kobs on [H+], the concentration of 

protons, to eq 3.6 as described previously:75 

kobs=kb + kf

𝐾H

𝐾H + [H+]
 

(3.6) 

where kobs is the observed rate constant, kb and kf are the Lys coordination rate constants 

for the dissociation and association reactions, respectively, and KH is the protonation 

equilibrium constant. The conformational equilibrium constant (KC) was related to pKH and 

the apparent pKa through the relationship pK
a
= pK

C
+pK

H
, and was calculated from the rate 
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constants kb and kf through the relationship KC =  kf kb⁄  . The pKa values obtained from 

equilibrium pH titrations (eq 3.4) were used as constraints in these fittings. 

Preparation of Lipid Vesicles. All lipids were obtained from Avanti Polar Lipids, Inc., 

and lipid vesicles prepared using the extruder apparatus equipped with an enclosed warmer 

(Eastern Scientific LLC) and membranes (Eastern Scientific LLC) with pore radius of 0.1 

μm. Lipids 1,1’2,2’-tetraoleoylcardiolipin (TOCL) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) were mixed in a 1:1 molar ratio and lipid vesicles were prepared 

as previously described.76 Lipids were in a freshly prepared 25 mM HEPES buffer at pH 

7.4 containing 0.1 mM 2-[Bis[2-bis(carboxymethyl) amino]ethyl]amino]acetic acid 

(DTPA). Buffers were treated with a Chelex resin (Sigma) to remove excess metal ions in 

solution prior to use. Lipid vesicle solutions were used within the day. Lipid vesicle sizes 

and distributions were determined using dynamic light scattering (DLS) instrument (Wyatt 

Technologies).  

Liposome-Binding Assays. Liposome solutions having concentrations of total lipid in the 

range from 40 to 500 μM were mixed with 10 μM ferric protein in a 1:1 (v/v) ratio. Samples 

were incubated at room temperature, under foil, for at least 30 minutes and centrifuged for 

1 to 1.5 hours using a Beckman Airfuge tabletop ultracentrifuge with a Beckman A-11 

motor at 120 000 × g. Measurements of the Soret absorption band taken immediately after 

centrifugation were used to determine the amount of protein left in solution.  

Peroxidase Assays. Assays were performed in a freshly prepared and Chelex resin treated 

25 mM HEPES buffer at pH 7.4 containing 0.1 mM DTPA. All substrates were kept on ice 

and in the dark prior use, and all protein solutions and buffer were kept at room temperature 

and in the dark to avoid heme bleaching. A colorimetric reducing substrate, ABTS (2,2’-
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Azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)diammonium salt; ultrapure, 

AMRESCO), was used to monitor the peroxidase activity at 735 nm assuming ε735 = 14 

mM-1cm-1.77 Each assay contained maximum concentrations of 0.2 to 1.0 mM H2O2, 

depending on the variant, and 200 μM ABTS with 1 to 2 μM freshly prepared ferric protein. 

At these substrate concentrations, it was assumed that maximum velocity was reached for 

both substrates. Higher substrate concentrations were avoided for some of the variants to 

avoid heme degradation and substrate inhibition. Activity assays for CL-bound cyt c were 

performed by mixing solutions of the protein and the liposomes (at 250-molar excess of 

total lipid) in a 1:1 (v/v) ratio to avoid aggregation. Samples were incubated for at least 30 

minutes at room temperature prior to adding other components of the assay. For each assay, 

the absorbance signal at 735 nm was recorded every second for a total of 120 seconds. 

Linear phase of the reaction was then fitted to a single polynomial function to obtain the 

slope of the phase, which corresponded to the initial velocity of the reaction. The 

dependencies of concentration-corrected rates (vcor = v/([E]∙ε735)) versus concentration of 

H2O2 were fitted to a Michaelis-Menten equation to yield kcat and KM values in respect to 

H2O2 (eq 3.7).78 

vcor= 
kcat[H2O2]

KM+[H2O2]
 

(3.7) 

where kcat is the catalytic rate constant and KM is the inverse of the affinity of H2O2 for the 

protein.  

Results 

Molecular Dynamics Simulations. When the X-ray crystal structures of human and horse 

heart cyt c are compared, the calculated RMSD value of horse heart cyt c relative to the 
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structure of human cyt c is ~ 0.3 Å. Additionally, ~88% of total sequences are conserved 

between human and horse heart cyt c (Table 3.1). High sequence and structural similarity 

between the two species highlight the suitability of horse heart cyt c as good model to 

compare to structural characteristics of human cyt c. Furthermore, comparing these two 

similar proteins provides clues as to whether sequence differences alter protein structure 

and backbone dynamics important for function.  

Although the protein structures of the two species are similar, they are not identical 

(Table 3.1 and Figure 3.2). Thus, simple homology modeling is insufficient to explore 

variations in analogous mutants of human and horse heart cyt c. While there are X-ray 

crystal structures of the G41S and Y48H variants in human cyt c, only the X-ray crystal 

structure of WT is available for horse heart cyt c, creating a need for structural data of 

G41S and Y48H variants in horse heart cyt c. To allow structural analysis and to account 

for the dynamic fluctuations that exist in structures, we elected to do MD simulations. 

Structural information from MD simulations allowed us to obtain the needed structural data 

to compare between human and horse heart cyt c variants under similar conditions and 

understand how the mutations alter the structural properties of cyt c. 

MD Simulations of WT Cyt c. Suitable calibration of the method would reveal significant 

differences between the protein backbone dynamics of human and horse heart WT cyt c. 

Comparisons of per residue RMSF values for the backbone αC have shown that, on 

average, residue fluctuations in the simulated structures are low and comparable between 

the two species (Figure 3.4). There are regions of the protein containing residues with 

higher RMSF values, particularly with the residues in the 20’s loop region. 
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Figure 3.4. Plots of averaged per residue RMSF values for αC atoms in the protein 

backbone obtained from MD simulations, relative to the reference structure of the protein 

for (A) human and (B) horse heart WT (black), G41S (pink), and Y48H (green) cyt c 

variants. For each simulation, RMSF values were separately calculated and then averaged 

to obtain the average per residue RMSF value. Only the frames from 20 to 30 ns simulation 

times were used for these calculations, and the X-ray crystal structure of WT cyt c (horse 

heart,18 PDB: 1HRC; human,34 ) was used as the reference structure. 
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Calculation of pairwise RMSD values for the protein backbone atoms in each frame 

of the trajectory to all other frames in the trajectory can provide insight into the 

conformational diversity of the simulated structures.79, 80 Comparison of the distribution of 

pairwise RMSD values of the 20’s loop shows that the 20’s loop in human WT cyt c more 

frequently samples conformations that are different from one another, than does the 20’s 

loop in horse heart WT cyt c (Figure 3.5 top). In comparison, distribution of calculated 

pairwise RMSD values for loops C and D are narrower than in the 20’s loop for both human 

and horse heart WT cyt c (Figures 3.6 and 3.7, top). Furthermore, loops C and D regions 

of the simulated structures in both human and horse heart WT cyt c have lower RMSD 

values, suggesting that these loop regions tend to converge to similar conformations during 

the simulation.  

We aimed to confirm if key inter-foldon contacts observed in the X-ray crystal 

structures are still present in the MD simulations, and whether simulations could pick up 

differences between the two species. Previous MD simulations and mutational studies in 

proteins and peptides, have suggested HB and vdW contacts to play a role in tuning protein 

stability ,81-83 but its role has been unclear. Obtaining structural analyses comparing the 

weak native contacts in cyt c, along with experimental data, would provide further insight 

into how these contacts may tune stability and function in proteins. Heat maps obtained 

from pairwise interatomic distance calculations showed that key inter-residue HB contacts 

between the residues in loop C ,60’s helix, and loop D observed in the X-ray crystal 

structures of human and horse heart WT cyt c are also detected in our MD simulations 

(Figure 3.8A and B, top). 
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Figure 3.5. Plots showing the distribution of pairwise RMSD values calculated for αC 

atoms in 20’s loop (residues 20 to 30) versus frequency, for structures obtained from MD 

simulations. Shown are the RMSD value distributions for (A) human and (B) horse heart 

WT (black), G41S (pink), and Y48H (green) cyt c. Distributions of RMSD values between 

each structure to all other structures from individual MD simulations are shown (first run, 

solid line; second run, dotted line; third run, solid line). All frames in the trajectory from 

20 ns up to 35 ns simulation times were used to calculate the RMSD values. 
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Figure 3.6. Plots showing the distribution of pairwise RMSD values for αC atoms in loop 

C (residues 40 to 57) versus frequency, for structures obtained from MD simulations. 

Shown are the RMSD value distributions for (A) human and (B) horse heart WT (black), 

G41S (pink), and Y48H (green) cyt c. Distributions of RMSD values between each 

structure to all other structures from individual MD simulations are shown (first run, solid 

line; second run, dotted line; third run, solid line). All frames in the trajectory from 20 ns 

up to 35 ns simulation times were used to calculate the RMSD values. 
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Figure 3.7. Plots showing the distribution of pairwise RMSD values for αC atoms in loop 

D (residues 70 to 85) versus frequency, for structures obtained from MD simulations. 

Shown are the RMSD value distributions for (A) human and (B) horse heart WT (black), 

G41S (pink), and Y48H (green) cyt c. Distributions of RMSD values between each 

structure to all other structures from individual MD simulations are shown (first run, solid 

line; second run, dotted line; third run, solid line). All frames in the trajectory from 20 ns 

up to 35 ns simulation times were used to calculate the RMSD values. 
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Figure 3.8. Heat map plots of contact frequencies between residues in loop C, 60’s helix, 

and loop D based on the MD simulated structures of WT (top), G41S (middle), Y48H 

(bottom) variants of (A) human and (B) horse heart cyt c. Plotted are the frequency of 

contacts between residues within the contact distance of 3 Å from all three simulations. All 

frames in the trajectory from 20 ns up to 30 ns simulation times were used to generate the 

heat maps. Site of consistently observed key difference between human and horse heart cyt 

c are highlighted (red box). 
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As expected for proteins with a similar fold, heat maps plotting the frequencies of 

inter-residue contacts within the vdW distance are comparable between human and horse 

heart WT cyt c (Figure 3.9A and B, top). Although water-mediated HB contacts, such as 

the water-mediated inner HB networks involving Tyr67, Asn52, and Thr78 were not 

considered in our distance calculations, subtle differences in the loops C and D interface 

between human and horse heart WT cyt c are observed. For example, the residue-contacts 

between residue 79 and residues in loop C are more numerous in human WT cyt c than in 

horse heart WT cyt c (Figure 3.8), as suggested by comparison of the X-ray crystal 

structures (Figure 3.10). Furthermore, heat maps plotting the frequency of both HB and 

vdW contacts show small variations between species (Figure 3.9A versus B, top).  

MD Simulations of G41S and Y48H Cyt c. Since we confirmed MD simulations can 

predict contacts observed in X-ray crystal structures and pick up differences in human and 

horse heart WT cyt c, we needed to determine how structurally similar the biologically 

relevant variants (G41S, and Y48H) would be between human and horse heart cyt c. MD 

structures show that with the same G41S and Y48H mutations, their consequences are 

different in horse heart cyt c and human cyt c. Plots of the per residue RMSF values of the 

ferric G41S and Y48H horse heart cyt c variants show that although much of the residues 

experience similar amount of structural fluctuations as was observed in WT, small regional 

variations are present (Figure 3.4B). In human cyt c, per residue RMSF values are also 

similar between Y48H and WT. However, differences are observed with G41S, where an 

increase in the RMSF values for residues in loop C are observed. Previously, 200-ns 

simulations in the human cyt c variants detected rearrangements in loop C with RMSF 

values > 2Å at longer time scales, which occurred earlier for the G41S variant (~30 ns) 
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Figure 3.9 Heat map plots of contact frequencies between residues in loop C, 60’s helix, 

and loop D based on the MD simulated structures of WT (top), G41S (middle), Y48H 

(bottom) variants of (A) human and (B) horse heart cyt c. Plotted are the frequency of 

contacts between residues within the contact distance of 5 Å from all three simulations. All 

frames in the trajectory from 20 ns up to 30 ns simulation times were used to generate the 

heat maps. Inter-residue contacts that were within 3 Å are marked with a ‘x’. 
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compared to WT (~100 ns).84 It is possible that higher RMSF values in loop C are observed 

in our simulations with the human G41S cyt c variant if we were also starting to detect 

similar large conformational rearrangements at later time scales near 30 ns. 

In horse heart G41S and Y48H cyt c, distributions of pairwise RMSD values for 

αC in the 20’s loop are like that for WT (Figure 3.5B). Compared to WT, however, the 

frequency at which structures have higher RMSD values from one another are lower in the 

horse heart G41S and Y48H variants (Figure 3.5B), suggesting that while some 

conformations requiring larger rearrangements are observed, most of the sampled 

conformations tend to be alike one another. In human cyt c, effects of G41S and Y48H 

mutations are less prominent. Both the range of the calculated pairwise RMSD values and 

the frequency at which similar RMSD values were observed in G41S and Y48H are 

comparable to that of WT (Figure 3.5A).  

For horse heart cyt c, local variations are more prominently observed in loop C. In 

horse heart G41S cyt c, range of pairwise RMSD values are comparable to that of WT; 

however, larger pairwise RMSD values are more frequently observed in G41S than in WT 

(Figure 3.6B). In Y48H horse heart cyt c, pairwise RMSD values > 2 Å are observed at a 

higher frequency than in G41S or WT (Figure 3.6B). For both G41S and Y48H, larger 

pairwise RMSD values are observed at a higher frequency than in WT. This difference 

suggests that with G41S and Y48H mutations, loop C samples conformations that require 

extensive rearrangements to the protein backbone more frequently than in WT, and that 

G41S and Y48H have different mutational effects on loop C. 

There are differential effects between the two species with the same loop C 

perturbations. Unlike in horse heart Y48H cyt c, pairwise RMSD values in loop C of human 
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Y48H cyt c is comparable to that of WT (Figure 3.6B). In contrast, a more diverse set of 

conformations is sampled in the loop C for human G41S cyt c than for horse heart G41S 

cyt c, as larger pairwise RMSD values are observed at a higher frequency in human G41S 

cyt c (Figure 3.6, middle).  

Large variations in pairwise RMSD values observed with G41S and Y48H 

mutations in 20’s loop and loop C are not observed in loop D for human or horse heart cyt 

c (Figure 3.7B).  

Contact Maps. These differences in conformational ensemble also affect the distances 

between interloop residue that are within distance of forming HB and vdW contacts. In 

G41S and Y48H human cyt c variants, residues in loops C and D that are within HB 

distances vary in both location and frequencies at which they are formed compared to WT 

(Figure 3.8A). In human G41S cyt c, some residue pairs within distances of forming HB 

contacts observed in WT are either no longer observed or are predicted to form at different 

frequencies (Figure 3.8A, middle), perhaps due to sampling conformations that require 

larger loop rearrangements in loop C (Figure 3.6A). In human Y48H cyt c, more residue 

pairs are within HB distances, and some residues are within contact-forming distances at a 

higher frequency compared to WT (Figure 3.8A, bottom).  

In the horse heart G41S cyt c, variations in the frequency at which residues are in 

HB distances are observed, but formation of potential new contacts are not observed 

compared to WT (Figure 3.8B, middle). With the Y48H mutation, there are variations in 

the residue pairs that are within HB distance between loops C and D (Figure 3.8B, bottom). 

Additionally, a new residue pair between the residue 52 in loop C and residue 67 in the 

60’s helix, is within HB distance is observed in horse Y48H cyt c (Figure 3.8B, bottom). 



  

94 

 

In our MD simulations, this contact is present in WT human cyt c, but not in WT horse cyt 

c (Figure 3.8, top), and in the X-ray crystal structure of both human and horse heart WT 

cyt c is present as a water-mediated HB network.18, 34  

In general, residue pairs that are within vdW distance present in either human and 

horse heart WT cyt c are also present in G41S and Y48H variants, but with different 

frequencies at which the residues come into vdW distances (Figure 3.9). However, new 

potential contacts are formed in some variants. For example, residues 79 and 52 are within 

distance of forming a vdW contact in Y48H, but not in WT or G41S (Figure 3.9). For both 

species, there are variations in the frequency at which residue pairs come within distances 

of forming vdW contacts with the mutations compared to those for WT (Figure 3.9). 

However, more variations in frequencies of residue pairs coming within vdW distances are 

observed in horse heart cyt c than in human cyt c, suggesting that the mutations influence 

the weak residue pair interactions differently between species. 

Horse heart cyt c variants G41S and Y48H maintain many structural properties 

found in WT, highlighting the adaptability of the overall peptide backbone to accommodate 

minor perturbations in the polypeptide. Further, despite the natural sequential differences 

between human and horse heart cyt c, X-ray crystal structures and MD simulations suggest 

similar HB and vdW interactions (Figures 3.5A and 3.6A). However, subtle differences are 

observed in the regional RMSD values of the MD structures of human and horse heart WT 

cyt c. Differences are magnified in the presence of mutation-induced loop perturbations, 

suggesting the existence of subtle variations in tertiary packing and loop dynamics, as well 

as the adaptability of the peptide backbone. This difference in how the polypeptide 

accommodates mutational perturbations could arise from the natural sequence variations 
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present in the loops C and D (Figures 3.5 and 3.6). For example, residues 46 and 47 are 

two of the three varied loop C residues in human and horse heart cyt c. The residues at 

positions occupied by Tyr and Ser in human cyt c are occupied by Phe and Thr in horse 

heart cyt c, eliminating the additional hydrogen bonding interactions involving HP6 and 

Lys79 (Figures 3.10A and B). In human cyt c, more of the native contacts are maintained 

even with the G41S or Y48H mutations, as observed in the X-ray crystal structures.35, 54 

Along loop D, the only sequence difference between human and horse cyt c is on residue 

83, where residue 83 is Val in human cyt c or Ala in horse cyt c. Replacement of Val with 

a smaller residue Ala could provide additional flexibility to the loop. Although this 

variation may increase the overall dynamics of loop D, it is unlikely that this residue 

variation alters the HB and vdW contacts between loops C and D, as loop D residues 

involved in this inter-foldon contact is mainly limited to residues 74 to 79 (Figures 3.9 and 

3.10). 

Heme Coordination and Protein Fold.  

Electronic Absorption Spectra. At pH 7.4, the electronic absorption spectra of ferric G41S 

and Y48H are different from that of WT, and the λmax of the Soret band slightly blue shifts 

from 409 nm in WT to 408 and 407 nm, respectively (Figure 3.11A). For G41S, λmax of the 

Soret band shifts by 1 nm depending on the buffer used (Table 3.2), and no such buffer 

dependence is observed with the other variants. In variants of horse heart cyt c, the 

extinction coefficients differ slightly from those in WT. The electronic absorption spectra 

for G41S and Y48H all exhibit a CT band at 695 nm as was observed in WT, and the 

extinction coefficient of this band decreases for G41S compared to that of WT (Figure 

3.11A, inset and Table 3.2). 
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Figure 3.10. Distance-based contour contact maps and figures depicting HB interactions 

near or at HPs 6 and 7 based on X-ray crystal structures for (A) human WT cyt c (PDB ID 

3ZCF),34 (B) horse heart WT cyt c (1HRC)18 and (C) iso-1 yeast WT cyt c (2YCC).17 In 

the contact maps, additional interactions that are present/changed in human or horse heart 

WT cyt c but absent in yeast WT cyt c are highlighted (red dotted line). Depictions of the 

HB interactions show the HB distances (blue), with the HP groups (green) and Lys79 

(orange) highlighted. In human WT cyt c, HB between residues 46 and 79 are not predicted, 

and instead, the distance between the residues is shown (pink). Left depictions show the 

Lys79-HP6 interactions involving the residues in loop C and 20’s loop, center depictions 

show the HP6 interactions involving the residues in loops C and D, and right depictions 

show the HP7 interactions involving the residues in the loop C and the anti-parallel β 

strands.  
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Figure 3.11. Electronic absorption spectra of (A) ferric and (B) ferrous WT (black), 

G41S(pink), and Y48H (green) cyt c variants in a 100 mM sodium phosphate buffer at pH 

7.4, with the near-IR CT band shown for the ferric species (inset, A). (D) Numberings for 

heme and Met protons for labeling peaks in the 1H NMR of (C) ferric and (E) ferrous WT 

(black), G41S (pink), and Y48H (green) cyt c variants in a 50 mM sodium phosphate buffer 

at pD 7.4 and 100% D2O or pH 7.4 with 10% D2O (v/v), respectively. Peaks are labeled 

according to refs. 37, 85. (F) EPR spectra at 10 K for WT (black), G41S (pink), and Y48H 

(green) cyt c variants in a 50 mM sodium phosphate buffer at pH 7.4 with 20% (v/v) 

glycerol at 10 K. 
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Table 3.2. Extinction Coefficients for Variants  

 Ferric 

Variant λ (nm) ε (mM-1cm-1) 

G41S 408a 109.5a 

 407b 100.7b 

 695a 0.53a 

Y48Hc 407b 117.1b 

 695a 0.71a 
aIn a 100 mM sodium phosphate buffer at pH 7.4.  

bIn a 25 mM HEPES buffer at pH 7.4. 

cPositions of λmax of the Soret band did not change in different buffers. 
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Differences in the extinction coefficient for the Soret and the CT band in the absence of 

large differences in the λmax of both the Soret and CT band suggest a distinct heme 

environment for ferric G41S and Y48H cyt c variants, but similar heme iron ligation, 

compared to that of WT (Table 3.2). The electronic absorption spectra of the ferric species 

provide evidence that these variants most likely have a Met-ligated heme at pH 7.4, as the 

shift in λmax for Soret is not large and the CT band observed in Met-ligated WT cyt c are 

observed. Yet, minor variations in the Soret and CT-band characteristics are observed 

depending on the mutation, suggesting differences in the variants compared to WT at pH 

7.4. The electronic absorption spectra of the ferrous variants have shown no observable 

differences in the position of the Soret band, except for the slight changed extinction 

coefficient for the variants (Figure 3.11B), suggestive of the 6-coordinated heme iron.  

1H NMR. 1H NMR spectra obtained for the ferric protein also support the presence of a 

primarily Met-ligated heme iron species at pH 7.4 (Figure 3.11C). However, the positions 

and intensities of 8-methyl and 3-methyl signals of the heme porphyrin are not identical to 

those of Met-ligated WT, suggesting difference between the heme environments in the 

variants, as supported by the differences observed in the electronic absorption spectra 

(Figures 3.11A and C). The signals observed in the 1H NMR spectra for G41S and Y48H 

are broader and/or shifted, suggesting faster exchange on the NMR timescale.22 This have 

been previously observed in human Y48H, and have been argued to be due to increased 

heterogeneity in the region.35, 86 However, small satellite signals are observed for Y48H at 

pD 7.4, suggesting the presence of a small population of differently-ligated heme iron 

species, and its signal intensities increase by pD 10.5 (Figure 3.12). 
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Figure 3.12. (A) 1H NMR spectra at 25 ºC for ferric horse heart cyt c variants. Shown are 

the spectra of WT at pD 7.4 (black, see Figure 3.11D for labeling) and pD 10.5 (gray, from 

ref. 74), Y48H at pD 10.5 (blue), pD 7.4 (green), and pD 4.5 (red), and M80A at pD 4.5 

(orange, from ref 74). Samples were prepared in 100 % D2O buffers containing 50 mM 

borate, sodium phosphate, or acetic acid d4 at pD 10.5, 7.4, or 4.5, respectively. (B) 

Electronic absorption spectra of the CT region of ferric Y48H shown at pD 4.5 (red), 7.4 

(green), and 10.5 (blue), with WT at pH 7.4 for reference (pink).  
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At pD 10.5, porphyrin methyl signals of the Lys-ligated heme iron species in WT 

cyt c37, 87, 88 are predominantly observed, and porphyrin methyl signals of the Met-ligated 

heme iron species 37 are diminished.  

In the 1H NMR spectra for ferric Y48H, while satellite signals likely corresponding 

to porphyrin methyl groups of a Lys-ligated heme iron are observed at pD 7.4, prominent 

signals are from porphyrin methyl groups of the Met-ligated heme iron species, which is 

the only species observed at pD 4.5. Although the Y48H 1H NMR spectrum at pD 4.5 is 

distinct from the spectrum of M80A variant containing the high-spin H2O-ligated heme 

iron species at pD 4.5 (Figure 3.12A),74 it is difficult to conclude as to whether there are 

also high-spin species in Y48H at pD 4.5, as the high-spin signal of the H2O-ligated heme 

iron species in 1H NMR appears further downfield. However, the 695 nm CT band of the 

electronic absorption spectra is unchanged at either pH 4.5 or 7.4 and is comparable to that 

of WT at pH 7.4, where the heme iron is Met-ligated (Figure 3.12B). Similarities in CT 

band suggests that Y48H likely does not contain high-spin H2O-ligated heme iron species 

at pH 4.5, and that most of the population is Met-ligated at pD 7.4 for ferric horse heart 

Y48H cyt c as observed in the human Y48H cyt c.35  

The 1H NMR spectra of the ferrous protein show the presence of predominantly 

Met-ligated species in all the variants (Figure 3.11E).  

EPR Spectra at 10K. EPR spectra for the ferric G41S or Y48H are similar to that of WT 

at pH 7.4, showing characteristic EPR spectral features of a low-spin Met-ligated heme 

iron in cyt c (gz = 3.06, gy = 2.22, and gx = 2.04) for all the variants (Figure 3.11F).89 Signals 

observed in the EPR spectra of Lys-ligated alkaline cyt c or hydroxide-ligated M80A yeast 

cyt c,22, 89 whose prominent signals are observed at gz = 3.3 or gz = 2.6, respectively, were 
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not distinguishable in the low-temperature EPR spectra of G41S and Y48H horse heart cyt 

c at this pH (Figure 3.11F).89 It is possible that Lys-ligated heme iron species are present 

in the ferric Y48H variant based on the 1H NMR spectra (Figure 3.11C). Even if that is the 

case, the population of Lys-ligated heme iron species is likely low and EPR signals of the 

Lys-ligated heme iron species are indistinguishable with the Met-ligated heme iron species 

due to the proximity of the gz values.  

The electronic absorption, 1H NMR, and EPR spectral data all show that G41S and 

Y48H variants of horse heart cyt c contain mostly Met-ligated heme iron species in both 

ferric and ferrous states at pH 7.4. However, minor shifts in the λmax of the Soret band in 

G41S and Y48H, decrease in the extinction coefficient of the CT band observed in G41S, 

and the presence of satellite peaks corresponding to Lys-ligated heme iron in the 1H NMR 

spectra for Y48H, suggests that a minor population of Lys-ligated heme iron species may 

be present in G41S and Y48H variants at pH 7.4.  

Secondary Structure. At pH 7.4, the far-UV CD spectra for all ferric variants show similar 

intensities and ratios at 220 and 210 nm, characteristic of a primarily α-helical protein 

secondary structure (Figure 3.13). Although the variants G41S and Y48H contain 

perturbations in loop C, the mutations do not seem to affect the overall secondary fold of 

the protein. The secondary CD spectra of G41S and Y48H strongly suggest that most of 

the native secondary structure is preserved, as predicted in the MD simulations and as 

suggested by the X-ray crystal structures of human cyt c variants.31, 35, 54 
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Figure 3.13. Far-UV CD spectra of WT (black), G41S (pink), and Y48H (green) variants 

of horse heart cyt c in a 100 mM sodium phosphate buffer at pH 7.4 at 20 ºC and l = 1 mm. 

Spectra were normalized to [cyt c] = 20 μM  
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Global and Local Stability.  

Thermal Stability. Global stabilities with respect to thermal denaturation for the variants 

are unchanged to that of WT, as the melting transition temperatures (Tm) and enthalpies of 

denaturation (ΔHvH) are comparable for WT and variants (Table 3.3).90 However, spectral 

measurements at higher temperatures (above 90 °C) were not obtained to avoid possible 

protein aggregation from boiling the aqueous protein solution (Figure 3.14). Since the Tm 

values of the variants were near this limit, we opted to rely on a more trackable GuHCl 

denaturation to determine the stability changes with the mutations.91 

Chemical Denaturation with GuHCl. Unfolding parameters, mD and [GuHCl]1/2, reveal 

the thermodynamic details of the unfolded protein.67, 68 The parameter mD reflects the 

difference in solvation of the polypeptide in the folded and unfolded state, and reflects the 

compactness of the denatured state; the midpoint of the transition, [GuHCl]1/2, is the 

concentration of GuHCl at which half of the protein is unfolded.69, 92 These two parameters 

are used to obtain the free energy of denaturation(ΔGD) to compare the overall stability of 

proteins, and minor variations in the mD and [GuHCl]1/2 parameters show differences in the 

folding properties.66 In horse heart G41S and Y48H cyt c, slight variations in the mD and/or 

[GuHCl]1/2 parameters are observed, but ΔGD values are all within error to that of WT 

(Figure 3.15A and Table 3.4). In G41S, [GuHCl]1/2 remains unchanged and mD decreases; 

in Y48H, the [GuHCl]1/2 value decreases, while mD value is within error of WT. In horse 

heart G41S and Y48H cyt c, any changes in the stability parameters [GuHCl]1/2 and mD are 

balanced out and the overall global stability remains unchanged.
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Table 3.3. Parameters from Global Thermal Denaturation of Ferric Cyt c Variants at pH 

7.4a 

Variant  Tm (K) ΔHvH (kJ mol-1) 

WT  357.1b 360 ±30b 

G41S  358 ±5 332 ±49 

Y48H  357 ±4 340 ±46 
aMonitored is ellipticity at 222 nm. 

bFrom ref. 90, in a 10 mM sodium phosphate buffer at pH 7.0. 
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Figure 3.14. Representative temperature unfolding curves and fits in fraction unfolded (χU) 

versus temperature for horse heart cyt c variants WT (black, from ref 38), G41S (pink), and 

Y48H (green), in a 100 mM sodium phosphate buffer at pH 7.4. Monitored is the ellipticity 

at 222 nm.  
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Figure 3.15. Chemical denaturation curves monitoring (A) α-helicity at 222 nm (fraction 

unfolded, χU) and (B) CT (extinction coefficient, ε695) plotted versus [GuHCl] and with 

corresponding fits for WT (black, from ref. 38 for global, and ref. 93 for CT), G41S (pink), 

and Y48H (green) in a 100 mM sodium phosphate buffer at pH 7.4. Measurements were 

performed at 20 °C for monitoring α-helicity and at 22 ±2 °C for monitoring the CT band 

of the electronic absorption spectra.  
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Table 3.4. Parameters from GuHCl Unfolding for Cyt c Variants at pH 7.4a  

Variant  [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) 

  Horse Heart 

WTb  2.7 ±0.1 11.5 ±2.6 31.1 ±7.1 

G41S  2.7 ±0.1 9.9 ±1.4 26.1 ±3.7 

Y48H  2.5 ±0.1 11.0 ±4.0 27.5 ±10.1 

  Human 

WTc  2.55 ±0.01 15.5 ±0.2 39.6 ±0.5 

G41Sd  2.25 ±0.05 12.5 ±0.4 28.2 ±0.4 

Y48Hd  1.98 ±0.05 10.7 ±0.4 21.3 ±0.7 

  Yeast 

WTe  1.15 ±0.01 20.6 ±1.7 23.7 ±2.0 
aMonitored is ellipticity at 222 nm, performed at 20 ºC. 

bFrom ref. 38, at pH 7.4 and room temperature. 

cFrom ref. 31, at pH 7.5. 

dFrom ref. 94, at pH 6.5 and 15 ºC. 

eFrom ref. 36, at pH 7.5 and 25 °C. Contains C102S mutation and expressed in yeast. 
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Both the chemical and thermal denaturation data show that, at pH 7.4, the mutations G41S 

and Y48H in horse heart cyt c have minimal effect on the global stability of the protein.  

Loop D Stability. To further quantify whether the mutations affect local stability, loop D 

stability was probed by observing changes in the CT absorption band with increasing 

concentration of GuHCl at pH 7.4. CT band at 695 nm argued to be the metal-to-ligand CT 

of heme iron to Met80 and observed in cyt c proteins with a Met-ligated heme iron.22 The 

electronic absorption of this band decreases with the loss of Met-ligation to the heme iron, 

either due to ligand switch or from unfolding of the polypeptide.93, 95 Because Met80 is 

located in loop D, CT band serves as a probe to detect changes to the native packing of 

loop D that promotes Met80-ligation to the heme iron. Unfolding experiments monitoring 

this CT band has been previously performed in horse heart WT cyt c, but fitted stability 

parameters were not reported.93 Refit of the previously reported WT data93 suggests 

[GuHCl]1/2 value at 2.7 ±0.1 M, mD value at 9.1 ±1.7 kJ∙mol-1∙M-1, and ΔGD as 24.6 ±4.7 

kJ∙mol-1
, within error of the parameters from global unfolding measurements.38 In 

comparison, stability parameters for G41S and Y48H show that loop C perturbations alter 

loop D stability. The CT absorption band for G41S and Y48H decreases at much lower 

[GuHCl] concentrations than for WT (Figure 3.15B). Although both [GuHCl]1/2 and mD 

parameters were difficult to fit accurately (eq 3.1), the values of the parameters can be 

estimated to be less than 1 M and 6 kJ∙mol-1∙M-1, respectively. Although global stabilities 

of G41S and Y48H variants are similar to that of WT, the local stability of loop D appears 

to be greatly perturbed compared to that of WT. These results suggest that loop C 

perturbations can alter the local stability of loop D without changing the global stability. 
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Alkaline Transition.  

At mildly alkaline pH conditions, a still unknown “trigger group” becomes deprotonated, 

and the Fe-bound Met80 dissociates to allow a Lys residue to coordinate to the heme iron 

to form the Lys-ligated alkaline species. This transition is controlled by both 

thermodynamic and kinetic factors associated with forming the Lys-ligated state and can 

be described as a combination of the equilibrium constant of the trigger group (pKH) and 

conformational rearrangement equilibrium of loop D (pKC) determined from the rate 

constants of forming the Lys-ligated heme.75 Loop D contains Lys72, 73, and 79 in both 

human and horse heart WT cyt c, and Lys73 and Lys79 act as primary Lys ligands that 

replace Met80.22, 31, 96, 97 MD simulations of Lys73-ligated WT, and 1H NMR solution 

structure of Lys73-ligated K79A yeast cyt c all suggest that coordination of Lys73 requires 

a substantial rearrangement in loop D.98-100 Studies with Lys73-ligated yeast T78C/K79G 

cyt c illustrate the extent of the loop D rearrangement; in the X-ray crystal structure, loop 

D is folded into a tight β-hairpin structure.25 Although MD simulations of yeast and horse 

heart WT cyt c suggest that ligation of Lys79 requires very little movement in loop D 

compared to ligation of Lys73,97, 98, 100 loop D rearrangement is still required. Because 

alkaline transition is dependent on properties of loop D, it is a good probe to obtain 

information regarding loop D dynamics and gain insight into how structural perturbations 

alter the properties of loop D rearrangement.  

Changes to the Alkaline Transition pKa. First, we sought to determine whether the 

mutations alter the alkaline transition properties of the protein. SVD analyses have 

suggested that a single transition is sufficient to describe pH-dependent changes in the 

Soret band (pH 6.02 to 11.08 for WT; pH 6.57 to 10.39 for G41S; pH 6.43 to 9.26 for 
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Y48H) and the CT band (pH 6.29 to 10.6 for WT; pH 6.52 to 9.94 for G41S; pH 6.49 to 

10.22 for Y48H) in the electronic absorption spectra. In horse heart cyt c, G41S and Y48H 

mutations lower the pKa for the alkaline transition compared to WT, as determined from 

global fittings of the changes in the Soret and 695 nm CT band of the electronic absorption 

spectra from pH titrations (Table 3.5 and Figures 3.16 to 3.18). Although the number of 

protons involved in the transition (n) is lower than the expected value of 1, fixing n as 1 

during global fittings did not alter the pKa values. 

 Based upon the pKa values, G41S and Y48H in horse heart cyt c have higher 

percentage of the Lys-ligated heme present at pH 7.4 compared to that of WT (Table 3.5). 

Generally, Lys-ligation at near-neutral pH is unfavorable as Lys prefers to be protonated 

at this pH and Lys deprotonation is required prior to heme iron ligation.22 Furthermore, 

Lys-ligated species at near-neutral pH conditions have lower global stability and increased 

random coil characteristics compared to WT.74, 101 Despite the presence of a minor 

population of Lys-ligated heme iron species in G41S and Y48H, global thermal and 

chemical stabilities are comparable to those of WT (Tables 3.3 and 3.4) and random coil 

characteristics are not observed in the CD measurements (Figure 3.13). Perhaps, 

concentration of Lys-ligated species is low enough in G41S and Y48H, and error bars in 

the global stability measurements for WT large enough that contributions from the Lys-

ligated species that have lower stability than the Met-ligated species at pH 7.4 could not be 

distinguished from that of WT.  

Kinetic Parameters for Alkaline Transition. Since the increase in pKa stem from changes 

in parameters pKH and pKC, pH-jump kinetic measurements were performed to obtain rates 

of ligand exchange from the native Met-ligated heme iron to the alkaline Lys-ligated heme  
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Table 3.5. Parameters for the pH-Dependent Alkaline Transition in Cyt c Variantsa 

Variant pKa n ΔΔG (kJ mol-1)b % Lys at pH 7.4 

 Horse Heart vs. WTc  

WT 9.27 ±0.01 0.87 ±0.02 0 1.3 

G41S 7.81 ±0.01 0.94 ±0.02 -8.26 ±0.08 28 

Y48H 8.04 ±0.02 0.93 ±0.04 -6.95 ±0.13 19 

 Human   

WTd 9.54 ±0.03 1.03 ±0.02 0 0.7 

G41Se 8.5 ±0.2 -- -5.87 ±1.14 7.3 

Y48He 8.4 ±0.1 -- -6.43 ±0.59 9.1 

 Yeast   

WTf 8.7 ±0.02 -- -- 4.8 
aIn a 100 mM sodium phosphate buffer at pH 7.4 and 22 ± 2 °C. Significant vectors 

identified from SVD analysis of pH titrations monitoring both the Soret and CT were 

globally fitted to obtain the pKa and n (number of protons) values. Fixing n = 1 for global 

fittings yielded similar pKa values to fitted pKa values when n was not fixed. 

bCalculated from ΔpKa assuming conditions T = 22 °C.  

cΔΔG values were calculated by comparing the pKa values for horse heart WT cyt c for the 

horse heart cyt c variants and human WT cyt c for the human cyt c variants. 

dFrom ref. 32.  

eFrom ref. 35, monitoring CT band in the electronic absorption spectra.  

fFrom ref. 37.  
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Figure 3.16. pH titrations of horse heart WT cyt c in µ = 0.1 M conditions at room 

temperature and SVD analysis for the Soret and CT bands in the electronic absorption 

spectra. Shown are the electronic absorption spectra of the (A) Soret band from neutral 

(blue) to alkaline (red) conditions in pH ranges 6.02 to 11.08, and (B) the CT band from 

neutral (blue) to alkaline (red) conditions in pH ranges 6.29 to 10.6, and (C) significant 

vectors and fits obtained from the combined SVD analysis of pH titrations in both the Soret 

and CT bands. The pKa value of the alkaline transition obtained from global fits of the data 

was used to obtain the (D) fractional populations. Using the spectrum of WT at pH 7.4 as 

a reference, (D) the deconvoluted spectrum of the second component was obtained.  
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Figure 3.17. pH titrations of horse heart G41S cyt c in µ = 0.1 M conditions at room 

temperature and SVD analysis for the Soret and CT bands in the electronic absorption 

spectra. Shown are the electronic absorption spectra of the (A) Soret band from neutral 

(blue) to alkaline (red) conditions in pH ranges 6.57 to 10.39, and (B) the CT band from 

neutral (blue) to alkaline (red) conditions in pH ranges 6.52 to 9.94, and (C) significant 

vectors and fits obtained from the combined SVD analysis of pH titrations in both the Soret 

and CT bands. The pKa value of the alkaline transition obtained from global fits of the data 

was used to obtain the (D) fractional populations. Using the spectrum of WT at pH 7.4 as 

a reference, (D) the deconvoluted spectrum of the second component was obtained. 
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Figure 3.18. pH titrations of horse heart Y48H cyt c in µ = 0.1 M conditions at room 

temperature and SVD analysis for the Soret and CT bands in the electronic absorption 

spectra. Shown are the electronic absorption spectra of the (A) Soret band from neutral 

(blue) to alkaline (red) conditions in pH ranges 6.43 to 9.26, and (B) the CT band from 

neutral (blue) to alkaline (red) conditions in pH ranges 6.49 to 10.22, and (C) significant 

vectors and fits obtained from the combined SVD analysis of pH titrations in both the Soret 

and CT bands. The pKa value of the alkaline transition obtained from global fits of the data 

was used to obtain the (D) fractional populations. Using the spectrum of WT at pH 7.4 as 

a reference, (D) the deconvoluted spectrum of the second component was obtained. 
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iron (Figure 3.19 and Table 3.6). From pH-dependent kinetic measurements, pKH, kb, and 

kf were determine and the pKC parameter was obtained.  

Both the G41S and Y48H mutations in horse heart cyt c the pKH value decreases in 

both horse heart G41S and Y48H cyt c compared to WT (Table 3.6). With the G41S 

mutation, both pKC and kb are comparable to corresponding values of WT, but kf is greater. 

Differences in kb and kf hint that the rate of formation for the Lys-ligated state from the 

native Met-ligated state is affected by the mutation (Table 3.6). Although G41S mutation 

destabilizes loop D in the Met-ligated state (Figure 3.15B), it does not seem to influence 

the conformational dynamics of loop D for the alkaline transition. The decrease in the pKa 

of the alkaline transition in this variant is mostly driven by the decrease in the pKH of the 

trigger group rather than the changes in the conformational loop dynamics.  

In contrast, Y48H mutation in cyt c increases the pKC value compared to that of 

WT and both kf and kb increase (Table 3.6). Although both G41S and Y48H mutations 

cause destabilization of loop D, only the Y48H mutation noticeably affects the pKC 

parameter in the alkaline transition. This difference in alkaline transition parameters 

between the variants suggests that the region of the loop C containing residue 48 is more 

sensitive in tuning the loop D dynamics required for the formation of the alkaline species 

than the region containing residue 41. If locations of the mutations play a role in influencing 

the kinetic-thermodynamic relationship of the loop in alkaline transition, location of 

sequence variations may also alter the alkaline transition parameters in WT proteins.  

Interactions with a Biologically Relevant Denaturant. A biological denaturant for cyt c 

is CL, which is known to induce extensive unfolding upon binding to CL.38  
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Figure 3.19. pH dependence of kobs for the alkaline transition of G41S (pink) and Y48H 

(green) variants of horse heart cyt c determined from upward pH-jump experiments. Each 

point is an average of results from at least three measurements and error bars indicate the 

standard deviations from these measurements. 
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Table 3.6. Parameters for the Alkaline Transition of Ferricytochrome c Variants 

 pKapp
a
 pKH kf (s

-1) kb (s
-1) pKC 

Horse Heart 

WT 9.27 ±0.01 11.7 ±0.1 7.8 ±0.4 0.026 ±0.004 -2.48 ±0.07 

G41S 7.81 ±0.01 10.3 ±0.1 10.2 ±0.3 0.033 ±0.008 -2.49 ±0.09 

Y48H 8.04 ±0.02 10.0 ±0.1 12.5 ±0.9 0.14 ±0.03 -1.96 ±0.10 

Humanb 

WT 9.3 ±0.9 12.0 ±0.4c 17 ±13c 0.034 ±0.060d -2.70 ±0.78 

G41S 8.5 ±0.2 10.5 ±0.1c 8.4 ±1.3c 0.084 ±0.055d -2.00 ±0.27 

Y48H 8.4 ±0.1 10.4 ±0.2c 7.4 ±1.4c 0.074 ±0.051d -2.00 ±0.29 

Yeast 

WTe 8.7 ±2 11.7 ±2 48 ±2 0.035 ±0.010 -3.14 ±0.57 

apKH + pKC was fixed as the pKapp value (Table 3.5) determined from equilibrium pH 

titration for the fitting of kobs vs pH.  

bpKc values and pKapp for WT were calculated based upon the reported values from refs. 94 

and 102. 

cFrom ref. 94.  

dFrom ref. 102.  

eFrom ref. 37, contains tmK72 and a background C102T mutation.  
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If the CL interaction sites are unperturbed by mutations, the nature of the CL-induced 

unfolded state should be thermodynamically like one another, as observed in the GuHCl 

titrations. In the presence of CL-containing lipid vesicles (50% CL), the binding affinity is 

largely unchanged with the mutations (Figure 3.20A). The G41S and Y48H variants are 

fully bound to CL-containing lipid vesicles by 20 to 1 (lipid to protein) ratio as observed 

with WT, confirming that neither of the loop C mutations alter the CL binding affinity of 

the protein. In the fully bound form, the electronic absorption of the Soret band increases 

slightly, suggesting an altered heme environment (Figure 3.20B). Although there are small 

differences in the intensity of the Soret band, its position is largely unchanged across the 

variants, suggesting a similar heme environment in the CL-bound unfolded state in all the 

variants. These results are in good agreement with the comparable ΔGD values obtained 

from the GuHCl denaturation data, where we have seen that the variants behave similarly 

in the unfolded state (Table 3.4). 

Peroxidase Activity. Intrinsic peroxidase activity of cyt c is sensitive to loop D dynamics 

involved in Met-dissociation and heme exposure in the absence of major conformational 

rearrangements.30, 103 Thus, we argued that if the mutations in loop C affect the local 

dynamics of D around the heme and/or alter heme exposure at pH 7.4, changes should be 

observed in intrinsic peroxidase activity of G41S and Y48H variants compared to that of 

WT.  

At pH 7.4, intrinsic peroxidase activity is greater for G41S and Y48H variants of 

horse heart cyt c compared to that for WT (Table 3.7). Increase in kcat for G41S and Y48H 

is around an order of magnitude compared to that of WT at pH 7.4. 
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Figure 3.20. (A) A representative plot showing the fraction of the bound protein in respect 

to ratio of CL-containing lipid vesicle to protein concentration for ferric WT (black), G41S 

(pink), and Y48H (green). Horse heart cyt c variants ([cyt c] = 5 μM) with were mixed with 

CL-containing lipid vesicles (50% CL, 50% PC), in a 25 mM HEPES + 0.1 mM DTPA 

buffer at pH 7.4 and 22 ± 2 ºC. (B) Electronic absorption spectra of ferric variants in native 

(dotted line) and lipid vesicle bound (solid line) forms for WT (black), G41S (pink), and 

Y48H (green). All samples were in a 25 mM HEPES + 0.1 mM DTPA buffer at pH 7.4. 

Lipid bound cyt c contained 196 to 200 times the molar excess of lipids to the final protein 

concentration (5 μM). 
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Table 3.7. Peroxidase Activity of Cyt c Variantsa  

Variant kcat
 (s-1) KM (mM) kcat/ KM 

 Intrinsic  

WT 0.0034 ±0.0004 0.45 ±0.05 0.0075 ±0.001 

G41S 0.018 ±0.0006 0.49 ±0.02 0.037 ±0.002 

Y48H 0.024 ±0.004 0.52 ±0.1 0.046 ±0.01 

 Low CLb  

WT 0.019 ±0.001 0.40 ±0.06 0.047 ±0.007 

G41S 0.020 ±0.001 0.42 ±0.05 0.048 ±0.006 

Y48H 0.023 ±0.002 0.48 ±0.07 0.048 ±0.008 

 High CLc  

WT 0.075 ±0.007 0.94 ±0.09 0.080 ±0.01 

G41S 0.10 ±0.02 0.71 ±0.1 0.14 ±0.03 

Y48H 0.095 ±0.003 0.78 ±0.1 0.12 ±0.02 
aMeasured at pH 7.4 and 22 ± 2 °C, with 0.2 mM ABTS. 

b[CL]/[protein] = 2.5 

c[CL]/[protein] = 125 
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Differences in peroxidase activity for G41S and Y48H are not observed (Table 3.7 

and Figure 3.21A). At pH 7.4, both G41S and Y48H have some Lys-ligated species. 

Although Lys-ligated heme iron species at lower pH can increase the intrinsic peroxidase 

activity,101 enhancements in peroxidase activity are observed with human G41S and Y48H 

cyt c compared to human WT cyt c at pH 6.5,33, 35 where only Met-ligated species exist. 

Since enhancements in peroxidase activity are observed even in the absence of Lys-ligated 

species in human cyt c variants, it is likely that increased activity in horse heart cyt c 

variants at pH 7.4 do not stem from the minor Lys-ligated species. Structural simulations 

show that loop C in both horse heart G41S and Y48H cyt c variants more frequently sample 

distinct conformations compared to that of WT (Figure 3.6B). Furthermore, in G41S and 

Y48H, loop D stability is decreased compared to WT (Figure 3.15B) and backbone 

rearrangement kinetics increases (Table 3.4). These changes in loop D stability and 

dynamic properties will readily dissociate Met80, accounting for higher intrinsic 

peroxidase activities of G41S and Y48H compared to that of WT (Figure 3.21, top). 

To understand whether the differences in global and local stabilities influence the 

peroxidase activity in CL-bound state, peroxidase activities at both low and high CL-to-

protein ratios were obtained. CL-binding affinity of the protein are unaffected by mutations 

in loop C (Figure 3.20A), probing whether the peroxidase activity changes in the CL-bound 

state is a good measure of assessing whether CL alters the local kinetic properties in this 

partially unfolded state. 

At low CL conditions where the CL lipid content to protein ratio is at 2.5 to 1, only 

a minor population of cyt c is bound to the CL-containing lipids (Figure 3.20A). Although 

some rate enhancement is observed with WT compared to the intrinsic peroxidase activity, 
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Figure 3.21. Michaelis-Menten plots of peroxidase activity for intrinsic (top), low CL-to-

protein ratio (middle) and high CL-to-protein ratio (bottom) in a 25 mM HEPES + 0.1 mM 

DTPA buffer at pH 7.4 and 22 ± 2 ºC for WT (black), G41S (pink), and Y48H (green). 

Each sample contained 0.2 to 1 mM H2O2, 1 to 2 μM protein, 250 μM ABTS, and 250-fold 

molar excess of lipids for high-ratio samples and 5-fold molar excess of lipids for low-ratio 

samples, in which the lipid vesicles were composed of 50% CL and 50% PC. Assays were 

performed in triplicates and error bars were obtained from calculating the standard 

deviation of the measurements. 
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such enhancement is not observed for G41S and Y48H (Figure 3.21 and Table 3.7). At 

conditions where CL to protein ratio is below 15, observed peroxidase activity should be a 

combination of activities from both the CL-bound and -unbound (intrinsic) species. Then, 

it is of no surprise that WT would show a rate enhancement with a small population of CL-

unfolded species, as a small population of CL-bound (yet faster and more catalytically 

efficient) species should contribute to an overall increase in peroxidase activity. With G41S 

and Y48H, since the intrinsic activity is already high, contribution by a small population 

of CL-bound species should not be as noticeable when compared to WT. At low CL-to-

protein ratios of 2.5, ~30 to 40 % of the cyt c population could be estimated to be bound to 

CL under these conditions (Figure 3.20 A). It is likely that the rates are sensitive to both 

the intrinsic activity and the relative population of CL-bound and native species at low CL 

ratio conditions. 

At high CL ratio conditions where the CL to protein ratio is at 125 to 1, peroxidase 

activity parameters are higher for WT, G41S, and Y48H variants (Figure 3.21, bottom, and 

Table 3.7). The value for kcat is increased for all three proteins by an order of magnitude 

compared to the kcat value obtained in the absence of CL (Table 3.7). Although the CL-

induced unfolding event involves loop D and C-terminal helix movement,38 destabilized 

loop D does not seem to contribute to forming more unfolded CL-bound species under high 

CL ratio conditions. Had this been the case, the kcat values for G41S and Y48H should have 

been higher than those of WT, and the electronic absorption spectra of the CL-bound 

species should have been different for both variants compared to that of WT (Figure 

3.20B). Instead, the rates are similar, consistent with global stability measurements which 

suggested that, overall, the variants behave similarly in the presence of a denaturant at pH 
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7.4. These results imply that the local loop D stability is not the only factor in determining 

the extent of protein unfolding in the presence of CL.  

Discussion 

Sequences and Stability. While horse heart cyt c is a commonly used model system to 

study protein folding, cyt c is a protein that is present in many species. Despite the wide 

range of sequence variations that exist between species,22, 104 much of the tertiary structure 

and chemical properties are highly conserved. However, upon further comparison, possible 

influences of the sequence variations on tuning the biochemical and biophysical properties 

of the protein emerge.  

Both hydrophobic core packing and peripheral intermolecular interactions are 

important for global stability and protein folding.105-107 The more shielded hydrophobic 

residues are from the solvent and the more stabilizing contacts a protein backbone makes, 

the more thermodynamically costly it would be to break those contacts to unfold the protein 

and expose the residues to the solvent.67-69, 106 Furthermore, depending on the identity and 

location of the varied residue in proteins from different species, efficiency of the packing 

and weak intermolecular interactions would change. For example, mutational studies with 

tryptophan synthase showed that global stability of the protein increases with increasing 

hydrophobicity of the residue, as long as the residue volume did not exceed a certain 

limit.108 Elimination of a HB contact in yeast T49V/K79G and T78V.K79G cyt c has also 

been suggested to reduce global stability compared to the WT.101 Hydrophobic effects and 

HB play a critical role in tuning protein folding and stability,107 and one would expect to 

see minor variations in stability when comparing between proteins with different sequences 

in the polypeptide chain. 
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We can readily observe the effects of sequence variations in global stability. Global 

stabilities31, 36, 38, 106, 109, 110 of many highly conserved mammalian WT cyt c share 

comparable midpoints and mD values (Table 3.8), but differ from those of non-mammalian 

WT cyt c proteins having a lower degree of sequence conservation (Tables 3.8 and 3.9). 

But these global stabilities are not identical, even between species with high sequence 

identity (Table 3.9). Stability parameters are comparable, but not identical across species, 

suggesting that sequence variations help tune the global stability of the protein.  

Sequence and stability comparisons among WT human, horse heart, and yeast cyt 

c offer insights for testing this hypothesis. In cyt c, the most stable blue foldon (N- and C-

helices) accounts for roughly quarter of the protein core (VVdW), loosely packed by the least 

stable red and nested-yellow foldons (loops C and D) (Table 3.10). Most of the sequences 

in the N- and C- helices are highly conserved in human and horse heart WT cyt c, with less 

variations in loop D compared to that in loop C (Figure 3.1 and Table 3.8). Subsequentially, 

global stabilities of human and horse heart WT cyt c are very similar to one another, with 

comparable mD and [GuHCl]1/2 parameters that are dependent on the α-helical signals of 

N- and C-terminal helices (Table 3.4). In the presence of sequence variations, differences 

in stability are observed. For example, fewer residues in N- and C-terminal helices in yeast 

WT cyt c are conserved compared to human WT cyt c (Table 3.8). mD parameters are 

reflective of the changes in the solvent exposure in the unfolded state,66, 92 and this 

parameter is very similar between yeast and human WT cyt c (Table 3.9). However, 

[GuHCl]1/2 and global stability are much lower between these two species (Table 3.9). 
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Table 3.8. Sequence Similarities of WT Cyt c from from Different Species Compared to the Sequence of Human WT Cyt ca 

Species Total Identity N- helix C- helix Loop C Loop D 

Spider Monkey 95.2% 90.9% 100% 77.8% (44S ,46F, 47T, 

50E)  

100% 

Mouse 91.3% 81.8% 92.9% 83.3% (44A, 46F, 50D) 93.7% (83A) 

Bovine 90.4% 81.8% 85.7% 88.9% (46F, 50D) 93.7% (83A) 

Horse Heart 88.5% 81.8% 85.7% 83.3% (46F, 47T, 50D) 93.7% (83A) 

Donkey 89.4% 81.8% 85.7% 88.9% (46F, 50D) 93.7% (83A) 

Dog 89.4% 81.8% 85.7% 88.9 % (46F, 50D) 93.7% (83A) 

Rabbit 91.3% 81.8% 92.9% 83.3% (44V, 46F, 50D) 93.7% (83A) 

Chicken 87.5% 72.7% 78.6% 83.3% (44E, 46F, 50D) 93.7% (83A) 

Tuna (bonito) 80.6% 63.6% 71.4% 83.3% (44E, 50D, 54S) 93.7% (83A) 

Tuna (albacore) 80.6% 63.6% 71.4% 83.3% (44E, 50D, 54S) 93.7% (83A) 

iso-1 yeast 62.5% 27.3% 64.3% 61.1% (40S, 44E, 50D, 

53I, 54K, 56N, 57V) 

81.3% (81A, 83G, 85L) 

iso-2 yeast 58.7% 27.3% 50% 61.1% (40S, 43V, 44K, 

50D, 53I, 56N, 57V) 

81.3% (81A, 83A, 85L) 

C. krusei 57.7% 27.3% 35.7% 66.7% (40S, 44E, 50D, 

54R, 55A, 57V) 

81.3% (81A, 83G, 85L) 

C. elegans 2.1 56.7% 45.5% 50% 55.6% (40S, 42T, 43V, 

44S, 46F,47D, 49S, 57V) 

81.3% (81V, 83A, 85L) 

C. elegans 2.2 55.8% 63.6% 42.9% 61.1% (40S, 43V, 44A, 

46F, 47D, 49S, 57V) 

75% (70D, 81V, 83A, 

85L) 
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Table 3.8. Footnotes 

a Sequences were obtained from the UniProt database111 for human (UniProt ID P99999), 

spider monkey (P00003), mouse (P62897), bovine (P62894), horse heart (P00004), C. 

krusei (P00041), donkey (P68097), dog (P00011), rabbit (P00008), chicken (P67881), tuna 

(bonito, P00025; albacore P81459; sequence identity between two species is 98.1% with 

differences in residues 61 and 62), iso-1 yeast (P00044), iso-2 yeast (P00045), C. elegans 

2.1 (P19974), and C. elegans 2.2 (Q23240). Helical segments and residue numberings were 

determined based upon secondary structure assignment for horse heart WT cyt c in UniProt 

database.111 In addition to total identities, regional identities for the N-terminal helix (N-

helix, residues 3 to 13), C-terminal helix (C-helix, residues 88 to 101), loop C (residues 40 

to 57), and loop D (residues 70 to 85) were obtained in comparison to the WT human cyt 

c sequence.  
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Table 3.9. Global Unfolding Parameters of WT Cyt c from Previously Studied Species 

Species  [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) 

Humana  2.55 ±0.01 15.5 ±0.2 39.6 ±0.5 

Spider Monkeyb  2.48 ±0.02 14.6 ±0.79 36.4 ±1.7 

Bovinec  2.63 13.3 35.0 

Horse Heartd  2.7 ±0.1 (2.42) 11.5 ±2.6 (12.6) 31.1 ±7.1 (30.5) 

Donkeye  2.58 13.0 34.3 

Doge  2.45 15.0 36.7 

Rabbite  2.51 12.5 31.4 

Chickene  2.59 9.6 24.9 

Tunae  2.65 11.7 31.0 

iso-1 yeastf  1.15 ± 0.01 20.6 ± 1.7 23.7 ± 2.0 

iso-2 yeastg  1.5 ±0.2 12.5 ±0.8 19.2 ±0.3 

C. kruseic  1.89 16.0 30.2 

C. elegans 2.1h  1.72 ±0.03 16 ±3 28 ±4 

C. elegans 2.2h  1.16 ±0.04 16 ±2 18 ±3 
aFrom ref 31, GuHCl denaturation at pH 7.5 and 25 °C. 

bFrom ref 32, GuHCl denaturation at pH 7.0 and 25 °C. 

cFrom ref. 106, GuHCl denaturation at pH 6.5 and 25 °C for ferricytochrome c. ΔGD values 

were calculated from the reported [GuHCl]1/2 and mD values.  

dFrom ref. 38, GuHCl denaturation at pH 7.4 and room temperature. Values in parenthesis 

from GuHCl denaturation at pH 6.5 and 25 °C reported in ref. 106 listed for comparison. 

eFrom ref. 109, GuHCl denaturation at pH 7, at 25 °C for ferricytochrome c. ΔGD values 

were calculated from the reported [GuHCl]1/2 and mD values.  

fFrom ref. 36, refitted from data reported in ref. 95 GuHCl denaturation at pH 7.5 and 25 °C. 

gFrom ref. 112, GuHCl denaturation at pH 6.0 and 20 °C. 

hFrom ref. 113, GuHCl denaturation at pH 7.4 and room temperature.  
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Table 3.10. Volumes and Packing Densities of WT Cyt c from X-ray Structuresa 

Species  VMS (Å
3) Vvoid (Å

3) VVdW (Å3) ρ  

Full structure 

Humanb 13812 3252 10560 0.765 

Horse Heart 13858 3248 10610 0.766 

iso-1 yeast 13917 3207 10710 0.770 

N- and C- helices onlyc 

Humanb -- -- 2779 -- 

Horse Heart -- -- 2791 -- 

iso-1 yeast -- -- 2703 -- 
aX-ray crystal structures of human (PDB ID 3ZCF),34 horse heart (1HRC),18 and yeast 

(2YCC)17 WT cyt c were used to calculate the packing density of the protein (ρ), and the 

total solvent-excluded molecular surface volume (VMS), a geometric volume contribution 

of a protein; VMS is a sum of the void volume (Vvoid) and the VdW volume (VVdW), using 

ProteinVolume.55  

bSince the X-ray crystal structure of human WT cyt c (PDB ID 3ZCF)34 contains 4 

structures in the unit cell, computed values were divided by 4 to show the average volume 

values for the individual protein chain. 

cFor calculations of only N- and C- helices, PDB data for the residues 3 to 13 and 88 to 101 

were included with the solvent data and heme coordinates; only the VVdW value is shown.  
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Similar sequence-stability relationships are also observed between iso-2 yeast, C. krusei, 

and C. elegans (Tables 3.8 and 3.9). Could sequence variations affect the global packing 

of the protein, exposing more residues to denaturants and hence lowering the stability 

parameters in these species? While this may be a possibility, the N- and C-terminal helices 

contributions to packing density and the molecular surface volume (VMS) for yeast WT cyt 

c are comparable to both human and horse heart WT cyt c (Tables 3.8 and 3.9). These 

results suggest that minor stability variations observed across different WT cyt c proteins 

may not necessarily arise from differences in hydrophobic core packing.  

If the overall packing is unaffected by natural residue variations, does it mean that 

the contacts that form the interfoldon network is unaffected as well? Many of the same 

residues and secondary elements (such as α-helices) are found within HB and vdW 

distances as observed in X-ray crystal structures of spider monkey, horse heart, bovine, 

tuna (bonito and albacore), and yeast (both iso-1 and iso-2) WT cyt c compared to human 

WT cyt c (Figures 3.22 and 3.23). However, some correlations between residue variations 

and changes in connectivity between structural elements are observed. For example, 

contacts between the 60’s helix and the C-terminal helix are different between human and 

horse heart or bovine WT cyt c (Figure 3.22). More variations in contacts are observed 

between the helical structures in human WT cyt c and less conserved WT cyt c proteins 

from bonito and albacore tuna (Figures 3.23A and B), or from iso-1 and iso-2 yeast (Figures 

3.23C and D).  

However, not all sequence variations modify inter-residue contacts, and similarities 

of inter-residue contacts are not solely dependent on the total number of sequence 

variations. 
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Figure 3.22. Distance contact maps with a 5 Å cutoff based on the X-ray crystal structures 

of WT cyt c proteins that share high total sequence identity with the human WT cyt c 

(95.2% to 88.5%), shown for WT cyt c from (A) spider monkey (teal, PDB ID 5DFS, chain 

A),32 (B) horse heart (teal, 1HRC),18 and bovine at different ionic strengths (C) low (teal, 

2B4Z)56 and (D) high (teal, 6FF5).57 All structures are compared to the WT human cyt c 

(red, 3ZCF, chain A).34 Boxed are the contacts between helices (helix 1 (N-helix), residues 

3 to 13; helix 2, residues 50 to 54; helix 3, residues 61 to 67; helix 4 (C-helix), residues 88 

to 101) for all variants, with the locations of the helices determined based on the UniProt 

database and ref. 22. Red arrows indicate the interhelical contact regions that differ from 

interhelical contacts in human WT cyt c.  
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Figure 3.23. Distance contact maps with a 5 Å cutoff based on the X-ray crystal structures 

of WT cyt c that share lower total sequence identity with the WT human cyt c (80.6% to 

58.7%), shown for WT cyt c from (A) bonito tuna (teal, PDB ID 1CYC),58 B) albacore 

tuna (teal, 5CYT), C) yeast iso-1 (teal, 2YCC), and D) yeast iso-2 (teal, PDB ID: 1YEA). 

All structures are compared to the WT human cyt c (red, 3ZCF chain A). Boxed are the 

contacts between helices (helix 1 (N-helix), residues 3 to 13 for yeast iso-1 and albacore 

tuna, residues 3 to 14 for bonito tuna, and residues 2 to 14 for yeast iso-2; helix 2, residues 

50 to 55 for yeast iso-1 and bonito tuna (predicted to be β-hairpin, but assigned as a helix 

for simplicity), residues 50 to 54 for albacore tuna, and residues 49 to 56 for yeast iso-2; 

helix 3, residues 61 to 69 for yeast iso-1, albacore and bonito tuna, residues 60 to 70 for 

yeast iso-2; helix 4 (C-helix), residues 88 to 101 for yeast iso-1, albacore and bonito tuna, 

and residues 87 to 103 for yeast iso-2) for all variants, with the locations of the helices 

determined based on the UniProt database. Red arrows indicate the interhelical contact 

regions that differ from interhelical contacts in human WT cyt c and/or their close relative 

(bonito versus albacore, yeast iso-1 versus yeast iso-2). 
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Despite the lower sequence conservation in N- and C-terminal helices in iso-1 yeast, 

contact regions between the α-helices are comparable to those in human WT cyt c (Figure 

3.23C), while clear differences are observed between more sequentially conserved bonito 

tuna and human WT cyt c (Figure 3.23A). Despite high sequence identities between the 

two species of tuna (over 90%) and yeast (over 80%), differences even in the α-helical 

contacts are observed (Figures 3.23A and B, Figures 3.23C and D). This observation 

suggests that sheer number of residue variations do not necessarily alter the inter-residue 

contacts. Had these contacts been dictated by the sheer number of residue variations, inter-

helical contacts should have been more conserved in bonito tuna cyt c rather than in iso-1 

yeast cyt c compared to the human cyt c. Further, some changes are observed even between 

WT cyt c from closely related species, such as between bonito and albacore tuna, or iso-1 

and iso-2 yeast. It is thus likely that some residue variations based on their identity and 

location modify these contacts, while others do not.  

Do these changes in contacts affect the stability of the protein? A potential 

relationship emerges when comparing between iso-1 and iso-2 yeast WT cyt c. WT cyt c 

protein from iso-2 yeast is more stable toward chemical112 and thermal114, 115 denaturation 

compared to protein from iso-1 yeast, where even slight modifications in C102 in iso-1 

yeast cyt c have been shown to yield differences in global stability.115 It has been speculated 

that these minor differences in global stability arise from local rearrangements at or near 

residue 102. Mutational studies have suggested that the presence of a more bulky Met at 

residue position 98 in iso-2 cyt c fills in a buried cavity, slightly increasing the 

thermostability of the iso-2 protein compared to iso-1 cyt c where position 98 is Leu.60 

Furthermore, interactions between His26 and amino acid side chain at 102 in iso-1 cyt c 
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has been suggested to modulate the HB interactions between His26 and residues 44 and 

31, resulting in a decreased stability at lower pH, compared to iso-2 cyt c where residue 26 

is Asn instead of His and such decrease in stability with pH is not observed.115 Although it 

is difficult to pinpoint how these local changes may have propagated to differences in 

global contacts as observed in the α-helical regions, differences in packing and peripheral 

contacts and resulting changes in stability trends observed between iso-1 and iso-2 yeast 

strongly suggest that sequence variations play a role in tuning both the structure and global 

stability of the protein.  

The relationship between inter-foldon contacts and stability has also been observed 

with many variants of horse heart cyt c. Detailed studies by Englander et al. show how 

residue contacts are involved in inter-foldon communication and tune the stability of the 

protein.116 For example, G66A mutation that was designed to disrupt a stabilizing contact 

between the two foldons, 60’s helix and loop D, equally destabilizes loop D and all 

subsequent higher energy foldons without altering the native fold of the protein.116, 117 This 

result highlights the extensive feedback network that exists between the foldons, as well as 

the influence weak contacts that are formed between foldons have in tuning the global 

stability of the protein. Further, contacts have different roles and influences on the protein. 

E62G variant eliminated a salt bridge between Glu62 and Lys60 (both located in the yellow 

foldon between loop C and the 60’s helix), and this specific alteration of an inter-residue 

contact destabilizes all foldons except for the least stable loops C and D. The different 

mutational effects of G66A and E62G variants on loops C and D show that perturbations 

in the cross-talk network have varying effects depending on whether the inter-foldon 

contacts in loops C and D are involved. 
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From these comparisons we could then argue that: 1) variations in global stability 

stem from stabilizing interactions that would not perturb the overall core packing but differ 

depending on the identity of the residues in the protein chain, and that, 2) similarities in 

core packing or high sequence do not mean that the local contacts are conserved.  

Testing these hypotheses is difficult when comparing human and yeast WT cyt c. 

Local and global stability of these proteins are very different.118, 119 Further, approximating 

HB and vdW contacts in yeast WT cyt c show that these contacts are fewer in number 

compared to those in human WT cyt c (Figure 3.24), even in regions where sequences are 

conserved between human  and yeast WT cyt c (Figure 3.1). Comparing human with horse 

heart WT cyt c, however, is ideal in probing this relationship because global stabilities are 

similar between these two proteins and relationship between local stability to structure is 

well-documented for horse heart cyt c. Further, while N- and C-helical inter-helical 

contacts are conserved between human and horse heart WT cyt c (Figure 3.22B), 

differences in location or the relative strength of HB and vdW contacts still exist in loops 

C and D (Figures 3.8 and 3.9). Variations are observed between these two species, showing 

that the horse heart WT cyt c has its own cross-talk network depending on the residues in 

loops C and D. Thus, comparing human with horse heart cyt c allows us to better relate 

how natural sequence variations in the loops affect the interloop contacts, and how the 

adaptability of local contacts affect the chemical properties of the protein. 
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Figure 3.24. Contour plots of inter-residue (A) HB and (B) vdW contacts in yeast (y,red) 

human (hu, black), and horse heart (hh, black) WT cyt c based upon the X-ray crystal 

structures (PDB ID 2YCC for yeast,17 1HRC for horse heart,18 and 3ZCF for human34 WT 

cyt c). In each plot, (A) HB or (B) vdW contacts are compared between yeast (red) versus 

human (black) WT cyt c (bottom) or yeast (red) versus horse heart (black) WT cyt c (top). 

Highlighted are the notable differences in contacts observed when compared across 

species. 
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Interloop Contacts and Loop C Properties. Analyses of structural and functional 

properties associated with loops C and D of human and horse heart cyt c provide insight 

into the roles of local contacts in proteins. Based on simple sequence comparisons, most 

of the sequence variations in WT human and horse heart cyt c are in loops C and D (Figure 

3.1). Further, of the least stable foldons in horse heart cyt c, the stability and kinetic 

properties of the red foldon (loop D) can be readily monitored, making it a good candidate 

to relate the cross-talk between loops C and D to protein function such as alkaline transition 

and peroxidase activity.  

The cross-talk network in the variable loop regions are similar in human and horse 

heart WT cyt c (Figure 3.9). Despite the similarity, the adaptability of the polypeptide fold 

to residue variations is different between the two species, as observed by G41S or Y48H 

mutations in loop C. These mutations decrease the global stability in human cyt c variants, 

but similar decrease is not readily observed in horse heart cyt c variants. Trends in the mD 

parameter offer clues to the origin of the different trends in global stability observed 

between human and horse heart cyt c. Since the mD parameter is proportional to the changes 

in solvent exposed surface area upon denaturation,69 this parameter is reflective of the 

changes in packing and native solvent exposure of the overall protein backbone. With loop 

C mutations, the mD values remain comparable for all horse heart cyt c variants at pH 7.4. 

Yet, the mD values in these horse heart cyt c variants are still lower than the human cyt c 

variants, suggesting surface area exposure is different upon unfolding. Foldon stabilities 

have been reported in the literature from various HX experiments in human and horse heart 

WT cyt c. 31, 32, 38, 93, 106, 119-122 However, incorrect units have been used in the calculations 

for the reported foldon energy levels in human WT cyt c,119 requiring recalculations based 
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on the reported kex values. Foldon stability recalculations based on the previously reported 

kex values (also performed with horse heart WT cyt c as an internal check) from various 

HX experiments show that the protein global stability (and foldon stability) decreases with 

pH (Figure 3.25).31, 32, 38, 93, 106, 119-122 If the sequence variations had identical effect on the 

global stability of the protein in both human and horse heart cyt c, we should have observed 

similar lower stability parameters of for both WT cyt c proteins at pH 6.5. However, this 

is not the case (Figure 3.25, see captions a and g),106, 119 suggesting other factors at play. 

In terms of solvent exposure, folded state is different from the unfolded state in that many 

of the hydrophobic residues are shielded away from the solvent through the polypeptide 

packing. In the unfolded state, the secondary structure is perturbed, and the previously 

shielded residues are exposed to the solvent. If we assume that fully unfolded polypeptide 

for human and horse heart cyt c are comparable and the residues have similar degrees of 

solvent exposure, difference in mD values between WT proteins would be due to differences 

in the solvent exposure of the polypeptide in the folded state. The more solvent-exposed 

the polypeptide is in the folded state, the lower the mD value would be, as fewer residues 

would become solvent exposed to reach the unfolded state.  

Pairwise RMSD value calculations show that loop C mutations in human cyt c 

increase the diversity of the sampled conformational ensemble in the loop regions (Figure 

3.6A), more so in the G41S variant than in the Y48H variant. This difference is in good 

agreement with the NMR H/D exchange experiments, which have shown that the Y48H 

and G41S mutations increase the loop C dynamics of the folded state in human cyt c.35, 119 

Similar trends in MD simulations observed in human cyt c variants (Figure 3.6A) are also 

observed in the horse heart cyt c variants (Figure 3.6B). 
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Figure 3.25. Plots of the five foldon stabilities (ΔGD in kcal/mol) for human (left), horse 

heart (center), and iso-1 yeast (right) WT cyt c. Foldon energies determined from HX 

experiments are colored in dark blue, green, yellow, red, and gray for the blue, green, 

yellow, red, and infra-red (iR) foldons, respectively. (Left) HX energies for human WT cyt 

c recalculated from kex values from HX experiments in ref. 119 at pD 6.9 and 288 K, using 

kch values calculated from CIntX.120 Marker residues used in horse heart WT cyt c were 

used for the calculations;121 Leu64 was used in the yellow foldon, and residues 40, 42, 43, 

53, and 54 were used to calculate the energies for the infra-red (iR) foldon. Stability 

parameters obtained from monitoring 222 nm in CD (light blue) or from monitoring the 

695 nm CT absorption band (light pink) are shown, with the ΔGD values (in kcal/mol) 

inside the parentheses. (Center) HX energies and error bars for horse heart WT cyt c 

foldons are from ref. 15 at pD 7.4 and 293 K, excluding the iR foldon. Energies for residue 

32 for the green foldon and residues 40, 42, 43, 53, and 54 for the iR foldon were 

recalculated from the reported kex values in ref. 122 and kch values calculated from CIntX.120 

Stability parameters obtained from monitoring 222 nm in CD (light blue) or from 

monitoring the 695 nm CT absorption band (light pink) are also shown. (Right) Stability 

parameters for iso-1 WT cyt c for the iR foldon from limited proteolysis are shown (light 

gray), along with parameters obtained from monitoring 222 nm in CD (light blue) or from 

monitoring the 695 nm CT absorption.  
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Figure 3.25 Footnotes 

aFrom ref. 119, denaturation monitoring ellipticity at 222 nm, at pH 6.5 and 15 °C. 

bFrom ref. 31, GuHCl denaturation monitoring ellipticity at 222 nm, at pH 7.4 and 25 °C. 

cFrom ref. 32, GuHCl denaturation monitoring ellipticity at 222 nm, at pH 7.0 and 25 °C. 

dGuHCl denaturation monitoring the 695 nm CT band at pH 7.4, data provided by Dr. 

Fangfang Zhong. 

eFrom ref. 123, GuHCl denaturation monitoring ellipticity at 222 nm, at pD 7.4 and 30 °C. 

fFrom ref. 38, GuHCl denaturation monitoring ellipticity at 222 nm, at pH 7.4 and 24 °C. 

gFrom ref. 106, GuHCl denaturation monitoring ellipticity at 222 nm, at pH 6.5 and 25 °C. 

hRefitted from data in ref. 93, GuHCl denaturation monitoring the 695 nm CT band at pH 

7.4. 

iFrom ref. 118, limited proteolysis at pH 7.0 and 22 °C. Protein contains C102S mutation 

and is expressed in E. coli.  

jFrom ref. 36, GuHCl denaturation monitoring ellipticity at 222 nm, at pH 7.5 and 25 °C. 

Protein contains C102S mutation and is expressed in yeast (TmK72).  

kFrom ref. 118, GuHCl denaturation monitoring ellipticity at 222 nm, at pH 7.5 and 22 °C. 

lRefitted from ref. 95, GuHCl denaturation monitoring the 695 nm CT band at pH 7.5 and 

25 °C. Protein contains C102S mutation and TmK72. 
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However, comparison of pairwise RMSD values from horse heart WT cyt c to 

human WT cyt c suggests a possibility that loop C in horse heart cyt c sample 

conformations that require larger rearrangements in the polypeptide at a higher frequency 

than in human cyt c (Figure 3.6B). A more dynamic loop C in horse heart WT cyt c would 

decrease the frequency of loops C and D coming into contact with one another, and would 

make loop C in horse heart cyt c more prone to solvent exposure than loop C in human cyt 

c. Heat maps of contact frequencies illustrate this possibility, as fewer residues in loops C 

and D come within HB distances in horse heart WT cyt c compared to human WT cyt c 

(Figure 3.8). In the presence of mutations in loop C that increase dynamics of this loop, 

mutational effects as observed in pairwise RMSD values are not as dramatic in horse heart 

cyt c. Perhaps then, pairwise RMSD calculations for variants of human cyt c suggest a 

more conformational rearrangements than for horse heart cyt c variants because it can make 

contacts that cannot be made in horse heart cyt c, and stabilizes compact conformations. 

Further, previous MD simulations have revealed that long-scale loop C dynamics are 

readily observed in WT human cyt c by 100 ns.84 Yet, no noticeable changes in the RMSD 

are observed in WT horse heart cyt c even beyond 100 ns, suggesting that the loop 

dynamics, in both shorter and longer time scales, may be different for human and horse 

heart cyt c.  

Loop C mutations G41S and Y48H in horse heart cyt c do not seem to influence 

the global stability and solvent exposure of the protein as was observed in human cyt c. 

What about loop D? Per residue RMSF values for the residues in the loop D regions are 

comparable between human and horse heart WT cyt c even with the G41S and Y48H 

mutations (Figure 3.4). In horse heart G41S and Y48H cyt c variants, random coil features 
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that may arise from unfolded loop D are not observed in the far-UV CD spectra (Figure 

3.13), suggesting similar loop D structural features to that in horse heart WT cyt c. Yet, 

loss of cooperativity in unfolding the polypeptide is observed, suggestive of an altered 

inter-foldon communication network. As a consequence of cooperative folding,95, 123, 124 

stability parameters obtained from monitoring changes in the 695 nm CT band are 

comparable to the stability parameters obtained from monitoring changes in the α-helical 

signals in WT cyt c from human, horse heart, and even yeast.31, 32, 36, 38, 93, 95, 118, 119, 123 In 

horse heart cyt c variants, the stability parameters obtained from monitoring 695 nm CT 

band are different from those obtained from monitoring signals from the α-helices, 

suggesting a disruption in the inter-foldon network of loop D with other parts of the protein. 

Compared to the loop D stability from HX experiments of ΔGD of ~6 kcal/mol for horse 

heart WT cyt c,121 stability of loop D obtained from monitoring the 695 nm CT band is 

much lower in our G41S and Y48H variants with ΔGD of ~1.4 kcal/mol (Figure 3.15B). It 

is most likely that the intraloop D connections are still maintained in the absence of 

denaturants as random coil characteristics are not observed in the CD spectra of horse heart 

G41S and Y48H variants (Figure 3.13), and MD simulations suggest that the loop D does 

not sample large and varied conformational rearrangements one would expect from an 

unfolded polypeptide (Figures 3.4B and 3.7B). However, the interloop D connections may 

have been disrupted, as suggested by the difference in stability parameters obtained from 

observing either the 695 nm CT band or the α-helical signals. 

Preservation of native fold and maintaining similar global stability does not 

necessarily indicate the local stability is preserved, as the loop D stability is diminished by 

nearly 4 kcal/mol in our horse heart G41S and Y48H cyt c variants. This decrease may be 
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due to the presence of a more structurally dynamic loop C and varied loops C and D 

interactions in horse heart G41S and Y48H cyt c variants, which would increase the 

likelihood of increasing the solvent-exposure of loop D. Analyses of loops C and D inter-

foldon contacts show that the cross-talk network is altered in horse heart cyt c variants 

(Figure 3.9), which could help explain the decrease in loop D stability. EXAFS 

measurements of horse heart WT cyt c have suggested that the strength of the Met80-Fe 

bond is dependent on the contacts from polypeptide, including the residues in loop D.125 

This suggests that there are preferred contacts that must be preserved to favor native 

packing of loop D. Perhaps, altering loops C and D contacts creates a domino effect and 

alters other inter-residue contacts loop D that form to pack the loop.  

Although it is unclear if loop D stability is similarly altered in human cyt c with 

G41S and Y48H mutations as in horse heart cyt c, it is likely that structural effects of G41S 

or Y48H mutations are different in human and horse heart cyt c. Comparison of X-ray 

crystal structures suggests that human WT cyt c has residues that can form additional 

interloop contacts between loops C and D than in horse heart WT cyt c (Figure 3.10). 

Introduction of G41S and Y48H mutations also influence loop C properties in human cyt 

c; previous HX experiments35, 119 and our MD simulations suggest that G41S and Y48H 

mutations make loop C more dynamic, allowing the loop to samples a wider range of 

conformations. Yet, analyses of MD simulations suggest that many residue pairs are within 

HB distance at similar frequencies in G41S, Y48H, and WT for human cyt c than for horse 

heart cyt c (Figure 3.8). Some of these contacts are persistently observed only in the human 

cyt c proteins, such as the contact between residues 46 and 79 (Figure 3.8). Perhaps these 

readily formed additional contact pairs observed in human cyt c but not in horse heart cyt 
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c limit the conformational sampling in dynamic loop C, and we observe fewer variations 

in interloop contacts for human cyt c variants than for horse heart cyt c variants. 

Alkaline Transition. Can differences in loops C and D contacts influence other protein 

properties besides stability? Dynamics and stability of loops C and D are linked to alkaline 

transition. Loop D contains the heme iron ligands involved in the transition, and in the 

native state, residues in loop D make HB contacts with loop C. Unfolding of the loop C 

has been argued to expose the trigger group for deprotonation, triggering the 

conformational switch to rearrange the loop D to allow replacement of Met80 with 

Lys73/79 as an axial ligand to the heme iron.23 Usually, this event occurs at mildly alkaline 

pH, dictated by the pKa of the yet unknown trigger group (pKH). Alkaline transition is 

dependent on the dynamics of loop D in forming the Lys ligated species (kf and kb), relative 

stability of Met- and Lys-ligated forms (pKC), and the environment of the trigger group 

that tunes the chemical properties (pKH)—which are all dependent on how well the loops 

C and D can rearrange.  

Comparisons of the kb Parameter. The back reaction of the alkaline transition involves the 

dissociation of a Lys-ligand from the heme iron and loop D rearrangement. The fold of 

loop D in the Lys-ligated state is different from the fold in the Met-ligated state. Analysis 

of X-ray crystal structure of the Lys73-ligated yeast cyt c shows that loop D is a relatively 

compact β-sheet with a loop turn involving residues 76 to 79.25 MD simulations suggest 

that although the extent of loop D rearrangement in the Lys79-ligated state is thought to be 

smaller than in the Lys73-ligated state, loop D rearrangement is still required.98 Because 

the sequences in these loops do vary among WT cyt c proteins, one might expect that 

sequence variations may alter the kb values. Yet, the kb values for human and horse heart 
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cyt c variants are within error (Table 3.6). This trend is consistent with trends observed in 

other mutational studies in yeast, human, and horse heart cyt c that perturb regions in loops 

C and D, or with other WT cyt c proteins (Table 3.11)..37, 74, 101-103, 126, 127 Studies comparing 

imidazole binding kinetics and redox-linked ligand substitution kinetics with yeast M80K 

and Met80SO cyt c variants have shown that Lys dissociation is the rate limiting step for 

Lys-ligand substitution reactions.128 Recent ligand substitution kinetics with Lys80-ligated 

yeast K72A/K73A/K79G/M80K cyt c variant also suggests that Lys dissociation is the 

rate-limiting step in the back reaction for alkaline transition; even in the absence of large 

polypeptide rearrangements in the M80K variant, the rate for Lys dissociation is slow (koff 

= 0.013 ± 0.001),45 and is in the similar time scale of the kb values observed in various cyt 

c variants (Table 3.11) . Furthermore, kb has also been argued to be dependent on the 

thermodynamic stability of the Fe-N bond strength, as kb increased by one to two orders of 

magnitude in the ferrous state than in the ferric state.101 It is possible that differences in kb 

are not observed between WT yeast, human, and horse heart cyt c, or between G41S or 

Y48H human and horse heart cyt c variants, because the sequences involved in forming 

the Lys-ligated loop structure are conserved between these species. Further, if loop 

rearrangements occur at a much faster time scale than the rate-limiting step, it may be 

difficult to alter the kb of the transition.   

Variations in the kf Parameter and Loops C and D Contacts. Differences, however, are 

observed in kf, with rate enhancements observed with the mutations in horse heart cyt c 

variants and not in human cyt c variants (Table 3.11). This difference in kf trends could be 

explained by differences in loops C and D connectivity that exist in horse heart and human 

cyt c variants. 



  

 

 

1
5
3

 

Table 3.11. Parameters for the Alkaline Transition of Ferricytochrome c Variants from Previously Studied Variantsa 

 pKapp pKH kf (s
-1) kb (s

-1) pKC Ref 

Horse Heart 

T49V 7.0 ±0.1 9.1 ±0.1 13.7 ±0.9 0.11 ±0.02 -2.3 ±0.2a 74 

Human 

K8R 9.63 ±0.07 -- -- -- -- 32 

K8R/P44S 9.51 ±0.05 -- -- -- -- 32 

Y46Fb 9.15 ±0.02 -- -- -- -- 32 

Y46F/S47Tb 9.05 ±0.01 -- -- -- -- 32 

Y46F/S47T/A50Eb 9.32 ±0.03 -- -- -- -- 32 

S47D 9.2 ±0.01 -- -- -- -- 129 

S47A 9.1 ±0.0 -- -- -- -- 129 

A51V 8.3 ±0.1 10.8 ±0.1 8.3 ±1.1 0.027 ±0.012 -2.5 ±0.5a 102 

I81A 9.4 ±0.2 11.6 ±0.1 6.5 ±1.6 -- -2.2 ±0.2c 94, 130 

V83G 10.1 ±0.1 11.7 ±0.2 8.9 ±3.4 -- -1.6 ±0.2c 94, 130 

I81A/V83G 9.7 ±0.1 11.8 ±0.2 7.3 ±2.5 -- -- 94 

iso-1 Yeast 

K73Ad 8.82 ±0.02 10.8 ±0.2 1.51 ±0.05 0.016 ±0.001 -2.0 ±0.1a 37 

T49V/K79Ge 6.7 ±0.1 8.2 ±0.2 2.0 ±0.1 0.061 ±0.01 -1.5 ±0.1 101 

T78V/K79Ge 6.7 ±0.1 8.4 ±0.2 4.1 ±0.4 0.060 ±0.016 -1.8 ±0.02 101 

K79Ge 8.6 ±0.1 10.5 ±0.1 8.4 ±1.9 0.106 ±0.034 -1.9 ±0.2 25, 103 

K79Ad 8.44 ±0.01 12.0 ±0.3 160 ±5 0.040 ±0.007 -3.6 ±0.2a 37 

C102Sf 8.00 ±0.05 10.59 ±0.07 20.5 ±2.4 0.11 ±0.03 -2.3 ±0.3a 118, 126 

 

Table continued onto next page 
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Table 3.11 continued 

 pKapp pKH kf (s
-1) kb (s

-1) pKC Ref 

A81If 8.29 ±0.13 10.23 ±0.03 13.6 ±0.5 0.17 ±0.03 -1.9 ±0.2a 126 

G83Vf 8.21 ±0.03 10.46 ±0.06 15.4 ±0.8 0.07 ±0.12 -2.3 ±1.7a 126 

C102Td 8.5 10.9 ±0.1 13.4 ±0.7 0.029 ±0.004 -2.7 ±0.1a 127 

F82Gd 7.7 9.1 ±0.3 1.1 ±0.2 0.049 ±0.004 -1.3 ±0.2a 127 

F82Sd 7.7 9.2 ±0.7 0.9 ±0.2 0.055 ±0.005 -1.2 ±0.2a 127 
apKC values were calculated based upon the reported kf and kb values. 

bContains K8R/P44S mutation. 

cFrom ref. 130. 

dContains C102T mutation and was expressed in yeast. pKC values were calculated using reported kf and kb values. 

eContains C102T and K72A mutation. 

fContains C102S mutation and was expressed in E. coli to prevent trimethylation of Lys72. pKH in the table are obtained from fits of the 

from kobs,2 dependence on pH. 
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Analyses of MD simulations and X-ray crystal structure suggest that loop D is 

restructured to accommodate Lys79- or Lys73-ligation to the heme.25, 97, 99 Further, 

rearrangement of loop D is argued to be dependent on contacts with loop C,23, 131 and loss 

of a compact native packing may also facilitate loop D rearrangement. Study of the X-ray 

crystal structure of  calixarene-bound WT horse heart cyt c has demonstrated that loop D 

rearrangement led to a disordered loop C,132 suggesting that loop C packing is related to 

loop D rearrangement. Yet not all structural perturbations in loops C or D affect the kinetics 

of loop D rearrangement, and the number of interloop contacts cannot explain the different 

trends in kf when comparing across different species. Studies with yeast cyt c have shown 

that perturbations in loops C and D can result in a slower kf than human or horse heart WT 

cyt c (Table 3.11), and WT yeast cyt c inherently has fewer contacts between loops C and 

D than either human or horse heart cyt c (Figure 3.9). If the total number of contacts 

between loops C and D does not alter the kf value, another possibility is that the location 

of these contacts may influence the kinetic and thermodynamic parameters for the alkaline 

transition.  

In human cyt c, G41S and Y48H mutations decrease kf, despite having similar 

interloop contacts to the WT, suggesting that the loops C and D are behaving differently 

with the loop C mutations than in horse heart cyt c. In human and horse heart cyt c, the 

stretch of loop D (residues 70 to 80) that contains all the ligands associated with the alkaline 

transition and the contact surface with loop C is highly conserved. However, sequence 

variations are present in loop C of human and horse heart cyt c only along the stretch of 

residues that are in contact with loop D. If there are residues in loop C that exist in human 

cyt c, but not in horse heart cyt c, that can form transient contacts to either prevent local 
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unfolding or rearrangement of the loop in the native state, it may well explain the difference 

in the kf trends.  

Sequences of loop C in human and horse heart cyt c vary in residues 46, 47, and 

50. The identity of residue 46 has been implicated in tuning the structural properties of the 

protein, and presence of Tyr46 has been suggested to reduce the conformational 

heterogeneity near the heme crevice.86 Further, the identity of residue 46, which is either 

Phe or Tyr in many organisms, was previously suggested to play a role in tuning the 

alkaline transition properties of cyt c for various organisms.86, 131 Previous kinetic studies 

suggest that residue 46 influences the conformational rearrangements prior to the 

deprotonation of the trigger group,23, 86, 131  

The importance of this region in tuning the alkaline transition is also observed in 

human and spider monkey cyt c.32 In human and spider monkey WT cyt c, most of the 

natural sequence variations exist within loop C (Table 3.8). Interestingly, the spider 

monkey sequence contains Phe instead of Tyr at residue 46, and additional interactions 

provided by Tyr46 observed in human WT cyt c are not observed in the X-ray crystal 

structures of spider monkey WT cyt c.32 Mutational studies with human cyt c to mimic the 

spider monkey sequence have shown that each corresponding mutations at residues 46, 47, 

and 50, located near HP6 slightly alter the pKa of the alkaline transition (Table 3.11), while 

the mutation at residue 44 does not.32 This difference in pKa with site of the mutation again 

strongly suggests that the identities of the residues in positions 46, 47, and 50 are influential 

in altering the alkaline transition properties of cyt c. The most destabilizing mutation is on 

residue 46 to Phe that altered electrostatic interactions of Lys79 with Thr28 and Tyr46 

through the water-mediated network.32 Further, S47D and S47A variants of human cyt c 
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have shown decrease in pKa values and increased random-coil character in the near-UV 

CD spectra,129 further supporting the hypothesis that residues in this region may be 

influential in altering the properties of loop D. Although it is unclear how pKH and pKC 

have been affected in these variants, identity of residues and whether it can form the HB 

network or perturb loop packing, in 46 and 47 may be important in tuning the alkaline 

transition parameters. 

If the alkaline transition is sensitive to the contacts near residue 46, it is possible 

that the kf could be altered if the mutations affect this area. For example, T49V mutation 

reduces the pKa of the alkaline transition for both horse heart and yeast cyt c. Yet, the kf 

value increases for the horse heart T49V cyt c,74 while the kf  value for the yeast T49V cyt 

c, which also contains Tyr46, decreases compared to that for WT (Table 3.11).101 Similar 

trends in kf and structural differences are observed in G41S and Y48H variants for human 

and horse heart cyt c. In G41S and Y48H human cyt c variants, X-ray crystal structures 

show that residues 46 and 47 are still involved in HB interactions between residues 28 and 

79 as in WT,35, 54 and most of the inter-residue loops C and D contacts in observed in WT 

are preserved (Figure 3.9). Even with the Y48H mutation that modifies the HB network 

with HP6, the water-mediated HB network involving residue 46 is still present in human 

cyt c. In contrast, G41S and Y48H horse heart cyt c variants have Phe and Thr, instead of 

Tyr and Ser, as residues 46 and 47, and similar inter-residue contacts observed in human 

cyt c will not be formed. Analysis of X-ray crystal structure of WT horse heart cyt c shows 

that having Phe46 instead of Tyr46 in horse heart cyt c results in a different HB network 

that connects the three loop-regions compared to human cyt c (Figure 3.10).18, 32 Perhaps, 

this contact is instrumental in providing a structural linker between the most dynamic loops 
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C and D, as well as provide additional structural support to Lys79, one of the participating 

ligands in the alkaline transition. One way to test this hypothesis would be to introduce 

additional Tyr46 and Ser47 mutations in horse heart G41S and Y48H cyt c variants and 

see if similar trends in kf are observed as was in human G41S and Y48H cyt c variants. 

pKH Values. The pKa values, which are the sums of pKC and pKH values, of the alkaline 

transition vary widely for WT cyt c proteins from different species.22, 32, 37, 42, 94, 110, 127, 131, 

133-137 Interestingly, pKH values do not vary to the same extent (Tables 3.6). This suggests 

that, regardless of the sequence identity that can range from 100 to 75 % in loop D and 83 

to 55% in loop C for studied WT cyt c proteins (Table 3.8), chemical properties of the 

trigger group are most likely conserved across WT cyt c from different species. However, 

some perturbations can readily decrease the pKH value (Table 3.11). Comparison of loop 

C variants in human and horse heart cyt c shows that despite the differences in kf, values or 

contacts between the loops, similar decrease in pKH value is observed. Since pKH reports 

on the deprotonation of the trigger group, similarity in pKH value in G41S and Y48H 

variants from both human and horse heart cyt c suggests that the loop C mutations are in 

the vicinity of the trigger group. 

The identity of the trigger group has been highly speculated, with HP6 being one 

of the contenders.138 Recently, Deacon et.al have also proposed a possible trigger unit, 

comprised of internal HB network involving Met80, Tyr67/internal water, Asn52, Thr78, 

and the HP groups, in which a deprotonation in this unit disrupts the linkage between loops 

C and D.94 Compared to human WT cyt c, horse heart WT cyt c has different contacts 

between loops C and D (Figure 3.10). Furthermore, contacts between loops C and D are 

more frequently made in human cyt c variants than in horse heart cyt c variants (Figure 
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3.8). Yet, comparable changes in the pKH value are observed in both the human and horse 

heart cyt c variants (Table 3.6). Had pKH value been solely dependent on the inner HB 

network and how well loops C and D are linked together (regardless of where the contacts 

are between the loops), the pKH value should be different between human and horse heart 

cyt c variants. However, this is not the case, suggesting that other groups may also be 

involved in this trigger unit.  

In the alkaline transition, endogenous Lys residues (73, or 79) must be deprotonated 

prior to coordinating to the heme. It is unlikely that these Lys residues are the sole trigger 

group, as the pKa of these residues is high and vary based on the location and species.37, 97, 

139, 140 However, these factors are all a prerequisite to forming the alkaline species, and thus 

should contribute to the pKH of the alkaline transition. Although Lys73 is solvent-exposed 

as observed in the X-ray crystal structures of Met-ligated human and horse heart WT cyt 

c, Lys79 is tucked away near the heme edge and forms contacts with the residues in the 

polypeptide, depending on the sequences of nearby residues.18, 34 For example, Lys79 

forms a HB contact with residue 47 in horse heart cyt c (Figure 3.10B), but additional 

interactions with residues 46 and 28 are observed in human and yeast cyt c (Figure 3.10A 

and C). Despite variations in HB contacts, MD simulations show that vdW contacts 

between Lys79 and loop C are similar between human and horse heart cyt c variants (Figure 

3.9). If Lys deprotonation is part of alkaline transition mechanism, how well Lys79 is 

packed next to the polypeptide may be important in tuning the pKH values. Differences in 

pKH values between human and horse heart G41S and Y48H cyt c may not have been 

observed because vdW contacts near Lys79 are comparable in addition to similarities in 

the inner HB network. 
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Perhaps, pKH is a composite value that includes all fractional contributions from 

inner HB network and Lys residues, in which a structural perturbation that perturbs either 

of these groups contributes to lowering or increasing the pKH of the alkaline transition. It 

is possible that similar decrease in the pKH value was observed in G41S and Y48H variants 

if there is a limit to how much pKH can be lowered without perturbing the tertiary fold of 

the protein. Furthermore, slight differences in the loops C and D contacts near the vicinity 

of the trigger unit in horse heart and human cyt c may not be sufficient to alter the pKH 

because the loop D is highly conserved between the two species.  

Regardless of the identity of the trigger group, our comparison of human and horse 

heart cyt c variants suggests the trigger group/unit is largely unaffected in the presence of 

sequence variations in horse heart and human cyt c. Similarities of pKH values for different 

WT cyt c proteins strongly suggest that, while the contended trigger group is highly 

conserved, it is also adaptable to the sequence variations near this trigger group. 

Peroxidase Activity. Properties of loop C determine accessibility of the heme edge to 

small molecules, crucial for peroxidase activity in cyt c. Studies using guaiacol and ABTS 

as substrates suggest that the substrates access the heme edge rather than the iron center of 

peroxidases,141, 142 making intrinsic peroxidase activity a good functional probe of local 

dynamics of loop D. Since peroxidase activity requires an open coordination site, Met80 

ligand must first dissociate from the heme. Thus, increases in intrinsic peroxidase activity 

will reflect the lability of the Met80 ligand and decreased packing of the loops.  

With the mutations in horse heart cyt c, the kcat values increase for all the variants, 

with the greatest being that of Y48H. This observed trend in intrinsic peroxidase activity 

is in good agreement with the trend observed in human cyt c, where Y48H has higher 
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peroxidase activity than G41S at pH 6.5, although the reverse is observed at pH 5.4.35, 84, 

143 Pairwise RMSD calculations suggest that loop C in G41S variant generally experiences 

a more diverse set of conformations compared to that for the Y48H variant, in both human 

and horse heart cyt c. And yet, in horse heart cyt c, peroxidase activity of G41S is lower 

than that for Y48H at pH 7.4, suggesting that the increased loop C dynamics in G41S 

variant do not necessarily increase the heme exposure as opposed to the Y48H variant. This 

difference in activity between horse G41S and Y48H cyt c is consistent with the 

observation in ferric 1H NMR (Figure 3.11C), where line broadening is observed in Y48H, 

possibly due to a greater heterogeneity of the protein conformational ensemble in regions 

next to the heme.35, 86 These results suggest that although the G41S and Y48H are not 

located in loop D, the changes experienced in loop C are also communicated to loop D, 

modifying the inter-loop contacts and influence loop D dynamics and Met80 ligation to the 

heme, increasing the intrinsic peroxidase activity of the protein.  

Cyt c is a key player in apoptosis, and its interactions with biological partners CL 

and Apaf-1 are important in early stages of apoptosis. In the presence of high CL 

concentrations, cyt c undergoes large-scale unfolding to expose the heme, priming the 

protein for enhanced peroxidase activity. Residues Lys72, 73, 79, 86, and 87 in loop D are 

implicated to be one of multiple CL interaction sites, whose binding initiates the unfolding 

of the polypeptide backbone to expose the heme.26, 144, 145 The CL-bound protein is in 

equilibrium between the compact and extended states with different distances between the 

N- and C-terminal helices,38, 145 where loop dynamics and protein stability play a role. 

Although the mutations of G41S and Y48H are not at the known sites for interactions with 

CL, symptoms of apoptotic malfunction have been observed in humans. However, recent 
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CL-bound peroxidase studies with G41S and Y48H mutations in human cyt c have been 

contentious,33-35 where the rates have been reported to be either greater or comparable to 

the CL-unfolded WT data, depending on the CL to protein ratio used. This discrepancy in 

peroxidase activity rates for CL-bound cyt c raises the question as to whether the mutations 

alter the CL-induced unfolding of cyt c, and whether the non-interacting residues play a 

role in the CL-induced unfolding of the protein. 

Our studies show that at both low and high CL conditions, the overall enzyme 

kinetics are comparable in all three variants of horse heart cyt c. It is not surprising that 

there are no observable differences between the variants and WT at either low or high CL 

conditions, since the global stability parameters are comparable at pH 7.4. Inconsistencies 

observed in previous studies exploring the peroxidase activity of human G41S in the 

presence of CL may be due to the different CL-to-protein ratios used.33-35 Further, as CL-

cyt c interaction is driven by electrostatic interactions at near-neutral pH conditions,146 

there could be variations in percentage of the bound and unbound species at low CL 

conditions, introducing additional heterogeneity.  

Importance of Varied Sequences. Comparison of cyt c variants from different species 

suggests residue 46 may influence the structural properties of loop C and tune the dynamic 

properties of loop D. Sequence variation of residue 46 is limited, most often being either 

Tyr or Phe.22 In species with Tyr at position 46, alkaline transition parameters and intrinsic 

peroxidase activities are somewhat inhibited even with mutations designed to disrupt loop 

C.33, 94, 129 X-ray crystal structures of iso-1 yeast and human WT cyt c show that Tyr46 is 

positioned to form interloop contacts involving residues in the 20’s loop and loop D. 
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Perhaps such transient contacts form in solution, helping to prevent uncontrolled 

rearrangement even in the presence of G41S and Y48H mutations.  

Tyr46 is commonly found in bacteria and plants, but is uncommon in mammals; 

most mammals have Phe instead of Tyr at residue 46, with great apes being an uncommon 

exception amongst mammals.22 The presence of Tyr46 alone does not stabilize the 

protein—non-mammalian species that have Tyr46 exhibit lower stability parameters 

compared to mammalian species that do contain Phe46 (Tables 3.8 and 3.9).32, 36, 38, 106, 109, 

112 In the context of sequence variations in mammals, having Tyr46 instead of Phe46 seems 

to provide an additional safety net in the case that unnatural mutations occur in loop C, as 

observed in differences with G41S and Y48H mutation in human versus horse heart cyt c. 

There may be functional implications as well. Post-translation nitration of Tyr residues in 

human cyt c has been linked to signaling of proteases for cyt c degradation147-149 and 

tyrosine nitration is also utilized for signal transduction in yeast.150 The difference between 

having Tyr and Phe at position 46 highlights that certain residue variations can alter protein 

function only in the context of other residues and available signaling mechanisms in the 

organism. However, there are difficulties in expanding the analysis of the relationship 

between residue 46 sequence conservation and protein function due to the limited data set 

in the literature that details the characterization of various WT proteins. 

Conclusion 

Characterization of horse heart G41S and Y48H cyt c variants have shown that global 

properties of the protein, such as heme iron ligation, secondary fold, and global stability 

are comparable to that of WT at near-neutral pH conditions. Yet, local changes are 

observed with the mutations in loop C. Analyses of MD simulations suggest that HB and 
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vdW contacts between loops C and D are perturbed in the variants compared to that of WT. 

With G41S and Y48H mutations, folding is no longer cooperative, and the stability 

parameter obtained from monitoring the CT band is different from that of monitoring the 

α-helices. Furthermore, functional properties dependent on loop D dynamics and packing, 

such as alkaline transition and intrinsic peroxidase activity, are altered. These results 

suggest that loop C contact with loop D may be important in maintaining communication 

between loop D and the rest of the protein, as well as in tuning the dynamic properties of 

loop D important for protein function. 

Comparison of the data obtained for horse heart G41S and Y48H cyt c variants to 

data in the literature for human G41S and Y48H cyt c has shown that mutational effects on 

protein stability and function are different in horse heart and human cyt c. Differences in 

human and horse heart cyt c G41S and Y48H variants suggest that unique contacts that 

support the native loop D packing are important; disruption to this network modifies the 

kinetic and thermodynamic parameters associated with the alkaline transition, particularly 

in the presence of destabilizing perturbations. These findings provide insight into how cyt 

c proteins with highly conserved sequence and global properties could have variations in 

stability and function. 
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Introduction 

 In metalloproteins, surface residues have been argued to be involved in tuning the 

redox properties of the metal center by altering the solvent entropic contributions that are 

dependent on the charged groups on the protein,1 or by altering the polypeptide packing 

and backbone dynamics around the metal site. 2-6 In heme proteins, varying surface charges 

near the heme can mildly shift the reduction potential, suggesting a possible importance of 

residue identity in tuning the reduction potential.2, 6  

Loop D contributes to the bulk of controlling heme edge solvent exposure to tune 

the reduction potential. This  has been illustrated with yeast K79G cyt c, where removal of 

a bulky Lys increased heme solvent exposure and lowered the reduction potential of the 

heme iron compared to that of WT.7 Flexibility of loop D is important for heme solvent 

accessibility and perturbations of contacts with loops C and D have been shown to alter the 

reduction potential in the Y67F and E66Q variants, and Tyr74-nitrated WT cyt c.8 

Although loop D alone does not encapsulate the heme moiety, the dynamic properties and 

contacts that this loop makes are clearly important for tuning the reduction potential of the 

heme iron. 

It is interesting to note that there are sequence variations both in and around loop 

D.9 Within loop D, sequence variations  in residues 70 to 80 are low, but are more frequent 

in residues 81 to 85.9, 10 Furthermore, loop D is in close contact with loop C, which is less 

conserved than loop D. Generally, the reduction potentials of different cyt c proteins are 

similar, but some variations do exist, depending on the sequence difference near the heme.4, 

11-15 Differences in reduction potential are subtle in WT proteins but are amplified in the 

presence of structural perturbations. For example, the Y67F mutation in yeast cyt c 
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decreased the reduction potential by nearly 60 mV, in contrast to the same Y67F mutation 

in rat cyt c where the reduction potential decreases by less than 30 mV,11 despite similar 

heme iron ligation and protein fold of  yeast and rat cyt c. ET studies with Y67F, N52I, and 

Y67F/N52I yeast cyt c variants have shown cooperativity between Tyr67 and Asn52 in 

influencing both the heme reduction kinetics16 and protein stability.17 It is possible then, 

that the natural sequence variations in different species may result in different contacts, 

ultimately affecting protein stability,  dynamics, and function.  

To explore the interplay of these factors and probe contributions of sequence 

variations in and around loop D, we decided to study the K72A variant of horse heart cyt 

c. This mutation was structurally non-invasive for yeast and human cyt c.18, 19 Since the 

mutational effects on stability and dynamics of loop D are well-documented in both human 

and yeast cyt c systems, including horse heart cyt c in the series was thought to provide 

clarification in how the surface residue variations influence the second-sphere interactions 

around the heme. To correlate how surface mutations that affect loop D alter the ET 

properties of the protein, two other variants, G41S and Y48H, were also studied as they 

indirectly affect loop D. These mutations were selected since their effects have been 

documented in vivo models,20-22 which would provide a way to understand how biophysical 

changes within the protein affect macromolecular function.  

The K72A variant was previously studied in human and yeast cyt c and is one of a 

handful of cyt c variants that have in vivo models. K72A cyt c mutation in knock-in mice 

has been shown to impede neural development and impair lymphocyte homeostasis.22 

Although these growth defects suggest changes in apoptotic activity with K72A, the protein 

release to the cytosol and cellular oxygen consumption were similar to those with WT.22 
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However, comparison of biophysical and enzymatic properties of WT and K72A in vitro 

suggests that the K72A mutation alters the intrinsic peroxidase activity in yeast and human 

cyt c despite many similar global properties to that of WT.18, 19 Further, the magnitudes of 

observed increase in peroxidase activity in human and yeast proteins are different, 

suggesting loop D dynamics may be affected differently.18, 19  

Comparing human and yeast K72A to probe why such differences exist, however, 

poses additional challenges. Not only are the global stabilities vastly different between 

human and yeast cyt c, trimethylation of K72 (TmK72) in yeast expressed cyt c is not 

present in the human cyt c. Preventing Lys trimethylation by expressing the yeast cyt c 

protein in E. coli does not alter the reduction potential,13 but does alter the inherent 

dynamics of loop D and the alkaline transition of yeast cyt c.13, 18, 23 Additional information 

from horse heart K72A cyt c could clarify whether the sequence variations at and near loop 

D contribute to different effects on biophysical properties of human and yeast proteins. 

Further, since WT horse heart cyt c has similar global stability to WT cyt c, does not contain 

TmK72, and have fewer sequence variations in loops C and D than in yeast WT cyt c, 

having additional data on the horse heart protein could help to analyze in vivo data.  

Herein, we introduce the K72A mutation in horse heart cyt c to understand how the 

loop D perturbation affects the stability and dynamic properties of the protein compared to 

those of WT. We compare the observed mutational effects of human, yeast, and horse heart 

cyt c. We also provide characterization of ET properties of this variant and relate how the 

polypeptide chain packing and sequence variations affect reduction potential of the heme 

iron. To better understand how sequence variations around loop D influence ET properties, 

we compare the ET properties of G41S and Y48H variants, whose loop C perturbations 
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also influence loop D dynamics, offering molecular insight on how disruptions in or around 

loop D alter ET properties of cyt c.  

Materials and Methods 

General. All aqueous solutions were prepared as described in Chapter 3. Site-directed 

mutagenesis, protein expression and purification for K72A variant of horse heart cyt c were 

performed as described in Chapter 3. Detailed procedure for obtaining the electronic 

absorption, 1H NMR, and EPR spectra were discussed in Chapter 3.  

Sequence Alignments and Molecular Dynamics Simulations. Sequence alignments for 

figures and structural analyses were performed as previously described in Chapter 3. 

Energy-minimized models of protein variants were performed and analyses of the 

trajectories performed as previously described in Chapter 3,24 starting from the crystal 

structures of human (PDB ID: 3ZCF)25 and horse heart cyt c (PDB ID: 1HRC).26  

For comparison of structural fluctuations for the entire protein, 30 ns simulations 

were performed, and trajectories analyzed for horse heart and human K72A cyt c variants 

as previously described in Chapter 3. Hydrophobic packing of the polypeptide was 

compared by obtaining the total solvent-excluded molecular surface volume (VMS), void 

volume (Vvoid), and the Van der Waals (VdW) volume (VVdW) from the X-ray crystal 

structures of WT cyt c from human (PDB ID: 3ZCF),25 horse heart (PDB ID: 1HRC),26 and 

yeast (PDB ID: 2YCC),27 and K72A cyt c from human (PDB ID: 5TY3)19 and yeast (PDB 

ID: 4MU8),18 using ProteinVolume with the following recommended parameters: energy 

minimization with 0.08 Å starting probe size, 0.02 Å ending probe size, and 0.1 Å surface 

probe minimum distance.28  
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Contact Maps. Heat maps showing the contact frequencies of the residue pairs within HB 

and vdW from MD simulations were calculated as previously described in Chapter 3. 

Contact maps showing the distances of the residue pairs within HB and vdW distances 

were obtained using X-ray crystal structures of WT cyt c from human (PDB ID: 3ZCF)25 

and yeast (PDB ID 2YCC),27 and K72A cyt c from human (PDB ID 5TY3)19 and yeast 

(PDB ID 4MU8).18 Distances were obtained using pairwise interatomic distances with a 5 

Å cut-off. 

Thermal and Chemical Denaturation Experiments. Thermal denaturation and chemical 

denaturation of K72A variant of horse heart cyt c were performed, and data analyzed as 

previously described in Chapter 3. Thermal denaturation of K72A variant of horse heart 

cyt c was 99% reversible, as calculated by the CD ellipticity signal of the protein sample 

at 222 nm taken before and after the temperature melt.  

pH Titrations and Analyses. Solutions containing proteins at concentrations of 8 to 10 

μM or 200 to 300 μM in a 100 mM sodium phosphate buffer at pH 7.4 were used to monitor 

either the Soret or the charge-transfer (CT) absorption band, respectively. pH titrations 

profiles of the Soret region (350 to 600 nm) and CT region (580 to 750 nm) for K72A was 

analyzed using SVD, as previously described in Chapter 3. Analyses have suggested that a 

single transition is sufficient to describe pH-dependent changes in the Soret band (pH 6.27 

to 10.69) and the CT band (pH 6.53 to 11.32) for K72A variant of horse heart cyt c. 

pH-Jump Kinetics. Data from pH-jump measurements were obtained by Dr. Fangfang 

Zhong, as described in Chapter 3.  

Measurements of Reduction Potentials. Reduction potentials were determined from 

titrations with varying concentrations of potassium ferricyaninde (ferriCN) and potassium 
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ferrocyanide (ferroCN) in presence of protein in a degassed 100 mM sodium phosphate 

buffer at pH 7.4. Solutions containing different ratios of ferriCN were prepared and 

absorption spectra at Q-band at 550 nm of the ferrous protein were measured, as described 

previously.29 Ratios of ferrous and ferric protein versus total ferroCN and ferriCN in 

solution were plotted in a log-log plot and fitted to eq 4.1 to obtain the potential of the 

protein (E), where E° = 430 mV.29 

E = E°-2.303 
RT

nF
 log(

[ferroCN]

[ferriCN]
) 

(4.1) 

The final potential was obtained from an average of three to six separate measurements. 

ET Measurements. Rates of oxidation of ferrous WT, K72A, G41S, and Y48H cyt c 

variants with Co(phen)3
3+ were studied in a 50 mM sodium phosphate buffer at pH 7.4, 

either with or without added sodium chloride to yield solutions at ionic strengths of 0.1 M 

and 1.0 M, respectively. The Co(phen)3Cl3 compound were synthesized by Dr. Alexandre 

Pletnev, as described previously.30 

Proteins were freshly purified using an ion-exchange column prior to use. Ferrous 

cyt c samples were prepared in an anaerobic glovebox (COY Laboratory Products) by 

adding an excess of sodium dithionite to the protein stock solution, followed by removal 

of the reductant and buffer exchange on a PD-10 desalting column. Columns were pre-

treated with dithionite to avoid unwanted oxidation of the protein and equilibrated with the 

desired buffer prior to use. Stock protein solutions were quantified using the extinction 

coefficient of the Soret band for ferrous cyt c variants (for WT, ε415 = 125 mM-1cm-1, 

slightly lower than reported values at ε415 = 128 mM-1cm-1 at pH 6.8.9, 31 For K72A ε415 = 
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142.5 mM-1cm-1; for G41S ε415 = 134.8 mM-1cm-1; for Y48H ε415 = 146.7 mM-1cm-1 in a 

100 mM sodium phosphate buffer at pH 7.4) and diluted as necessary to final 

concentrations ranging from 40 to 60 μM. Stock solutions of Co(phen)3
3+ were prepared 

immediately before use with concentrations ranging from 0.8 to 1.5 mM. Electronic 

absorption spectra (ε303 = 19.2 mM-1cm-1) were used for quantification of this small-

molecule reductant.32  

Kinetic traces monitoring the heme absorbance at 550 nm as a function of time were 

obtained on a Bio-Logic SFM-300 stopped-flow instrumentation inside an anaerobic 

glovebox. Before each experiment, the instrument lines were flushed with a sodium 

dithionite solution, rinsed thoroughly with degassed water, and pre-treated with the 

degassed buffer. Final concentrations of protein and Co(phen)3
3+ ranged from 7 to 10 μM, 

and 0.15 to 1 mM, respectively. Traces were obtained using the BioKine program 

(BioLogic) and analyzed using SFit (BioLogic) and MATLAB (R2017a). At each 

concentration of Co(phen)3
3+, four to six traces were recorded and were fitted to a 

monoexponential equation to obtain the rate constant kobs.  

Bimolecular reaction between Co(phen)3
3+ and ferrous cyt c was studied under 

pseudo-first order conditions, where [Co(phen)3
3+] >> [cyt cII]. The dependence of kobs on 

[Co(phen)3
3+] was fit to a linear function to determine the second-order rate constant, k12. 

The electron-self-exchange (ESE) rate constant (kESE) for the cyt c variants (k22) were 

calculated using the Marcus theory cross-relationship (eq 4.2): 33  

log(k12) = 0.5[log(k11) + log(k22) + 16.9 ∆E12
° ] 

(4.2) 
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where k12 is the bimolecular rate constant for ET from ferrous cyt c to Co(phen)3
3+, k11 is 

the ESE rate constant for Co(phen)3
3+,corrected for ionic concentration, k22 (noted kESE 

here) is the ESE rate constant for cyt c and ΔE°
12 is the difference between the reduction 

potentials of Co(phen)3
2+/3+ (370 mV)3, 34 and cytc2+/3+ couples (determined in this study 

for the variants). The equilibrium constant for ET, K12, was obtained using eq 4.3:33 

K12 = exp (
nF∆E°12

RT
) 

(4.3) 

where n is the total number of electrons transferred in the reaction, F is the Faraday’s 

constant, ΔE°
12 is the difference between the reduction potentials of the electron 

acceptor(Co(phen)3
2+/3+) and the donor (cyt c), R is the gas constant, and T is the 

temperature.33  

ESE rate constants k11 for Co(phen)3
3+ were calculated considering the ionic 

strength of the solution (µ) using the Debye-Hückel treatment (eq 4.4):34  

lnk = lnko +
(2Z1Z2+Z2

2)α√μ

1+κR1

-
Z2

2α√μ

1+κR2

 

(4.4) 

where R1 = R2 = 7 Å (radius of Co(phen)3
3+), Z1 = +3 and Z2 = +2 (charge of the complex 

in the two oxidation states), α = 1.17, κ = 0.329√μ (Å-1).34 Using the value of the ESE rate 

constant for Co(phen)3
3+ of 4.5 ×101 M-1s-1 (μ = 0.1 M at 25 °C),34 the rate constant at μ = 

0 was obtained (ko = 3.45 M-1s-1). Using this ko value, the rate constant k11 for Co(phen)3
3+ 

at μ = 1.0 M and 25 °C, was calculated to be 1.93 ×102 M-1s-1.  
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Biological ET Measurements. Rates of oxidation of bovine cytochrome CcO (Sigma) in 

the presence of cyt c were obtained by measuring oxygen consumption levels with an 

oxygen microsensor (Unisense). L-ascorbic acid was used as a sacrificial reductant. Assays 

were performed in a 50 mM Tris HCl buffer with 100 mM sodium chloride, 5 mM 

ethylenediaminetetraacetic acid (EDTA), and 0.02% (v/v) n-Dodecyl-β-D-maltoside 

(DDM) at pH 7.5. Ferric cyt c samples were freshly prepared by adding excess potassium 

ferricyanide and purified using the PD-10 column equilibrated with a 100 mM sodium 

phosphate buffer at pH 7.4.  

Each reaction sample contained final concentrations of 2.5 mM L-ascorbic acid, cyt 

c varying from 5 to 50 μM, and 100-fold dilution of the original stock of CcO (5 mg/ml, 

containing at least 20 units of active CcO/mg protein). Samples were mixed and placed 

inside 400 μL chambers; oxygen consumption was measured for 15 to 30 minutes. Slopes 

obtained from linear fits of the data plotting oxygen consumption over time were calculated 

from μM O2 consumed/sec to μM electrons consumed/sec by multiplying by 4 (CcO 

consumes 4 electrons for every O2 reduced to H2O). All kinetic traces were corrected for 

the baseline oxygen consumption rate for ascorbic acid in buffer, in the absence of both 

CcO and cyt c.  

The electron consumption rate was then plotted versus the concentration of cyt c in 

a Lineweaver-Burke plot to obtain the slope and the intercept that was used to calculate the 

Vmax and KM for the biological electron transfer rate of cyt c, where slope = KM/Vmax and 

the y-intercept = 1/Vmax. Although Vmax is proportional to kcat from the expression Vmax = 

kcat [ET] and [ET] = [CcO] as cyt c was the limiting substrate (source of electrons), kcat was 
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not calculated since the exact concentration of CcO was not known (estimates based upon 

dilutions yield a minimum of 1 nM (0.001 μM) CcO was present per reaction). 

Preparation of Liposome Vesicles and Liposome Binding Assays. Preparation of CL-

containing lipid vesicles and liposome binding assays with K72A were performed as 

previously described in Chapter 3.35  

Peroxidase Assays. Peroxidase assays were performed, and data analyzed as previously 

described in Chapter 3.  

Results 

MD Simulations. Due to a lack of structural data for horse heart K72A cyt c, MD 

simulations were performed for both ferric human and horse heart K72A cyt c. For heart 

K72A cyt c from both human and horse heart, per residue RMSF values were comparable 

to those of WT, suggesting that much of the loop D dynamics were unperturbed (Figure 

4.1). In horse heart cyt c, per residue RMSF values are unchanged with and without the 

K72A mutation (Figure 4.1B). The RMSF values in loop C for WT and K72A variants are 

slightly higher in human cyt c than in horse heart cyt c, and the fluctuation increases in 

loop C with the K72A mutation in human cyt c (Figure 4.1A). However, differences are 

small (within 0.5 Å), suggesting that there are little differences in the overall peptide 

dynamics. Since pairwise RMSD values compare the individual simulated structure to a 

reference structure, such analysis is a good way to assess the variations in the 

conformational ensemble. A closer look at pairwise RMSD plots suggests that the 

differences between WT and K72A in the 20’s loop are small (Figure 4.2). 
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Figure 4.1. Plots of averaged per residue RMSF values for αC atoms in the protein 

backbone obtained from MD simulations, relative to the reference structure of the protein 

for WT (black) and K72A variant (blue) for (A) human and (B) horse heart cyt c variants. 

For each simulation, RMSF values were separately calculated, and then averaged to obtain 

the average per residue RMSF value for the variants of cyt c.  
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Figure 4.2. Plots showing the distribution of pairwise RMSD values for αC atoms in the 

20’s loop (residues 20 to 30) versus frequency, for structures obtained from MD 

simulations. Shown are the RMSD value distributions for WT (black) and K72A (blue) 

variants of (A) human and (B) horse heart cyt c. Distributions of RMSD values between 

each structure to all other structures from individual MD simulations are shown (first run, 

solid line; second run, dotted line; third run, solid line). All frames in the trajectory from 

20 ns up to 35 ns simulation times were used to calculate the RMSD values. 
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In comparison, pairwise RMSD values in loop C are different for K72A variants in human 

and horse heart cyt c (Figure 4.3). Larger pairwise RMSD values are observed with the 

K72A mutation at higher frequency in human cyt c, suggesting that conformation of loop 

C in human cyt c do not converge in our simulations and the loop samples conformations 

that require larger rearrangements of the polypeptide backbone than in WT (Figure 4.3A). 

In contrast, pairwise RMSD values of loop C in horse heart K72A cyt c is narrow and the 

loop does not sample distinct loop conformations requiring larger rearrangements to the 

polypeptide backbone (Figure 4.3B). For both human and horse heart K72A cyt c, pairwise 

RMSD values for loop D are similar to those of WT, and differences are not observed 

between the two species (Figure 4.4).  

 Differences in pairwise RMSD distributions of loop C between human and horse 

heart cyt c with K72A mutation raised the possibility that loops C and D contacts may be 

different (Figure 4.3). To test this hypothesis, heat maps plotting the frequencies at which 

residues are in within HB (3 Å) and vdW (5 Å) distances were generated (Figure 4.5). Heat 

maps suggest that in both human and horse heart cyt c, K72A mutation forms additional 

residue pairs in loops C and D that come within HB distance, in addition to residue pairs 

that are observed in the WT protein (Figure 4.5A and B). Furthermore, there are additional 

residue pairs that come within vdW distance with the K72A mutation in human and horse 

heart cyt c (Figure 4.5C and D). Heat maps suggest that, in human and horse heart cyt c, 

K72A mutation increases the frequency and the number of residue pairs that come within 

forming weak contacts, suggesting that loops C and D generally forms more inter-loop 

contacts than in WT. 
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Figure 4.3. Plots showing the distribution of pairwise RMSD values for αC atoms in loop 

C (residues 40 to 57) versus frequency, for structures obtained from MD simulations. 

Shown are the RMSD value distributions for WT (black) and K72A (blue) variants of (A) 

human and (B) horse heart cyt c. Distributions of RMSD values between each structure to 

all other structures from individual MD simulations are shown (first run, solid line; second 

run, dotted line; third run, solid line). All frames in the trajectory from 20 ns up to 35 ns 

simulation times were used to calculate the RMSD values. 



 

192 

Figure 4.4. Plots showing the distribution of pairwise RMSD values for αC atoms in loop 

D (residues 70 to 85) versus frequency, for structures obtained from MD simulations. 

Shown are the RMSD value distributions for WT (black) and K72A (blue) variants of (A) 

human and (B) horse heart cyt c. Distributions of RMSD values between each structure to 

all other structures from individual MD simulations are shown (first run, solid line; second 

run, dotted line; third run, solid line). All frames in the trajectory from 20 ns up to 35 ns 

simulation times were used to calculate the RMSD values. 
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Figure 4.5. Heat map plots of contact frequencies between residues in loop C, 60’s helix, 

and loop D based on the MD simulated structures of WT (top) and K72A (bottom) variants 

of (A,C) human and (B,D) horse heart cyt c. Plotted are the frequency of contacts between 

residues within the contact distance of 3 Å, for (A) and (B), or 5 Å, for (C) and (D), from 

all three simulations. All frames in the trajectory from 20 ns up to 30 ns simulation times 

were used to generate the heat maps. 
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Between human and horse heart K72A cyt c, many residue pairs that are within HB and 

vdW distances are similar between two species (Figure 4.5C and D). Yet, there are some 

variations with the mutations. New possible HB contacts are formed, particularly with 

residue 79 for both species (Figure 4.5, bottom), and a unique HB could form between 

residue 75 and 52 in horse heart K72A cyt c (Figure 4.5B, bottom). Overall, both human 

and horse heart K72A cyt c maintain a WT-like contact maps of loop C and D contacts. 

However, small differences in contacts exist, suggesting that perturbations to loop D are 

handled differently between the two different species.  

Heme Coordination and Protein Fold. To better understand how the polypeptide 

perturbation affects the heme center, heme iron ligation and polypeptide fold were assessed 

at pH 7.4 with multiple spectroscopic techniques. 

Electronic Absorption Spectra. At pH 7.4, the electronic absorption spectrum of ferric 

K72A shows that the Soret band and the CT band are similar to those of WT (Figure 4.6A). 

The electronic absorption spectrum of ferrous K72A at pH 7.4 is also comparable to that 

of WT (Figure 4.6B). For both ferric and ferrous species, the extinction coefficient of the 

Soret band for K72A (ε409 = 113.3 mM-1cm-1, ferric; ε415 = 142.5 mM-1cm-1, ferrous) is 

higher than that of WT, suggesting some alteration in the heme environment upon the 

mutation.  

1H NMR. The downfield region of the 1H NMR spectrum of ferric K72A at pD 7.4 shows 

signals of the heme porphyrin methyl, at positions characteristic of the Met-ligated heme 

species (Figure 4.6C). However, the signals of the methyl protons for ferric K72A are 

shifted downfield compared to those for WT. 
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Figure 4.6. Electronic absorption spectra of (A) ferric and (B) ferrous WT (black), and 

K72A (blue) variants of horse heart cyt c in a 100 mM sodium phosphate buffer at pH 7.4, 

with the near-IR charge transfer band shown for the ferric species (inset, A). the 1H NMR 

of WT (black) and K72A (blue) variants of horse heart cyt c in the (C) ferric state are 

shown, with (D) numberings for heme and Met protons for labeling peaks in WT. 1H NMR 

of (E) ferrous proteins are also shown. 1HNMR samples were prepared in a 50 mM sodium 

phosphate buffer at pD 7.4 in 100% D2O or pH 7.4 with 10% D2O (v/v), respectively. (F) 

EPR spectra at 10 K for ferric WT (black) and K72A (blue) variants of horse heart cyt c in 

a 50 mM sodium phosphate buffer at pH 7.4 with 20% (v/v) glycerol. 
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The 1H NMR spectrum of ferrous K72A at pD 7.4 shows signals corresponding to methyl 

protons of the Met-ligated heme iron and shifts in signals are not observed (Figures 4.6D 

and E). Additional signals in these regions, corresponding to species other than the Met-

ligated hemes, are not observed in the 1H NMR spectra for ferric and ferrous K72A. 

EPR. The EPR spectrum for ferric K72A cyt c variant at pH 7.4 confirms the presence of 

the Met-ligated heme iron species, as the location of gx, gz, and gy peaks corresponds to 

that of Met-ligated heme iron species observed in the WT spectrum (Figure 4.6F). No other 

species are detected, confirming the observations from the electronic absorption and 1H 

NMR spectra.  

Secondary Structure. At pH 7.4, the far-UV CD spectrum for ferric K72A shows negative 

signals at 220 and 210 nm peaks characteristic of a protein with primarily α-helical 

secondary structure at similar intensities and ratios as observed in the spectrum for WT 

(Figure 4.7).  

 Electronic absorption, 1H NMR, EPR, and far-UV CD spectra all suggest that in 

the K72A horse heart cyt c variant, the mutation in loop D does not perturb the native Met-

ligation or the fold of the protein at pH 7.4. Similarities in spectral features between WT 

and K72A variants of horse heart cyt c supports our findings from MD simulations that 

suggested that the bulk of the protein conformations and dynamics are comparable in WT 

and K72A variants of horse heart cyt c. 

Global and Local Stability. We wanted to test whether K72A mutation in loop D altered 

the global and local stability of the protein, and whether stability trends upon this mutation 

are the same in different species. 
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Figure 4.7. Far-UV CD spectra of WT (black) and K72A (blue) variants of horse heart cyt 

c in a 100 mM sodium phosphate buffer at pH 7.4 and 20 ºC, normalized to [cyt c] = 20 

μM and l = 1 mm. 
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Global stability of the K72A variant was probed by monitoring the α-helical features of the 

protein and the local stability of loop D region was probed by monitoring the changes in 

the 695 nm CT band. 

Thermal Denaturation. At pH 7.4, thermal denaturation of K72A cyt c shows Tm 

comparable to that of WT (Figure 4.8 and Table 4.1). However, thermal denaturation 

experiments were not carried out beyond 90 °C (363 K) as the proteins were in aqueous 

solutions. The Tm values are high for horse heart WT cyt c and more variations observed 

in the thermal denaturation curve for the WT (Figure 4.8, top) and larger error bar for the 

fitted ΔHvH value in K72A variant of horse heart cyt c than that in WT (Table 4.1) make it 

difficult to reliably quantify the differences in global stability of the protein with respect to 

thermal denaturation.  

Chemical Denaturation with GuHCl. For K72A at pH 7.4, a higher [GuHCl]1/2 value is 

observed compared to that for WT, but the mD parameter is within the error of that for WT. 

The overall ΔGD values for the two variants are within error (Figure 4.9A and Table 4.2). 

Similar to what was observed for human cyt c,19 the K72A mutation is a non-disruptive 

mutation in horse heart cyt c that does not disrupt the global stability of the protein. . 

Loop D Stability. To probe whether the mutation affects the unfolding of loop D, changes 

in the 695 nm CT band was monitored with increasing concentration of GuHCl at pH 7.4. 

Since 695 nm CT band is argued to be the metal-to-ligand CT of the heme iron to Met80,9 

monitoring this absorption band acts as a direct probe to monitor the changes in Fe-Met80 

ligation upon unfolding of the polypeptide.36 In K72A horse heart cyt c, the values of 

[GuHCl]1/2,mD, and calculated ΔGD parameters are within error to those of WT (Figure 

4.9B and Table 4.2).37 
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Figure 4.8. Representative temperature unfolding data and fits for fractions of the unfolded 

protein (χU) versus temperature for ferric WT (black) and K72A (blue) variants of horse 

heart cyt c in a 100 mM sodium phosphate buffer at pH 7.4. Monitored is the ellipticity at 

222 nm. 
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Table 4.1. Thermal Denaturation Parameters for Global Unfolding of Variants of Horse 

Heart Cyt c at pH 7.4a 

Variant  Tm (K) ΔHvH (kJ mol-1) 

WT  357.1b 360 ± 30b 

K72A  358 ±2 569 ± 128 
aMonitored is ellipticity at 222 nm. 

bFrom ref.38. 
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Figure 4.9. Chemical denaturation curves showing (A) α-helicity at 222 nm (fraction 

unfolded, χU) and (B) CT (extinction coefficient, ε695) plotted versus [GuHCl] and with 

corresponding fits for ferric WT (black, from refs. 39 for global stability measurements and 

ref. 37 for CT) and K72A (blue) variants of horse heart cyt c in a 100 mM sodium  α-helicity 

was monitored at 20 °C and the CT absorption band was monitored at 22 ± 2 °C.  
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Table 4.2. Thermodynamic Parameters of GuHCl Unfolding for Cyt c Variantsa  

Variant  Signal Monitored [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) 

   Horse Heart 

WT  α-helicesb 2.7 ± 0.1 11.5 ± 2.6 31.1 ± 7.1 

  695 nm CTc 2.7 ± 0.1 9.1 ± 1.7 24.6 ± 4.7 

K72Ad  α-helices 2.9 ± 0.1 13.4 ± 2.9 38.9 ± 8.5 

  695 nm CT 2.7 ± 0.1 13.9 ± 3.8 37.5 ± 10.3 

   Human 

WTe  α-helices 2.55 ± 0.01 15.5 ± 0.2 39.6 ± 0.5 

K72Ae  α-helices 2.75 ± 0.03 15.2 ± 0.9 41.9 ± 1.3 

   Yeast 

WT  α-helicesf 0.96 ± 0.03 17.9 ± 1.1 17.2 ± 0.7 

  695 nm CTg 0.88 ± 0.02 32.7 ± 6.7 28.8 ± 5.9 

K72Ah  α-helices 1.07 ± 0.07 12.9 ± 2.6 13.8 ± 2.9 
aChanges in the ellipticity signals from the α-helices were monitored to obtain global 

stability parameters in respect to GuHCl titration. Changes in the absorption at 695 nm 

CT band was monitored to obtain loop D stability parameters in respect to GuHCl 

titration. 

bFrom ref. 39.  

cFrom ref. 37. 

dFrom this work. Monitored is ellipticity at 222 nm, performed at 20 ºC and at pH 7.5. 

eFrom ref. 19 at pH 7.5. 

fFrom ref. 40.  

gRefitted from ref. 41, as fitted values were not reported. Measured at pH 7.5 and 25 °C, 

protein contains C102S mutation and TmK72. 

gFrom ref. 7 at pH 4.5, with a C102S background mutation. 
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From these results, the denaturation curve obtained by monitoring the 695 nm CT 

band may reflect the global unfolding of the protein, rather than reporting on the stability 

of loop D. ΔGD is within error to that of WT (37.5 ± 10.4 kJ∙mol-1 in K72A compared to 

24.6 ± 4.7 kJ∙mol-1
 of WT), likely reflecting the global stability of the protein rather than 

the Loop D stability. From HX experiments, ΔGD of loop D is much lower in WT horse 

cyt c than the ΔGD value obtained from monitoring the 695 nm CT band by ~ 25 kJ/mol.42 

Assumption of a two-state unfolding may not describe well the unfolding of horse heart 

cyt c.43 Yet, similarities in global stabilities from monitoring global and local denaturation 

does suggest that loop D is unfolds similarly in K72A as in WT.41 

Both the chemical and thermal denaturation data show that at pH 7.4, the K72A 

mutation in horse heart cyt c has little to no effect on the global stability of the protein and 

does not seem to alter the local stability of loop D.  

Alkaline Transition. To gain better understanding of changes in loop D dynamics with 

the K72A mutation, the alkaline transition in K72A was compared to that of WT. SVD 

analysis showed that a single transition is sufficient to describe the pH-dependent 

absorption profiles of the Soret band (350 to 500 nm, pH 6.27 to 10.69) and the CT band 

(580 to 750 nm, pH 6.53 to 11.32) in the K72A variant of horse heart cyt c (Figure 4.10). 

Global fit of the significant vectors obtained from the SVD analysis (Figure 4.10C) yielded 

a pKa of 9.65 ± 0.05, ~0.5 pKa unit higher than that of WT (Table 4.3) Using the spectrum 

of the Met-ligated WT cyt c at pH 7.4 as a reference, spectrum of the second component 

was obtained (Figure 4.10E). 
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Figure 4.10. K72A pH titration and SVD analysis for the Soret and CT bands. pH titration 

traces for the Soret and CT regions for the K72A in µ = 0.1 M conditions at room 

temperature. Shown are the electronic absorption spectra of the (A) Soret band from neutral 

(blue) to alkaline (red) conditions in pH ranges 6.27 to 10.69, and (B) the CT band from 

neutral (blue) to alkaline (red) conditions in pH ranges 6.53 to 11.32, and (C) significant 

vectors and fits obtained from the combined SVD analysis of pH titrations in both the Soret 

and CT bands. The extrapolated pKa value of the alkaline transition was used to obtain the 

(D) fractional populations. Using the WT spectrum at pH 7.4 as a reference, (E) the 

deconvoluted spectrum of the second component was obtained. 
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Table 4.3. Parameters for the pH-Dependent Alkaline Transition in Cytc Variantsa 

Variant pKa n ΔΔG (kJ mol-1)b % Lys at pH 7.4 

 Horse Heart vs. WTc  

WT 9.27 ± 0.01 0.87 ± 0.02 0 1.3 

K72A 9.65 ± 0.05 0.65 ± 0.03 2.15 ± 0.29 0.6 

 Human   

WTd 9.54 ± 0.03 1.03 ± 0.02 0 0.7 

K72Ae 10.0 ± 0.1 0.98 ± 0.06 2.60 ± 0.59 0.3 

 Yeast   

WTf 8.7 ± 0.02 -- -- 4.8 

WTg 7.95 ± 0.02    

K72Ah 8.8 ± 0.1 -- -- 3.8 
aIn a 100 mM sodium phosphate buffer at pH 7.4 and 22 ± 2 °C. Significant vectors from 

both the Soret and charge-transfer pH titrations were globally fitted to obtain the pKa and 

n (number of protons) values. Fixing n = 1 for global fittings yielded similar pKa values to 

fittings when n was not fixed. 

bCalculated from ΔpKa assuming conditions T = 22 °C.  

cΔΔG values were calculated by comparing the pKa values for horse heart WT cyt c for the 

horse heart cyt c variants and human WT cyt c for the human cyt c variants. 

dFrom ref. 44.  

eFrom ref. 19.  

fFrom ref. 45, contains TmK72 and C102T mutation  

fFrom ref. 13, contains K72 and a background C102T mutation, expressed in E. coli.  

hFrom ref. 37, contains C102S mutation.  
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The deconvoluted spectra shows that the λmax is blue shifted and the intensity increases, 

comparable to the species observed in the absorption profile of K72A at high pH conditions 

and Lys-ligated WT cyt c at alkaline conditions (compare to Figure 3.16). 

To clarify why the pKa value of the alkaline transition increased with the K72A 

mutation, pH-jump kinetic experiments were performed to obtain the rates of ligand 

exchange from Met-ligated heme iron to the Lys-ligated heme iron. With the K72A 

mutation, pKH increases by ~0.5 pKa units, while the pKC parameter is within error to that 

of the WT (Table 4.4). These results suggest that the mutation affects the environment of 

the trigger group but does not greatly alter the conformational equilibrium of the loop D. 

Both kinetic parameters, kf and kb are comparable to those of WT, suggesting that the 

mutation does not alter the ligand exchange kinetics. On the other hand, the pKH value is 

higher in K72A variant than in WT, suggesting that the mutation modifies the environment 

of the trigger group. 

Reduction Potentials. Reduction potentials are a good probe of the mutational effects on 

heme environment. Since parameters for the alkaline transition suggest an altered heme 

environment in K72A, we wanted to explicitly examine the effects of the mutation on redox 

properties of the heme. To better understand the role of loop D dynamics and its with other 

regions in the protein, G41S and Y48H cyt c variants were also studied. Reduction 

potentials were obtained from ferricyanide titrations (Figure 4.11), as some mediators 

interfered with the monitored electronic absorption range (Figure 4.12). Furthermore, signs 

of interactions with other chemical mediators were observed in spectroelectrochemical 

titrations for some of the variants as the titration profiles deviated from a two-state model 

for the electrochemical titration of the ferric protein to ferrous protein (Figure 4.13). 
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Table 4.4. Alkaline Transition Parameters for the Variants of Cyt c 

Variant pKapp
a
 pKH kf (s

-1) kb (s
-1) pKC 

Horse Heart 

WT 9.27 ± 0.01 11.7 ± 0.1 7.8 ± 0.4 0.026 ± 0.004 -2.48 ± 0.07 

K72A 9.65 ± 0.05 12.2 ± 0.1 7.3 ± 0.9 0.021 ± 0.006 -2.55 ± 0.10 

Human 

WTb 9.3 ± 0.9 (9.54 ± 0.03)e 12.0 ± 0.4c 17 ± 13c 0.034 ± 0.060d (0.018 ± 0.002)e -2.70 ± 0.78 

K72Ae 10.0 ± 0.1 >12 <WT 0.019 ± 0.001 >-2.70 

yeast 

WTf 8.70 ± 0.02 11.7 ± 0.2 48 ±2 0.035 ± 0.001 -3.14 ± 0.05 

WTg 7.95 ± 0.02 -- -- -- -- 

WTh 8.6 ± 0.2 11.0 ± 0.1 8.5 ±0.3 0.035 ± 0.001 -2.34 ± 0.02 

K72Ai 8.8 ± 0.1 11.5 ± 0.1 41.0 ±4.4 0.080 ± 0.015 -2.71 ± 0.22 
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Table 4.4. Footnotes 

aFor the fitting of kobs vs pH, pKH+pKC was fixed as the pKapp value (Table 4.3) determined 

from the equilibrium pH titration measurements. 

bpKc values and pKapp for WT were calculated based upon the reported values from refs. 46 

and 47, unless noted otherwise.  

cFrom ref. 46.  

dFrom ref. 47.  

eFrom ref. 19, the kb value was set as the average value of kobs2 values from pH-jump 

experiments at low pH. kf is kobs2 reported in the reference, tentatively attributed to the 

Lys73-ligated alkaline conformer. pKH and kf values were determined visually, as the data 

were not fit due to lack of data points and kobs did not plateau at high pH conditions.  

fFrom ref. 45, contains tmK72 and a background C102T mutation.  

gFrom ref. 13, contains K72 and a background C102T mutation, expressed in E. coli.  

hFrom refs. 48 and 45, contains C102T and TmK72 

iFrom ref. 7, contains a background C102S mutation.  
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Figure 4.11. (A) Representative spectra from ferricyanide titrations; shown here are results 

for G41S. (B) Representative log-log plot of WT (black), K72A (blue), G41S (pink), and 

Y48H (green) variants of horse heart cyt c in a 100 mM sodium phosphate buffer at pH 

7.4. 
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Figure 4.12. Electronic absorption spectra of mediators used in spectroelectrochemical 

experiments. Spectra of the mediators were obtained to check for possible contributions to 

the electronic absorption spectra in the 500 to 700 nm range Stock samples containing 

mediators were diluted using a 100 mM sodium phosphate buffer at pH 7.4 and absorption 

spectra measured at 22 ± 2 °C. Shown are the mediators with (A) positive reductive 

potentials: p-benzoquinone (M1, black line, 367 µM), TMPD (M2, red line, 185 µM), 1,2-

naphthoquinone (M3, blue line, 19 µM), phenazine methosulfate (M4, green line, 127 µM), 

and gallocyanine (M5, purple line, 37 µM), and (B) with negative reduction potentials: 

indigo trisulfate (M6, red line, 64 µM), 2-OH-1,4-naphtoquinone (M7, blue line, 14x 

dilution of stock), anthraquinone 2-sulfonate (M8, green line, 714 µM), benzyl viologen 

(M9, black line, 1.43 mM), and methyl viologen (M9, purple line, 1.43 mM). Mediator 

stock solutions were prepared by Dr. Fangfang Zhong.  
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Figure 4.13. Electronic absorption spectra for Y48H are shown at various potentials in (A) 

reductive and (B) oxidative titration directions in 100 mM sodium phosphate buffer at pH 

7.4 and 22 ± 2 °C. Samples contained 75 µM protein with 75 µM of mediators (TMPD, 

1,2-naphthoquinone, phenazine methosulfate, gallocyanine, indigo trisulfate, and 2-OH-

1,4-naphtoquinone).49, 50 Spectral measurements were taken from 350 mV to -350 mV 

applied potential (versus GCE) for the reductive titration, and -300 to 300 mV for the 

oxidative titration. For both electrochemical directions, a shift in the baseline and possible 

interferences from electrochemical mediators are observed (see Figure 4.12). (C) Plot 

showing the changes in percent reduced based on the absorbance at 550 nm versus potential 

(versus GCE) are plotted with the attempted fits for the reductive (blue) and oxidative (red) 

directions. Fits of the data yielded reductive potential of E° = 240.3 ± 13.3 (versus SHE) 

and n = 0.60 ± 0.14, and oxidative potential of E° = 310.6 ± 11.2 mV (versus SHE) and n 

= 0.39 ± 0.07, respectively. Since the data did not fit well to the two-species model, and 

substantial contributions from mediators to the electronic absorption spectra at 550 nm 

were observed, ferricyanide titrations were chosen to obtain the reduction potential of the 

Y48H as well as other cyt c variants.  
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At pH 7.4, the reduction potential for K72A is within error of that for WT and G41S (Table 

4.5). In comparison, the reduction potential of Y48H is lower than those of the three other 

cyt c proteins (Table 4.5).  

For both G41S and Y48H, there are sizeable populations of the Lys-ligated heme 

species at pH 7.4 (see Table 3.5). Since the reduction potential of the Lys-ligated iso-1 

yeast cyt c at alkaline pH is in the negative range (-230 mV vs SHE at pH 10.3),51 the 

presence of such species would lower the overall observed reduction potential of the 

mixture.52 However, the higher percentage of the Lys-ligated species does not appear to 

correlate with a greater decrease in reduction potentials. For G41S and Y48H at pH 7.4, 

the decrease in reduction potentials were minor compared to the population of the Lys-

ligated species (Tables 4.3 and 4.5). Further, reduction potentials of K72A and G41S are 

within error of each other, despite clear differences in the population of the Lys-ligated 

species at pH 7.4 (Table 4.3 and 3.5). Thus, it is unlikely that the increased population of 

the Lys-ligated species is the only reason for the observed changes in potentials. Changes 

in the exposure of the heme upon mutations would alter the reduction potential of the heme 

iron. Stability of loop D is lower in G41S and Y48H (Figure 3.15B) compared to the 

stability of loop D in K72A and WT (Figure 4.9B). This difference suggests that for G41S 

and Y48H, loop D is clearly perturbed. Although loop D in K72A has the same stability as 

loop D in WT, differences in pKH values for K72A and WT suggests the K72A mutation 

still modifies the properties of loop D. Yet, the reduction potentials of WT and K72A are 

similar. Since residue 72 is far away from the heme edge, it may be that the heme edge 

exposure is unaffected whether a bulky Lys is present in WT and K72A. In contrast, a more 

dynamic loop D in G41S and Y48H could increase exposure of the heme edge. 
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Table 4.5. Reduction Potentials of Variants of Cyt c and its Biological Redox Partners 

Variants E° (mV) 

Horse Heart cyt c variants 

WT 242 ± 3a, 255b 

K72A 235 ± 7a 

G41S 236 ± 3a 

Y48H 207 ± 11a 

Human cyt c variants 

WT 226 ± 3c 

G41S 227 ± 4c 

Cyt c partners 

CcO (CuA) 285 ± 3d 

Cytbc1 (c1) 260 ± 1e 

CcP (Trp+) 650f 

CcP (Cmpd I) 740g 

CcP (Cmpd II) 1090h 

Cyt c from other species 

WT (rat) 261i, 259j 

WT (yeast, TmK72) 280 ± 2k, 290l, 282 ± 2m 

WT (yeast, K72) 283 ± 2m 

WT (bovine) 263n 

WT (spinach) 268o  

WT (cucumber) 270o  

WT (sweet potato) 274o 
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Table 4.5. Footnotes 

aThis work, ferricyanide titrations at pH 7.4. 

bFrom ref. 15, vs NHE at pH 7.0 and 25 °C for horse heart cyt c with cyclic voltammetry. 

cFrom ref. 53, from ascorbate reduction in a 50 mM citrate buffer at pH 6.5. 

dFrom ref. 54, vs. NHE at pH 7.0 and 25 °C for beef heart CcO. 

eFrom ref. 55, flash and dark redox titrations for R. sphaeroides at pH 7.0.  

fFrom refs. 56 and 57. 

gFrom ref. 56, vs. SHE at pH 6.1 and 4 °C for baker’s yeast.  

hFrom ref. 58, calculated from kinetic studies at pH 5.26 and 25 °C, μ = 0.1 M for baker’s 

yeast. 

iFrom ref. 11, Tm K72 vs SHE at pH 7.0. 

jFrom ref. 12, titration with N,N,N’,N’-tetramethylpheylenediamene, expressed in yeast, 

contains TmK72. 

kFrom ref. 11. 

lFrom ref. 45, vs. SHE in sodium phosphate buffer at µ = 0.1 M and pH 6.0 at 25 °C. 

mFrom ref. 13, vs SHE from CV measurements at neutral pH.  

nFrom ref. 4, vs SHE at pH 6.9.  

oFrom ref. 14, vs SCE at 25 °C, pH 7.5 for WT spinach, pH 7.5 for WT cucumber, and pH 

7.6 for WT sweet potato.  
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Differences in reduction potentials of the variants suggest that the location perturbation in 

loop D is important; unless the perturbation occurs near the heme edge, the reduction 

potential may not be as affected. Since the Y48H mutation modifies the region near the 

heme edge and G41S does not, reduction potential of Y48H is lower than that in the G41S 

variant and lower than those of WT and K72A.  

ET Kinetics. Many biological ET reactions involving heme proteins occur at the heme 

edge, which is generally surrounded by the polypeptide in cyt c and its biological 

partners.59-62 We decided to obtain ESE rate constants, kESE, from bimolecular rate 

constants, k12, to evaluate whether the heme edge is affected by the mutations. Since the 

Co(phen)3
3+ interaction site (Lys27) 63 is along the exposed heme edge and is not near the 

residue positions 41, 48, or 72(radius of Co(phen)3
3+ is ~ 7 Å,34, 64and  αC- αC distances 

between Lys27 and Gly41,Tyr48, or Lys72 is 15, 12, and 19Å, respectively, based on the 

X-ray crystal structure of horse heart WT cyt c26), any differences in ET kinetics would 

report on differences in heme edge exposure and not on alterations of Co(phen)3
3+-protein 

interactions. 

Kinetic traces of all the variants were fit to a monoexponential function. 

Bimolecular rate constants, k12 at both low (μ = 0.11 M) and high (μ = 1.0 M) ionic 

concentrations confirmed that high ionic conditions screened electrostatic effects (Table 

4.6 and Figure 4.14). While K72A has the similar k12 rate constant at pH 7.4 at high ionic 

conditions compared to that of WT, both G41S and Y48H have larger values of k12 (Figure 

4.14). 
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Table 4.6. Kinetic and Thermodynamic Parameters for ET of Variants of Cyt c to 

Co(phen)3
3+ 

Variants  k12 (x103 M-1s-1) kESE (x103 M-1s-1)a  K12
b 

  (μ = 0.1 M)   

WT  2.50 ± 0.19 0.953 ± 0.18  154 ± 18 

K72A  2.90 ± 0.15 0.979 ± 0.29  203 ± 56 

G41S  11.7 ± 2.1 16.4 ± 6.3  195 ± 23 

Y48H  63.0 ± 10 155 ± 79  609 ± 240 

  (μ = 1.0 M)   

WT  6.79 ± 0.44 1.64 ± 0.29  -- 

K72A  6.87 ± 0.23 1.28 ± 0.36  -- 

G41S  12.8 ± 0.99 4.61 ± 0.89  -- 

Y48H  85.0 ± 8.2 65.9 ± 29  -- 
aCalculated using eq 4.2 and k22 = 4.5 ×101 M-1s-1 for μ = 0.1 M at 25 °C or k22 = 1.93 ×102 

M-1s-1 for μ = 1.0 M at 25 °C, from the calculated ko = 3.45 M-1s-1 at μ = 0 using eq 4.4.  

bCalculated using eq 4.3, with E° = 370 mV for Co(phen)3
3+, with T = 22 °C. 
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Figure 4.14. Representative plots of showing the dependence of kobs values on Co(phen)3
3+ 

concentration for WT (black), K72A (blue), G41S (pink), and Y48H (green) variants of 

horse heart cyt c at pH 7.4 and 22 ± 2°C. The final protein concentrations were between 40 

and 55 μM, and in a 50 mM sodium phosphate buffer with total ionic concentrations of 

0.11 M (A) or 1.0 M (B), adjusted with addition of NaCl as needed. 
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The kESE rate constant was calculated from eq 4.2 using the experimental k12 rate 

constant and ESE rate constant for Co(phen)3
3+ calculated for desired ionic conditions. 

G41S and Y48H also have larger kESE rate constants than those of WT and K72A (Table 

4.6). Of the series described in this chapter, the Y48H variant has the largest kESE value. 

Although both mutations G41S and Y48H affect loop C, if loop D is altered differently 

depending on the location of the perturbation in loop C, the degree of heme exposure maybe 

different, and distinct kESE values are observed. With a more exposed heme edge, Y48H 

may be primed for a faster ET process. Because loop D also perturbed in G41S and its 

heme edge is more exposed than that of WT or K72A, its ET kinetics are faster than those 

of the two counterparts. 

Biological ET Properties with CcO. Previous RR experiments have suggested that 

conformational rearrangement in the cyt c heme crevice, which also alters the reduction 

potential, controls the ET between cyt c and CcO.65 We thus hypothesized that our cyt c 

variants that contain local structural perturbations and altered ET properties would also 

affect the biological ET process between cyt c and CcO. To test this hypothesis, we 

measured the oxygen reduction activity of CcO. Measurements of ET to CcO at pH 7.4 

show that Vmax is largely unchanged for the variants (Figure 4.15 and Table 4.7). The fitted 

intercept from the Lineweaver-Burke plot have large error bars, propagates to similarly 

large errors for the derived KM value. However, the error bars in the fitted slope are lower 

and differences are observed between the variants (Table 4.7). The slope decreases in 

Y48H, increases for K72A, and slope trends to decrease for G41S compared to that of WT 

(Table 4.7). Because the slope from the Lineweaver-Burke plot is proportional to the KM 

value, we could more confidently conclude about differences in KM values. 
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Figure 4.15. Representative Lineweaver-Burke plot of O2 reduction activity assays of 

bovine CcO in the presence of WT (black), K72A (red), G41S (pink), or Y48H (green) 

variants of horse heart cyt c. Assays were performed in a 50 mM TrisHCl buffer at pH 7.5 

containing 100 mM NaCl, 0.02% DDM (v/v), and 5 mM EDTA, at 20 ± 2 °C. 
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Table 4.7. Parameters Associated with CcO-catalyzed O2 Reduction Measurements 

Variant Slopea Intercepta Vmax (s
-1) KM (µM) 

WT 37.8 ± 4.1 0.6 ± 0.4 1.7 ± 1.2 64.3 ± 45.5 

K72A 92.7 ± 19.6 0.9 ± 0.5 1.1 ± 0.7 105 ± 65.0 

G41S 25.6 ± 9.3 0.8 ± 0.3 1.2 ± 0.4 31.5 ± 15.5 

Y48H 16.6 ± 3.0 0.8 ± 0.3 1.2 ± 0.5 19.9 ± 8.6 
aSlope = KM/Vmax and intercept = 1/Vmax using Lineweaver-Burke Plot. 
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If we assume that the breakdown of the enzyme-substrate (ES) complex is much 

slower than binding of the substrate to the enzyme (in our case, CcO-cyt c breakdown is 

slower than CcO-cyt c formation), then KM is a measure of the strength/affinity of the ES 

complex.66 Our CcO activity data show that the KM parameters are affected by the 

mutations. Y48H shows a clear decrease in the KM value (Table 4.7). G41S may have 

decreased KM values while K72A may have increased KM value compared to that of WT 

(Table 4.7). Although our derived KM value for WT is higher than that of the reported value 

of 18 µM at higher ionic conditions (200 mM NaCl),67 it is still within the similar order of 

magnitude. However, large error bars for WT and K72A make it difficult to quantify these 

changes in the KM values.  

Interactions with CL. Since Lys72 is one of the residues suggested to be involved in 

interaction with CL at low CL concentrations,68 we wanted to test whether the binding 

affinity of the K72A cyt c variant to CL changed. Binding affinity of K72A is unaltered in 

the presence of CL-containing vesicles (50% CL), and the protein was fully bound to the 

vesicles by 20 to 1 (total lipid to protein) ratio (Figure 4.16A). This is similar to the recent 

observations studies where K72A was bound to CL-containing liposomes, although the CL 

content was not specified in that work.69 Further, electronic absorption spectrum for the 

CL-bound K72A is comparable to the spectrum of the CL-bound WT (Figure 4.16B), 

suggesting that CL-bound K72A is similar to the CL-bound WT at high CL conditions.  

Peroxidase Activity. At pH 7.4, K72A shows a slightly enhanced intrinsic peroxidase 

activity than that of WT (Figure 4.17, top and Table 4.8), suggesting some increase in the 

intrinsic dynamics of loop D. However, the observed increase in the intrinsic peroxidase 

activity is minor (Table 4.8).  
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Figure 4.16. (A) A representative plot of vesicle binding assays for the WT and K72A 

variants of horse heart cyt c ([cyt c] = 5 μM) with lipid vesicles containing 50% CL and 

50% PC, in a 25 mM HEPES + 0.1 mM DTPA buffer at pH 7.4 and 22 ± 2 ºC. Shown are 

the fractions of the bound protein versus the ratio of the total lipid concentration to protein 

concentration for WT (black) and K72A (blue). (B) Electronic absorption spectra of 

variants in the native (dashed line) and CL- bound (solid line) forms for WT (black) and 

K72A (blue). All samples were in a 25 mM HEPES + 0.1 mM DTPA buffer at pH 7.4. 

Lipid bound cyt c contained were in 196 to 200 times molar excess of lipids to the final 

protein concentration (5 µM). 
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Figure 4.17. Representative Michaelis-Menten plots for intrinsic (top) and CL-bound 

proteins at low(middle) and high (bottom) CL to protein ratio for WT (black) and K72A 

(blue) variants of horse heart cyt c in a 25 mM HEPES + 0.1 mM DTPA buffer at pH 7.4 

and 22 ± 2 ºC. Each sample contained 0.2 to 1 mM H2O2. 1 to 2 μM protein, 250 μM ABTS, 

and 250-fold molar excess of total lipid (125-fold molar excess CL) for high ratio samples 

and 5-fold molar excess of total lipid (2.5-fold molar excess CL) for low ratio samples. 
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Table 4.8. Peroxidase Activity of Variants of Horse Heart Cyt ca  

Variant kcat
H2O2 (s-1) KM

H2O2 (mM) 

 Intrinsic 

WT 0.0034 ± 0.0004 0.45 ± 0.05 

K72A 0.010 ± 0.001 0.43 ± 0.2 

 Low CLb 

WT 0.019 ± 0.001 0.40 ± 0.06 

K72A 0.013 ± 0.0001 0.29 ± 0.03 

 High CLc 

WT 0.075 ± 0.007 0.94 ± 0.09 

K72A 0.080 ± 0.02 1.25 ± 0.5 
aMeasured at pH 7.4 and 22 ± 2 °C, with 0.2 mM ABTS. 

b[protein] to CL in 1:2.5 ratio. 

c[protein] to CL in 1:125 ratio. 
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At low CL concentrations where the CL to protein ratio is at 2.5 to 1, the protein is 

a mixture of the CL-bound and unbound species, and only ~30 to 40% of the protein is 

bound to CL-containing lipid vesicles (Figure 4.16A). Under these conditions, 

enhancement in the peroxidase activity would be from the enhancement of the activity in 

the CL-bound state, while the rest of the unbound protein (~60 to 70%) will have low 

peroxidase activity. True to this expectation, some enhancement in intrinsic peroxidase 

activity is observed with both WT and K72A (Figure 4.17, middle and Table 4.8). 

Peroxidase activity parameters are comparable between WT and K72A cyt c at both 

low and high CL conditions (Figure 4.17, bottom, and Table 4.8). Previous studies suggest 

that CL-induced unfolding event involves changes in loop D and C-terminal helix 

movement.35, 39 The presence of the K72A mutation does not seem to have a noticeable 

difference on activity. Consistent with unfolding measurements that revealed comparable 

global stabilities of WT and K72A, both variants behave similarly in the presence of 

denaturants at pH 7.4. These results, in combination of results observed for G41S and 

Y48H in Chapter 3, implies that other local factors besides stability of loop D determine 

the extent of protein unfolding in the presence of CL 

Discussion 

Differences in Loop D Connectivity Tunes the Stability of Cyt c. Even in highly 

conserved loop D, subtle differences are observed loop D-dependent functions (such as 

alkaline transition and ET).37, 41 Comparison among WT cyt c from human, horse heart, 

and yeast shows that loop D stability of yeast WT cyt c is much lower than that of both 

human and horse heart cyt c.37, 41, 42, 70 Simply mimicking the residues found in a species 

does not necessarily translate the properties of loop D from one organism to another. 
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Studies introducing human-like mutations, A81I and G83V, to yeast cyt c showed that 

mimicking sequences did not necessarily make the protein more stable than the yeast WT 

protein, despite stabilization of the Met-ligated state.71 Studies with I81A, V83G, and 

I81A/V83G variants of human cyt c suggested that combination of sequence variation may 

be important in affecting protein stability and alkaline transition parameters that also are 

dependent on loop D.46 This difference observed between human and yeast cyt c variants 

suggested that the identity of the residues in loop D alone does not determine the kinetic 

and thermodynamic properties of the loop. Differential response may stem from how loop 

D is packed, and the type of contacts made with other parts of the protein. It is difficult to 

predict how loop D differs between species just by comparing the WT proteins due to high 

conservation of loop D. We can, however, amplify the differences in loop D by introducing 

similar non-disruptive mutations and observe how same perturbations are tolerated across 

species.  

K72A mutation in horse heart cyt c does not alter the global stability of the protein 

as was observed with the human K72A cyt c (Table 4.2). The same mutation in yeast cyt 

c, however, decreases the mD value and the overall stability of the protein (Table 4.2). 

Differential effects in mD parameter with the K72A mutation in yeast, human, and horse 

heart cyt c compared to respective WT proteins suggests that loop D responds differently 

in yeast cyt c than in human or horse cyt c with the K72A mutation. Since mD can be used 

to approximate the solvent exposure in the denatured state,72 this parameter provides clues 

to the solvent accessibility of the protein in the native state. WT yeast cyt c contains 

trimethylated K72 (TmK72) when expressed in yeast systems, and have been shown from 

thermal denaturation studies that the trimethylation of Lys72 has no effect on the stability 
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of the protein.13 Studies comparing yeast K72A and TmK72 cyt c have suggested that 

TmK72 forms contacts with other residues and provide steric rigidity to loop D, and 

promote native packing and Met80-ligation.13, 18 Perhaps then, sequence variations that are 

near loop D, such as in loop C, could also alter the properties of loop D. 

In yeast WT cyt c, sequences are different to human WT cyt c in the region of loop 

C that forms the bulk of the loops C and D interface. Despite the location of the sequence 

variation, the fold is optimized, and residues in the loop C (residues 48 to 57) that are in 

contact with loop D, are within HB and vdW distances at similar distances like that of 

human cyt c (compare Figures 4.18A and B). Contact maps comparing yeast WT (TmK72) 

and K72A cyt c show overall decrease in the distance of contacts that are within vdW and 

HB distances (Figures 4.18B and D). Further, more variations in the location and number 

of contacts that form between loop C and D connectivity are observed with the K72A 

mutation in yeast cyt c (Figures 4.18B and D) than in human cyt c (Figures 4.18A and C). 

This rearrangement is most likely sub-optimal in yeast cyt c, as the K72A mutation 

increases the local dynamics of loop D in yeast cyt c,13, 18 and alters the global stability of 

the protein.  

In horse heart cyt c, fewer residues in loop C are varied compared to the human cyt c. MD 

simulations suggest that between human and horse heart cyt c, a large portion of the 

contacts are similar even with the K72A mutation (Figure 4.5). Perhaps, mutational effects 

of having K72A in loop D are muted in human and horse heart cyt c, because many of the 

contacts between loops C and D that are present in WT are preserved. 
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Figure 4.18. Distance contact maps for contacts within 5 Å from X-ray crystal structures 

of (A) human WT cyt c (PDB ID 3ZCF),25 (B) yeast WT cyt c (PDB ID 2YCC),27 (C) 

human K72A cyt c (PDB ID 5TY3),19 and (D) yeast K72A cyt c (PDB ID 4MU8, contains 

C102S mutations, expressed in E. coli).18 Regions that change with the mutation compared 

to WT of each respective species are circled (red, dotted line).  
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Variations in Loop D Contacts and Differential Response in Alkaline Transition. Do 

these differences in contacts have any influence on the conformational dynamics of the 

loop? Alkaline transition is one of the functions in cyt c that is dependent on both 

connectivity and dynamics of loop D, as switching between Met80 and innate Lys ligands 

(Lys79 and 73 in horse heart and human cyt c)13,16 requires breaking contacts within and 

outside of loop D followed by a conformational loop D rearrangement.73, 74 K72A mutation 

in yeast cyt c does not alter the apparent pKa of the transition compared to that of WT that 

contains TmK72.13 The apparent pKH of the trigger group and the forward kinetic rate, kf, 

are within reported ranges for TmK72-containing WT cyt c (Table 4.4). 

This suggests that the variations observed in the interloop contacts in yeast cyt c do 

not affect the formation of the Lys-ligated species. The reverse kinetic rate, kb, is increased 

in K72A relative to WT (Table 4.4), and this has been correlated to lowering the energetic 

barrier for opening and closing the heme crevice.75 On the other hand, similar mutation in 

loop D affects horse heart cyt c differently. The apparent pKa and pKH values both increase 

in K72A relative to those in WT, while both kf and kb parameters for the Lys-coordinated 

species remain comparable to WT (Table 4.4). In human K72A cyt c, pKH is within error 

of WT.19 Even with the same loop D perturbations, differences in pKa, as well as pKH, are 

observed between human, horse heart, and yeast cyt c, but not in the kinetic rate parameters 

(particularly kf). Trigger group is sensitive to subtle differences in contacts at and around 

loop D; otherwise, pKH would have been similar for K72A variants of human, horse heart, 

and yeast cyt c.  

Conserved Loop D but Different Local Dynamics and Packing. In the Met-ligated state, 

intrinsic peroxidase activity is rate-limited by the opening of the heme crevice,76 which 
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also involves dissociation of Met80 from the ferric iron. K72A mutation enhanced the 

peroxidase activity of the horse heart cyt c protein, suggesting easier access to the heme by 

the exogenous ROS. Similar increase in intrinsic peroxidase activity was also observed 

with the human and yeast K72A cyt c variants, with the greater enhancement in intrinsic 

peroxidase activity being observed with a less sterically hindered yeast K72A cyt c.77 

Comparing the X-ray crystal structures of the human and yeast K72A cyt c provides clues 

for the differences in rate enhancements in yeast, human, and horse heart cyt c with the 

same K72A mutations. Calculations of the void volume and the vdW volume in the X-ray 

crystal structures show that, the K72A mutation in yeast cyt c increases the void volume in 

respect to the WT protein with the TmK72 (Table 4.9). In contrast, human K72A cyt c 

shows a decrease in void volume (Table 4.9). These differences suggest that the nature of 

the polypeptide chain packing and the heme pocket volume is different between the 

species, and the polypeptide packs more tightly in human cyt c than in yeast cyt c with 

similar mutations. Although the X-ray crystal structure of horse heart K72A cyt c is not 

available, it is likely that the changes to the heme pocket volume (and thus heme solvent 

exposure and accessibility) and polypeptide chain packing are more comparable with 

human K72A cyt c than with yeast K72A cyt c. However, differences are still observed 

between K72A variants of human and horse heart cyt c variants. 

In horse heart cyt c, kcat value for the intrinsic peroxidase activity is an order of 

magnitude higher with the K72A mutation, compared to the WT. In human cyt c, K72A 

mutation results in a 2-fold increase in kcat compared to that of WT,19 suggesting that small 

differences in and around loop D are still present between similar human and horse heart 

cyt c. 
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Table 4.9. Volume Calculations for the X-ray Crystal Structures of Cyt ca. 

Variant Total Vol (Å3) Void Vol (Å3) vdW Vol (Å3) Packing 

Density 

Horse Heart 

WTb 13858.32 3249.43 10608.88 0.77 

Human 

WTc 13811.41 3253.99 10557.42 0.76 

K72Ad 13613.95 3133.15 10480.80 0.77 

Yeast 

WTe 13918.23 3206.52 10711.71 0.77 

K72Af 13939.60 3267.76 10671.85 0.77 
aVolume calculations were obtained based on ProteinVolume,28 using energy minimization 

and standard parameters with starting probe of 0.08 Å, ending probe of 0.02 Å, and surface 

minimum distance of 0.1 Å. 

bBased on X-ray crystal structure (PDB ID 1HRC), from ref. 26. 

cBased on X-ray crystal structure (PDB ID 3ZCF), from ref. 25. Values of the calculated 

volumes were averaged over 4 structures.  

dBased on X-ray crystal structure (PDB ID 5TY3), from ref. 19. Values of the calculated 

volumes were averaged over 2 structures.  

eBased on X-ray crystal structure (PDB ID 2YCC), from ref. 27. contains TmK72.  

fBased on X-ray crystal structure (PDB ID 4MU8), from ref. 18. Values of the calculated 

volumes were averaged over 2 structures.  
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Loops C, D, and ET properties. Can variations in loop D contacts affect the ET kinetics? 

Marcus Theory explains the thermodynamics of the ET process in terms of reorganization 

energy (λ), electronic coupling between the donor and the acceptor (HDA), and the driving 

force (-ΔG°) which is dependent on the differences in reduction potential between the 

donor and the acceptor.78, 79 In ESE, kET is dependent on λ and/or HDA, which are sensitive 

to changes in solvation, electronic structure, first- and second-sphere covalent and non-

covalent contacts.80, 81K72A mutation in horse heart cyt c does not change the heme iron 

ligation, global fold, and loop D dynamics compared to those in WT. Therefore, λ and HDA 

parameters are unaffected, and are reflected in comparable kESE values in K72A and WT. 

In contrast, kESE values for G41S and Y48H are higher than that of WT or K72A. 

Although G41S and Y48H variants have a similar global fold as with WT and K72A, loop 

D properties are different in G41S and Y48H. MD simulations suggest that loops C and D 

contacts are perturbed with the G41S and Y48H mutations. These mutations in loop C alter 

the dynamics of loop D, as observed by higher kf values for alkaline transfer. Heme is more 

solvent exposed in G41S and Y48H compared to in WT and K72A, as suggested by 

increased intrinsic peroxidase activity is higher in G41S and Y48H. A more dynamic loop 

D (and possibly also loop C) can alter the λ and HDA parameters to increase kESE. Recent 

study with E66Q and Y67F horse heart cyt c variants have suggested that increased 

flexibility in Loops D minimizes λ for the second-sphere interactions between the protein 

and the solvent and increase kET.8 Furthermore, DFT calculations comparing the WT and 

G41S variants of human cyt c have shown that the G41S mutation modified the HB to HP7, 

affecting the electronic structure to increase the electron density on the exposed heme edge 

and alter the HDA parameter.82 Both loop D dynamics and heme exposure increases in G41S 
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and Y48H, which would alter λ and HDA parameters to favor ET, increasing kESE compared 

to WT and K72A. 

Difference in kESE values for Y48H and G41S suggest that variations in the 

polypeptide sequence may influence the ET properties. Although these variants are both in 

loop C, the mutations G41S and Y48H are on different locations of the loop. Regions at or 

near loop C, residues 45 to 47, 33 to 34, and 22 to 28, have been shown to undergo dynamic 

movement between the ferric and ferrous states in human cyt c.83 These sites are in close 

contact with loop D and are near the heme edge, where ET is thought to occur based on 

structural studies of cyt c bound to its biological ET partners. 59 61, 62 84, 85 Removal of Lys79 

in yeast has shown increase in heme edge exposure and lowered the reduction potential,7 

suggesting that burial and packing of the residue is important in controlling the ET 

properties of the protein. Perhaps, kESE is different between G41S and Y48H, because 

Y48H is located near the solvent-exposed heme edge.  

G41S, Y48H, and K72A mutations provide clues as to how perturbations in loop D 

may alter the respiratory pathway. These sites are far away from the main site of the contact 

regions with the biological redox partners cyt bc1,
59 CcO,61, 62 CcP,84, 85 that mainly 

involves the residues in N- and C- terminal helices and the 20’s loop (Figure 4.19). Variants 

studied in this series alter properties of loop D but not the α-helical features of the helices 

as evidenced by the far-UV CD spectra. Thus, it is most likely that the bimolecular contact 

interface is not perturbed between the cyt c and the biological partners. Furthermore, the 

bimolecular ET is dependent on both kESE and difference in the reduction potential between 

the donor and the acceptor. This makes it possible to isolate the changes in the ET process 

solely due to the changes ET properties of cyt c.  
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Figure 4.19. Interacting residues of cyt c with select biological partners are shown for (A) 

apoptotic partners CL (green) and Apaf-1 (specifically WD1 and 2, yellow) and (B) 

biological redox partners CcO (purple), Cyt bc1(orange), and CcP(blue) are highlighted, 

with the Co(phen)3
3+ sites circled (teal, dotted line). 
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Implications in Cellular Respiration. These changes in ET properties observed for G41S 

and Y48H variants would alter the respiratory pathway. In the context of the biological ET, 

changes in reduction potential in cyt c would alter the driving force (-ΔG) for ET. 

Decreasing the reduction potential of cyt c would thermodynamically disfavor the ET 

between Complex III and cyt c, while favoring the ET between cyt c and Complex IV 

(Figure 4.20). Examination of eq 4.2 suggests that a decrease in ΔE12 will decrease kET, 

while increase in ΔE12 will increase kET. Even if kESE of cyt c were not to change, decrease 

in reduction potential of cyt c will increase kET when cyt c donates an electron to CcO, and 

kET will decrease when it accepts an electron from cyt bc1. Further, the rate of bimolecular 

electron transfer, kET, is dependent on kESE of both the donor and the acceptor; a fast kESE 

in cyt c would also contribute to increasing the kET of both processes. Increased kESE and a 

lowered reduction potential in cyt c could also alter the steady-state populations of ferric 

and ferrous proteins, introducing a possible bottleneck and reduce the efficiency of oxygen 

consumption. Recent steady-state CcO activity assays with the human G41S and Y48H 

variants show evidence of a potentially altered ETC.47 Both variants favor the ferric state, 

but more so for Y48H compared to G41S, as the steady-state population of the ferric state 

is favored with the mutations compared to the WT,47 depleting the steady state population 

of available electrons for the CcO. CcO activity with horse heart cyt c variants also show 

signs of altered CcO oxygen consumption with the variants (Table 4.7), supporting the 

observation made with the human cyt c variants. Although large error bars make it difficult 

to compute the catalytic efficiency, trends in the slopes obtained from the Lineweaver-

Burke plot suggest that KM may be affected with by the mutations, as Vmax values are 

somewhat comparable.
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Figure 4.20. A representation of reduction potentials of cyt c variants and its biological 

redox partners, based upon Table 4.5. 
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Perhaps KM values of O2 affinity for CcO are affected, because of the decreased 

availability of ferrous cyt c. Interestingly, there are signs of an increase in KM with the 

mutation of K72A, despite having WT-like reduction potential and kESE. It may be that 

upon complexation of cyt c and CcO, replacement of bulky and charged Lys to Ala eases 

any local conformational rearrangement upon protein-protein complexation. 

Discrepancies observed with previous studies with G41S and Y48H cyt c among 

human, murine, and yeast models suggest biological ET processes may be sensitive to the 

innate differences in loop D.20, 21 With the same G41S and Y48H mutations in human cyt 

c, humans do not exhibit any growth defects which would suggest problems with the 

respiratory pathway.20, 21 On the other hand, signs of respiratory defects under heat stress 

and enhanced caspase-3 activation have been observed in yeast cellular studies.20 Decrease 

in O2 consumption have also been observed in murine cells, contrary to what was observed 

in humans.20, 21 While the shift in the balance may not be drastic enough to have a 

detrimental effect on humans, differential effects in the reduction potential that may also 

affect self-exchange rates may explain the inconsistencies in respiratory defects observed 

in yeast,21 murine,21 and human20 cellular studies with the G41S and Y48H cyt c mutations. 

Stability of cyt c is important for viability of the organism; G41S mutation is destabilizing 

in human and horse heart cyt c, so it may be more destabilizing in yeast cyt c. Discrepancies 

between murine and human cellular studies could be explained by the inherent sequence 

differences in mice versus human—in mice, residues 44 and 46 are Ala and Phe, 

respectively, compared to Pro and Tyr in human cyt c.9 In particular, difference between 

Pro and Ala could potentially affect the loop dynamics of the region, which would also 

influence both the loop D and the heme edge. Our studies show that the Y48H and G41S 
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mutations do alter the ET thermodynamic and kinetic properties, but the magnitude of the 

effect depends on the organism as observed when comparing human to horse heart cyt c 

and may explain the differences between human and mice as well. 

Loop D in Apoptosis. Cyt c is heavily involved in the steps leading up to apoptosis. 

Interaction with cardiolipin (CL) unfolds cyt c, which exposes the heme for enhanced 

peroxidase activity to oxidize the mitochondrial lipid membrane and allow release of cyt c 

into the cytosol to form the apoptosome with Apaf-1. In this process, loop D is directly 

interacting with its biological partners CL86, 87 and Apaf-1.88 

K72A horse heart cyt c showed comparable peroxidase activity to WT at both low 

and high CL conditions, as well as comparable CL binding affinity (Figure 4.17). This 

suggests that local dynamics of loop D does not influence cyt c interaction with CL. 

Although Lys72 is directly involved in the interaction with CL, no differences are observed 

compared to the WT.89-91 Minor differences in loop D are not translated, perhaps because 

the CL-interaction at high CL content induces mass unfolding of the protein,39, 68 and CL-

cyt c interaction is driven by electrostatic interactions at near-neutral pH.92 Thus, CL-cyt c 

could be insensitive to the small differences in loop D at certain experimental conditions. 

Sequence selection and variations may also be limited by how much the biological partners, 

such as CL, could tolerate the variations in surface charge of loop D, rather than the degree 

of loop D packing in the native state. Despite the elimination of Lys72, much of CL-

induced peroxidase activity is unchanged and should not interfere with the CL-induced 

apoptotic peroxidase activity at high CL concentrations. This is in good agreement with 

calcein liposome leakage studies with K72A bound on CL-containing liposomes that have 

suggested Lys72 is not crucial for CL-bound cyt c-induced pore formation in the presence 
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of H2O2.
69 These data agrees with the hypothesis that K72A cyt c mutation in mice is lethal 

due to alterations in the WD2 domain of Apaf-1 contact rather than changes in apoptotic 

peroxidase activity,88 as the contact with CL or the apoptotic peroxidase activity is 

comparable to that of the WT.  

Conclusion 

Despite the high sequence conservation of loop D in human, horse heart, and yeast cyt c, 

the responses to structural perturbations in the loop is not identical. Differences in pKa and 

pKH of the alkaline transition with the K72A variants from human, horse heart, and yeast 

cyt c suggest that the trigger group and the formation of Lys-ligated alkaline species, are 

sensitive to the species-specific differences around loop D. Local dynamics of loop D and 

heme exposure increases with K72A mutation in horse heart cyt c as suggested by slight 

increase in intrinsic peroxidase activity. Differences in how loop D adjusts to structural 

perturbations in human, horse heart, and yeast cyt c suggests that that loop D properties 

could also be influenced by residues outside of loop D. Comparison of K72A, G41S, and 

Y48H horse heart cyt c shows that ET properties of the protein can be modified by 

perturbing loops C and D. ET properties are altered in G41S and Y48H variants, and these 

changes may affect bimolecular ET reactions in the ETC. 
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Introduction 

Many proteins have segments that differ in stability and dynamics.1-5 These regions 

are in cross-talk with each other through weak intermolecular contacts and are important 

for the function and folding of the protein.2, 6, 7 Such is the case of cyt c, a small 

mitochondrial protein that can act as an electron carrier in the respiratory pathway, a 

peroxidase, and an apoptotic signaling molecule depending on the structure, ligation, and 

fold of the protein.8 In cyt c, thermodynamically distinct foldons are in cross-talk,7, 9-13, 

ensuring that the protein responds to biological redox partners and environmental signals. 

In particular, functions of cyt c are influenced by the dynamics and stability of the least 

stable foldons, loops C and D, which are the last to fold in the folding pathway.14, 15  

One of the least stable loop D provides indigenous axial ligands and enables 

polypeptide packing around the heme to control the reduction potential and the innate 

peroxidase activity of the metal center.16, 17 Much of the amino acids and HB that contains 

the native heme iron ligand Met80 is conserved among different species,18-22 and 

perturbations in this network have shown to affect biophysical properties of the protein.23-

26 Loop D is in close contact with loop C, and many mutational studies in human, horse 

heart, and yeast cyt c have shown that perturbations in loop C also perturb the loop D-

dependent enzymatic properties of the protein.27-33  

Depending on the pH conditions, cyt c undergoes structural changes in loops C and 

D.18 These changes affect the properties of the heme, and transitions from the native state 

are observed with a pKa of 9.35 and 2.5 in WT horse heart cyt c.34, 35 At alkaline conditions, 

loop D undergoes conformational rearrangements to form a Lys-ligated heme with either 

Lys79 or 73 in WT horse heart cyt c,15 the transition requiring some disruption of some of 
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the loop C and D contacts.15, 36-39 The protein unfolds in a cooperative manner as pH 

decreases,40 and becomes fully unfolded at pH conditions below 2.18, 35 Addition of anions 

allows the protein to form a loosely packed structure in a MG state from the largely 

unstructured acid-unfolded state, as anions decrease intramolecular charge repulsions in 

the unfolded state.41, 42 Unfolding of loop C has been observed prior to loop D 

rearrangement at both alkaline14, 43 and acidic conditions.44 These structural changes 

influence the function of cyt c, as the heme environment and ligation heavily modulate the 

reduction potential and peroxidase activity of the heme.16, 17, 45-47 At both low- and high-

pH, the loops C and D unfold, and alter the heme environment. Although contributions of 

loops C and D at alkaline transitions is better understood,30, 32, 33, 48-52 information regarding 

contributions of these loops during acid transition has been lacking. 

In vivo, cyt c is exposed to different pH conditions, depending on its location and 

condition of the cell. At normal physiological conditions, the intermembrane surface has a 

pH of ~6.9 and is more acidic than the cytosol, where pH ranges from 7.4 to 7.6.53, 54 The 

pH of the cytosol can decrease to 6.1 in response to cytoprotective acidosis and metabolic 

inhibition, 53, 55, 56 and further down to 5.8 during apoptosis.57 Mitochondrial acidification 

is also observed in metabolic inhibition as a mechanism to control oxidative 

phosphorylation.53, 58 Release of cyt c from the mitochondria during apoptosis requires 

initial binding of cyt c to CL to permeabilize the mitochondrial membrane.59 pH is also 

important for initial steps of cyt c-mediated apoptosis, as binding of cyt c to CL and 

mitochondrial permeability is dependent on pH.60, 61 To better relate biological role of cyt 

c and the changes in protein structure, understanding structural changes of cyt c under 

acidic conditions is crucial. 
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The acid unfolding of cyt c is a complex cooperative process that involves structural 

rearrangements of the polypeptide chain.9 Protonation of multiple groups trigger changes 

in the polypeptide packing, resulting in dissociation of the Met-ligand from the heme iron, 

loss of the native secondary and tertiary structure, and different ligand and spin states of 

the heme iron.18, 41, 42, 62-64 In horse heart WT cyt c, acid unfolding is observed with a 

composite pKa value of near 2.5 for the loss of Met-ligation accompanied by the loss of 

tertiary and secondary structure.18, 34, 63 Depending on ionic strength, either bis-aquo or 

His/H2O ligated species form, owing to the different pKa values of His18 at low (pKa  = 2.5 

at 0.01 M Cl-) or  high (pKa = 1.4 at 0.1 M Cl-) concentrations of salt.62 This gap in the 

His18 pKa have been also observed in multiple spectroscopic titration measurements,65-67 

and plays a role in formation of the MG species.68 Variations in the unfolding transition 

are also observed in the WT proteins from different species. Like in WT horse heart cyt 

c,35 more than a single proton is involved in this process in human WT cyt c and has a 

similar pKa.
49 Transition occurs earlier in WT yeast cyt c, by ~ 0.5 pKa units.18, 50, 69 

Although differences in ionic conditions may complicate comparisons across different 

studies, mutational studies with yeast and human cyt c has shown that perturbations near 

the heme affect the pKa of this transition.49, 69 It is possible that differences in the acid 

unfolding transition are influenced by differences in sequences of yeast, human and horse 

heart WT cyt c proteins. In addition to sequence, global and local stability of yeast cyt c 

differ  from those in human and horse heart cyt c.18, 28, 38, 70-74  

The cooperativity of acid unfolding may readily break down with perturbations in 

the polypeptide, as observed with carboxymethylation of Met80 and Met63 in horse heart 

cyt c.40 Studies of T49V/K79G and T78V/K79G yeast cyt c variants have shown that the 



 

254 

pKa of the initial acid transition, from the native Met-ligated species to the H2O-ligated HS 

species, is raised with peptide perturbations in loops C and D, highlighting the sensitivity 

of acid unfolding to properties of these two loops.32 pH titrations monitoring Met80 

dissociation in yeast G83V cyt c and human I81A and V83G cyt c variants showed the loss 

of cooperativity for acid unfolding.49, 50 This loss of cooperativity have been argued to be 

due to sequence differences in loop C.49 as Previously, a similar loss of cooperativity has 

been observed during acid unfolding of yeast K79A/N52G and K79A/K73H cyt c 

variants.27, 75 Yeast K79A/N52G cyt c variant also has shown an intermediate transition at 

mildly acidic conditions between pH 4 to 6, although structural reasons for the loss of 

cooperativity are not clear.27 

The protonation sites during the acid unfolding transition have been inferred to be 

His26 and either of the HP groups. 12, 27, 69, 75, 76 His26 shows a cooperative behavior with 

Asn52 in loop in folding of N52I and H26N yeast cyt c variants,77, 78 suggesting that the 

loop C-His26 contacts may also be involved in the acid unfolding. Studies of H26Y yeast 

cyt c have suggested that disruption of the HB between His26-Glu44 triggers formation of 

the MG-like state at neutral pH,79 highlighting the importance of His26 interactions in 

forming the compact native state of cyt c. Although WT horse heart cyt c has a Pro instead 

of Glu at position 44,18 the X-ray crystal structure of horse heart cyt c shows the backbone 

of Pro44 is in HB contact with His26.20 A rupture of this interaction, as well as of the one 

between Thr49  and HP6, was hypothesized to trigger the rearrangement of loop C into a 

β-sheet at pH 3.44 HX experiments have also suggested that His26-residue 44 HB is the 

major source of pH-sensitivity of the 20’s loop of the green foldon.76 HX experiments with 

WT horse heart cyt c have shown that stability of loop C decreased with pH, but its pH 
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sensitivity at acidic conditions was hypothesized to stem from either HP6 or HP7, rather 

than His26.12 The loss of cooperativity in the acid unfolding for the K79A/K73H yeast cyt 

c variant has been hypothesized to be a result of perturbation of the HB between Gly44 and 

His26,27, 75 while MCD studies of yeast M80A, M80A/Y67H, and M80A/Y67A cyt c 

variants have related small spectral changes with pKa  ranging from 4.5 to 3.9 to the 

deprotonation of HP7.69 Although multiple mutational studies suggest that loop C is critical 

for acid unfolding, much of the details of the mechanism of loop C unfolding, including 

the identity of the protonated groups, are unknown.  

We explored the acid transitions of the G41S, Y48H, and K72A horse heart cyt c 

variants to examine this mechanism. These particular variants were studied in biological 

models related to apoptosis and inherited thrombocytopenia,80-82 offering clues as to how 

these mutational effects may affect enzymatic activity under acidic conditions. Since G41S 

and Y48H contain perturbations in different parts of loop C, these variants are a good 

choice to test whether local differences within loop C affect the acid unfolding transition. 

With the G41S variant, we have identified a distinct structural change in mildly acidic, 

physiologically relevant pH range not observed with other variants. This acid-induced 

species in horse heart G41S cyt c were spectroscopically characterized to determine the 

heme iron ligation and polypeptide fold. Folding of horse heart cyt c has been extensively 

studied at both extremes of the pH spectrum,10-12, 83-86 providing clues as to which structural 

perturbations in these variants affect the acidic unfolding transition. We suggest that loop 

C may protect the protonation site from forming an intermediate during acid unfolding and 

speculate on the identity of the possible protonation site.  
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Materials and Methods 

General. All solutions and buffers were prepared using water from Barnstead E-Pure 

Ultrapure Water Purification System, purified to a resistivity of 18 MΩ∙cm. Reagents and 

columns were purchased from Sigma-Aldrich and GE Healthcare, respectively, unless 

noted otherwise. Gas-tight Hamilton syringes were used to aliquot proteins for all titrations 

and quantitative dilutions. Quartz cuvettes and tubes were purchased from Starna Scientific 

and Wilmad Lab Glass, respectively. pH was adjusted using sodium hydroxide or hydrogen 

chloride and monitored with an AB15 pH meter (Fisher Scientific) or a UB10 pH meter 

(Denver Instrument), unless noted otherwise. 

Site-Directed Mutagenesis, Protein Expression, and Purification. Point mutations, 

protein expression and purification for horse heart cyt c variants were performed as 

previously described.70 Desired point mutations were introduced in the pBTR plasmid 

encoding horse heart cytochrome c using a QuikChange kit (Agilent) and confirmed by 

DNA sequencing as well as MALDI  of the purified protein samples at the Molecular 

Biology & Proteomics Core Facility (Dartmouth College). Extinction coefficients of 

protein variants were determined from hemochrome assays in a100 mM sodium phosphate 

buffer at pH 7.4 as previously described.87 

Spectroscopic Measurements. All spectroscopic measurements were obtained at 22 ± 2 

ºC, unless noted otherwise. Ferric proteins were freshly prepared with excess potassium 

ferricyanide and purified by size exclusion (PD-10 desalting column) or ion-exchange 

(Sepharose HP SP) chromatography prior to spectroscopic measurements. Absorption 

spectra were recorded using an Agilent 8453 diode-array spectrophotometer. CD spectra 

were measured on a JASCO-J815 CD spectropolarimeter equipped with a variable 
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temperature Peltier cell device (JASCO, Inc.). Fluorescence spectra were measured on a 

Horiba Jobin Yvon Fluorolog-3 spectrofluorometer equipped with an automatic polarizer.  

Stock protein samples were diluted to final protein concentrations ranging from 7 

to 10 µM with buffers (100 mM sodium phosphate buffer at pH 7.4, 100 mM acetate buffer 

at pH 4.0, or a HCl + 0.1 M NaCl buffer at pH 2.0). All spectral measurements were 

performed with the same protein stock, to ensure equal protein concentrations across 

different spectral measurements. CD spectra were baseline corrected with the spectrum of 

the buffer. For fluorescence measurements, intrinsic tryptophan (Trp59) was excited at 290 

nm and its emission recorded at 300 to 400 nm using entrance and exit slits of 10 nm.  

1H NMR spectra of ferric proteins were recorded on a 500 MHz Bruker NMR 

spectrometer (Bruker Biosciences) at 25 ºC. Freshly oxidized protein at final 

concentrations ranging from 0.5 to 2.7 mM in either a 50 mM sodium phosphate buffer or 

a 50 mM acetic acid d4 buffer in 100% D2O was prepared. For 1H NMR pH titrations with 

the ferric G41S, freshly purified and oxidized protein was exchanged into a 50 mM acetic 

acid d4 buffer in 100% D2O at pD 4.5. After the initial measurement, the same protein 

sample were then exchanged into a 50 mM sodium phosphate buffer in 100% D2O at pD 

7.4. For the pH titration measurements, pD of the sample was adjusted using small amounts 

of HCl or NaOD with an Accumet micro pH meter (Fisher Scientific). 

pH Titrations and Analyses. Solutions containing final protein concentrations ranging 

from 8 to 10 μM or 200 to 300 μM in a 100 mM sodium phosphate buffer at pH 7.4 were 

used to monitor the absorption profiles of the Soret and the CT band, respectively. Stock 

protein solutions were split into two aliquots to be used for either alkaline or acidic pH 

titrations. Electronic absorption in the Soret region (350 to 500 nm) were monitored in pH 
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ranges 1.9 to 11.1 for WT, pH 2.0 to 10.7 for K72A, pH 2.0 to 9.3 for Y48H, and pH 1.8 

to 10.4 for G41S. Electronic absorption in the CT region (580 to 750 nm) were monitored 

in pH ranges 1.8 to 10.6 for WT, pH 2.0 to 11.3 for K72A, pH 1.9 to 10.2 for Y48H, and 

pH 1.8 to 9.9 for G41S. 

Changes in the absorption spectra with pH were analyzed using SVD, as described 

previously.33 Electronic absorption spectra of the Soret region from pH ranges 2.5 to 11.08 

for WT, pH 2.5 to 10.7 for K72A, pH 2.5 to 9.3 for Y48H, and pH 2.5 to 10.4 for G41S, 

and electronic absorption spectra of the CT region from pH ranges 2.5 to 10.6 for WT, pH 

2.5 to 11.3 for K72A, pH 2.5 to 10.2 for Y48H, and pH 2.4 to 9.9 for G41S, were selected 

for analyses. Absorption profile matrices (A) were then deconvoluted into wavelength-

dependent vectors (U), square root of the eigenvalues (S), and pH-dependent vectors (V) 

as previously described.33, 88, 89 Number of significant components, i, was determined from 

log of Sj,j values, Sj,j percentages (
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autocorrelation of U(λ) and V(pH) matrices, as previously described.88, 89 33  

Selected pH-dependent vectors (V) from both the Soret and CT regions were 

globally fitted to eq 5.1 using SigmaPlot 10.0: 

f(x)=∑
Bi+Ai×10

n(pKapp,i−pH)

1+10
n(pKapp,i−pH)

+C 

(5.1) 
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where Ai and Bi are the slope and y-intercept of the ith transition, pKapp is the apparent pKa 

for the ith transition, n is the number or protons involved in the ith transition, and C is a 

constant.  

 Spectra of the respective components were deconvoluted using eq 5.2: 

D = AF-1 

(5.2) 

where D is the spectra of the component, A is the absorption of the spectra at a given pH, 

and F is the fractional population change of the major component as a function of pH. The 

spectrum of the ith component (Di) can be obtained Di = (A-DrefFref)Fi
-1, where A = U × S 

× V matrices with significant components obtained from the SVD analysis, Fi is the 

fractional population of the ith component, Dref is the spectra of the reference protein, and 

Fref is the changes in the fractional population of the reference proteins. 

For WT, K72A, and Y48H, SVD analysis detected three significant components in 

volved in the pH conditions monitored. In these variants, the spectrum of the Met-ligated 

species (D2) was obtained by using WT spectra at pH 1.9 (acid-denatured, H2O-ligated) as 

D1 and at pH 10.0 (Lys-ligated) as reference spectra. 

For the G41S variant, the SVD analysis repeatedly detected four significant 

components involved in the pH conditions monitored. Force-fitting the vectors obtained 

from the deconvolution of the titration spectra with three significant components yielded 

in poor fits of the data.  

In the G41S variant, spectrum of the additional component, D2, was obtained by 

using WT spectra at pH 1.9 (acid denatured H2O-ligated) for D1, pH 7.4 for D3(Met-
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ligated), and pH 10.0 (Lys -ligated) for D4 as references at similar ionic conditions. To 

check whether our D3 component in G41S was similar to Met-ligated WT cyt c at pH 7.4, 

spectrum of the D3 component was deconvoluted using WT spectra at pH 1.9 as D1, pH 

10.0 as D4, and the deconvoluted D2. Similar analyses were performed for the CT region 

of G41S. To obtain a better view of how the Soret peaks were shifting between the two 

components, the deconvoluted spectra of the D2 and D3 components were normalized 

based on the assumption of the extinction coefficient at λmax of the Soret band of the D3 

component should equal to that of the WT (ε409 = 106 mM-1cm-1).  

Measurements of Reduction Potentials. Shimadzu UV-1201 scanning 

spectrophotometer equipped with a spectroelectrochemistry kit (Pine Research 

Instrumentation) was used to perform electrochemistry titrations for WT and G41S at pH 

4.0. Samples containing 75 µM protein with equimolar concentration of mediators (2,3,5,6-

tetramethyl phenylenediamine,90 1,2,-Naphthoquionine,91 Gallocyanine,92, 93 2-hydroxy-

1,4-naphthoquinone,92, 93 and sodium anthraquinone-2-sulfonate monohydrate90) were 

prepared in a 100 mM acetate buffer at pH 4.0 (µ = 0.1 M), thoroughly degassed with N2-

vaccuum purges. . Measurements were performed with a gel-calomel electrode (GCE) and 

a Pt honeycomb inside a glovebox. The absorbance values at 550 nm were baseline 

corrected assuming a linear line between the two isosbestic points. The dependence of these 

values on external potential, E°, was then fitted to eq 5.3:  

f(x)=
Am

10
(x-E°)/1000×n/0.059

+1
 

(5.3) 



 

261 

where Am is the absorbance (or the fraction) of the ferrous protein, E° is the reduction 

potential of the heme iron, and n is the number of electrons transferred in the reaction. The 

fitted potentials were then referenced to the standard hydrogen electrode (SHE) using E°SHE 

= E°GCE + 213 mV.  

Eq. 5.3 is based on the Nernst equation for the reduction reaction where ferric protein 

(ferric) is reduced to the ferrous state (ferrous) (eq 5.4):18 

E=E∘+
RT

nF
ln (

[ferric]

[ferrous]
) 

(5.4) 

where E is the applied potential in volts, E° is the reduction potential of the heme iron in 

volts, R is the gas constant, T is the temperature, n is the number of electrons, F is the 

Faraday’s constant. At 25 °C, RT/F reduces to 0.059. 

This equation can be rearranged to eq. 5.5 

10(E-E∘×
n

0.059
)
=

[ferric]

[ferrous]
 

(5.5) 

And since [ET] = [ferric] + [ferrous], we find that (eq 5.6): 

1

10(E-E∘×
n

0.059
) + 1

=χ
ferrous

 

(5.6) 

where χferrous is the fraction of the ferrous species. Since A = εcl, relationship to A550 can 

also be made, where ET becomes A550 with fully reduced species in cyt c where changes 

in A550 band only stem from the formation of the reduced heme iron, yielding eq. 5.3.  
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Results 

 In this thesis, K72A, G41S, and Y48H variants of horse heart cyt c have been 

characterized in prior chapters. Spectroscopic characterization, including monitoring the 

alkaline transition, for ferric WT, G41S and Y48H are explored in Chapter 3. Similar 

characterization of ferric K72A, along with the measurement of reduction potentials for 

WT, K72A, G41S, and Y48H, are presented in Chapter 4. 

pH Titrations. Spectral changes in the Soret and CT regions at pH conditions ranging from 

2.5 up to 11 were separately monitored for ferric WT, K72A, G41S, and Y48H variants of 

horse heart cyt c (Figures 5.1 to 5.4). For WT, K72A, and Y48H variants, SVD analyses 

identified three significant components involved in the observed pH range. Thus, pH 

titration for WT, K72A, and Y48H were fit to a two-transition model and pKa values of the 

two transitions were obtained (Table 5.1).  

In G41S, SVD analyses consistently identified four significant components from 

the electronic absorption data over the pH range from 2.5 up to 10.4. Since previous SVD 

analysis of the pH titration profile for G41S monitoring only the alkaline pH range detected 

the same number of significant components as in the WT protein (Chapter 3), fits of the 

pKa parameter for the alkaline transition was used as constraints in fitting the wide pH 

transition data for G41S. Force-fitting of the significant vectors to fit with three 

components with fixed pKa value of the alkaline transition led to poor fits in the acidic pH 

range. Thus, significant vectors obtained from SVD analysis for G41S was fitted to a three-

transition model. 
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Figure 5.1. pH titration and SVD analyses for WT, monitoring the changes in the Soret 

and CT regions in at 22 ± 2 °C, for pH ranges from 2.5 to 11.08 for Soret and 2.5 to 10.6 

for CT regions (µ = 0.1 M). Shown are the electronic absorption spectra in the (A) Soret 

region or the (B) CT region from neutral (pH 7.4, black) to acidic (red) or to alkaline (blue) 

conditions, (C) significant vectors and fits, (D) fractional populations, and (E) the 

deconvoluted spectrum of the second component obtained by using WT spectra at pH 1.9 

and pH 10.0 as inputs, compared to the spectrum of WT at pH 7.4 as a reference for the 

Met-ligated ferric heme. 
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Figure 5.2. pH titration and SVD analyses for K72A monitoring changes in the Soret and 

CT regions at 22 ± 2 °C, for pH ranges from 2.5 to 10.7 for Soret and 2.5 to 11.3 for CT 

regions (µ = 0.1 M). Shown are the electronic absorption spectra in the (A) Soret region or 

the (B) CT region from neutral (pH 7.4, black) to acidic (red) or to alkaline (blue) 

conditions, (C) significant vectors and fits, (D) fractional populations, and (E) the 

deconvoluted spectrum of the second component obtained by using WT spectra at pH 1.9 

and pH 10.0 as inputs, compared to the spectrum of WT at pH 7.4 as a reference for the 

Met-ligated ferric heme.  
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Figure 5.3. pH titration and SVD analyses for Y48H monitoring changes in the Soret and 

CT regions at room temperature, for pH ranges from 2.5 to 9.3 for Soret and 2.5 to 10.2 for 

CT regions (µ = 0.1 M). Shown are the electronic absorption spectra for the (A) Soret 

region or the (B) CT region from neutral (pH 7.4, black) to acidic (red) or to alkaline (blue) 

conditions, (C) significant vectors and fits, (D) fractional populations, and (E) the 

deconvoluted spectrum of the second component obtained by using WT spectra at pH 1.9 

and pH 10.0 as inputs, compared to the spectrum of WT at pH 7.4 as a reference for the 

Met-ligated ferric heme.  
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Figure 5.4 pH titration and SVD analyses for G41S monitoring changes in the Soret and 

CT regions at 22 ± 2 °C, for pH ranges from 2.5 to 10.4 for Soret and 2.4 to 9.9 for CT 

regions (µ = 0.1 M). Shown are the electronic absorption spectra for the (A) Soret region 

or the (B) CT region from neutral (pH 7.4, black) to acidic (red) or to alkaline (blue) 

conditions, (C) significant vectors and fits, (D) fractional populations, and (E) the 

deconvoluted spectra of the second component obtained by using WT spectra at pH 1.9, 

7.4, and 10.0 as inputs, third component obtained by using WT spectra at pH 1.9, 10, and 

second component as inputs, compared to the spectrum of the WT at pH 7.4 as a reference 

of the Met-ligated heme, shown for the Soret (left) and CT (right) regions. The Soret band 

regions are shown (left, insert) with the spectrum of the third component corrected so that 

ε409 = 106 mM-1cm-1. 
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For all four variants, fitted pKa value of one of the transitions obtained from global 

fitting of the significant vectors, were within error of the alkaline transition parameters 

obtained in the absence of acidic transition data (compare Table 5.1 to Tables 3.5 and 4.3). 

Similarities in the fitted pKa parameters for the alkaline transition suggested that the models 

used to describe the spectral changes in the wide pH range were appropriate. 

For WT, the λmax the Soret band blueshifts to 400 nm from 409 nm with decrease 

in pH (Figure 5.1A). The absorbance of the 695 nm CT band decrease, along with an 

increase in the absorbance at - 620 nm, associated with a high-spin H2O-ligated heme iron 

species (Figure 5.1B). These spectral changes are consistent with the replacement of heme 

axial ligand Met by H2O. From pH titrations in both Soret and CT regions, two significant 

vectors are observed, suggesting that the protein undergoes two transitions with three 

species in the range of monitored pH conditions (Figure 5.1C). In the pH ranges observed, 

fractional population calculations suggest that the Met-ligated species does not fully 

disappear by pH 2.5 (Figure 5.1D). Global fitting of the significant vectors reveals two pKa 

values (Figure 5.1C and Table 5.1). The pKa value 9.3 ± 0.2 for the alkaline transition is in 

good agreement with previously published values for the same protein.34 The pKa of the 

acidic transition obtained in this study was slightly higher than reported values in literature 

by ~ 0.4 pKa units.35 Our pKa value for the acidic transition may be higher, perhaps because 

the spectra obtained at pH ≤ 2.5 were not considered for analysis due to shifts in the 

baseline possibly from protein denaturation at lower pH conditions. Deconvoluted 

spectrum of the component obtained with reference spectra for the Lys-ligated and acid-

denatured H2O-ligated species reveals a spectrum in good agreement to the independently 

measured spectrum of the Met-ligated WT at pH 7.4 (Figure 5.1E). 
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Table 5.1. Parameters for the pH-Dependent Transitions in Cyt c Variantsa 

Variant pKa1 n1 pKa2 n2 pKa3 n3 

WTb 2.9 ± 0.06 1.1 ± 0.06 n.a. n.a. 9.3 ± 0.02 1 

K72A 2.9 ± 0.03 1.6 ± 0.09 n.a. n.a. 9.6 ± 0.02 1 

G41S 2.9 ± 0.10 0.84 ± 0.10 5.0 ± 0.1 1.0 ± 0.2 7.9 ± 0.01 1 

Y48H 3.0 ± 0.05 1.0 ± 0.05 n.a. n.a. 8.0 ± 0.02 1 
aIn a 100 mM sodium phosphate buffer at pH 7.4 and 22 ± 2 °C. The total number of protons during the transition (n3) was fixed to 1 

during fittings for all alkaline transitions. The values of the alkaline transition parameters obtained from separate fittings (Tables 3.5 

and 4.3) are in good agreement with the values obtained from the global fitting of the entire pH range.  

bWT reference, pKa1 = 2.5 and n = 1.14 from ref. 35.  
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For K72A, spectral changes in the Soret and CT regions from pH 7.4 to 2.5 are 

comparable to those observed in WT (Figures 5.2A and B). There are differences in the 

magnitude of the 620 nm band extinction coefficient at pH 2.5, suggesting that the extent 

of acid unfolding of K72A may be different from that of WT (Figures 5.1B and 5.2B). 

Although pKa of the K72A acidic transition is comparable to that of WT, a different number 

of protons is involved in the acidic transition of WT and K72A (Table 5.1). Like WT, there 

are three components involved in the pH range 2.5 up to 11.3 for K72A (Figures 5.2C and 

D). The deconvoluted spectrum of the second component involved in the pH transition in 

K72A is comparable to that of the Met-ligated WT species at pH 7.4 (Figure 5.2E).  

 For Y48H, the spectral features observed at pH 2.5 are different from those 

observed in WT. With decrease in pH, the λmax of the Soret band blueshifts to 400 nm as 

observed in WT, but the extinction coefficient of Y48H at this wavelength is much higher 

than that of WT (Figure 5.3A). The increase in the extinction coefficient of the 620 nm 

band for Y48H at pH 2.5 is greater than that of observed in WT, and the 695 nm CT band 

is still observable, but diminished, at this pH (Figure 5.3B). However, the extrapolated pKa 

and n values are within error of WT, and the number of components involved in the 

transition does not change (Figures 5.3C and D). These results suggest that although there 

may be some structural differences in WT and Y48H, the acid transition in Y48H is 

generally comparable in the two variants (Table 5.1).  

For G41S, SVD analysis consistently identified four significant components, and 

three transitions were required to describe the changes in the spectral series within the pH 

range 2.5 to 10.4 in the Soret region and pH 2.4 to 9.9 in the CT region. This transition 

occurs at mildly acidic conditions at pKa ~5.0 involving a net transfer of a single proton 
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(Table 5.1). Spectrum of this additional species was deconvoluted using the spectra of WT 

protein at pH 1.9, 7.4, and 10.0 as references for H2O-ligated, Met-ligated, and Lys-ligated 

species. Multiple attempts were made to deconvolute the spectrum of the additional 

component using fewer reference spectra, spectrum of the unfolded protein in 6 M GuHCl, 

and bisH2O-ligated yeast cyt c spectra. However, such attempts yielded the deconvoluted 

spectrum of the Met-ligated species that did not correspond to the Met-ligated spectrum at 

pH 7.4, and three reference spectra were needed to obtain the spectra of the additional 

species.  

Comparison of the deconvoluted spectrum of the additional component shows that 

the λmax of the Soret band is at 409 nm, with comparable extinction coefficients to Met-

ligated WT at pH 7.4 (Figure 5.4E, left), and the CT band at 695 nm also present (Figure 

5.4E, right). However, the additional component a shift and broadening of the Soret band 

(Figure 5.4E, see inset). Further, the deconvoluted spectrum of the additional species shows 

an increase in the extinction coefficient near the 620 nm band despite comparable 

extinction coefficient of the 695 nm CT band to that of WT-like Met-ligated spectrum at 

pH 7.4 (Figure 5.4E, right).  

Heme Coordination and Protein Fold of the Additional Species. To understand the 

properties of a distinct species in G41S detected from the SVD analysis, spectral data from 

multiple techniques were compared to those of WT 

Electronic Absorption Spectra. For WT, the electronic absorption spectrum at pH 7.4 is 

similar to the spectrum at pH 4.0. The λmax of the Soret band is at 409 nm, typical of a Met-

ligated cyt c at both pH conditions (Figure 5.5A, left). 
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Figure 5.5. (A) Electronic absorption spectra of WT (left) and G41S (right) at pH 7.4 

(black), 4.0 (teal), and 2.0 (red) in µ = 0.1 M buffers at room temperature, unless otherwise 

noted. (B) Fluorescence emission spectra of Trp59 (λex = 290 nm) of WT (left) and G41S 

(right) variants of horse heart cyt c at pH 7.4 (black), 4.0 (teal), and 2.0 (red) in µ = 0.1 M 

buffers at room temperature, normalized to [cyt c] = 10 µM. (C) Far-UV CD spectra of WT 

(left) and G41S (right) variants of horse heart cyt c at 20 °C and pH 7.4 (black), 4.0 (teal), 

and 2.0 (red), normalized to [cyt c] = 20 µM and l = 1mm. 
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Decreasing the pH to 2.0 unfolds the protein, and λmax of the Soret band shifts to 400 nm, 

commonly observed for a H2O-ligated high-spin heme species in acid-denatured WT cyt 

c.18, 34  

For G41S, the electronic absorption spectra at pH 7.4 and 4.0 are comparable and 

λmax of the Soret band is at 408 nm (Figure 5.5A, right). Like in WT, the peak of the Soret 

absorption band does not change between the two pH conditions. Decreasing the pH 2.0 

shifts the λmax to 397 nm, and increase in the extinction coefficient is observed, commonly 

observed for the H2O-ligated high-spin heme species. 

Tryptophan Fluorescence. Based on the X-ray crystal structure of the native state,20 single 

Trp residue in cyt c, Trp59, is positioned near the 60’s helix and HP7. In the folded state, 

Trp59 fluorescence is quenched by the heme; when the distance between Trp59 and the 

heme increases, Trp59 fluorescence is no longer quenched and its emission increases. This 

dependency of Trp59 emission to proximity of the heme makes it a good spectroscopic 

probe to determine the distance between Trp59 and the heme.94-97  

For WT, the Trp59 fluorescence is fully quenched by the heme for both pH 7.4 and 

4.0 conditions and Trp59 fluorescence is minimal (Figure 5.5B, left).97 At pH 2.0, the 

protein is acid-unfolded, the intensity of the Trp59 fluorescence increases (Figure 5.5B, 

left).  

For G41S, Trp59 fluorescence spectra are different from that of WT at all studied 

pH conditions. Unlike WT, the Trp59 fluorescence of G41S is less quenched at pH 7.4 

(Figure 5.5B, right), suggesting that the packing of the protein in the 60’s helix region is 

perturbed. The fluorescence intensity of the G41S Trp59 increases at pH 4.0; it is higher 



 

277 

than that of WT at pH 4.0 and only slightly lower than that of WT at pH 2.0 (Figure 5.5B). 

At pH 2.0, the fluorescence intensity of Trp59 in the acid denatured form of G41S is higher 

than that of WT (Figure 5.5B).  

Far-UV CD Spectra. In WT, far-UV CD spectra at pH 7.4 and 4.0 are comparable to each 

another, with prominent negative signals at 210 and 222 nm, indicative of the α-helical 

structure (Figure 5.5C, left). At pH 2.0 under same ionic conditions (µ = 0.1 M), only the 

210 nm signal increases in magnitude and 222 nm signal remains unchanged (Figure 5.5C, 

left). In the acid-unfolded state, the protein secondary structure is sensitive to the ionic 

conditions of the solution.98 CD spectra of horse heart cyt c with a zinc-substituted heme 

at low ionic (µ = 0.02 M) conditions have shown greatly diminished peak at 222 nm and 

increased peak near 208 nm,98 similar to apocyt c far-UV CD spectrum99, 100 or horse cyt c 

spectrum at pH 2 in the absence of additional salt.40 At higher ionic conditions µ = 0.2 to 

1 M and pH 2.0 to 2.5, the MG species is observed and the intensity of the 222 nm peak 

regains the intensity similar to that of the folded WT protein .98, 101, 102 The similarity of 

spectral features of our WT spectrum and reported spectra of the MG state suggest that the 

acid-denatured species in the WT spectrum at pH 2.0 is closer to the MG state than the 

fully acid-unfolded state. 

 Spectral features of the far-UV CD spectrum of G41S at pH 7.4 are comparable to 

those of WT, with negative peaks at 210 and 222 nm (Figure 5.5C, right). However, 

differences are apparent at pH 4.0. For G41S, the negative signals at 222nm and at 210 nm 

increase in magnitude (Figure 5.5C, right), suggesting that the secondary structure of the 

intermediate species at pH 4.0 is different from the species at pH 7.4. The spectrum of 

G41S at pH 4.0 is also distinct from the spectrum at pH 2.0 (Figure 5.5B). 
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 Reduction Potential. Reduction potential values provide insights into the identity 

of the heme ligand and extent of heme encapsulation. Therefore, these parameters can be 

used to evaluate the extent of structural perturbations. Hysteresis between the results from 

the reduction and oxidation titrations for both G41S and WT are observed (Figures 5.6C 

and D). Possibility for this difference is the shift in baseline during the measurements, or 

if the system was not fully equilibrated prior to measurements during the oxidative 

electrochemical titration. However, The reduction potential of the WT protein obtained 

from the reductive electrochemical titration at pH 4.0 is within error of the value reported 

for the WT protein at near-neutral pH,103 providing some confidence in the reduction 

potentials obtained in the reductive directions (Table 5.2).  

For G41S, the reduction potential of the heme iron is lower than that of WT at pH 

4.0 by approximately 50 mV (Table 5.2). This difference is greater than the < 10 mV 

reduction potential difference observed from ferricyanide titrations at pH 7.4 (Table 4.5), 

but less than differences in reduction potentials between Met-ligated hemes and His-, 

imidazole- or H2O-ligated hemes.16, 33, 104  

At pH 4.0, G41S is in a mixture of that contains 10% acid-unfolded species based 

on the SVD analysis (Figure 5.4D). Far-UV CD spectra suggest that the acid-denatured 

state of the G41S variant at µ = 0.1 M is more like the MG state (Figure 5.5C). Reduction 

potential of the MG form is higher than the reduction potential of G41S measured at pH 

4.0,105 suggesting that the decrease observed in the reduction potential is not from the 

contributions from the acid-unfolded species. 



 

279 

 

Figure 5.6. Electronic absorption spectra for (A) WT and (B) G41S variants of horse heart 

cyt c are shown at various potentials in reductive (top) and oxidative (bottom) directions 

in 100 mM sodium acetate buffer at pH 4.0 at µ = 0.1 M. Percent of ferrous protein 

calculated from the absorbance at 550 nm are plotted against applied external potential 

(versus GCE), are plotted with the fits for the (C) WT and (D) G41S. 
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Table 5.2. Reduction Potentials of WT and G41Sa 

Variants pH E° (mV vs SHE) 

WT 7.4 255a 

 4.0 252 ± 2 (280 ± 2)b 

 2.2 233 ± 5c 

G41S 4.0 198 ± 4 (231 ± 2) 
aFrom ref. 103. 

bFrom this work, reductive (oxidative) direction. 

cFrom ref.105, versus NHE. Measured at 25 °C in aqueous HCl solution with 0.5 M chloride, 

for the MG state.  
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Since the reduction potential of G41S at pH 7.4 is only ~10 mV lower than that of 

WT from ferricyanide titrations, we can conclude that the reduction potential of the distinct 

species is lower than the native Met-ligated state and the MG state. 

1H NMR at Various pH Conditions. For ferric WT, methyl signals of the Met80-ligated 

heme porphyrin and proton peaks of the heme-ligated Met80 and His18 do not change from 

pD conditions 6.5 to 4.5 at room temperature (Figure 5.7),106 a strong indication that the 

heme ligation and the heme electronic environment are unaffected in the observed pD 

range. This is in good agreement with spectroscopic data that suggest no differences in 

heme ligation or the polypeptide fold in ferric WT at pH 7.4 and 4.5 (Figure 5.5).33, 51  

For ferric G41S, however, differences in 1H NMR spectra are observed, notably 

with the 3- methyl signal of the heme porphyrin and the ε- and γ- proton signals of Met80 

with a change in pD from 7.4 to 4.2 (Figure 5.8). With a decrease in pD, an additional peak 

emerges between the 8- and 3- methyl signals, and the intensity of the 3- methyl signal 

decreases relative to that of the 8-methyl signal. These spectral changes are also 

accompanied by a decrease in the intensity of the ε-proton signal of Met80, with a 

corresponding increase in another signal in the downfield -20 ppm region of the spectrum 

with lower pD. Interestingly, positions of the δ- and ε- protons of the heme-ligated His18 

do not change with pD, unlike the signals of Met80 and heme porphyrin methyls. Further, 

the pH-dependent change observed in 1H NMR is fully reversible. This suggests that the 

additional species observed between pD conditions 5.9 and 4.5 is not a product of 

irreversible protein denaturation. Instead, it is likely due to a folding intermediate that 

forms during the acid-induced unfolding transition in G41S. 
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Figure 5.7. (Top) 1H NMR spectra of ferric WT at pD 6.5, 5.7, 5.5, and 4.5 at 25 °C in 

either a 50 mM sodium phosphate or a 50 mM acetic acid-d4 buffer in 100 % D2O. Spectra 

were obtained independently, and titrations were not performed. (Bottom) Structure of c-

type heme, Met, and His, with the labeling nomenclature.  
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Figure 5.8. 1H NMR spectra of ferric G41S at pD 7.4, 6.9, 6.5, 5.9, 5.4, 5.1 4.7, 4.5, and 

4.2 at 25 °C in either a 50 mM sodium phosphate or a 50 mM acetic acid-d4 buffer in 100% 

D2O. pD was adjusted using NaOD or HCl as necessary. 
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Discussion 

 Previously, SVD analysis of the pH titration measurements for T78V/K79G variant 

in yeast cyt c detected a similar transition with a  pKa = 5.0 ± 0.1.32 This species was 

assigned to be due to an acidic transition, where the axial ligand of the heme switch from 

Met-ligated to H2O/His-ligated form. G41S also undergoes a transition at pKa ~5, but is 

different from that of T78V/K79G variant in yeast cyt c. For T78V/K79G, electronic 

absorption spectra shows that λmax of the Soret band blueshifts to 401 nm at pH 4.5 from 

406 nm at pH 7.4 increases in intensity, and the reduction potential decreases by ~10 mV 

upon decreasing the pH from 7.4 to 4.5.32 Although similar pKa was observed in the pH 

titration profile of G41S, changes observed with T78V/K79G yeast cyt c are not observed 

in G41S horse heart cyt c. Electronic absorption spectra of the protein at both pH 7.4 and 

4.0 shows that the λmax of the Soret band at 408 nm is unchanged at both pH 7.4 and 4.0 

(Figure 5.5A). Thus, it is unlikely that for G41S, the transition at pKa ~ 5.1 is that for the 

formation of H2O/His-ligated species, as electronic absorption spectra do not detect a shift 

in the λmax. Thus, it is most likely that the distinct species observed in G41S still contains 

the Met-ligated heme iron species.  

Changes are observed, not in the heme ligation, but in the structural features in 

G41S. Trp59 fluorescence measurements and CD spectra suggest that there are changes in 

the protein fold for G41S at pH 4.0 that are different from the fold at both pH 7.4 and 2.0. 

Since the heme iron ligation likely did not change, the ~50 mV decrease in the reduction 

potential for G41S at pH 4.0 is probably due to the changes in the structure that exposes 

the heme to the solvent. 
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Possible Involvement of Heme Propionates in the Acid Transition. Polypeptide packing 

changes during acid unfolding. Under extremely acidic conditions, carboxyl groups of the 

peptide backbone are protonated, and increase in the intramolecular repulsion between the 

charged groups causes the protein to unfold.41, 42 Other residues are protonated as well, 

potentially breaking up any HB contacts.  

Protonation of some groups near loop C triggers the unfolding of loop C in the 

cooperative acid unfolding process. Many mutational studies have suggested a role for loop 

C in cooperativity of acid unfolding transition.27, 69, 75 A possible intermediate in the later 

stages of the folding transition has been observed in WT horse heart cyt c at pH 3, where 

loop C is rearranged into a β-sheet and a readily displaced Met80 is present.44 HX 

experiments with horse heart WT cyt c suggested that stability of loop C coincides with 

the formation of the MG state,12 and His26 or HP groups argued to be the protonating 

groups due to the contacts made with loop C.12, 27, 44, 69, 75 The features of the distinct species 

observed in the G41S variant suggest changes in native packing, possibly due to loop C 

rearrangements. The pKa of this transition is at ~ 5.0, suggesting residues Asp, Glu, and 

His as possible protonating groups. Of these residues, Glu61, His26, and His33 could 

potentially be responsible for the transition.  

However, it is unlikely that either of these candidates is the source of the protonated 

group in the observed single-proton intermediate transition in G41S. Comparison of the 1H 

NMR spectra reveals that the signals of the δ- and β-protons of the heme-ligated His18 are 

unaffected, suggesting that the region near the loop C and 20’s loop containing His26 are 

likely the same as in WT (Figures 5.7 and 5.8). Although the Trp59 fluorescence intensity 

of the new species increases (Figure 5.5B), Glu61 is solvent-exposed,20 and is unlikely that 
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the pKa would increase with rearrangements in the polypeptide fold. Although loop C is 

near the 20’s loop that contains both His26 and His33, examination of the X-ray crystal 

structure of horse heart WT cyt c shows that His33 does not make side chain interactions 

with loop C,20 and pKa of His26 is lower than 3,18 making both His residues unlikely 

candidates to be responsible for the transition with the pKa at ~5.  

Could the HPs be involved in the protonation process? Propionic acids have an 

intrinsic pKa of 4.88.107 The pKa values of model dipyrrole and monopyrrole 

monopropionic acid compounds also range from 4.6 to 4.8, depending on the concentration 

of water in the solvent.108 pH titrations of ferric and ferrous horse heart cyt c assigned one 

of HPs to have a pKa < 4.5 and another to have a pKa > 9.109 These data show that at least 

one of the HP pKa value is close to the experimentally observed pKa value of ~5 in G41S. 

Further, HP6 and HP7 are within HB and vdW distances with residues in loop C. Thus, 

changes to the connectivity to HPs groups could potentially affect its protonation 

properties.  

In the 1H NMR, spectra noticeable changes are observed in the region containing 

8- and 3- methyl signals of the Met-ligated heme. DFT calculations of the heme orbitals 

show that both methyl groups are sensitive to the protonation of HP7, and structural 

changes in ring A containing HP7 alter the electronic environment of ring C, which 

contains the 3-methyl group.29 From our 1H NMR pH titration measurements for G41S, 

changes in the signals are observed in regions where the 8- and 3-methyl signals are 

present. It is possible that protonation of HP7 alters the relative intensities of the 8- and 3- 

methyl signals. However, more detailed studies are required to quantify the changes in the 
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1H NMR spectra and to see if the new peak forming at 35 ppm is a shifted signal from 8- 

or 3-methyl.   

Interestingly, not all perturbations in loop C led to the formation of the distinct 

species observed in G41S. pH titrations done with Y48H variant of horse heart cyt c do not 

show the presence of an additional species, despite also having perturbed loops C and D. 

Comparison of 1H NMR spectra at pD conditions 7.4 and 4.5 shows downfield shifts of 8- 

and 3-methyl signals at lower pD values (Figure 3.12A) but no new signals were detected. 

Examination of the X-ray crystal structure of human Y48H offers clues as to why a distinct 

species observed for the horse heart G41S cyt c variant is not observed in the horse heart 

Y48H cyt c variant. The X-ray crystal structure of Y48H variant in human cyt c shows that 

His48 forms a HB with HP6.110 In horse heart cyt c, Y48H mutation could also offer the 

potential HB contact with HP6, and perhaps, this additional HB prevents one of the HP 

groups from being protonated at mildly acidic conditions.  

Conclusion 

In the G41S horse heart cyt c variant, a distinct, previously uncharacterized species has 

been observed at mildly acidic conditions. This species appears at physiological pH 

conditions and likely has a lower reduction potential, not due to changes in ligation, but 

possibly due to the structural perturbations near the heme. Interestingly, this species is not 

observed in the Y48H horse heart cyt c variant, which also has a perturbed loop C. This 

difference between G41S and Y48H horse heart cyt c variants may stem from differences 

in contacts involving HP6, highlighting the possible role of the polypeptide packing near 

this region. These results suggest that loop C contacts may shield some groups from 

protonation and prevent the protein from easily accessing nonnative conformations. 
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Future Works 

Additional experiments are required to truly assess whether the changes observed in the 1H 

NMR are occurring in the HPs or elsewhere in the protein, and whether one or both of 3- 

and 8-methyls are reflecting the changes in the electronic environment of the heme. Isotope 

labeling can be used to better track the changes in the heme. Uniform 13C labeling have 

been used in c-type heme proteins,29, 111 which allows monitoring of the heme carbon 

signals. However, to better identify where the changes are occurring, targeted heme 

porphyrin labeling can also be used.112-114 By using 13C-NMR, the changes in specific heme 

carbons can be monitored with respect to pH,112 clarifying the region of the heme that 

changes are being observed. To understand if these changes in the heme porphyrin ring are 

related to the local changes in loop C, uniform 13C- and 15N- labeling can be used to obtain 

the structural information from multidimensional NMR at pH condition where the distinct 

species is at high population. Recent studies with WT and MG-like L94G horse heart cyt 

c variant shows that this technique is sufficient even for loosely packed MG-like cyt c.115  

To test whether the differences in HP6 connectivity results in favoring of the 

distinct species, pH-titrations of a double variant G41S/Y48H or G41S/F46Y can be 

performed to test whether including a possible HB group in the vicinity of the HP6 modifies 

formation of this species at near physiological conditions.  
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Introduction 

Composed of relatively weak interactions, HB networks can have a major effect on 

the structural and functional properties of enzymes. The activity of an enzyme is often 

tuned based on how HB networks rearrange or pack the protein backbone around the active 

site.1 For example, in human transketolase the HB distance between the two active site 

glutamates is decreased to lower the barrier for substrate turnover,2 and in caspase-1 the 

HB network is rearranged to stabilize the substrate binding loop containing catalytic 

residues in the activated form.3 Such tuning of weak interactions has been suggested to 

differentiate enzymes with otherwise similar amino acid sequences in the active site.4, 5 

One example is cyt c, a small heme-containing multifunctional protein.6 Peroxidases 

contain a heme group, which has intrinsic peroxidase activity.7 In cyt c, the intrinsic 

peroxidase activity is suppressed by the peptide backbone,8, 9 and the protein functions as 

an electron carrier rather than a peroxidase.6, 10  

Many HBs around the heme in cyt c are conserved among different types of species, 

including the inner HB network that loosely packs the flexible protein segment (residues 

70 to 85, loop D) around the heme.6, 11 In the native state, cyt c maintains a compact 

globular form, with the heme iron ligated by His18 and Met80 (Figure 6.1).11 The critical 

inner HB network consists of residues from different regions of the protein, Tyr67 in the 

60’s helix, Thr78 in loop D, and Asn52 in loop C, linked by a structural water. This HB 

network stabilizes the native fold of the protein, encapsulating the heme to tune the 

reduction potential of the heme iron,12, 13 and allow cyt c to participate in the cellular 

oxidative phosphorylation pathway as an electron carrier.10 
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Figure 6.1. Structure of WT horse heart cyt c (Protein Data Bank entry 1HRC).11 

Highlighted are the residues participating in the intraprotein HB networks immediately 

around the coordination sphere of interest. Coordination of the loop D packing was 

perturbed by mutating Tyr67 (green) to Arg, which also participates in the HB network 

formed by Met80, Thr78, and Asn52. Major perturbation of this loop can potentially 

influence the HB contacts of HP6, which is HB to both Thr49 and Thr78. Shown on the 

right are the corresponding side chains of the amino acids introduced into the variants 

studied as well as Lys, with the side chain volumes (SCvol) of the amino acids shown when 

buried and in solution (in parentheses) (SCvol = Vaa – Vgly).
14 
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Disruption of the inner HB network is linked to conformational rearrangements that 

can result in the replacement of Met80 at the ferric heme iron ligand by Lys,15-17 His,18, 19 

or small molecules.20 This rearrangement is readily observed at alkaline pH conditions, 

when either Lys73 or Lys79 replace Met80.21-24 Mechanistic studies have suggested that 

the deprotonation of a yet unknown “trigger group” precedes the replacement of Met80.22, 

24 Besides deprotonating the trigger group, perturbation to the native polypeptide fold can 

also cause conformational rearrangements. Unfolding studies with chemical denaturants 

show that Met80 is replaced at the heme iron by other ligands, such as Lys or His,9, 25-27 

highlighting the importance of this network in preserving the native Met-ligation.  

Conformational switching is crucial for initiating cyt c-mediated apoptosis. Binding 

cyt c to CL on the surface of the inner membrane perturbs the tertiary fold of the protein 

and disrupts the Met80-heme ligation to promote the peroxidase function of the protein.28, 

29 Here, the axial ligand must be occupied by H2O2 to initiate peroxidase activity. However, 

in the CL-induced unfolded state, Lys, His, and hydroxide-ligated heme iron species are 

observed at physiological conditions.30, 31 Although Lys-ligation is common at alkaline 

conditions, several studies have shown that local perturbations in the inner HB network 

can induce Lys-ligation at a lower pH.15, 17 For example, the T78C/K79G yeast cyt c variant 

with a modified HB network, forms Lys-ligated species at near-neutral pH.15 Similar 

changes in the alkaline transition have been observed in horse heart cyt c containing 

nitrated Tyr74, and this modification has been proposed to present a steric strain on Glu66 

and affect the HB network.17 Yet not all perturbations of the HB network promote 

conformational rearrangement to form the Lys-ligated species at earlier pH conditions. The 

Y67F cyt c variant, designed to eliminate a key HB in the inner HB network, increases 
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both the stability and pKa of the alkaline transition.17, 32, 33 Thus, it is unclear what types of 

perturbations in the HB network promote the conformational rearrangement to the Lys-

ligated species. 

To better relate the role of the inner HB network in inducing rearrangements that 

favor the Lys-ligated species, we have introduced a Y67R mutation in horse heart cyt c. 

Previously, the Y67R variant has been studied in both human and yeast proteins. In both 

human and yeast cyt c, this mutation has been shown to increase the peroxidase activity of 

the protein.34, 35 However, the relationship between the increase in peroxidase activity and 

a particular structural perturbation has not been clear. In peroxidases, distal Arg has been 

argued to provide a stabilizing charge on the leaving oxygen atom in H2O2 and promote 

the heterolytic cleavage of the O-O bond, as well as donate a HB to and stabilize the 

compound I species.36 Similarly, placement of an Arg residue in the heme cavity of cyt c 

has been suggested to promote H2O2 cleavage by mimicking the active site of 

peroxidases.35 The catalytic efficiency of peroxidase reaction in Y67R cyt c increased by 

an order of magnitude in human cyt c,35 and between one to three orders of magnitude in 

yeast cyt c depending on the temperature.37 Yet, activity enhancement in Y67R is much 

lower compared to peroxidases at similar conditions,38, 39 leaving much to be clarified. 

Further, the identity of the heme iron ligand in Y67R has been ambiguous. Previous IR 

studies with human Y67R cyt c have suggested the presence of either a Lys, OH-, or even 

His, to occupy the 6th axial position in the ferric state.35 

 Our studies show that the Y67R variant is Lys-ligated at neutral pH and lacks a 

native tertiary structure. We propose that the inner HB network contributes to 

conformational rearrangement. We also rationalize the increase in peroxidase activity of 
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the Lys-ligated species by considering the Lys binding kinetics. We observe that in the 

absence of a compact native fold, Lys more readily dissociates from the ferric heme at 

near-neutral pH conditions. This finding suggests that in the CL-bound state, Lys-ligated 

species may not hinder the peroxidase activity of the protein. 

Material and Methods 

General. Chemicals were purchased from Millipore Sigma Co. and Fischer Scientific Inc. 

unless otherwise noted. All solutions were prepared using water purified to 18 MΩ∙cm 

resistivity using a Barnstead E-Pure Ultrapure Water Purification System, and pH adjusted 

with ± 0.02 accuracy using an AB15 pH meter (Fischer Scientific). Data analyses and 

visualizations were performed using Matlab R2013a-R2017a (MathWorks), SigmaPlot 

10.0 (Systat Software), Origin 8 (OriginLab Corp.), and Chimera v.1.10.2 (UCSF).40 

Site-Directed Mutagenesis, Protein Expression, and Purification. Wild-type (WT) 

horse heart cytochrome c was purchased from Sigma-Aldrich (C2506). Desired point 

mutations were introduced in the pBTR plasmid encoding horse heart cytochrome c using 

a QuikChange kit (Agilent),41 and confirmed by sequencing at the Molecular Biology & 

Proteomics Core Facility (Dartmouth College) and using FinchTV v.1.4.0 (Geospiza).  

Large-scale protein expression was performed as previously described,29 except 

with 2L of TB media in a 2.8-L flask to prevent heme degradation and increase protein 

yield. Protein extraction was performed at 4 °C using French Press to prevent thermal 

denaturation. Purification was performed using a 10 mM sodium phosphate buffer at pH 

7.4 as previously described,29 except for Y67R mutation-containing proteins, where the 

purification was performed using a 10 mM HEPES buffer at pH 8.0. Mutations and purity 
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of the expressed proteins were confirmed by MALDI at the Molecular Biology & 

Proteomics Core Facility (Dartmouth College).  

Sample Preparations. Potassium ferricyanide and sodium dithionite were added in excess 

to prepare ferric and ferrous proteins, respectively. Excess redox reagents were removed, 

unless noted otherwise, and protein samples were exchanged into a desired buffer using a 

size-exclusion (PD-10 desalting column, GE healthcare) or an ion-exchange (Sepharose 

HP SP, GE-Healthcare) column. Ferrous proteins were prepared in a nitrogen-filled 

glovebox (COY Laboratory Products), and samples were sealed in a quartz cuvette (Starna 

Scientific) or a Shigemi NMR tube (Wilmad Lab Glass) inside the glovebox prior to 

measurements. 

Spectroscopic Measurements. All experiments were performed at 22 ± 2 °C unless noted 

otherwise. Electronic absorption spectra were obtained on an Agilent 8453 diode-array 

spectrophotometer. Pyridine hemochrome assays were performed in either a 100 mM 

sodium phosphate buffer at pH 7.4 or in a 100 mM sodium acetate buffer at pH 4.5 to 

obtain extinction coefficients as previously described.42 

Low-temperature (10 K) EPR spectra were recorded on a Bruker EMX 300 X-band 

EPR spectrometer (Bruker Biosciences Corp), using the following experimental 

parameters: microwave frequency of 9.49 GHz, microwave power of 3.21 mW, modulation 

frequency of 100 kHz, modulation amplitude of 1.00 G, and time constant of 20.48 ms. All 

samples were purified by ion-exchange chromatography and dialyzed against the desired 

buffer for a minimum of two hours. Depending on the global stability of the protein, Y67R 

variants were freshly prepared and never frozen to minimize denaturation. All buffers were 

chelated and glassware acid-washed to minimize signals from metal ions in the EPR 
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spectra. Protein concentrations in the sample were between 200 and 500 μM and contained 

20 to 30 % (v/v) glycerol as a cryoprotectant to help preserve the structural integrity of the 

protein.43-45 All EPR data were processed using Bruker WinEPR version 2.22, revision 10. 

1H NMR spectra were recorded on a 500 MHz Bruker NMR spectrometer (Bruker 

Biosciences) at 25 °C. Samples were prepared in a 50 mM sodium phosphate or a 50 mM 

acetic acid d4 buffer in either 100% D2O for ferric samples or containing 10% (v/v) D2O 

for ferrous samples. Proteins were exchanged into appropriate buffers using 10 kDa 

centrifugal ultrafiltration devices (Millipore). Final protein concentrations were around 500 

μM to 1 mM; a small amount of dithionite (1 mM) was added to ferrous samples and 

additional degassing/N2 purge cycles performed using anaerobic cuvettes to prevent 

autooxidation during measurements. 1D 1H NMR spectra of the ferric proteins were 

recorded using a superWEFT pulse sequence46 with a recycle delay of 220 ms for low-spin 

or 110 ms for high-spin heme species. For ferrous proteins, 1D 1H NMR and 2D 1H 

NOESY spectra were obtained using excitation sculpting with gradients to suppress the 

water signal.47 All NMR data were analyzed using Bruker TopSpin version 3.2.  

CD spectra and temperature melting curves were obtained on a JASCO-J815 CD 

spectropolarimeter equipped with a variable-temperature Peltier cell device (JASCO, Inc.) 

under constant flow of N2. Far-UV, near-UV, and visible CD spectra of the proteins were 

obtained ensuring the electronic absorption did not exceed absorbance of 1 at wavelengths 

of interest. For far-UV spectra, buffers did not contain chloride to minimize unwanted 

signals.48 Experimental parameters were as follows: average of 6 scans, 0.1 nm pitch, at 

100 nm/min. The lamps were preheated for at least 20 minutes, and chambers were purged 

with N2 for 5 minutes prior to each measurement.  
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Chemical Denaturation. Ultrapure GuHCl was dissolved in the desired buffer and 

concentration of GuHCl in the stock solution was calculated using refractive index (ΔN) 

measurements.49 A series of GuHCl solutions was then prepared and pH of these solutions 

was adjusted to desired values. Solutions were stored under foil at room temperature and 

used within 5 days.  

 Changes in the electronic absorption spectra in the Soret region and changes in the 

α-helical content were monitored, as a function of GuHCl concentration by UV-vis 

spectroscopy and CD, respectively. The dependence of ratios of the two wavelengths 

identified as maxima and minima in the difference absorption spectra or ellipticity versus 

GuHCl concentration were fitted to eq 6.1:50 

f(x)=
[mf[GuHCl]+bf+(mu[GuHCl]+bu)exp(

mD([GuHCl]-[GuHCl]
1/2

)
RT

)]

[1+exp(
mD([GuHCl]-[GuHCl]

1/2
)

RT
)]

 

(6.1) 

where mf and bf are the slope and y-intercept of the signal from the folded protein, 

respectively, and mu and bu are the slope and y-intercept of the signal from the unfolded 

protein, respectively. R is the gas constant, T is the experimental temperature, [GuHCl]1/2 

is the midpoint of the unfolding transition, and mD is the slope of the unfolding transition. 

The Gibbs free energy of unfolding, ΔGD, was calculated from the fitted parameters mD 

and [GuHCl]1/2
 using eq 6.2:51 

 

∆GD=𝑚D[GuHCl]
1/2

 

(6.2) 
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Thermal Denaturation. Samples containing protein in concentrations between 15 and 25 

μM were used to record CD ellipticity at 222 nm in the temperature range between 20 to 

90 °C in 1 °C increments, at a rate of 1 °C /min. CD spectra of the samples at 90 °C were 

obtained before and after the temperature melt. Thermal denaturation under these 

conditions for the variants studied was ≥ 83% reversible. The dependence of ellipticity at 

222 nm versus temperature was fitted to eq 6.3:52  

f(x)=

mfT+bf+(mu[GuHCl]+bu)exp[
-∆HD,vH

R
(

1
T

-
1
Tm

)] 

1+exp[
-∆HD,vH

R
(

1
T

-
1
Tm

)] 

 

(6.3) 

where mf and bf are the slope and y-intercept of the signal from the folded protein, 

respectively, and mu and bu are the slope and y-intercept of the signal from the unfolded 

protein, respectively. R is the gas constant, Tm is the midpoint of the unfolding transition, 

and ΔHD,vH is the van’t Hoff enthalpy of denaturation at Tm.  

Spectroelectrochemical Measurements. A Shimadzu UV-1201 scanning 

spectrophotometer equipped with a spectroelectrochemistry kit (Pine Research 

Instrumentation) was used to perform electrochemistry titrations. Samples were prepared, 

and experiments were performed as previously described,53 with the addition of brief 

degassing and N2 purges of samples in anaerobic cuvettes prior to measurements. 

Electronic absorption at 550 nm were plotted as a function of the external potential and 

these dependencies were fitted to eq 6.4:6  

f(x)=
Am

10
(x-E°)/1000×n/0.059

+1
 

(6.4) 
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where Am is the absorption of the ferrous protein in the absence of ferric protein, E° is the 

reduction of the heme iron, and n is the number of electrons transferred in the reaction.  

pH Titration and SVD Analysis. For accurate analysis of changes in the Soret and CT 

bands, two separate spectral series were examined in the 350 to 650 nm range and 590 to 

720 nm range, respectively. Protein concentrations of 10 to 15 μM were used for the Soret 

region and protein concentrations of 75 to 100 μM were used for the CT band region. The 

pH of the samples was adjusted using 1 M solutions of sodium hydroxide or hydrogen 

chloride. Electronic absorption spectra were recorded on an Agilent 8453 diode-array 

spectrophotometer. 

SVD analyses of the pH titration profiles of the variants were conducted as 

previously described.54, 55 The obtained pH titration profile A (λm, pHn) was deconvoluted 

into wavelength dependence vectors U (λ, x-value), square roots of the eigenvalues S (k, 

significance), and pH dependence V (pH, populations for the corresponding S vector) using 

the MATLAB SVD function (A=U·S·VT). Number of significant components, i, was 

determined from log of Sj,j values, Sj,j percentages (

 =

k

1j

2

jj,

2

jj,

S

S
)×100%, error levels (





=

=

k

1j

2

jj,

k

ij

2

jj,

S

S
), autocorrelation of U(λ) and V(pH) matrices, as previously described.54, 55 

Selected pH-dependent vectors, V, were globally fitted to eq 6.5 using SigmaPlot 10.0: 

V = ∑
Bi+Ai×10

n(pKapp,i−pH)

1+10
n(pKapp,i−pH)

+C 

(6.5) 
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where Ai and Bi are the slope and y-intercept of the ith transition, pKapp is the apparent pKa 

for the ith transition, n is the number of protons involved in the ith transition, and C is a 

constant. Based on the determination of significant components, a two-state model was 

used to describe the alkaline transition of the variants, and spectra of the respective 

components were deconvoluted using eq 6.6: 

D = AF-1 

(6.6) 

where D is the electronic absorption spectrum of a component i, A is the electronic 

absorption spectra of the protein at a given pH, and F is the fractional population change 

of a component i as a function of pH. A spectrum of a certain component (Dinput) can be 

used as a constraint to obtain the spectra of the rest of the components using the equation 

Doutput= (A-DinputFinput)Frest
-1, where Finput is the change in fractional population of the 

species having the input spectrum and Frest are the changes in fractional populations for the 

rest of the species. Although this approach was used for WT, input-independent analysis 

was used for Y67R/M80A due to the uncertainty of the ligation state of the species involved 

in the transition. 

pH-Jump and Imidazole Binding Kinetics. Rapid-mixing experiments were performed 

using a BioLogic SFM-300 stopped-flow instrumentation. Ferric proteins samples were 

prepared in either a 5 mM sodium phosphate buffer (pH 7.4) containing 100 mM sodium 

chloride for a downward pH jump or in a 5 mM sodium acetate buffer (pH 4.5) containing 

100 mM sodium chloride for an upward pH jump. The jump buffers contained 18 mM of 

buffer (pH 4.5-5.5: sodium acetate; pH 6.0-6.5: bisTris; pH 6.0-6.2: MES; pH 6.5-8.0: 

sodium phosphate) with 100 mM sodium chloride. The electronic absorption spectra 
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between 250 and 600 nm were recorded immediately (deadtime of 10 ms) after mixing the 

jump buffers with the protein solution in a 5:1 ratio. Absorbance changes as a function of 

time were fitted to monoexponential functions. The final pH was confirmed by using a UB-

10 pH meter (Denver Instrument) with the mixtures of the jump buffers and protein buffers 

in the same ratio as used in the stopped-flow experiments.  

 pH-jump experiments were analyzed according to scheme 6.1, adapted from 

previous studies of the cyt c alkaline transition:22, 56  

 

(Scheme 6.1) 

In the mechanism, the initial step involves a rapid deprotonation of the “trigger group” (T) 

of the species with the heme iron ligated by X (Met in WT cyt c), with an equilibrium 

constant KH. Following conformational change, the alkaline (Lys-ligated heme iron) 

species is formed; this transition is described as a conformational equilibrium with forward 

(kf) and reverse (kb) rate constants for the formation of the alkaline species. Assuming the 

deprotonation equilibrium is fast compared to the conformational transitions, eq 6.7 is used 

to fit the observed rate versus pH data:56  

kobs=kb+kf

KH

KH+[H+]
 

(6.7) 

where rate constant kf and KH were determined from the fits of the observed rate constants 

(kobs). For the purposes of fitting the data, the average of the kobs at the initial lower pH 
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range was averaged to set the rate constant kb due to the scarcity of the datapoints at pH 

conditions below 4. pH jump experiments were not conducted at lower pH conditions as 

signs of denaturation were observed at pH < 4.  

 To independently measure kb (koff
Lys

), imidazole binding kinetic and equilibrium 

experiments were also conducted.  

 

(Scheme 6.2) 

Equilibrium measurements of imidazole binding to the heme iron were performed 

by observing changes in the Soret region upon mixing aliquots of protein solutions  to 

solutions containing imidazole at different concentrations.57 Both the protein and the 

imidazole solutions were prepared in a 100 mM sodium phosphate buffer at pH 7.4. Final 

concentrations of imidazole were varied from 0 to 20 mM, with final protein concentration 

of 9 μM. Samples were equilibrated at room temperature for at least 30 min before 

absorption spectra were recorded. Changes in the Soret absorption band with imidazole 

concentrations were fitted to eq 6.8 to obtain the apparent dissociation constant, KD
app

. 

∆ASoret=
Amax[Im]

KD
app

+[Im]
 

(6.8) 
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 The pH-independent dissociation constant for binding of imidazole to the heme iron 

was obtained using equation 6.9, with the acid dissociation constant of the imidazolium 

(Ka) of 10-7.57, 58 

KD=KD
app

(1+
[H+]

Ka

) 

(6.9) 

 Kinetic binding experiments were conducted using a stopped-flow instrument. 

Stock protein samples containing 50 μM protein in a 100 mM sodium phosphate buffer at 

pH 7.4 were mixed with imidazole samples containing 150 mM imidazole in a 100 mM 

sodium phosphate buffer at pH 7.4. Solutions were mixed to yield different ratios of 

imidazole to protein, with a final protein concentration of 8 μM. Absorption spectra in the 

range between 250 and 600 nm were recorded for 60 s after mixing. Changes in absorbance 

at 413 nm were fitted to a monoexponential function to yield kobs
Im

 at a specific imidazole 

concentration.  

The observed rate constant for imidazole binding is expressed by eq 6.10:59  

kobs
Im

=
koff

Lys
kon

Im
[Im]+kon

Lys
koff

Im

koff
Lys

+kon
Im

[Im]+kon
Lys

koff
Im

 

(6.10) 

which reduces to eq 6.12, with the steady-state approximation for the five-coordinate Fe-

His species and assumption that kon
Lys >> koff

Lys
+koff

Im
: 

1

αkobs
Im

=
1

koff
Lys

+
KD

koff
Im

[Im]
 

(6.12) 
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and where α is defined as eq 6.13: 

α=
[Im] KD⁄

1+ [Im] KD⁄
 

(6.13) 

At high concentrations of imidazole, [Im]/KD >>1, α ≈ 1, and eq 6.13 gets simplified to 

eq 6.14: 

1

kobs
Im

=
1

𝑘
off

Lys
+

KD

koff
Im

[Im]
 

(6.14) 

Values of kobs
Im

 versus imidazole concentration were then fitted to eq 6.14 to obtain rate 

constants koff
Lys

 and koff
Im

.60  

Peroxidase Assays  

Assays performed to obtain pH-dependent peroxidase activity rates with Y67R were 

performed in a freshly prepared 25 mM sodium acetate buffer at pH 4.5 and 5.5, a 25 mM 

MES buffer at pH 6.0 and 6.5, and a 25 mM HEPES buffer at pH 7.4. Each assay contained 

final concentrations of 1.0 mM H2O2, 200 μM ABTS, and 1 μM freshly prepared ferric 

protein. In these conditions, the maximum velocity is reached as determined from WT 

horse heart cyt c. Based on Michaelis-Menten kinetics, at substrate concentrations where 

Vmax is achieved, observed initial rate should be reflective of kcat, the turn-over number. 

Activity assays for CL-bound cyt c were performed by mixing solutions of the protein and 

the liposomes (at 750-molar excess of total lipid concentration) in a 1:1 (v/v) ratio to avoid 

aggregation; protein and CL-containing vesicle solutions were incubated for at least 30 

minutes at room temperature prior to adding other components of the assay. Samples were 
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not incubated with H2O2 due to signs of heme degradation. H2O2 was prepared in buffers 

and its concentration was measured using absorbance at 240 nm (ε240 = 43.6 M-1 cm-1).61 

ABTS (AMRESCO) was used as a substrate to monitor peroxidase activity. For each assay, 

formation of ABTS cation radical, ABTS·+, was monitored at 735 nm (ε735 = 14 mM-1cm-

1)62 in 1 s intervals for a total of 120 seconds at room temperature (22 ± 2 °C). Linear phase 

of the reaction was then fitted to a single polynomial function to obtain the slope of the 

phase, which corresponded to the initial velocity of the reaction. These rates were corrected 

by the extinction coefficient of ABTS and protein concentration and averaged over three 

to six trials to obtain the initial reaction rates of the horse cyt c variants. 

All other assays were performed at room temperature in a freshly prepared 25 mM 

HEPES buffer at pH 7.4 containing 0.1 mM DTPA. Prior to the addition of DTPA, the 

buffer was treated with Chelex-100 (Bio-Rad) resin, which was then filtered out using 

Rapid-Flow 0.2 μm membrane filter (Nalgene). Addition of DTPA did not affect the 

observed peroxidase activity. Activities of negative controls that contained protein without 

either of substrates, H2O2 or ABTS, or both H2O2 and ABTS but no protein, were below 

the limit of detection. H2O2 was prepared in a HEPES buffer, and its concentration was 

measured using absorbance at 240 nm. Maximum final concentrations of H2O2 ranged from 

20 μM to 200 μM, depending on the variant. For the variants, the maximum final 

concentrations of H2O2 for the assays were chosen as the highest concentration of H2O2 

that did not cause heme degradation as evaluated absorbance of the protein samples in the 

Soret region. Although spectra of MP8 species shows that the absorbance of the Soret band 

initially decreases in the presence of H2O2,
63 recent studies with horse heart cyt c shows 

that decrease in the Soret band observed at high H2O2 concentrations are accompanied by 
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unfolding of the polypeptide.64 Final protein concentrations were around 1 to 2 μM, and 

when the concentrations of H2O2 were varied, the highest concentrations of ABTS where 

substrate inhibition was not observed were chosen to satisfy pseudo-first order conditions. 

For each variant, highest ABTS concentration to be used for peroxidase assays was 

determined by performing assays where the concentrations of H2O2 were fixed and 

concentrations of ABTS were varied from 0 to 2 mM (Figure 6.2). Formation of ABTS·+ 

was monitored at 735 nm in 1 s intervals. The slope of the linear portion of the curve was 

determined using a linear fit in MATLAB and used as a measure of the initial reaction rate 

(initial velocity, v).  

Peroxidases follow a ping-pong mechanism, where sequential reactions with two 

substrates are required for enzymatic activity.65, 66 The first substrate H2O2 coordinates to 

the heme iron to form Compound I (Cmpd I), which then consumes the second substrate 

ABTS to form Compound II (Cmpd II), and then Cmpd II reacts with an another ABTS 

substrate to yield the resting enzyme (Scheme 6.3).66  

E+H2O2

k1obs

⟶ Cmpd I+H2O 

Cmpd I+ABTS
k2obs

⟶ Cmpd II+ABTS
⋅+

 

Cmpd II+ABTS
k3

⟶E+H2O+ABTS
⋅+

 

(Scheme 6.3)
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Figure 6.2. A representative Michaelis-Menten plot showing the rate of the intrinsic 

peroxidase activity versus the concentration of ABTS for WT and M80A horse heart cyt c. 

These measurements were performed in a 25 mM sodium acetate buffer at pH 4.5 

containing 0.1 mM DTPA, 1 to 2 µM of cyt c, and 1 mM H2O2. The start of the inhibition 

phase is indicated (blue dotted line), which occurs at around 200 µM of ABTS. Similar 

signs of substrate inhibition were observed in other variants studied (Y67R and 

Y67R/M80A in particular), already at pH 6.5, suggesting that there is a possible 

conformational difference between pH 7.4 and 6.5 in these variants. pH dependence is 

expected, particularly if there are conformational changes at different pH conditions and 

the heme is more readily exposed to H2O2. Since signs of heme bleaching (a progressive 

decrease in the absorption of the Soret band only in the presence of H2O2 and buffer) were 

observed in structurally perturbed variants, lower concentrations of H2O2 were used when 

comparing the activities of the variants. 
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The sequential ping-pong mechanism was used to obtain rate constants k1obs and k3 

describing peroxidase activity of cyt c variants. 65, 66  

The rates of ABTS·+ formation in the ping-pong mechanism can be expressed in terms of 

Michaelis-Menten parameters according to eq 6.15:66  

ν

2[protein]
=

Vmax[ABTS][H2O2]

KM
ABTS[H2O2]+KM

H2O2[ABTS]+[H2O2][ABTS]
 

(6.15) 

where KM
ABTS and KM

H2O2  are the Michaelis-Menten constant for ABTS and H2O2
 binding, 

respectively. 

To obtain the rate constants k1obs and k3, two types of assays were performed. 

[ABTS] was varied at fixed [H2O2] to measure k3 (eq 2.12) and [H2O2] was varied at fixed 

[ABTS] to measure k1obs (eq 2.13). Formation of ABTS·+ over time, was observed in both 

types of experiments, and initial velocity, v, was obtained from the first derivative of the 

linear phase of this assay. 

Under pseudo-first order conditions, the dependence of rates on concentration of a 

substrate can be fitted to a classic hyperbolic Michaelis-Menten expression (eq 6.16): 

𝑣=
ax

b+x
=
Vmax[substrate]

KM+[substrate]
=

kcat[substrate]

KM+[substrate]
 

(6.16) 

At fixed H2O2 conditions, eq 6.15 is rearranged to eq 6.17 

ν

2[protein]
=

k3[ABTS][H2O2]

[H2O2]+
k3

k1obs
⁄ [ABTS]

 

(6.17) 
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A set of assays were performed at a fixed concentration of H2O2 and varied concentrations 

of ABTS. To obtain k3 values, assays were repeated at a different fixed concentration of 

H2O2. Data were then fitted to eq 6.17 for each set H2O2 conditions. k3 values were then 

calculated from the parameters of fits obtained from eq 6.17 under various set H2O2 

concentrations according to eq 6.18. 

 

k3=
kcat

2KM
ABTS

 

(6.18) 

Using the general hyperbolic function (eq. 6.16), a and b values from the dependence in eq 

6.19 are obtained, where a and b is defined by eqs 6.20 and 6.21. 

v=
a[H2O2]

b+[H2O2]
 

(6.19) 

a=2[protein]k3[ABTS] 

(6.20) 

b= (
k3

k1obs
⁄ ) [ABTS] 

(6.21) 

The slope of the plot of a versus b yields k1obs (eq 6.22): 

kcat

KM
H2O2

=
a

b
=

2k3[ABTS]

(
k3

k1obs
⁄ ) [ABTS]

=2k1obs 

(6.22) 

which rearranges to eq 6.23. 
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k1obs =
kcat

2KM
H2O2

 

(6.23) 

Unlike conventional peroxidases, cyt c requires dissociation of the sixth ligand 

(Met or Lys) to allow for H2O2 coordination to the heme iron (Schemes 6.4 and 6.5).  

Cyt
Lys

kb
𝐿𝑦𝑠

⇄

kf
𝐿𝑦𝑠

Cyt
off

T

1
KH

⁄

⇄ Cyt
off

TH
k1[H2O2]

⟶ Cmpd I 

(Scheme 6.4) 

Cyt
Met

kb
𝑀𝑒𝑡

⇄

kf
𝑀𝑒𝑡

Cyt
off

k1[H2O2]
⟶ Cmpd I 

 

(Scheme 6.5) 

 

The apparent rate constant for the Cmpd I formation k1obs in a six-coordinate heme 

iron in cyt c variants depends on the rate constants of binding kf
X and dissociation kb

X of 

the endogenous ligand X (in our case, Met and Lys),67 and k1, the traditional rate constant 

for the formation of the Cmpd I species upon H2O2 coordination.66-68  

 

Treatment of Lys-ligated Species. For Lys-bound species CytLys, the mechanism of the 

formation of Cmpd I follows scheme 6.4. As in the analysis of the alkaline transition, it is 

important to consider the equilibrium constant linked to the deprotonation of the trigger 

group, KH, in the analysis of peroxidase activity as well, as it is linked to a pH-dependent 

Lys-ligation. The rate of the Cmpd I formation is given by eq 6.24: 
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d[Cyt
off

TH]

dt
=k1obs[H2O2][Cyt

Total
]=k1[H2O2][Cyt

off

TH] 

(6.24) 

With assumptions of steady-state conditions for Cyt
off

TH
 and rapid protonation of Cytoff

T , eq 

6.25 is obtained: 

d[Cyt
off

TH]

dt
=-k1[H2O2][Cyt

off

TH]+ ((kb
𝐿𝑦𝑠

[Cyt
Lys

] -kf
𝐿𝑦𝑠

[Cyt
off

T ]) (
[H+]

KH

)) = 0 

(6.25) 

With the total cyt c concentration given by eq 6.26,  

[Cyt
Total

]= [Cyt
Lys

] +[Cyt
off

T ]+[Cyt
off

TH]  

(6.26) 

KH is be expressed according to eq 6.27. 

1

KH

=
[Cyt

off

TH]

[Cyt
off

T ][H+]
 

(6.27) 

 

With the appropriate substitutions, eq 6.26 is rearranged to eq 6.27: 

[Cyt
Total

]= (
KH

kb[H+]
) [Cyt

off

TH] (k1[H2O2]+kf
𝐿𝑦𝑠

+kb
𝐿𝑦𝑠

(1+ (
[H+]

KH

))) 

(6.27) 

Since k1obs[Cyt
Total

]=k1[Cyt
off

TH] from eq 6.24, k1obs is then expressed by eq 6.25, which is 

rearranged to obtain k1 (eq 6.26):  
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k1obs =

k1kb
𝐿𝑦𝑠

(
[H+]
KH

)

k1[H2O2]+kf
𝐿𝑦𝑠

+kb
𝐿𝑦𝑠

(1+
[H+]
KH

)

 

(6.25) 

k1=

k1obs (kf
𝐿𝑦𝑠

+kb
𝐿𝑦𝑠

(1+
[H+]
KH

))

kb
𝐿 (

[H+]
KH

) -k1obs [H2O2]

 

(6.26) 

Treatment of Met-ligated Species. Since Met ligand does not have to get deprotonated to 

dissociate from the heme iron,6 the mechanism simplifies to Scheme 6.5. Assuming steady-

state conditions for Cyt
off

, eq 6.27 is obtained: 

d[Cyt
off

]

dt
=-k1[H2O2][Cyt

off
]+(kb

𝑀𝑒𝑡[Cyt
Met

]-kf
𝑀𝑒𝑡[Cyt

off
])=0 

(6.27) 

Total cyt c concentration given by eq 6.28: 

[Cyt
Total

]=[Cyt
Met

]+[Cyt
off

] 

(6.28) 

And with the appropriate substitutions we can rearrange to get eq 6.29: 

[Cyt
Total

]=
[Cyt

off
](k1[H2O2]+kf

𝑀𝑒𝑡
+kb

𝑀𝑒𝑡)

kb
𝑀𝑒𝑡  

(6.29) 

Since k1obs[H2O2][Cyt
Total

]=k1[H2O2][Cyt
off

], k1obs is expressed according to eq 6.30:  
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k1obs =
k1kb

𝑀𝑒𝑡

k1[H2O2]+kf
𝑀𝑒𝑡

+kb
𝑀𝑒𝑡 

(6.30) 

Rearrangements of eq 6.30 results in eq 6.31 for calculations of k1: 

k1=
k1obs(kf

𝑀𝑒𝑡
+kb

𝑀𝑒𝑡)

kb
𝑀𝑒𝑡

-k1obs[H2O2]
 

(6.31) 

where k1obs is the observed k1. 

For Lys-ligated species, kf. kb, and KH values obtained from pH jump experiments 

were used as values for kf
Lys, kb

Lys, and KH. Since proteins denature at high alkaline 

conditions, the high-pH range of the dependences is less well defined and the KH values in 

Table 4 represent only the lower estimate. Thus, we have elected to use upper bounds of 

KH in our calculations of k1. 

For Met-ligated species, the Met dissociation rate, kb
Met, was assumed to be the rate 

limited by the opening of the heme pocket for ferric cyt c (60 s-1),60 and Met association 

rate, kf
Met, was estimated to be the equilibrium constant for Met-heme binding for ferrous 

cyt c, where k = 8×104 s-1.69 It is possible that kf
Met  is overestimated for ferric cyt c, as a 

soft Met is a poor ligand for the hard ferric heme iron. The dissociation constant for AcMet 

binding to MP8 is lower for ferrous heme iron than in ferric heme iron,58 and assuming that 

the rate constant of the opening of the heme crevice is independent of heme iron oxidation, 

the rate for association needs to be higher for the ferrous heme iron than the ferric iron. 

Furthermore, time-resolved spectroscopic studies with NO-bound cyt c have shown that 

while a sub-population of Met80 rebinding in ferric cyt c is slower than in ferrous cyt c, a 
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major component in both oxidation states have similar Met80 rebinding kinetics, raising 

the possibility that protein structure (rather than the redox state of the heme iron) may also 

govern the dynamics of Met80.70  

For M80A, k1obs = k1, and the sixth coordination site in M80A is occupied by the 

H2O ligand as in conventional peroxidases. 

Results 

Initial Characterization of the Y67R variant. In the ferric horse heart Y67R cyt c variant, 

the Soret band maximum, λmax, is at 406 nm at pH 7.4, blue shifted compared to the λmax 

of WT at 409 nm (Figure 6.3A, top and Table 6.1). The 695 nm CT band, found in the Met-

ligated WT protein, is not observed in Y67R (Figure 6.3A, inset). The 1H NMR spectrum 

at pH 7.4 confirms the absence of the native Met-ligated species in the ferric Y67R variant. 

The γ-ethyl and ε-methyl signals observed for the Met-ligated WT in the upfield region are 

not present in Y67R (Figure 6.3D). The signals near 35 ppm corresponding to the 8- and 

3-methyl protons of the heme porphyrin for Met-ligated species are absent, and instead, 

new sets of signals in the 25 to 5 ppm region are observed. The position of the new signals 

are consistent with those in the Lys-ligated cyt c.22, 71  

Ferrous Y67R has a comparable electronic absorption spectrum to that of WT at 

pH 7.4, but a higher extinction coefficient for the Soret band (Figure 6.3A, bottom). 

However, 1H NMR spectra of the two variants are different. The signals observed in the 

upfield region for Met80 are shifted downfield in Y67R compared to those in WT (Figure 

6.3C), and the spectrum of Y67R is comparable to that of chloramine-T treated cyt c that 

contains chemically oxidized Met80.72 
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Figure 6.3. Spectra of WT (black) and Y67R (orange) horse heart cyt c at pH 7.4. (A) 

Absorption spectra of ferric (top) and ferrous (bottom) proteins. (B) Structures of heme, 

His and Met showing the labeling nomenclature. (C) 1H-NMR spectra of ferrous proteins 

and (D) 1H-NMR spectra of ferric proteins. Numbered signals correspond to protons in the 

heme porphyrin,73 with the identity of the iron ligand in parenthesis. Other labels 

correspond to M= Met80 or H= His18, e = Gly29 αH, and f= Pro30 δH. Signals labeled 

with an asterisk are from protons of Met-SO.72 
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Table 6.1. Extinction Coefficients of WT and Y67R Horse Heart Cyt ca 

Variant pH Soret peak ε (mM-1cm-1) 

WTb 7.0 410 106 

Y67R 7.4 406 121.3 

 4.5 400 130.4 
aDetermined by pyridine hemochrome assays.42 Proteins were in either a 100 mM sodium 

phosphate buffer at pH 7.4 or a 100 mM sodium acetate buffer at pH 4.5. 

bFrom ref. 74, for horse heart cyt c. The spectrum in this reference was taken at 2 nm 

intervals, but comparison of spectra taken at similar pH conditions and at 1 nm intervals 

show that the λmax of the Soret is observed at 409 nm. 
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MALDI measurements show a deviation of the molecular weight from expected 

values consistent with the addition of a single oxygen atom (Figure 6.4 and Table 6.2). No 

additional peaks are observed, suggesting that in the Y67R variant, the entire population 

has its Met80 oxidized. Near-UV CD spectra at pH 7.4 suggest that the native tertiary 

structure observed in WT is absent in Y67R (Figure 6.5). This structural perturbation most 

likely stems from having a large, charged residue in the inner cavity of the heme pocket, 

as oxidation of Met80 does not influence the tertiary packing of the protein.72 Since the 

Y67R mutation disrupts the inner HB network and thus the packing of the heme crevice, it 

is no surprise that Met80 may be more readily exposed to molecular oxygen. 

The shift in electronic absorption spectra with change in pH suggests that the Lys-

ligated species observed at pH 7.4 is lost at lower pH (Figure 6.6). The band with λmax near 

620 nm for the H2O-bound high-spin species increases in intensity as pH is lowered (pKa 

= 5.26) (Figure 6.6D), suggesting that Lys is readily replaced by a water molecule. In 

Y67R, the loss of the native ligation and changes in the tertiary structure are accompanied 

by the decrease in thermal and chemical stability compared to those of WT (Tables 6.3 and 

6.4).29, 75 Acid unfolding occurs in Y67R with a pKa of 3.24 ± 0.02, compared to that of 

WT with a pKa of 2.5 reported in literature.76 Although the acid unfolding transition occurs 

earlier in Y67R than in WT, detection of a distinct acid unfolding transition suggests that 

while the polypeptide fold of Y67R is disrupted in the H2O-ligated state at mildly acidic 

conditions, it is different from that of the acid-unfolded state.  

The reduction potential of Y67R is lower than that of WT at pH 7.4 (Table 6.5).13 

Lowering the pH conditions to 4.5 increases the reduction potential, but the reduction 

potential of Y67R is still lower than that of Met-ligated WT cyt c (Table 6.5). 



 

328 

 

Figure 6.4. MALDI of horse heart cyt c WT (acetyl G1) (top, left) and Y67R (top, right).
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Table 6.2. MALDI of WT and Y67R Horse Heart Cyt c.  

Sample Expected MALDI Δexpected Δexp - ΔexpWT
a 

WT(acetyl G1) 12360.1 12364.7 ± 3.6 + 4.6 ± 3.6 -- 

Y67R 12310.0 12330.8 ± 2.4 + 20.8± 2.4 +16.2± 4.3 

aΔexp - ΔexpWT are used to correct the Δexpected, assuming the deviation from the MALDI 

and expected value for the WT should be equal. 
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Figure 6.5. Plot showing the near-UV ([cyt c] = 200 µM, l = 2 mm) CD spectra of WT 

(black) and Y67R (orange) cyt c variants at pH 7.4 in a 100 mM sodium phosphate buffer 

at pH 7.4.  
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Figure 6.6. (A) Plot showing the pH titration profile of Y67R from pH 2.68 to 8.4 in a 10 

mM HEPES pH 8.0 buffer. Highlighted are the maximum acidic (red) and maximum 

alkaline (blue) conditions observed, with a selection of traces between the pH ranges 

observed (grey). (B) Plot showing the change in absorption at 406 nm as a function of pH 

in the acidic pH region for Y67R (orange circle). Fit of the data in acidic pH region (blue 

line) are shown, with a pKa of 3.24 ± 0.02 and n of 2 ± 0.27. (C) pH titration profile for 

Y67R from pH 2.41 to 8.1 in a 10 mM HEPES buffer at pH 8.0. (D) Plot showing the 

change in absorption at 625 nm as a function of pH in the alkaline pH region for Y67R 

(orange circle). Fit of the data in alkaline pH region (blue line) are shown, with a pKa of 

5.26 ± 0.07 and n of 0.8 ± 0.09. pH titration data from mildly acidic to mildly alkaline pH 

was analyzed using the 620 nm CT band, since changes in the Soret band were minimal. 
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Table 6.3. Thermal Stability Parameters of WT and Y67R Horse Heart Cyt ca 

Variant pH Tm (°C) 

WT 7.0b 84.1b 

 4.5 71.1 ± 1.0 

Y67R 7.4 70.5 ± 6.1 

 4.5 57.8 ± 8.3 
aMeasured by monitoring the ellipticity at 222 nm, from 20 to 90 °C measured every 1°C. 

The values are averaged over three runs. Samples contained 20 µM protein in either a 100 

mM sodium phosphate buffer at pH 7.4 or a 100 mM sodium acetate buffer at pH 4.5.  

bFrom ref. 77. 
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Table 6.4. Global Thermodynamic Parameters of GuHCl Unfolding for WT and Y67R Horse Heart Cyt c 

 Circular Dichroisma UV-visb 

Variant [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) 

 pH 7.4 

WTc 2.7 ± 0.1 11.5 ± 2.6 31.1 ± 7.1 2.6 ± 0.1 11.3 ± 2.7 29.3 ± 7.1 

Y67R 1.6 ± 0.4 9.2 ± 7.2 14.7 ± 12.1 1.5 ± 1.0 10.0 ± 23.8 15.0 ± 37.1 

 pH 4.5 

WT 2.6 ± 0.1 9.8 ± 0.2 25.1 ± 1.1 2.7 ± 0.1 10.0 ± 3.7 27.0 ± 10.0 

Y67R 1.6 ± 0.7 10.0 ± 20.6 16 ± 33.7 2.4 ± 0.6 4.4 ± 3.5 10.6 ± 8.8 
aMonitored is the ellipticity at 222 nm, performed at 22 ± 2 °C. 

bMonitored is the ratio of wavelengths with maximum change observed in the Soret peak, determined by the difference spectra of the 

folded and unfolded states, performed at 22 ± 2 °C. 

cFrom ref 29, ΔGD recalculated based on the rounded [GuHCl]1/2 and mD parameters, based on eq 6.2. 
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Table 6.5. Reduction Potentials of WT and Y67R in Horse Heart Cyt c 

Variant pH Potential (mV, vs SHE) 

WT 7.8 255a 

 4.0 252 ± 2 (280 ± 2)b 

Y67R 7.4 31 ± 3 (34 ± 4)c 

 4.5 71 ± 8 (149 ± 3)c 

aFrom ref 13 at pH 7.8. 

bFrom chapter 5. 

cThis work, reductive (oxidative) direction reduction potentials vs SHE, determined from 

spectroelectrochemistry experiments performed at 22 ± 2 °C. Potentials obtained from 

fitting the data to eq. 6.4 were converted to SHE from GCE by adding 215 mV to the fitted 

E° value. Fixing n = 1 during data fitting did not alter the fitted E° value. 
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Signs of hysteresis are observed in oxidation and reduction directions of the 

electrochemical titrations (Figure 6.7), possibly from what could be irreversibility in the 

process.  

Intrinsic peroxidase activity for Y67R is higher than those for WT within the pH 

range 7.4 to 4.5 (Table 6.6 and Figure 6.8). In the presence of CL, the peroxidase activity 

of Y67R is higher than that of WT. However, the peroxidase activity rates of Y67R are not 

increased in the presence of CL at pH conditions lower than 7.4 (Figure 6.8 and Table 6.6). 

Oxidation of Met80 in WT cyt c has been reported to alter the pKa value for the 

alkaline transition, peroxidase activity, and the electrochemical properties of the protein.78, 

79 Oxidized Met80 alters the functional properties of the protein, making it difficult to 

isolate whether the changes in function stems from the structural perturbation with the 

Y67R mutation or from oxMet80.  

To reveal the effects of the Y67R mutation independent of the oxidized Met80 on 

protein structure and function, an additional mutation, M80A, was included. Previous 

studies have shown that M80A mutation does little to perturb the overall structure of 

cytochrome c.80, 81 We thus hypothesized that M80A substitution in addition to the Y67R 

mutation should not dramatically alter the spectral features, enzymatic characteristics, and 

stability of the protein when compared to the variant with only the Y67R mutation. M80A 

was also characterized as a control, and Y67R/M80A variant was used as a model to 

explore the effects of having Arg instead of Tyr in residue position 67.  
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Figure 6.7. Plots showing the percent of the ferrous protein based on the absorbance at 550 

nm versus potential (versus GCE) are plotted with the fits for the reductive (blue) and 

oxidative (red) directions for horse heart cyt c Y67R variant at A) pH 4.5 and B) pH 7.4.  
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Table 6.6. Initial Rates of Peroxidase Activity for WT and Y67R Horse Heart Cyt c at  

 Rate (mM/s) 

Variant Intrinsic CL-bounda 

 pH 7.4 

WT 8.5 ± 0.07 × 10-6 9.1 ± 0.7 × 10-5 

Y67R 1.3 ± 0.04 × 10-4 2.1 ± 0.5 × 10-4 

 pH 6.5 

WT 1.4 ± 0.09 × 10-5 1.6 ± 0.07 × 10-4 

Y67R 4.3 ± 0.3 × 10-4 1.9 ± 0.05 × 10-4 

 pH 5.5 

WT 2.6 ± 0.3 × 10-5 5.1 ± 0.2 × 10-5 

Y67R 3.5 ± 0.2 × 10-4 1.3 ± 0.03 × 10-4 

 pH 4.5 

WT 3.0 ± 0.8 × 10-5 4.7 ± 0.9 × 10-5 

Y67R 2.4 ± 0.4 × 10-4 5.2 ± 0.9 × 10-5 
aCyt c bound to CL vesicles, with the ratio of protein to vesicle concentrations being 

1:750.  
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Figure 6.8. Bar graphs of initial rates of intrinsic (lighter bars) and CL-bound (darker bars) 

peroxidase activity at pH 4.5 to 7.4. Shown are the rates for WT (black) and Y67R (blue).  
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Characterization of Ligation, Structural Properties, and Stability of Y67R/M80A, 

M80A, and WT at pH 7.4. The λmax of the Soret band in the electronic adsorption spectrum 

of ferric Y67R/M80A is blueshifted to 406 nm at pH 7.4 relative to that of WT at 409 nm 

(Figure 6.9A). Further, the extinction coefficient of Y67R/M80A at λmax is higher than that 

of WT,74 but comparable to the increase observed in semi-synthetic M80A horse heart cyt 

c (Table 6.7).82 Consistent with the lack of Met-ligated heme, the CD spectrum of the Soret 

region for Y67R/M80A shows the lack of the negative band at 416 nm observed in WT 

(Figure 6.10).6 However, the split Q-band features of the hydroxide-ligated M80A are not 

seen in the electronic absorption spectra of Y67R/M80A,82-84 suggesting that hydroxide is 

not the heme ligand in Y67R/M80A despite having similar features of the Soret band 

(Figure 6.9A). 1H NMR spectra confirm this conclusion, as the spectral features of a 

hydroxide-ligated heme iron species found at 16, 14.5, and 13.5 ppm seen in M80A are not 

observed in the 1H NMR spectrum of Y67R/M80A (Figure 6.11A). Instead, the heme 

methyl signals of Y67R/M80A in the 1H NMR spectra (Figure 6.11A) closely resemble 

those of Lys-ligated alkaline cyt c.22, 71 

EPR spectra also corroborate our conclusions based on the 1H NMR spectra, as 

features in the EPR spectrum of Y67R/M80A are comparable to those of Lys-ligated c-

type cytochromes22, 85, 86 rather than those of hydroxide-ligated M80A or Met-ligated 

species (Figure 6.11C). Inspection of the upfield region in the 1H NMR spectra for ferrous 

Y67R/M80A suggests that Lys is coordinated to the ferrous heme iron (Figures 6.11B and 

6.12). Observed signals of the spectra for Y67R/M80A are not as well-defined as in Lys-

ligated ferrous K73A/K79G/M80K (M80K*) yeast cyt c or M100K Thiobacillus vergutus 

cyt c550.
15, 85  
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Figure 6.9. Electronic absorption spectra of (A) ferric and (B) ferrous WT (black), 

Y67R/M80A (green), and M80A (red and teal) at pH 7.4 and 22 ± 2ºC. 
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Table 6.7. Extinction Coefficients for Horse Heart Cyt c Variants. 

  Ferric Ferrous 

Variant pH λmax (nm) ε (mM-1cm-1) λmax (nm) ε (mM-1cm-1) 

WT 7.0a 410 106 415 125 

M80A 7.0b 405 121.7 -- -- 

 4.5b 400 164.4 -- -- 

Y67R/M80A 7.4 406 121.6 416 163.7 

 4.5 400 168.4 413 172.7 
a From ref. 74. bFrom ref. 82 
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Figure 6.10. CD spectra in the Soret region of WT (black), Y67R/M80A (green), and 

M80A (red) at pH 7.4 and 22 ± 2 ºC. Protein concentrations were 50 μM and the path length 

l was 2 mm in these experiments. 
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Figure 6.11. 1H NMR spectra at 25 ºC and EPR spectra at 10 K of WT (black), 

Y67R/M80A (green), and M80A (red) at pH (or pD) 7.4. 1H NMR spectra of (A) ferric and 

(B) ferrous proteins, with signals numbered corresponding to protons in the heme 

porphyrin (see Figure 6.3B for numbering), with the identity of the Lys ligand in 

parentheses for the alkaline state. Spectra of alkaline WT (gray, pD 10.5) with 

identification of peaks based on literature,22 are shown for comparison. (C) EPR spectra.  
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Figure 6.12. Upfield region of the 1H NMR spectra of ferrous Lys-ligated 

K73A/K79G/M80K (M80K*) yeast iso-1-cyt c, and ferrous horse heart cyt c variants, 

Y67R/M80A and M80A, at 25 ºC in a 50 mM sodium phosphate buffer at pH 7.4 

containing 10% D2O (v/v). 1H NMR spectrum of ferrous M80K* was provided by Dr. 

Fangfang Zhong.  
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However, similar set of less defined signals have been observed in the -2 to -4 ppm range 

for Lys-ligated E. coli-expressed M80E yeast cyt c and carboxymethylated horse heart cyt 

c.87 Electronic absorption spectra suggest that the broadening of the Soret and Q-band 

features observed for M80A are not observed for Y67R/M80A (Figure 6.9B).  

For WT cyt c, the reduction potential decreases dramatically from 225 mV for the 

native Met-ligated heme iron (255 mV) to -205 mV for the alkaline Lys-ligated heme 

iron.13, 88 A decrease in the reduction potential is also observed in the Y67R/M80A variant 

compared to Met-ligated WT (Table 6.8), and the reduction potential is consistent with a 

Lys-ligated heme iron.88 This change is expected, as the reduction potential is proportional 

to the equilibrium constant of the ferrous and ferric species.6 Due to this relationship, heme 

iron ligands will influence the equilibrium constant and thus the reduction potential.6 Based 

on HSAB theory, the heme iron ligand will have a preference for either the reduced or 

oxidized state of the heme iron.68 Unlike soft Met, a hard base Lys will prefer a hard ferric 

heme iron instead of the soft ferrous heme iron, and so the reduction potential of Lys ligated 

heme iron is negative compared to the reduction potential of Met ligated heme iron. 

Although the decrease in the reduction potential for the Y67R/M80A variant is not as 

dramatic as that observed with the Lys-ligated heme iron in WT cyt c at alkaline pH, the 

reduction potential of -80 ± 7 mV in Y67R/M80A is comparable in magnitude to Lys-

ligated M80K* yeast cyt c variant reported in the literature at near-neutral pH conditions 

(-94 ± 2 mV).15  

The two titration curves of the electrochemical titration do not fully overlap with 

each other for Y67R/M80A. This hysteresis of the electrochemical titration curves could 

stem from irreversibility in the system due to differences in relaxation times depending on
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Table 6.8. Reduction Potentials of Horse Heart Cyt c Variants. 

Variant pH Axial ligand E° (mV vs SHE) 

WT 7.8 Met 255a 

 10.0 Lys -205b 

Y67R/M80A 4.5 H2O -54 ± 7 (-22 ± 3) 

 7.4 Lys -80 ± 7 (-56 ± 1) 

M80A 4.5 H2O 16 ± 6 (32 ± 3) 

 7.4 OH- -33 ± 4 (--) 

 7.0 -- 185d 
aFrom ref. 13. bFrom ref. 88. cReductive (oxidative) direction. dFrom ref. 84. 
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the oxidation state of the protein,89 or due to differences in protein interactions with the 

electrode surface upon changes in the formal charge of the protein.90  

The discrepancy between the M80A reduction potential values in the literature84 

and this study (Table 6.8) could be due to the differences in experimental pH conditions 

and methods. The value from a single-point extrapolation obtained from ferricyanide 

titration will be different from that of a direct electrochemical titration using mediators in 

the solution. However, the general trend reported both in this study and in the literature for 

M80A84 is consistent with the data from the model AcMP8 compound, whose reduction 

potential decrease with the low-spin hydroxide ligated heme iron compared to the high-

spin H2O-ligated heme iron.7 Further, reduction potentials obtained from immobilized 

yeast cyt c M80A variants show a significant decrease compared to WT at similar 

conditions (-201 mV versus 370 mV at pH 7.0).91 CD spectra of the ferric variants in the 

far- and near-UV regions were obtained to compare the extent of the secondary and tertiary 

structural perturbations in the variants upon mutations (Figure 6.13). M80A has a similar 

secondary or tertiary polypeptide fold to that of WT, providing further evidence that Met80 

ligation alone does not affect the protein fold. In contrast, the spectra of Y67R/M80A 

variant are dramatically altered compared to that of WT. In the far-UV spectrum, the α-

helical signals at 222 nm are still present, but an increase in the negative signals between 

the 200 to 215 nm region are observed, possibly due to the increased random-coil character 

(Figure 6.13A). In addition, the near-UV spectra of Y67R/M80A show the magnitude CD 

signals is greatly diminished in comparison to those of M80A and WT, suggesting a lack 

of native tertiary structure in Y67R/M80A (Figure 6.13B). 
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Figure 6.13. (A) Far-UV ([cyt c] = 20 μM, and l = 1 mm) and (B) near-UV ([cyt c] = 200 

μM, and l = 2 mm) CD spectra of WT (black), Y67R/M80A (green), and M80A (red) in a 

100 mM sodium phosphate buffer at pH 7.4 and 22 ± 2 ºC.  
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Global stability parameters with respect to thermal and chemical denaturation were 

obtained by monitoring the α-helical signals with CD spectroscopy. Thermal and chemical 

denaturation parameters for M80A are comparable to those for WT,6, 29, 77 suggesting that 

a simple removal of the Met80 does not change the thermodynamic characteristics of the 

protein (Table 6.9). In contrast, the Y67R/M80A variant shows a marked decrease in 

stability parameters. 

Characterization of Ligation, Structural Properties, and Stability of Y67R/M80A, 

M80A, and WT at pH 4.5. For WT, the electronic absorption, 1H NMR, and EPR spectra 

are unchanged at pH 4.5 (Figure 6.14) compared to those at pH 7.4 (Figures 6.9 and 6.11) 

and are consistent with a Met-ligated heme iron. In comparison, the electronic spectra for 

both M80A and Y67R/M80A exhibit different spectral characteristics at pH 4.5 than those 

at pH 7.4 (Compare Figures 6.9A and 6.14A). The λmax of the Soret absorption band for 

both M80A and Y67R/M80A blueshifts to 400 nm, and extinction coefficients are similar 

(Figure 6.14A and Table 6.7). This blueshift is accompanied by a formation of the CT band 

at 620 nm, a characteristic of the high-spin H2O-coordinated heme iron (Figure 6.14A, 

inset). The 1H NMR spectrum in the downfield region confirms the presence of the high-

spin heme for both Y67R/M80A and M80A in the downfield region near 55 ppm (Figure 

6.15). Changes in this high-spin feature observed in 1H NMR with changes in pH for M80A 

(Figures 6.16A). 

For Y67R/M80A, the EPR peaks characteristic of the Lys-bound heme are no 

longer present at pH 4.5 (Figure 6.14C). Instead, two sets of signals are seen: a 

characteristic signal of high-spin H2O-ligated heme iron species at g value near 6, as well 

as a set of signals near g values of 3 and 1.5 (Figure 6.14C). 
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Table 6.9. Thermodynamic Parameters for the Unfolding Transitions of Horse Heart Ferricytochrome c Variantsa 

  Thermal Denaturation  GuHCl Denaturation 

Variant pH Tm (K) ΔHD (kJ mol-1)  [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD(kJ mol-1) 

WT 7.4 357.1b 360 ± 30b  2.7 ± 0.1c 11.5 ± 2.6c 31.1 ± 7.1c 

 4.5 344 ± 1.0 205 ± 30  2.6 ± 0.1 9.8± 0.2 25.1 ± 0.7 

Y67R/M80A 7.4 344 ± 1.5 133 ± 4  1.7 ± 0.1 10.3 ± 0.1 17.5 ± 1.0 

 4.5 328 ± 0.4 151 ± 1  1.4 ± 0.04 9.6 ± 1.3 13.4 ± 1.9 

M80A 7.4 357 ± 0.7 306 ± 79  2.71 ± 0.02 10.3 ± 0.6 27.9 ± 1.6 

 4.5 349 ± 1.1 344 ± 55  2.6 ± 0.1 11.6 ± 0.3 30.2 ± 1.4 
aMonitored is ellipticity at 222 nm. bFrom differential scanning calorimetry, pH 7.0, ref. 77. cFrom ref. 29. 
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Figure 6.14. (A) Electronic absorption spectra at 22 ± 2 ºC, (B) 1H NMR spectra at 25 ºC, 

and (C) EPR spectra at 10 K of ferric WT (black), Y67R/M80A (green), and M80A (red) 

in a 100 mM sodium acetate buffer at pH 4.5 for (A) and (C), or in a 50 mM acetic acid d4 

buffer in 100 % D2O at pD 4.5. 
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Figure 6.15. 1H NMR spectra of ferric WT, Y67R/M80A, and M80A variants in a 50 mM 

acetic acid d4 buffer at pD 4.5 and 25 ºC. The signal associated with the high-spin heme 

iron species is labeled by *. 
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Figure 6.16. Spectra of ferric M80A at different pH values: (A) 1H NMR spectra at 25 ºC, 

with signals of the hydroxide-ligated heme iron marked with asterisks (* and **); (B) 

normalized intensities of the selected NMR peaks, plotted along the fraction of the 

hydroxide-ligated form of M80A as a function of pH; (C) EPR spectra at 10 K; (D) UV-

visible spectral changes with pH at 22 ± 2 ºC (top) and fit of the absorbance changes 

(bottom).  
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Similar sets of signals are observed for M80A (Figure 6.16C). In the yeast analogue 

of M80A, the EPR spectrum at pH 4.0 has a single high-spin signal at  g ≈ 6, without any 

minor signals at higher magnetic fields.86 In M80A yeast cyt c, pKa of the H2O- to 

hydroxide-ligated heme iron species ligand switch is at ~5.6, and the high-spin signal 

reported in literature at pH 4.0 is that of H2O-ligated heme iron.86 However, in horse heart 

M80A cyt c, two sets of signals are observed (Figures 6.16C). It is likely that the two sets 

of signals arise from the H2O-ligated heme iron species in the high-spin and low-spin states, 

respectively. Similar sets of signals have been previously reported for AcMP8 species7 and 

acid-denatured cyt c,92 and these signals were proposed to stem from the relative 

positioning of the d-orbital levels.7, 92  

The far-UV spectra for all the variants at pH 4.5 show no significant changes in the 

compared to the spectra at pH 7.4 (Figure 6.17A). This is true for the near-UV and visible 

spectra as well (Figures 6.17B and C). Although there does not seem to be an obvious 

change in spectral properties, chemical and thermal stability for Y67R/M80A decrease at 

lower pH (Table 6.9). This trend is consistent with results of HX experiments for WT horse 

heart cyt c.93 However, a greater decrease in stability parameters are observed with 

Y67R/M80A upon decrease in pH compared to those of WT. This change in stability 

observed in Y67R/M80A is not due to the absence of Met80, as the stability of M80A at 

pH 4.5 does not markedly decrease from pH 7.4 to 4.5, and the stability of M80A at pH 

4.5 is much higher than that of Y67R/M80A at pH 4.5 (Table 6.9). Stability parameters of 

Y67R/M80A at pH 4.5 is comparable to those of Y67R at pH 4.5, (Table 6.4), suggesting 

that the change in stability most likely arises from the structural perturbation caused by the 

Y67R mutation, and not the M80A mutation, in the Y67R/M80A variant. 
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Figure 6.17. CD spectra in the (A) far-UV ([cyt c] = 20 μM, and l = 1 mm), (B) near-UV 

([cyt c] = 200 μM, and l = 2 mm), and (C) Soret ([cyt c] = 50 μM, and l = 2 mm) regions 

of WT (black), Y67R/M80A (green), and M80A (red) in a 100 mM sodium acetate buffer 

at pH 4.5 and 22 ± 2 ºC. 
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pH-Dependent Changes in Ligation. Spectral characterization of Y67R/M80A has 

revealed that Lys is the ferric heme ligand at pH 7.4 (Figure 6.11) and Lys is replaced by 

a different ligand at pH 4.5 (Figure 6.14). To better understand the mechanism of this pH-

dependent change in ligation and discern the species involved in the transition, electronic 

absorption spectra at a wide range of pH conditions were obtained (Figure 6.18A). SVD 

analysis was performed to determine the major species involved in the transition, identify 

their spectra, and determine the pKa value of the conformational transitions. Two sets of 

pH titration profiles in the 350 to 500 nm range (Soret band, Figure 6.18) and 590 to 720 

nm range (CT band, Figure 6.19) were used to determine the components involved in the 

transition by matrix analysis, with the selected Vi(pH) vectors (V-vectors) globally fitted 

to yield the pKa value of the transition (Table 6.10). Separate analyses of the sets of titration 

data consistently have shown that the pH transition of Y67R/M80A involved two species—

that of the high-spin H2O species and the low-spin species.  

 Since the electronic absorption spectra of the Lys- and hydroxide-ligated cyt c are 

similar,82, 86 we have considered the possibility that in Y67R/M80A, both the hydroxide-

ligated and the Lys-ligated heme iron species may be present (Figure 6.9A). This 

possibility was ruled out by obtaining the spectra at pH 10.5 (Figure 6.20). At pH 10.5, 

EPR and NMR spectra strongly suggest that it is Lys, and not hydroxide, that is bound to 

the heme iron for Y67R/M80A (Figure 6.20), as is the case for alkaline WT. EPR spectra 

lack the distinct peak corresponding to the hydroxide-ligated heme iron observed in M80A 

(Figure 6.16C), so Y67R/M80A likely do not contain detectable amounts of hydroxide-

ligated heme species.  
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Figure 6.18. (A) Electronic absorption spectra of Y67R/M80A over the pH range from 4.0 

to 8.3 at 22 ± 2 ºC. (B) Plots of the V vectors from SVD analysis of these spectra. (C) 

Fractional populations Fi of the two components using a pKa value of 5.6. (D) Spectra of 

the two components from SVD analysis are compared to that of the H2O-ligated M80A at 

pH 4.5 and 2.0 with 1 M added salt (to mimic MG conditions) (top) and Lys-ligated WT 

at pH 10.5 (bottom). (Figure made by Dr. Jie Gu) 
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Table 6.10. Parameters for the pH-Dependent Transitions in Horse Heart 

Ferricytochrome c 

Variant Ligand Exchange Region Monitored pKa n 

WTa His/H2O → His/Met  2.5 1.14 

 His/Met → His/Lys  9.35 1.0 

Y67R/M80A His/H2O → His/Lys Soret 5.6 ± 0.1 1.0 ± 0.1 

  CT 5.6 ± 0.1 1.0 ± 0.1 

M80A His/H2O → His/OH- Soret 6.1 ± 0.1b ± 0.1 
aFrom ref. 21 bA similar value has been reported in studies of semisynthetic M80A.82 
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Figure 6.19. (A) pH dependence of the CT region of Y67R/M80A absorption spectra at 22 

± 2 ºC; spectra at high (pH = 8.05, blue), low (pH = 3.94, red) pH, and selected intermediate 

(gray) pH values are shown. (B) Absorbance values at 620 nm versus pH (green) and 

corresponding fit. Points below pH 4.5 and above 7.5 were omitted from the analysis of 

this variant due to large drift in the spectral baselines suggesting protein denaturation at 

increasingly acidic and basic conditions.  
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Figure 6.20. (A) 1H NMR spectra in the downfield region for ferric WT and Y67R/M80A 

horse heart cyt c at 25 ºC. Samples were in a 50 mM sodium borate buffer with 100% D2O 

at pD 10.5. Heme methyl signals observed in alkaline Lys-ligated cyt c are indicated (red 

dotted box). (B) EPR spectra ferric WT and Y67R/M80A at 10 K. Samples were in a 50 

mM sodium borate buffer at pH 10.5with 20 % glycerol (v/v). 
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pH titrations using the 1H NMR and EPR measurements also show that the 

hydroxide-ligated species is not populated during the transition (Figure 6.21). EPR spectra 

lack the signal associated with the hydroxide-ligated heme iron (gz = 2.57, Figure 6.16C) 

in the entire pH range, from 10.5 to 4.5 (Figure 6.21A). In the 1H NMR spectra, the heme 

methyl resonances between 15 and 25 ppm characteristic of the Lys-ligated heme iron 

(Figure 6.11A), are the only signals present in the pH range from pD 10.5 to 5.75 (Figure 

6.21B). Signals found for the hydroxide-ligated heme iron species observed in M80A 

(Figure 6.16A) are not present in this pD range in the spectra of Y67R/M80A. At pD 5.75, 

near the pKa obtained from the electronic absorption spectra, the 1H NMR spectrum is a 

combination of the spectra at pD 7.4 and 4.5, further confirming that the bound-ligand 

transitions between Lys and H2O and does not involve a hydroxide-ligated heme iron 

species (Figure 6.21B). Furthermore, if the coordinated species had included hydroxide as 

an intermediate, the pKa value for the transition would have been significantly higher.  

Values of pKa for coordinated water in proteins with His/H2O heme vary widely 

and are heavily dependent on exposure of the coordination site. The pKa of 6.1 for M80A 

is in the lowest values reported (Table 6.10 and Figure 6.16D), but in MP8, where the heme 

coordination site is fully exposed, the pKa increases to 9.6.7 For Y67R/M80A, the tertiary 

packing at near-neutral pH is greatly perturbed (Figure 6.13B), suggesting that the heme 

and its H2O ligand in this variant is more solvent exposed than those in M80A. Thus, had 

hydroxide been a heme ligand in Y67R/M80A, the pKa of this species would have been 

greater than 6.1, and we would have observed the spectroscopic signature of this species 

in 1H NMR and EPR at the titration midpoint. 
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Figure 6.21. (A) EPR spectra of M80K* yeast cyt c at pH 7.4; Y67R/M80A horse heart 

cyt c at pH 10.5, pH 7.4, pH 6.5, pH 5.5, and pH 4.5; M80A horse heart cyt c at pH 4.5. 

Each sample contained 200 to 300 μM protein in a 50 mM borate buffer at pH 10.5; 50 

mM sodium phosphate buffer at pH 7.4 to 6.5; 50 mM MES buffer at pH 5.5; 50 mM 

sodium acetate buffer at pH 4.5. Except for M80K*, 20% glycerol (v/v) were added for all 

samples. Spectra were obtained at 10 K. Signals attributed to Lys-bound (blue) and high-

spin H2O species (red) are indicated (dotted line). EPR spectrum for M80K* was provided 

by Dr. Fangfang Zhong. (B) pH-dependence of the downfield region of the 1H NMR 

spectra of ferric Y67R/M80A at 25 ºC. Buffers used were 50 mM sodium acetate at pD 4.5 

and 5.75; 50 mM sodium phosphate at pD 7.4; 50 mM sodium borate at pD 10.5; all buffers 

were prepared with 100% D2O. 
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Based on the spectra at different pH conditions and pKa comparisons, we conclude 

that Lys is replaced by H2O in the Y67R/M80A variant, and that sizable population of the 

hydroxide-ligated heme species is not present in the pH range observed. 

Spectral baselines change significantly at pH conditions above 7.4 and at mildly 

acidic conditions, suggesting that the stability of the protein at Y67R/M80A diminishes 

and the protein aggregates (Figures 6.20 and 6.21). It is possible that there may be spectral 

contributions from the more solvent-exposed heme species of denatured protein. However, 

analyses of the EPR and 1H NMR spectra support a pKa value obtained from the Soret 

spectra of pKa = 5.6 (Figure 6.22), even at high protein concentrations where contribution 

from protein aggregates may be greater. Furthermore, plotting the signals of Lys-ligated 

species as a function of pH correspond well to the fitted lines of the population of the two-

state conformers calculated from the SVD analysis with the pKa value of 5.6 (Figure 

6.18C). Even if there are denatured species, this does not provide a sizable contribution to 

the spectral signals at the observed pH conditions.  

The pH-dependent heme iron ligand switch between Lys and H2O for Y67R/M80A 

can be explained by a two-state model, and the components involved can be confirmed by 

the component spectra obtained from the SVD analysis (Figure 6.18D). The spectrum of 

one of the components resembles that of H2O-ligated M80A at pH 4.5 (Figure 6.14A) and 

is even closer to that of M80A under MG conditions (Figure 6.18D, top). These results 

agree with the ligand assignment to be H2O at pH 4.5 and flexible tertiary structure 

observed for the Y67R/M80A variant under acidic conditions (Figures 6.14 and 6.17B). 

The spectrum of another component extracted from the analysis is comparable to that of 

Lys-ligated WT cyt c at pH 10.5 (Figure 6.18D, bottom). 
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Figure 6.22. pH dependence of the intensities of selected signals (data in Figure 6.21) from 

(A) 1H NMR and (B) EPR spectra of ferric Y67R/M80A. Solid lines are the populations 

of the Lys-ligated forms, and dashed lines are the populations of the H2O-ligated form as 

a function of pH. (Figure made by Dr. Jie Gu) 
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pH-Jump Kinetics and Lys Dissociation Rates from Imidazole Binding Experiments. 

Rate constants associated with transitions from the Lys-ligated conformer for Y67R/M80A 

were obtained from time-dependent changes in the absorption spectra upon downward and 

upward pH jumps (Table 6.11). All kinetic data obtained were fit to single-exponential 

progress curves (Figure 6.23A) and show dependence on pH, with kobs ≈ kb at lower pH 

values where [H+] >> KH (the acid dissociation constant of the protonating “trigger” group), 

and kobs = kf + kb at higher pH values where [H+] << KH (Figure 6.24). To get an accurate 

fit for the KH value from the data set, kb has been set as the average of the kobs values at 

lower pH conditions. From the rate constants kf and kb, the conformational equilibrium 

constant KC (the ratio of forward and backward rate constants, kf/kb) has been obtained to 

calculate the apparent pKa
 value (pKa = pKH + pKC), which is in good agreement with the 

pKa values obtained from pH titrations monitoring the Soret or CT transition (compare 

Tables 6.10 and 6.11).  

 Both KC and pKH in Y67R/M80A contribute to lowering the apparent pKa (Table 

6.11). Furthermore, pKH of the “trigger” group in Y67R/M80A is 6.9 ± 0.4, much lower 

than the 11.5 ± 0.1 in WT cyt c It is then likely that conformational effects imposed by the 

Y67R/M80A mutation is in close vicinity of the “trigger” group. The rate constant for the 

formation of the Lys-ligated conformer, kf, is similar in Y67R/M80A and WT. The major 

difference is observed in the rate constant for the back conversion from the Lys-ligated 

conformer, kb, which is about an order of magnitude higher than that of WT (Table 6.11). 

Unlike in WT, the Lys-ligation is readily lost in Y67R/M80A, presumably because of its 

highly perturbed tertiary structure and diminished global stability (Figure 6.13B and Table 

6.9). 
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Table 6.11. Kinetic Parameters for the Alkaline Transition and Imidazole Binding for Horse Heart Ferricytochrome c Variants 

Variant kf (s
-1) kb (s

-1) KC pKH
c pKH + pKc KD

Im (M) kobs
Im

 (s-1) 

WT 10.5 ± 0.2a 0.048 219± 4 11.5 ± 0.1 9.2 ± 0.1 9.5×10-2b 60 ± 15 

Y67R/M80A 7.7 ± 1.9 0.78 ± 0.38 9.9 ± 5.4 6.9 ± 0.4 5.9 ± 0.5 2.9×10-4 0.79 ± 0.05 
aFrom ref. 77. bCalculated from values in ref. 57. cDetermined from the fit of the data in Figure 6.24. 
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Figure 6.23. Representative kinetic traces from (A) pH jumps from pH 7.4 to 4.6 and from 

pH 5.4 to 7.9, and (B) measurements of imidazole binding kinetics at pH 7.4. Mixing 

experiments were performed at 22 ± 2 ºC. 
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Figure 6.24. Plot of kobs vs pH, with the fit to eq 6.7 (gray, dashed line) for Y67R/M80A. 

Results from downward (red circles) and upward (blue circles) pH-jump experiments at 22 

± 2 ºC are shown. 
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Y67R/M80A variant readily binds exogenous imidazole, which readily replaces the 

endogenous Lys ligand, as seen with the concentration-dependent changes in the 

absorption spectra (Figure 6.23B). In accordance with eq 6.14, the rate constant kobs
Im

 is 

independent of the concentration of the exogenous ligand when [Im]>>KD, as the term 

KD/(koff
Im

[Im]) becomes negligible at high ligand concentrations. The rate constant kobs
Im

 

obtained from imidazole binding experiments is within error of the kb values obtained from 

pH-jump experiments (Table 6.11). Similarities in the two rate constants suggests that the 

rate constant kb obtained from pH-jump experiments reports on the dissociation of Lys 

from the heme iron, and that the Lys dissociation is the rate-limiting step for the back 

conversion from the Lys-ligated conformer in Y67R/M80A. 

The pH-independent KD
Im value was calculated using eq 6.9 to from the pH-

dependent the KD
app

value obtained from fitting the data from eq 6.8 (Figure 6.25). The KD
Im 

value is over an order of magnitude lower for Y67R/M80A than that for WT (Table 6.11).57 

Imidazole more readily binds to the heme iron of Y67R/M80A than of WT (Table 6.11), 

suggesting a more exposed heme pocket in the former variant. KD
Im of Y67R/M80A is in 

good agreement with the equilibrium constant found for the imidazole binding in AcMP8 

(2.5 × 10-4 M at pH 8.0),58 rather than with that for WT (Table 6.11). In AcMP8, the heme 

is fully exposed to the solvent unlike in WT cyt c. As such, KD
Im for WT is higher than that 

for AcMP8, suggesting that the complexation of the Imidazole to the heme iron is lower in 

WT compared to AcMP8 (assuming the Imidazole dissociation is similar for both ferric 

hemes). Thus, similarities in the KD
Im parameter for Y67R/M80A to AcMP8 rather than the 

WT implies that the heme in Y67R/M80A is more solvent-exposed than the heme in WT.
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Figure 6.25. A plot showing the changes in absorption at 413 nm with increase in 

imidazole concentration for the Y67R/M80A horse heart cyt c variant (green dot), with the 

fit of the curve (red line). Zoomed in region at low imidazole concentrations (blue dotted 

line) are shown in the inset. 
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Peroxidase Activity. To compare with conventional peroxidases and model compounds,8, 

63, 66, 67, 94-108 assays of intrinsic peroxidase activity at varying concentrations of substrates 

have been performed (Figure 6.26).66 Although classical Michaelis-Menten kinetics have 

been used to describe the peroxidase activity of cyt c,9 we wanted to attempt to separate 

the relative contributions from protein packing and Lys-ligation at near-neutral pH and 

determine apparent k1 (k1obs) and k3 values.  

 Variations in k1 or k1obs in cyt c, reflect differences in the electronic structure and 

accessibility of the heme group. Accessibility of the heme is modulated by its encapsulation 

within the polypeptide; dissociation of endogenous ligands also plays a major role in 

altering the k1 of the protein.7, 9 The rate constant k1obs for Y67R/M80A increases 

significantly compared to those in WT and M80A (Figure 6.27A). Catalytic residues near 

the heme that promote heterolytic cleavage of H2O2 also influence k1. The rate constant for 

k1obs in Y67R/M80A is, however, lower than that for conventional peroxidases (Table 

6.12). 

To enable peroxidase function in cyt c, the axial ligand must first dissociate to 

provide an open coordination site for H2O2. The rate constant k1obs depends then on the rate 

constants for Met and Lys binding to the heme iron (Schemes 6.4 and 6.5). The ease of the 

axial ligand dissociation and will influence the value of k1obs, as an open coordination is a 

prerequisite for peroxidase activity. Furthermore, heme accessibility is crucial for substrate 

access. If the vicinity around the heme is tightly regulated and compact, it would be less 

likely for exogenous ligands to access the heme, even with a readily available open 

coordination site. 
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Figure 6.26. Representative progress curve, Michaelis-Menten plots, and fits (for k1obs and 

k3obs) for peroxidase assays using ABTS. A) Representative progress curve for WT (200 

μM ABTS, 1 mM H2O2, 1.1 μM cyt c in a 25 mM HEPES + 0.1 mM DTPA buffer at pH 

7.4). B) Representative Michaelis-Menten plot for determining k3, with H2O2 in excess, 

with fit (solid line). Shown is for M80A (0-200 μM ABTS, 437 μM H2O2, 1.1 μM cyt c in 

a 25 mM HEPES + 0.1 mM DTPA buffer at pH 7.4). Experimental k3 was found by using 

the equation k3 = kcat/(2KM). C) Representative Michaelis-Menten plot for determining k1 

(left) by obtaining VH2O2 and KM
H2O2 with ABTS in excess. Representative plot to 

extrapolate experimental k1 from VH2O2 and KM
H2O2 obtained at various concentrations of 

ABTS (right). Shown is the Michaelis-Menten plot for Y67R/M80A at pH 7.4 (left, 200 

mM ABTS, with H2O2 ranging from 0 to 200 mM H2O2, 1.1 μM cyt c in a 25 mM HEPES 

+ 0.1 mM DTPA buffer at pH 7.4) and the linear extrapolation of k1 (right, from 50 and 

100 mM ABTS, 0 to 200 mM H2O2, 1.1 μM cyt c in a 25 mM HEPES + 0.1 mM DTPA 

buffer at pH 7.4). 
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380 

 

Figure 6.27. Comparison of (A) k1obs (observed k1) and (B) k1calc (calculated k1 based upon 

model) for WT, T49V, Y67R/M80A, and M80A horse heart cyt c variants at pH 7.4 to the 

literature k1 values of MP8 from refs. 67 and 98. k1obs for T49V was obtained from ref. 109.  
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Table 6.12. Rate Constants for the Formation of Compound I (k1obs)
a 

 k1obs (M
-1s-1) pH 

Pseudo-peroxidases 

Cyt c (Horse Heart)   

    WT 4.8 ± 3.5 7.4 

    T49V (4.0 ± 2.1) × 101 7.4 

    Y67R/M80A (6.4 ± 2.1) × 102 7.4 

    M80A (1.2 ± 0.4) × 101 7.4 

    WT 7b,c 7.0 

    WT, with CL 1×101b,c 7.0 

Cyt c550 (P. versutus)   

    WT 2.6d 5.0  

    WT unfolded, 6 M GuHCl 3 × 103d 5.0  

 1.2 × 103e 5.0  

Mb (Human) 3.2 × 102f 6.0 

Mb (Sperm Whale) 7.6 × 102g 6.0 

MP8 4.4 × 103h 7.4 

 1.5-4.7 × 104i 7.5 

MP11 2.1 × 103j 7.0 

 1.7 × 102j 10.4 

Peroxidases from plants, fungi, bacteria 

Horseradish peroxidase 1.4 × 107k 7.4 

 9 × 106l 5.4 

Spanish broom peroxidase 2.5 × 105m 6.0 

Royal palm tree peroxidase 5.4 × 105n 6.0 

 3.3 × 105n 6.9 

Versatile peroxidase 1.3 × 106o 3 

 3.5 × 106o 3.0 

Cytochrome c peroxidase (Yeast) 3.9 × 107p 6.0 

Mammalian peroxidases 

Myeloperoxidase (Bovine) 1.8 × 107q 7.1 

Lactoperoxidase (Bovine) 1.1 × 107r 7.0 

Eosinophil peroxidase (Human) 4.3 × 107s 7.0 
ak1obs for cyt c variants and k1 for conventional peroxidases. bCalculated from reported kcat 

and [H2O2] using k1 = kcat/2[H2O2] (M
-1s-1). cFrom ref. 94, contained protein to CL ratio of 

1:40. dFrom ref. 8. eFrom ref. 95. fFrom ref 96. gFrom ref. 97. hFrom ref. 67. iFrom ref. 98. jFrom 

ref. 99. kFrom ref. 100. lFrom ref. 101. mFrom ref. 66. nFrom ref. 102. oFrom ref. 103. pFrom ref. 

104. qFrom ref. 107. rFrom ref. 108. sFrom ref. 110.  
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In peroxidases, oxidizing substrates (like ABTS) access the heme edge (heme δ-

meso carbon or 8-methyl group), rather than the activated oxygen in the heme center.111, 

112 Similar assumptions can be made with the cyt c variants,113 as the value of k3 for MP 

systems and peroxidases are along the similar orders of magnitude.63, 66, 103 With these 

considerations, the peroxidase activity of cyt c should be regulated by two main factors: 1) 

availability of the open coordination site (ligand dissociation if the intrinsic axial ligand is 

present) and 2) accessibility of the heme (compactness of the active site and the protein 

scaffold). 

To better differentiate heme accessibility due to protein packing and ligation, 

“ligand-free” values of k1 were calculated using kinetic parameters for Met- and Lys-

binding and dissociation. Like the k1obs rate constant, the calculated k1 rate constant of the 

Y67R/M80A variant is higher compared to both WT and M80A (Figure 6.27B and Table 

6.12). Interestingly, k1 value for M80A is the lowest among the variants studied, suggesting 

that in this variant, the protein may fold more tightly around the heme than it does in WT.  

Rates of Compound II reduction provide additional information regarding the 

differences in the heme environment (Figure 6.28). The k3 values for WT and M80A are 

within error of one another, consistent with minimal changes in protein structure with the 

M80A mutation (Figure 6.28 and Table 6.13). The value of k3 for Y67R/M80A is higher 

than those for WT and M80A, and comparable in magnitude to the CL-bound WT (Table 

6.13).94 
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Figure 6.28. Experimental observed rate constants k3obs (k3) of the variants. Respective 

MP8 rates are from refs. 7 and 98. k3 for T49V was obtained from ref. 109. 
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Table 6.13. Rate Constants for the Reduction of Compound II by ABTS (k3)  

Variant k3 (M
-1s-1) pH 

Pseudo-peroxidases    

Cyt c   

    WT (5.5 ± 2.0) × 102a 7.4 

    T49V (4.9 ± 1.0) × 103a 7.4 

    Y67R/M80A (2.2 ± 0.2) × 103a 7.4 

    M80A (1.1 ± 0.3) × 103 7.4 

    WT 3 × 102a,b 7.0 

    WT, with CL 1.6 × 103a,b 7.0 

MP8 4.08 × 105c 10.7 

Conventional Peroxidases   

Spanish broom peroxidase 2.6 × 105d 6.0 

Versatile peroxidase 4.8 × 106e 3.0 
aCalculated from kcat and Km using k3 = kcat/2Km (M-1s-1). bFrom ref. 94. cFrom ref. 63. dFrom 

ref. 66. eFrom ref. 103. 
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Amongst the variants in this study, Y67R/M80A has the highest values of k1 and 

k3. Yet, the activity rate values for Y67R/M80A are still orders of magnitude smaller than 

those for MP8 or peroxidases (Tables 6.12 and 6.13). This large difference in the magnitude 

of the activity rate values suggest that Lys-ligation in Y67R/M80A hinders H2O2 

coordination and that the polypeptide packs limits substrate access to the heme edge.  

Discussion 

Role of Loop D Packing in Protecting Residue 80. The identity of residue 67 is critical 

for the proper function of cyt c. Studies with different side chain substitutions of Tyr67 

have shown that, depending on the substituted residue, changes in stability, pKa of the 

alkaline transition, peroxidase activity, and reduction potential are observed.32, 33, 37, 114 Not 

all mutations in this position alter the packing and fold of the protein, suggesting that the 

peptide backbone can tolerate some perturbations. However, there is a limit to what 

changes the protein peptide can accommodate without altering the global fold. 

Replacement of Tyr with Arg in position 67 introduces a large, charged residue within the 

tightly packed hydrophobic heme cavity.14, 115 This perturbs the native packing of the 

protein, and CD experiments specifically show that structural signals observed in native 

cyt c are diminished (Figures 6.13 and 6.17). Even so, the heme iron is Lys-ligated rather 

than hydroxide-ligated (Figure 6.11). 

There seems to be a propensity for the protein to preserve protein fold, rather than 

native Met ligation to the heme iron. Native packing of the polypeptide, particularly along 

loop D is highly conserved in cyt c.6, 116, 117 In M80A variant of horse heart cyt c, CD 
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experiments show that the native fold is present in this variant, and Lys does not coordinate 

to the heme iron as it does in Y67R/M80A (Figures 6.11 and 6.13).  

In this work, we have observed oxidation of Met80 in Y67R horse heart cyt c 

(Figure 6.4 and Table 6.2). Oxidation of Met80 alone does not perturb the tertiary packing 

of the protein, but perturbation of tertiary fold may influence the extent of Met80 oxidation. 

Cyt c with chemically oxidized Met80 does not show loss of tertiary structure.72 Studies of 

the CL-bound cyt c have shown that molecular oxygen can readily oxidize Met80.78 In 

T49V horse heart cyt c, a variant with smaller perturbations in the tertiary structure 

compared to Y67R, only a minor population of the Met is oxidized.75 In comparison, Y67R 

contains oxidized Met80 for the entire population (Figure 6.4). Perhaps in Y67R, Met80 is 

more readily exposed to molecular oxygen due to the presence of a bulky, charged residue 

in position 67 that interferes with forming the compact, native fold. Although it is not clear 

whether similar oxidative damages have been observed in previous studies of yeast and 

human Y67R cyt c variants,35, 37 this particular mutation in these systems is likely to be as 

intrusive as it is in horse heart cyt c. Thus, it would not be surprising if Met80 has been 

susceptible to oxidative damage in both yeast and human Y67R cyt c variants. 

Alkaline Transition and Trigger Groups. In cyt c, stability and flexibility of loop D has 

been correlated to the properties of alkaline transition.118 Even minor perturbations in and 

around loop D can affect the pKa of this transition, as observed with variants that have been 

studied over the years (Figure 6.29 and Table 6.14).6, 22, 32, 86, 118-130 Besides loop D, various 

mutational studies at or around loop C, closest to the HP6, have revealed that the pKa of 

the alkaline transition is sensitive to structural changes in this region.121, 123, 129 
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Figure 6.29. Sequence alignment of cyt c from various species, for which information 

about mutational effects on the pKa value for the alkaline transition is available. 

Highlighted are mutation sites, color-coded by the magnitude and the direction of the 

change in the pKa value. Table 6.14 lists the mutants and their respective pKa values.  
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Table 6.14. pKa Values for the Alkaline Transition in Previously Studied Variants of Ferricytochrome ca 

Species Variant pKa
alk Ref. Protein ΔpKa

b Reference 

Horse WT (1) 9.35 -- -- Ref. 6 

 WT (2) 9.22 ± 0.06 (1) -0.13 ± 0.06 Ref. 119 

 H26N/H33N (3) 9.16 (1) -0.19 Ref. 118 

 E4G/H26N/H33N 9.15 (3) -0.01  

 K8G/H26N/H33N 9.10 (3) -0.06  

 K22G/H26N/H33N 9.23 (3) 0.07  

 K25G/H26N/H33N 9.27 (3) 0.11  

 H26N/H33N/K39G 9.18 (3) 0.02  

 H26N/H33N/E62G 9.15 (3) -0.01  

 H26N/H33N/E66G 8.46 (3) -0.7  

 H26N/H33N/E66A 8.64 (3) -0.52  

 H26N/H33N/E69G 8.61 (3) -0.55  

 H26N/H33N/P76G 7.50 (3) -1.66  

 H26N/H33N/K72G (4) 9.02 (3) -0.14  

 H26N/H33N/K72G/K73G 9.00 (4) -0.02  

Horse Y67F 10.65 (1) 1.3 Ref. 32 

 A83P 8.95 (1) -0.4  

 T78N/A83P 8.25 (1) -1.1  

 T78N 8.10 (1) -1.25  

Yeast iso-1 WTd (5) 8.5 -- -- Ref. 120 

 C102T (6) 8.5 (5) 0  

 N52I 9.4 (5) 0.9 Ref. 121 

 K72A/C102T (7) 8.5 (6) 0 Ref. 122 

 K73A/C102T 8.82 ± 0.02 (6) 0.32 ± 0.02 Ref. 22 
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 K79A/C102T (8) 8.44 ± 0.01 (6) -0.06 ± 0.01  

 N52G/K79A/C102S 7.46 ± 0.02 (8) -0.98 ± 0.02 Ref. 123 

 L85A/C102T (9) 7.7 ± 0.1 (6) -0.8 ± 0.1 Ref. 124 

 K72A/L85A/C102S 7.84 ± 0.06 (9) 0.14 ± 0.12  

 K73H/K79A/C102S 6.70 ± 0.03 (8) -1.74 ± 0.03 Ref. 125 

 F82G/C102T 8.4 (6) -0.1 Ref. 120 

 F82S/C102T 7.7 (6) -0.8  

 F82L/C102T 7.2 (6) -1.3  

 F82I/C102T 7.2 (6) -1.3  

 F82W/C102T 9.95 ± 0.08 (6) 1.45 ± 0.08 Ref. 126 

 M80E/C102T 11.55 ± 0.11  (6) 3.05 ± 0.11 Ref. 86 

 M80D/C102T 9.25 ± 0.08  (6) 0.75 ± 0.08  

 P76A/C102T 7.83 ± 0.14 (6) -0.67 ± 0.14 Ref. 127 

 G77A/C102T (10) 8.00 ± 0.23 (6) -0.5 ± 0.23  

 P76A/G77A/C102T 6.88 ± 0.15 (10) -1.12 ± 0.27  

 K72A/C102S (11) 8.8 ± 0.1 --  Ref. 53 

 K79G (12) 8.6 ± 0.1 (11) 0.2 ± 0.1 Ref. 131 

 T49V/K79G 6.7 ± 0.1 (12) 2.1 ± 0.1 Ref. 132 

 T78V/K79G 6.7 ± 0.1 (12) 2.1 ± 0.1  

Yeast iso-2 WTd (13) 8.45 -- -- Ref. 128 

 P76Gd 6.7 (13) -1.75  

Human WT 9.9 -- --  

 WT 9.5 -- --  

 WT 9.3 ± 0.4 -- -- Ref. 129 

 WTf (14) 9.56 ± 0.1 -- -- Ref. 130 

 Y46F 8.9 (14) -0.66 ± 0.1 Ref. 129 

 K8R(15) 9.63 ± 0.07 (14) 0.07 ± 0.12  

 K8R/P44S(16) 9.51 ± 0.05 (15) -0.12 ± 0.09  

 K8R/P44S/Y46F(17) 9.15 ± 0.02 (16) -0.36 ± 0.05  

 K8R/P44S/Y46F/S47T(18) 9.05 ± 0.01 (17) -0.1± 0.02  

 K8R/P44S/Y46F/S47T/A50E  9.32 ± 0.03 (18) 0.27 ± 0.03  
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 Y48F 10.3 (14) 0.74 ± 0.1  

 Y48E 7.0 (14) -2.56 ± 0.1 Ref. 133 

 Y48I 6.9 (14) -2.66 ± 0.1  

 G41S 7.8 ± 0.3 (14) -1.76 ± 0.32  

 G41A 8.1 ± 0.5 (14) -1.46 ± 0.51  

 G41T 6.7 ± 0.2 (14) -2.86 ± 0.22  

 T28D 9.9 ± 0.2 (14) 0.34 ± 0.22 Ref. 134 

 T28A 8.9 ± 0.1 (14) -0.66 ± 0.14  

 S47D 9.2 ± 0.1 (14) -0.36 ± 0.14  

 S47A 9.1 ± 0.0 (14) -0.46 ± 0.1  

 I81A 8.98 ± 0.02 (14) -0.58 ± 0.1 Ref. 135 

 V83G 10.04 ± 0.02 (14) 0.48 ± 0.1  

 G41S 8.5 ± 0.2 (14) -1.06 ± 0.22 Ref. 136 

 Y48H 8.4 ± 0.1 (14) -1.16 ± 0.14  

 I81A 9.4 ± 0.2 (14) -0.16 ± 0.22  

 V83G 10.1 ± 0.1 (14) 0.54 ± 0.14  

 I81A/V83G 9.7 ± 0.1 (14) 0.14 ± 0.14  

 A51V 8.3 ± 0.1 (14) -1.26 ± 0.14 Ref. 137 

Fruit Fly WT (19) 9.0 -- -- Refs. 33, 114 

 P30A 8.2 (19) -0.8 Ref. 138 

Rat WT 9.5 -- -- Refs. 33, 114 

 WT 9.6 -- -- Ref. 138 

 WT (20)f 9.55 ± 0.05 -- --  

 P30A 8.5 (20) -1.05 ± 0.05  

 P30V 5.9 (20) -3.65 ± 0.05  

 Y67F 10.7 (20) -1.15 ± 0.05 Refs. 33, 114 

 N52I 9.5 (20) -0.05 ± 0.05 Ref. 121 
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Footnote for Table 6.14. 

aThe list is not comprehensive, only variants related to reference proteins by a single point 

mutation are listed.  

bΔpKa = pKa
alk (variant) – pKa (reference protein).  

cSemisynthetic protein prepared by reaction of the synthetic peptide with the cyt c fragment 

after CNBr-treatment.  

dWith Cys at position 102.  

eCys102 modified by treatment with methyl methanethiosulfonate.  

fAverage value of multiple values reported for WT (listed above). 
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Elimination and/or modification of the HB at or near the HP6 is enough to tune the pKa of 

the transition, as previously observed with T49V variant in horse heart cyt c.109 Tyr67 has 

been implicated in a highly conserved inner HB network with Met80 and an internal water 

that is in contact with Thr78 and Asn52.6, 11, 116 Even without the direct HB interaction, this 

network keeps HP6, loops C and D in communication with one another; modifications to 

this network also alter the pKa of the alkaline transition (Table 6.14).  

 Mutations in Y67R/M80A dramatically lower the pKa of the alkaline transition in 

cyt c (Table 6.10), and Lys coordinates to the heme iron at a near-neutral pH (Figure 6.11). 

In Y67R/M80A, the observed pKa decreases because of the favorable equilibrium to the 

Lys-ligated form and the decrease in pKH. The transition is not solely determined by the 

deprotonation of the Lys side chain; the pKH can be lower than the pKa
 of a coordinating 

Lys ligand(s) that can range from 10.5 to 12 in horse heart cyt c.139, 140 However, the pKH 

of Y67R/M80A is consistent with the iron-bound pKa of the H2O ligand in M80A, raising 

the question as to whether hydroxide-ligated heme iron is present in the transition.  

Previously, hydroxide-ligated heme iron has been suggested to be a possible 

intermediate species in the alkaline transition.126 This species has been observed in the X-

ray crystal structure of yeast K72A cyt c, where Met80 has been swung out of the heme 

crevice and hydroxide was bound to the heme, requiring modest structural perturbations 

near Met80.141 Replacing Met80 with small ligands require modest structural 

rearrangements. Comparison of the NMR solution structure of cyanide-bound WT and 

native WT horse heart cyt c has shown that residues 77 to 85 rearrange and 50’s helix shifts 

to replace Met80 with cyanide.142 In the absence of Met80, small exogenous ligands can 

coordinate to the heme iron without structural rearrangements, as observed from structural 
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comparisons between native WT and cyanide-bound M80A yeast cyt c.142 Although 

hydroxide species were not detected spectroscopically in Y67R variants, it is possible that 

hydroxide-ligated heme iron forms transiently. Y67R/M80A does not contain Met80 and 

lacks a compact native fold. Yet, it is likely that the formation of hydroxide-ligated heme 

iron species does not drive the alkaline transition in Y67R/M80A; M80A with the similar 

pKa is not ligated at near-neutral pH as is with Y67R/M80A (Figure 6.16).  

Instead, the presence of a loosely structured loop in Y67R/M80A may facilitate the 

alkaline transition at near-neutral pH. The value of kf for Y67R/M80A is not higher than 

that for WT, but kb value is greater, implying a readily dissociating Lys ligand and readily 

rearranged loop D. In the alkaline transition, Lys73 and 79 are the preferred ligands to 

replace Met80. Structural studies suggest loop D rearrangement is required to coordinate 

either Lys73 or 79 to the heme iron.15, 143, 144 Further, 1H NMR studies with urea- and 

GuHCl-denatured horse heart cyt c have shown that partial unfolding of the protein has 

allowed Lys (either Lys73 or Lys79) to replace the Met80 ligand at neutral pH conditions, 

well below the intrinsic pKa of Lys in solution.26, 27 Even in this case, hydroxide is not a 

detectable species, strongly suggesting that that flexible tertiary structure and increased 

dynamics in loop D allow Lys to readily coordinate to the heme iron in Y67R/M80A.  

The identity of the trigger group for the alkaline transition has been widely 

speculated, including Tyr67, W166, or HP groups (particularly HP6), as possible 

candidates.145 Mutations at Tyr67 have shed some light on the identity of the trigger group. 

Had Tyr67 been the trigger group, pKa of the alkaline transition would have increased when 

replaced with Arg in Y67R/M80A, or the mechanism eliminated when replaced with a non-

protonatable residue. However, this is not the case, as observed by mutational studies with 
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both Y67F and Y67R/M80A; the pKa still changes in Y67F,32 while the pKa decreases in 

Y67R/M80A (Table 6.10). Yet, perturbations at residue 67 do alter the alkaline transition, 

suggesting that Tyr67 may be a part of, or near, the trigger group. Examination of the X-

ray crystal structure of Y67F yeast cyt c has shown that the inner water molecule (W166) 

cannot be located in this variant, suggesting changes to the inner HB network.146 Perhaps, 

the Y67R/M80A mutation perturbs the alkaline transition and affects the trigger group 

because it modifies the packing in loop D, altering the environment of the trigger group. 

Loop D Packing and Axial Ligation to the Heme Iron Control Peroxidase Activity in 

Cyt c. Although cyt c is not a peroxidase, it has peroxidase activity due to the presence of 

the heme. Usually, this activity is suppressed with a compact native packing and ligand to 

limit the accessibility of the heme crevice and to prevent heme axial coordination of H2O2.
8, 

9 In the steps leading to apoptosis, cyt c binds to CL in the mitochondrial membrane. 

Interaction with CL unfolds the protein, exposing the heme and enhancing its peroxidase 

activity.147 Unfolding of cyt c yields higher peroxidase activity, highlighting the role of the 

compact protein fold in suppressing the peroxidase activity.8, 94, 95 Smaller structural 

perturbations also increase the activity, as observed with T49V horse heart cyt c.75 True to 

this trend, the k1 value increases with a decrease in protein fold in the series with WT, 

M80A, and Y67R/M80A horse heart cyt c variants (Figure 6.27).  

The presence of a compact protein fold alone does not fully suppress the peroxidase 

activity. Since the axial site must be occupied by H2O2, the peroxidase activity is also 

dependent on the rate of the dissociation of the sixth ligand. As observed with partially 

unfolded cyt c550, peroxidase activity can be suppressed if the axial site is occupied by a 

ligand with slow rates of dissociation, such as His.148 On the other hand, the activity is less 
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suppressed if the axial ligand is readily replaced, as observed in myoglobin.96, 97 In Met-

ligated cyt c, the rate of this process is limited by the opening of the heme crevice, which 

in turn depends on the intrinsic dynamics of loop D. With Met80 ligation, changes in 

tertiary structure increase peroxidase activity, as observed by the T49V variant.109 Lys 

dissociation is a slow process,149 as expected for a nitrogen base Lys and ferric heme iron.15, 

68 Thus, in the WT protein, the peroxidase activity of the Lys-ligated form is low.9, 150 

However, this does not mean that Lys-ligated heme iron always results in lower 

peroxidase activity compared to Met-ligated heme iron. Even in Lys-ligated protein, the 

heme is in a conformational equilibrium between the 5-coordinate Lys dissociated and 6-

coordinate Lys-ligated heme iron species. Species with dissociated Lys ligand would have 

peroxidase activity, and the total observed activity will depend on the population of the 

Lys dissociated species. Forming the Lys- ligated heme species is pH dependent, as 

observed with the Lys-ligated M100K variant in cyt c550 or in the M80K* yeast cyt c 

variant.15, 151 We observe higher peroxidase activity in Lys-ligated Y67R/M80A than in 

WT at pH 7.4, but the reverse is true at alkaline pH (Figure 6.30). Lys-ligation is pH-

dependent, and Lys dissociation precedes H2O2 coordination to the heme. As described by 

eq 6.26, the rate constant k1 depends on solution pH and KH. Further, k1 is also dependent 

on kb. In Y67R/M80A, perturbations in loop D allow Lys to dissociate more readily than 

in WT, contributing to the increase in k1. Lys ligation is not favored under neutral and 

acidic conditions, and the ligand is readily replaced by H2O2.  
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Figure 6.30. Traces of peroxidase assays for Y67R/M80A at pH 10.5 (blue) and 7.4 

(orange). Formation of ABTS·+ was monitored at 735 nm for 300 seconds, at 1 second 

interval. Concentrations were 1 μM protein, 200 μM ABTS, with 200 μM.  
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Lys-ligated species has been observed for the CL-bound cyt c.152 Comparison of 

the rate constant k1obs for H2O-ligated M80A and Lys-ligated Y67R/M80A shows that 

H2O2 more readily displaces Lys than hydroxide. Perhaps the CL-denatured species 

behaves similarly to the perturbed Y67R/M80A variant, and the peroxidase activity 

increases because the heme is coordinated by a faster dissociating Lys ligand at 

physiological pH. Comparison of rate constant k3 between variants suggest an increase in 

heme exposure with the structural perturbations (Figure 6.28), but overall, the rate constant 

k3 is lower than k1obs (Table 6.13).94 Perhaps CL-induced peroxidase activity increases k1 

to compensate for the less efficient k3, and Lys-ligation may even serve to protect the heme 

from forming the His-ligated species that suppress peroxidase activity.8  

Conclusion 

Spectroscopic studies have shown that in the ferric forms of Y67R horse heart cyt c 

variants, the heme is Lys-ligated at neutral pH conditions. The structural perturbation at 

position 67 has altered the packing of loop D, favoring Lys coordination even in the 

presence of Met. The loss of native loop D packing not only favors the formation of the 

Lys-ligated form, but expose Met80 to oxidative damage, showing that native loop D 

packing may also be important for preserving the native Met80. These findings highlight 

the existence of a cross-talk between the different regions of cyt c, showing how 

perturbations in one region are communicated throughout the network. Y67R/M80A 

variant is a better peroxidase than the Met-ligated or hydroxide-ligated heme at neutral pH 

due to a readily dissociating Lys ligand and unstructured loop D. These findings offer 

support for the role of the Lys-ligated species in the CL-bound cyt c as apoptotic 

peroxidases.  
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BisHis-Ligation to the Heme Iron Species Suppresses 

Peroxidase Activity in Cardiolipin-bound Y67H Horse Heart 

Cytochrome c 

 

 

 

 

 

 

 

 

 

pH titrations with unfolded Y67H and H26N/H33N horse heart cyt c were performed 

together with Morgan Pak. 
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Introduction 

 Heme proteins are ubiquitous and vary in function. Hemes have innate ET  and 

peroxidase properties because of the iron center, which are highly influenced by their 

polypeptide sequences and fold as these properties define the heme axial ligation and 

second-sphere interactions.1, 2 Differences in the first- and second-sphere interactions allow 

some of the heme proteins (such as CcO, cyt c3, and cyt c7) to participate in biological ET 

pathways,3, 4 while others (such as nitrophorins or cytochrome c peroxidase (CcP)) behave 

as small-molecule carriers or peroxidases, respectively.5-7 Perturbations in the polypeptide 

chain can alter the reactivity of the heme group, and allow the heme protein to be 

multifunctional. For example, replacement of the active site His residues in the heme-

containing nitrite reductases causes topological changes near the c-heme, affecting nitrite 

reduction but not oxygen reduction.8 R. sphaeroides heme proteins (SHP), thought to be 

the terminal electron acceptor in the ET pathway for the reduction of peroxide or 

hydroxylamine, have been shown to bind small molecules, such as molecular oxygen and 

nitric oxide upon loss of the heme axial Asn ligand.9 10 Thus, relating how the polypeptide 

tunes the heme ligation and environment is critical for understanding functional switching 

in heme proteins.  

Mitochondrial cyt c is a good model to study the structure-mediated switch in 

function. Cyt c shuttles electrons between cyt bc1 and CcO in the oxidative phosphorylation 

pathway, but functions as an apoptotic peroxidase in the presence of CL.11, 12 The heme 

iron in cyt c is axially coordinated by His18 and Met80 in the native state of the protein.3 

Heme coordination and polypeptide fold are conserved among many species,13 and ET 

properties are similar between WT proteins.14-24 Compact packing of the native protein 
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suppresses the intrinsic peroxidase activity of the heme.25-27 Binding to CL allows cyt c to 

lose its native fold and Met80 ligation, exposing the heme for peroxidase activity.28, 29 

The nature of the CL-bound species and the origin of the enhanced apoptotic 

peroxidase activity are still the subject of debate. Upon binding to CL, cyt c loses its α-

helical secondary structure,30 which is consistent with unfolding of the polypeptide chain. 

Fluorescence labeling studies suggest that in the early stages of CL-binding, rearrangement 

in loop C is observed within the first minute of the interaction;31 UV RR experiments 

showed that rearrangement of loop C into a β-sheet disrupts the Met80-Fe bond in cyt c.32 

Denaturation experiments show that extensive unfolding of the protein enhances 

peroxidase activity.33, 34 However, CL-bound cyt c at high CL concentrations exists in an 

equilibrium between the compact and the extended forms.29, 35 Although peroxidase 

activity requires an open axial ligand to allow H2O2 coordination to the heme,36 MCD and 

resonance Raman (RR) studies have revealed the presence of bisHis and Lys-His heme 

species in the CL-bound state.37-39 These heme species have been shown to suppress 

peroxidase activity in studies with M100K cyt c550 variant and unfolded c-type 

cytochromes.34 Further, Tyr radicals have also been implicated in the enhancement of 

peroxidase activity,40 complicating the picture as to the origin of the increased apoptotic 

peroxidase activity in the CL bound state.  

There has been a long interest in Tyr67 due to the proximity to the heme and its 

role in the highly conserved HB network involving Met80.13 This Tyr67-Met80 contact in 

the native cyt c is argued to provide the bulk of the entatic contribution from the protein 

backbone to maintain the weak Fe-S(Met) bond intact.27, 41, 42 Tyr67 is argued to be a 

favored radical acceptor in the CL-bound cyt c complex,12, 40 and oxidation of Tyr67 
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enhances intrinsic peroxidase activity.43 Multiple mutational studies involving Tyr67 have 

been performed with cyt c proteins from different species. Elimination of Tyr67-Met80 

bond in the Y67F variant decreases the reduction potential and increases the thermal 

stability of both ferric and ferrous species, compared to those of WT. 17, 44, 45 46-48 Decrease 

of peroxidase activity has also been observed in the presence of CL for Y67F,40 and Tyr67 

has been suggested to be necessary for CL-bound apoptotic peroxidase activity.49 Yet, 

Y67F yeast cyt c has been shown to be less prone to heme degradation and less sensitive 

to increase in H2O2 concentration than WT,50 suggesting that both structural properties and 

stability of the protein may be relevant for peroxidase activity. 

Polypeptide mutations in cyt c are linked to disease,51-54 and mutational studies help 

provide insight into how structural perturbations in the first- and second-sphere interaction 

alter cyt c function. The relationship between structure and stability in switching from an 

electron carrier to peroxidase function has been further probed with the Y67H variant,55-58 

but how Y67H mutation affects the first- and second-sphere interactions is yet to be 

clarified. This variant has widely been studied in the human, horse heart, and yeast cyt c 

,55-58 initially designed to mimic peroxidases by introducing a distal His in the heme 

cavity.55 In yeast cyt c, Y67H mutation decreased the thermal stability of the protein.56 An 

increase in intrinsic peroxidase activity has been observed in yeast Y67H, 55, 56 and 

hypothesized to be caused by the presence of a His near the heme. A His residue in the 

vicinity of the heme behaves as an acid-base catalyst for the activation of H2O2 in 

peroxidases59 and multifunctional proteins such as myoglobin.60 Yet, the peroxidase 

activity rates in Y67H variants are still lower than those of true peroxidases, and not 

markedly higher than the rates obtained from oxidation of guaiacol by AcMP8, a heme 
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model compound that only contains amino acid residues 14 to 21.36, 61 The Y67H variant 

was also studied in human and horse heart cyt c, but in contrast to yeast Y67H cyt c, 

changes in kcat and KM peroxidase activity parameters were small or within error compared 

to those of WT.57, 58, 62 The activity has not been enhanced in the presence of CL for horse 

heart Y67H cyt c, but enhancements in catalytic efficiency were observed in CL-bound 

horse heart WT cyt c.58 In the absence of Met80, His67 has been suggested to coordinate 

to the heme iron in both human and yeast cyt c,63, 64 but it is unclear if this coordination 

also takes place in Met80-containing Y67H variants.  

The increase in intrinsic peroxidase activity in Y67H has been argued to stem from 

placement of a distal His near the heme.65 However, this explanation does not fully address 

the variation observed in peroxidase activities among different species. There are hints of 

changes in stability and structure near the heme with the mutation.56, 64 CV measurements 

at pH 7.0 show that Y67H horse heart cyt c has a higher reduction potential than that of 

WT by nearly 150 mV.58 However, this value is high compared to those in other variants 

that are Met-ligated.3 These structural and functional changes should be considered in 

rationalizing peroxidase activity. It is ambiguous whether the increase in Y67H peroxidase 

activity is due to the heme pocket mimicking a peroxidase or if there are other structural 

explanations that have not been explored. Limited spectroscopic data with the Y67H 

variant makes it a challenge to link different aspects of structural properties to changes in 

peroxidase activity. Further, peroxidase activities of Y67H variants so far have been 

measured at neutral pH, higher than the biological pH cyt c is exposed to—in the 

mitochondrial intermembrane space (pH 6.88) and in the cytosol (pH 5.8) in apoptotic 

cells.66, 67 
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To better understand the peroxidase activity in cyt c, we chose to take a more 

comprehensive look at the Y67H variant of horse heart cyt c. Stability, fold, and ligation 

of the heme iron were characterized at different pH conditions. Structural properties were 

related to peroxidase function, and changes in ET properties upon the mutation were also 

clarified. These studies provide insights into the nature of the CL-bound cyt c species and 

postulate the origin of the enhanced apoptotic peroxidase activity in cyt c. 

Materials and Methods 

General. All solutions and buffers were prepared using water from Barnstead E-Pure 

Ultrapure Water Purification System, purified to a resistivity of 18 MΩ∙cm. Reagents and 

columns were purchased from Sigma-Aldrich and GE Healthcare, respectively, unless 

noted otherwise. Gas-tight Hamilton syringes were used for all titrations and quantitative 

dilutions. Buffers were chelated using a Chelex resin and glassware was washed with HCl 

prior to use to eliminate metal ion impurities. pH of the solutions was monitored using 

either an AB15 pH meter (Fisher Scientific) or an UB10 pH meter (Denver Instrument), 

and pH was adjusted with either NaOH or HCl. 

Site-Directed Mutagenesis, Protein Expression, and Purification. Point mutations, 

protein expression and purification for horse heart cyt c variants were performed as 

previously described.29  

Spectroscopic Measurements. All spectroscopic measurements were obtained at room 

temperature (22 ± 2 ºC) unless noted otherwise. Ferric proteins were prepared with excess 

potassium ferricyanide and purified by size exclusion (PD-10 desalting column) or ion-

exchange (Sepharose HP SP) chromatography prior to spectroscopic measurements. 
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Absorption spectra were recorded using an Agilent 8453 diode-array spectrophotometer. 

CD spectra were measured on a JASCO-J815 CD spectropolarimeter. Quartz cuvettes and 

tubes were purchased from Starna Scientific and Wilmad Lab Glass, respectively. Pyridine 

hemochrome assays were conducted to determine the extinction coefficients of Y67H horse 

cyt c variant as previously described,68 in a 100 mM sodium phosphate buffer at pH 7.4 or 

in a 100 mM sodium acetate buffer at pH 4.5.  

Solutions containing 5 to 10 µM of freshly prepared ferric protein in a 1 mm 

pathlength quartz cuvette were used to obtain the CD spectra in the far-UV region (200 to 

250 nm), with an average of 5 scans. CD spectra were baseline-corrected with the spectrum 

of the buffer or by assuming that the ellipticity at 250 nm is 0. All spectra were normalized 

to 20 µM of protein with a pathlength l = 1 mm. Solutions containing 40 to 50 µM protein 

in a 4 mm pathlength quartz cuvette were used to obtain the CD spectra of Y67H in the 

UV-visible region (250 to 650 nm), with the average of 3 scans and baselined with the 

spectra of the appropriate buffer. Spectra were then normalized to 50 µM of protein with l 

= 2 mm to compare to the WT spectra obtained at different pathlength. Prior and during 

CD spectral measurements, the chamber was thoroughly degassed with N2, cuvettes were 

sealed, and spectra were measured at room temperature (22 ± 2 °C). 

Low-temperature EPR spectra were obtained at 10 K on a Bruker EMX 300 X-band 

spectrometer (Bruker Biosciences). Spectra were acquired using the following parameters: 

microwave frequency of 9.49 GHz, microwave power of 3.21 mW, modulation frequency 

of 100 kHz, modulation amplitude of 3.21 mW, modulation amplitude of 1.00 G, and time 

constant of 20.48 ms. Protein stocks were freshly oxidized and purified. Samples of the 
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protein were prepared in either a 10 mM HEPES buffer at pH 8.0, a 50 mM sodium 

phosphate buffer at pH 7.4, or a 50 mM sodium acetate buffer at pH 4.5.  

1H NMR spectra of ferric and ferrous cyt c were recorded on a 500 MHz Bruker 

NMR spectrometer (Bruker Biosciences) at 25 ºC. 1H NMR measurements of ferric cyt c 

variants, freshly oxidized protein varying from 0.5 to 2.7 mM in either a 50 mM sodium 

phosphate buffer at pD 7.4 or a 50 mM acetic acid d4 (or sodium acetate) buffer at pD 4.5 

in 100% D2O were prepared. For 1H NMR measurements of ferrous cyt c variants, proteins 

were freshly reduced with dithionite and purified by a size-exclusion column inside a N2-

filled anaerobic glovebox. Samples containing 1 to 2 mM protein in a thoroughly degassed 

50 mM sodium phosphate buffer at pH 7.4 or a 50 mM sodium acetate buffer at pH 4.5 

with 10% D2O (v/v) were prepared. Measurements and analyses were performed as 

previously described.69  

GuHCl Titration Measurements. Ultrapure guanidine hydrochloride (GuHCl, Alfa 

Aesar) was dissolved in either a 100 mM sodium phosphate buffer at pH 7.4 or a 100 mM 

sodium acetate buffer at pH 4.5. Concentration of GuHCl stock was determined by 

measurements of the refractive index of the solution. Stock solution was then used to 

prepare solutions with GuHCl concentrations ranging from 0 to 6 M GuHCl, and pH was 

readjusted as necessary. These solutions were used within 5 days. Protein samples were 

aliquoted using a Hamilton syringe and final protein concentrations ranged from 3 to 10 

μM for global stability measurements. Prior to measurements, the prepared protein 

solutions were allowed to equilibrate for at least 30 minutes. CD ellipticity at 222 nm was 

recorded using a 1-mm pathlength quartz cuvette for global stability measurements, 

averaged over 5 scans for global stability measurements. Electronic absorption in the Soret 
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region (350 to 450 nm) was monitored using a 1-cm pathlength quartz cuvette. Ratio of 

wavelengths with maximum change observed in the Soret band was determined by the 

difference spectra of the protein in solution with either 0 M or 6 M GuHCl. To obtain the 

stability parameters in respect to GuHCl denaturation, both the ellipticity data from CD 

measurements and ratio obtained from the electronic absorption measurements were fitted 

to eq 7.1:70, 71  

f([GuHCl]) = 
[m

f
[GuHCl]+b

f
+(m

u
[GuHCl]+b

u
)exp(

mD([GuHCl]-[GuHCl]
1/2
)

RT
)]

[1+exp(
mD([GuHCl]-[GuHCl]

1/2
)

RT
)]

 

(7.1) 

where mf and bf, mu and bu are the slope and y-intercept of the signal (or percentage) of the 

folded and unfolded regions, respectively; R is the gas constant and T is the experimental 

temperature. With the midpoint of the transition, [GuHCl]1/2, and slope of the transition, 

mD, Gibbs free energy of unfolding (ΔGD) was calculated using eq 7.2:70, 71 

∆GD = mD[GuHCl]
1/2

 

(7.2) 

pH Titrations. Solution containing 170 μM ferric proteins in a 10 mM HEPES buffer at 

pH 8.0 was used to monitor changes in the CT absorption band (580 to 750 nm) in the pH 

range from 2.8 to 8.5 at room temperature. The spectra were individually baseline-

corrected, setting the average absorption value from 800 to 850 nm as zero. The transition 

in the acidic range (from pH 3.0 to 7.0) was fitted to eq 7.3:72  

ε695=
εA+εN(10

n(pKa-pH)
)

1+(10
n(pKa-pH)

)
 

(7.3) 
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where ε695 is the extinction coefficient at 695 nm, εA is the extinction coefficient at the 

acidic pH, εN is the extinction coefficient at the neutral pH, n is the number of protons 

associated in the transition, and pKa is the apparent pKa of the transition. Although the 

absorption spectra of the CT band decreased in intensity near pH 8, the transition at alkaline 

pH was not fitted because the full transition was not obtained from the pH titrations.  

pH titrations in the unfolded state were performed together with Morgan Pak. 

Solution containing 8 µM protein and 6 M GuHCl in a 100 mM sodium phosphate buffer 

at pH 7.4 was prepared and equilibrated for at least 30 minutes prior to measurements. 

Prior to the addition of protein, pH of the 100 mM sodium phosphate buffer containing 6 

M GuHCl was readjusted as necessary. The electronic absorption spectra of the solution at 

pH values from 2.9 to 7.4 were recorded. Difference spectra between the spectra at pH 2.9 

and 7.4 were calculated, and ratio of wavelengths with the maximum change observed in 

the Soret peak was for each spectrum obtained from pH ranges 2.9 to 7.4. The titration data 

was fit to eq 7.3. 

Reduction Potential Measurements. Spectroelectrochemical measurements were 

performed as previously described (Chapter 5). Samples containing 75 to 100 µM protein 

with equimolar concentration of mediators (p-Benzoquinone,73 2,3,5,6-tetramethyl 

phenylenediamine,74 phenazine methosulfate,74 gallocyanine,75, 76 and 2-hydroxy-1,4-

naphthoquinone,75, 76) were prepared in either a 100 mM sodium phosphate buffer at pH 

7.4 or a 100 mM sodium acetate buffer at pH 4.5. Fraction of reduced species was 

calculated based on the electronic absorption at 550 nm, and these values were plotted as 

a function of the external potential, E. These dependencies were then fitted to eq 7.4:15  
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f(E)=
Am

10
(x-E°)/1000×n/0.059

+1
 

(7.4) 

where Am is the absorbance (or the fraction) of the ferrous protein, E° is the reduction 

potential of the heme iron, and n is the number of electrons transferred in the reaction.  

The electronic absorption spectra were recorded at voltage intervals of 25 or 50 

mV. The fitted potentials were referenced to the standard hydrogen electrode (SHE), using 

E°SHE = E°GCE + 215 mV.  

Time-Dependent Saturation Transfer NMR. Protein stock samples of ferric and ferrous 

cyt c were prepared inside an anaerobic glovebox in a thoroughly degassed 50 mM sodium 

acetate buffer at pH 4.5 with 10% D2O (v/v). Solutions containing total of 1.9 to 2 mM 

protein, with a 9 to 1 ratio of ferrous to ferric cyt c, were prepared anaerobically, and sealed 

using a Shigemi NMR tube.  

1H NMR spectra ferrous species were obtained at 25 °C by selectively saturating the 

Met80 methyl resonance of the ferric species in 10 ms increments, with a time delay 

ranging from 0.01 to 0.2 s in 0.01 s increments, 0.2 to 1 s in 0.2 s increments, and 1 to 4 s 

in 0.5 s increments prior to applying a 90° pulse magnetization and recording the spectra 

(on-spectra). Spectra of the ferrous protein (off-spectra) were subtracted from the obtained 

spectra (on-spectra) prior to each saturation transfer measurements. Signs of auto-oxidation 

were observed during the measurements in the Y67H variant, as the intensity of the Met80 

methyl signals decreased in the off-spectra. Thus, ratios of the on- and off-spectra were 

used for fittings. Total intensity of the methyl protons (or ratios) in the ferrous Met80 

species in respect to time was fitted to eq 7.5:77, 78  
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M(t)=
M0

1+kobsT1

(1+kobsT1e
-(kobs+1 T1⁄ )t) 

(7.5) 

where M(t) is the intensity of the observed resonance (or ratio), M0 is the intensity of the 

resonance (or ratio) at t = 0, kobs is the first-order rate constant assuming complete saturation 

of the ferric species, T1 (magnetization lifetime) of cyt c, and t is the delay time prior to 

applying the 90° pulse magnetization after saturation.  

During the total time delay prior to the signal detection, the saturated ferric species 

is not only recovering with a specific lifetime (T1), but also is in constant self-exchange 

with the ferrous species at a rate of interconversion between the two species defined by the 

rate constant kESE. In the spectra, the intensity of the signals for the methyl protons of the 

ferrous species decreases with an increase in the delay time due to self-exchange between 

ferric and ferrous protein in solution. Therefore, the kobs value obtained from eq 7.5 is the 

observed rate constant kESE and dividing the kobs value by the concentration of the ferric 

species in the sample yields the kESE value. 

In biological systems where the donor (D) and acceptor (A) are in separate protein 

complexes, the ET mechanism is bimolecular,  and the rate constant kDA, is a combination 

of rate constants in eq 7.6:79, 80 

kDA= (kDDkAAKDA)1/2 

(7.6) 

where kDD and kAA are the rate constants of self-exchange reactions for D or A, respectively, 

KDA is the equilibrium constant.  
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When a protein acts both as a D and an A, kDA is the ESE rate constant, kESE. In 

cases where the reduction potentials of D and A is different, KDA is expressed by eq 7.7:81 

KDA=exp (
nF∆E°

RT
) 

(7.7) 

Preparation of Liposome Vesicles. All lipids were obtained from Avanti Polar Lipids, 

Inc., and vesicles were prepared using the extruder apparatus equipped with an enclosed 

warmer (Eastern Scientific LLC) and membranes (Eastern Scientific LLC) with pore radius 

of 0.1 μm. Lipids TOCL and DOPC were mixed in a 1 to 1 molar ratio in a 25 mM HEPES 

buffer at pH 7.4, as previously described.31 Vesicle solutions were used within the day. 

Vesicle sizes and distributions were determined using dynamic light scattering (DLS) 

instrument (Wyatt Technologies), as previously described.29, 31  

Peroxidase Activity Assays. Assays were performed in a freshly prepared 25 mM sodium 

acetate buffer at pH 4.5 and 5.5, a 25 mM MES buffer at pH 6.0 and 6.5, and a 25 mM 

HEPES buffer at pH 7.4. All substrates were kept on ice and in the dark prior use, and all 

protein solutions and buffer were kept at room temperature. Protein samples were kept in 

the dark to avoid heme bleaching. A colorimetric substrate, ABTS (AMRESCO), was used 

to monitor the peroxidase activity. Formation of the ABTS+∙ product was monitored at 735 

nm (ε735 = 14 mM-1cm-1).82 Each assay contained final concentrations of 1.0 mM H2O2, 

200 μM ABTS, and 1 μM freshly prepared ferric protein. Under these conditions, the 

maximum velocity is reached and kcat does not change with increasing concentrations of 

[ABTS] as determined from preliminary assays with WT horse heart cyt c, and 

concentration of H2O2 did not cause heme degradation as evaluated by the rapid 

disappearance of the Soret band, as previously described in Chapter 6. Based on the 
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Michaelis-Menten formalism, at substrate concentrations where Vmax is achieved, the 

observed initial rate should be reflective of kcat, the turn-over number. Activity assays for 

CL-bound cyt c were performed by mixing solutions of the protein and the liposomes (at 

750-molar excess of total lipid) in a 1 to 1 (v/v) ratio to avoid aggregation; solutions of the 

protein and CL-containing lipid vesicles were incubated for at least 30 minutes at room 

temperature prior to adding other components of the assay. Samples were not incubated 

with H2O2 to avoid heme degradation. For each assay run, the absorbance signal at 735 nm 

was recorded every second for a total of 120 seconds at room temperature (22 ± 2 °C). 

Linear phase of the reaction was then fitted to obtain the slope that corresponds to the initial 

velocity of the reaction. These rates were divided by the extinction coefficient of ABTS 

and protein concentration and averaged over three to six trials to obtain the initial reaction 

rates. 

Results 

Heme Coordination and Fold. To assess whether the heme iron coordination is affected 

by placing a His residue at position 67, electronic absorption spectra were obtained at pH 

4.5 and 7.4. The heme iron ligands were identified by CD, EPR and 1H NMR spectroscopy. 

Mutational effects on the overall secondary structure of the polypeptide were also probed 

using CD spectroscopy. 

Electronic Absorption Spectra. At pH 7.4, the electronic absorption spectrum of ferric 

horse heart Y67H cyt c differs from that of WT. The λmax of the Soret band is blue shifted 

to 408 nm (ε = 117.4 mM-1∙cm-1) and has a higher extinction coefficient than the WT 

protein (ε = 106 mM-1cm-1) (Figure 7.1A). 
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Figure 7.1. (A) Electronic absorption spectra of horse heart Y67H cyt c variant at pH 4.5 

(red) and pH 7.4 (blue), measured at 22 ± 2 °C. (B) Low-temperature EPR spectra of the 

horse heart cyt c variants. Shown are the spectra for WT at pH 10.5 (alkWT, gray) and at 

pH 7.4(black), and for Y67H at pH 4.5 (red), at pH 7.4 (green), and at pH 8.0 (blue).  
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This difference between the two variants persists at pH 4.5, as the peak of the Soret band 

further blueshifts to 406 nm (ε = 114.1 mM-1∙cm-1) (Figure 7.1A). The 695 nm CT band 

observed in the Met-ligated WT cyt c is also detected at both pH 7.4 and 4.5 (Figure 7.2A). 

The loss of the CT band occurs at mildly acidic conditions for Y67H (pKa of 4.63 ± 0.02) 

(Figure 7.2B). In contrast a similar loss of the CT band is observed at lower pH for WT cyt 

c (pKa = 3.45 ± 0.02).83, 84 Although the spectra at high pH conditions were not recorded, 

it is likely that the replacement of the Met80 ligand also occurs at lower pH in Y67H than 

in WT.83 There are no differences in the electronic absorption spectra for the variants upon 

reduction of the heme iron at pH 7.4 (Figure 7.3). Similar features are observed with the 

ferrous Y67H variant at pH 4.5 as was at pH 7.4, and the λmax of the band is at 415 nm. 

However, in the electronic absorption spectra for ferrous Y67H at pH 4.5, λmax is at 413 

nm, with lower extinction coefficient at pH 4.5 than at pH 7.4 (Figure 7.3). Furthermore, 

the extinction coefficient of the resolved α-band at 550 nm observed ferrous Met-ligated 

cyt c is decreased (Figure 7.3). Thus, it is likely that the ferrous Y67H sample at pH 4.5 

prepared for measuring the electronic absorption spectrum contains partially oxidized 

species. 

EPR spectra. Low-temperature EPR spectra at pH 4.5, 7.4, and 8.0 for Y67H show spectral 

features of the Met-ligated ferric heme iron species as observed in the WT protein at pH 

7.4 (Figure 7.1B). However, the Met-ligated ferric heme iron species are not the only 

species present under these pH conditions.  

At pH 7.4, the Y67H cyt c variant also shows the features of the high-spin species, 

typical of the H2O-ligated heme iron (compare Figure 7.1B to Figures 6.14C and 6.16C). 
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Figure 7.2. (A) Changes in the electronic absorption spectra in the pH range from 2.8 to 

8.5 for the horse heart Y67H cyt c variant. Spectra at pH 2.9 (red, solid), 6.9 (black, dotted), 

7.4 (blue, solid), and 8.5 (green, dotted) are highlighted. Several of spectra from other pH 

conditions are also shown (grey). (B) Changes in the extinction coefficient of the 695 nm 

CT band (ε695nm) in the pH range from 2.8 to 8.5, with line connecting the dots to guide the 

eye. the transition at mildly acidic conditions, from pH 3.5 to 6.5, was fit separately from 

transitions at acidic (pH < 3.5) and mildly alkaline (pH > 6.5), as the alkaline and acidic 

transitions were not fully monitored. 
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Figure 7.3. Electronic absorption spectra of ferrous Y67H horse heart cyt c at pH 4.5 (red) 

and at pH 7.4 (blue). In the pH 4.5 spectra, λmax of the Soret band is shifted and the signal 

of the α-band is lower, suggesting that theprotein is partially oxidized. At pH 7.4, ε415 = 

148..9 mM-1cm-1 as determined from pyridine hemochrome assays. 
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At pH 4.5, this feature is more prominent, and the features of the Met-ligated heme iron 

are decreased, suggesting that the heme iron becomes H2O-ligated. Low-spin features of 

the hydroxide-bound heme are not observed at pH 8.0 (Figure 7.1B), suggesting that 

another ligand coordinates to the heme iron under these conditions. However, a shoulder 

peak is observed at gz = 3.3 for Y67H at pH 8.0 (Figure 7.1B). Similar signals were 

observed in Lys-ligated Y67R/M80A (Figure 6.11C) at near-neutral pH (gz ~ 3.3) and in 

Lys-ligated WT cyt c at alkaline conditions (gz ~ 3.5 to 3.3),15, 85 suggesting that satellite 

signals observed for Y67H at pH 8.0 may be from a small population of Lys-ligated heme 

iron species. 

1H NMR Spectra. 1H NMR spectra of both ferric and ferrous Y67H cyt c suggest that the 

heme iron in the protein is Met-ligated at pH 4.5 (Figure 7.4). The methyl signals of the 

Met80-bound heme porphyrin (Figure 7.4B) and the heme-bound Met80 ligand (Figure 

7.4C) for the ferric Y67H protein are shifted compared to those for ferric WT. However, 

similar shifts in the methyl signals compared to those in WT were also observed in ferric 

yeast Y67H cyt c.86 . The 1H NMR spectra of ferrous Y67H and WT variants are very 

similar (Figure 7.4D). 

CD Spectra. CD spectral features in the visible region are sensitive to the buckling of the 

heme plane and to changes in heme ligation,15, 87, 88 and are a good indicator of 

conformational changes in the heme crevice.63 In the CD spectra, a large Cotton effect can 

be observed in the Soret region, thought to be due to the interactions of allowed π—π* of 

the heme porphyrin.89, 90 This feature is commonly observed in heme proteins,15 including  

cyt c.87 Changes in this CD feature have been suggested to reflect the reorganization of the 

polypeptide chain around the heme and the residue interactions with heme orbitals.89, 91 
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Figure 7.4. (A) Identification notations of the heme and Met protons for labeling signals 

in the 1H NMR of the (B) downfield and (C) upfield regions of ferric WT (black) and Y67H 

(green) cyt c variants, and the (D) upfield regions of the ferrous WT (black) and Y67H 

(green) cyt c variants, at 25 °C in a 50 mM sodium acetate buffer with 10% D2O (v/v) at 

pH 4.5 or in a 50 mM acetic acid d4 buffer with 100 % D2O (v/v) at pD 4.5. 

 



 

431 

As reported previously,15, 87 CD spectra of WT horse heart cyt c in the Soret region show 

the Cotton effect at both pH 7.4 and 4.5 (Figure 7.5). For Y67H, the spectrum at pH 7.4 is 

comparable to that of WT (Figure 7.5B), suggesting that the polypeptide interactions with 

the heme are largely unaffected by the mutation. At pH 4.5, however, the intensity of the 

negative band at 416 nm for the Y67H variant is smaller compared to that of WT (Figure 

7.5A), suggesting changes in the polypeptide around the heme.  

 Far-UV CD spectra of WT cyt c are similar at both pH 7.4 and 4.5 (Figure 7.6), 

with negative peaks at 222 and 210 nm characteristic of the α-helical secondary structure. 

In the Y67H cyt c variant, the far-UV CD spectra are different under two pH conditions 

(Figure 7.6). At pH 7.4, negative peaks at 222 and 210 nm observed in WT are also 

observed in Y67H (Figure 7.6B). At pH 4.5, Y67H also shows comparable 222 nm features 

observed in WT (Figure 7.6A). However, the 210 nm signal at pH 4.5 is more negative in 

Y67H than in WT, suggestive of an increase in random-coil character in Y67H at lower 

pH (Figure 7.6A).  

 Electronic absorption and EPR spectra of the Y67H variant suggest that Met80 is 

the predominant ligand to the heme iron at pH 7.4 but is replaced by H2O at pH 4.5. This 

switch in heme iron ligation is accompanied by changes in the polypeptide packing, and 

changes in the spectral features sensitive to polypeptide structure are observed in the CD 

spectra for Y67H. In the absence of ligand change as in WT, CD spectra are comparable at 

both pH conditions. 
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Figure 7.5. CD spectra showing the Soret region for ferric WT (black) and Y67H (green) 

variants of horse heart cyt c at (A) pH 4.5 or (B) pH 7.4 conditions. Spectra of Y67H were 

measured at 20 ºC and l = 4 mm, and normalized to [cyt c] = 50 μM and l = 2 mm to 

compare to the spectra of WT.  
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Figure 7.6. Far-UV CD spectra of ferric WT (black) and Y67H (green) variants of horse 

heart cyt c at (A) pH 4.5 or (B) pH 7.4 conditions. Spectra were measured at 20 ºC and l = 

1 mm and normalized to [cyt c] = 20 μM. 
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Global Stability.  

Chemical Denaturation with GuHCl. At pH 7.4, the global stability with respect to GuHCl 

denaturation, ΔGD, of Y67H is lower than that of WT (Figure 7.7A and Table 7.1). The 

lower [GuHCl]1/2 parameter for Y67H suggests that the protein is less tightly packed than 

WT, and lower denaturant concentrations are sufficient to break the intermolecular contacts 

in the native state (Table 7.1). The mD parameter of Y67H is within error to that of WT 

(Table 7.1). However, error bars observed in mD parameter of Y67H suggests that this 

parameter may also be lower than that of WT. The mD parameter is proportional to the 

change in the solvent exposure in transition from the folded and the unfolded state.92 The 

mD parameter of a variant could be lower than mD of WT if the native state of the variant 

is more solvent exposed than that of WT, or if the unfolded state of the variant is less 

solvent exposed than that of WT.  

GuHCl titrations monitoring the electronic absorption spectra of the Soret band in 

Y67H have shown that the polypeptide unfolding around the heme deviates from the two-

state unfolding model at pH 7.4, unlike in GuHCl titrations monitoring the α-helical signals 

of the protein (Figures 7.7B and C). Such discrepancy in the unfolding transition has not 

been reported for WT horse heart cyt c.29 This difference between the variants suggests 

that there are changes in the heme crevice upon the mutation in the protein. The presence 

of intermediate species during unfolding could affect the mD parameter from the analysis 

of data with the two-state unfolding model. 

Since His67 is spatially close to Met80 in the native protein and the Met80-

containing loop D is one of the first to unfold during unfolding, we wanted to see whether 

His67 coordinates to the heme iron. 
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Figure 7.7. GuHCl denaturation data for ferric Y67H at pH 4.5 (red) and 7.4 (blue) at 22 

± 2 °C (A) monitored by observing changes in the ellipticity at 222 nm, showing the 

fraction of the unfolded species with changes in GuHCl concentration, and monitored by 

observing changes in the electronic absorption of the Soret band at (B) pH 4.5 and (C) pH 

7.4. The choice of wavelengths for the ratio was determined by subtracting the electronic 

absorption spectrum of the cyt c variant at 0 from the spectrum of the protein at 6 M GuHCl 

conditions. 
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Table 7.1. Global Thermodynamic Parameters for GuHCl Unfolding of Horse Heart Cyt c Variants 

 Circular Dichroisma Electronic Absorptionb 

Variant [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) [GuHCl]1/2 (M) mD (kJ mol-1 M-1) ΔGD (kJ mol-1) 

 Horse Heart 

 pH 7.4 

WTc 2.7 ± 0.1 11.5 ± 2.6 31.1 ± 7.1 2.6 ± 0.1 11.3 ± 2.7 29.3 ± 7.1 

M80Ad 2.7 ± 0.02 10.3 ± 0.6 27.9 ± 1.6 2.6 ± 0.2 10.0 ± 7.6 26.0 ± 19.9 

Y67He 2.3 ± 0.1 7.6 ± 1.3 17.5 ± 5.0 -- -- -- 

 pH 4.5 

WTd 2.6 ± 0.1 9.8 ± 0.2 25.1 ± 1.1 2.7 ± 0.1 10.0 ± 3.7 27.0 ± 10.0 

M80Ad 2.6 ± 0.1 11.6 ± 0.3 30.2 ± 1.4 2.1 ± 0.1 10.0 ± 2.6 21.0 ± 5.5 

Y67H 2.1 ± 0.2 6.9 ± 1.2 14.5 ± 2.9 2.9 ± 0.3 5.5 ± 2.5 15.9 ± 7.4 

 Iso-1 yeast 

WTf 3.01 6.90 20.8 -- -- -- 

M80Ag 2.42 2.15 5.20 -- -- -- 

M80A/Y67Ag 2.88 2.10 6.05 -- -- -- 
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Table 7.1 Footnotes 

aMonitored is the ellipticity at 222 nm, performed at 22 ± 2 °C. 

bMonitored is the ratio of wavelengths with maximum change observed in the Soret band 

of the electronic absorption spectra, determined by the difference spectra of the folded 

and unfolded states. Titrations were performed at 22 ± 2 °C. 

cFrom ref. 29. ΔGD was recalculated based on rounded [GuHCl]1/2 and mD parameters. 

dCD data from ref. 69. ΔGD was recalculated based on [GuHCl]1/2 and mD parameters. 

ePlot of the ratio of wavelengths from the electronic absorption spectra as a function of 

GuHCl concentration does not fit to a two-transition state model and were not fitted at pH 

7.4. 

fFrom ref. 93. Urea unfolding at 25 °C, [GuHCl]1/2 calculated from reported ΔGD and mD 

parameters.  

gFrom ref. 94. Urea unfolding at 25 °C, [GuHCl]1/2 calculated from reported ΔGD and mD 

parameters.  
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His-coordination to the heme is readily observed in unfolded WT cyt c. In horse 

heart WT cyt c, there are two additional His residues besides His18: His26 and His33.15 In 

the unfolded state, these His residues coordinate to the heme when deprotonated at neutral 

pH conditions .95 The presence of this His-misligated species can be observed in the 

electronic absorption spectra, as the Soret absorption band redshifts upon the transition 

from H2O-ligated high-spin to His-ligated low-spin heme iron species.96 Although 

additional mutations to the native His26 and His33 residues were not made in this work, 

differences in the pKa values for high-spin to low-spin transition in the unfolded state in 

WT and Y67H could offer some clues as to whether His67 coordinates to the heme iron in 

the unfolded state. Previous mutational studies have shown that elimination of less 

preferred heme ligand, His26, in the H26Q variant of horse heart cyt c did not affect the 

pKa, of this transition.96 On the contrary, elimination of the preferred heme ligand, His33, 

in the H33N variant changed the observed pKa of the transition in the unfolded state.96 

Elimination of His residues increase the pKa
 of transition in the H26N/H33N variant in 

horse heart cyt c (Table 7.2 and Figure 7.8), and similar trends are observed in yeast cyt 

c.97, 98 These literature results suggest that the pKa of the transition from the high-spin to 

the low-spin heme iron would decrease in the Y67H variant compared to H26N/H33N 

variant, and pKa different from that of WT if His67 competes with His33 in forming the 

misligated state.  

The Y67H variant shows a transition from the high-spin to the low-spin heme iron 

species as pH increases (Figure 7.9A). This transition occurs under mildly acidic conditions 

(Figure 7.9B), but the introduction of His67 decreases the pKa of the composite transition 

from all the His residues compared to that in WT (Table 7.2). 
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Table 7.2. pKa Values of Ferric Cyt c Variants in GuHCl-Containing Solutions 

Variant pKa n 

 Horse Heart 

WTa 5.71 ± 0.05 1.38 ± 0.09 

H26Qa 5.60 ± 0.05 1.50 ± 0.06 

H33Na 6.11 ± 0.05 1.10 ± 0.08 

H26N/H33Nb 6.71 ± 0.04 0.85 ± 0.07 

Y67Hb 5.40 ± 0.03 0.92 ± 0.05 

 Iso-1 yeast 

TMc 5.94 ± 0.08 0.9 ± 0.1 

TM+H26c 5.31 ± 0.06 0.9 ± 0.1 

TM+H54c 4.99 ± 0.01 0.7 ± 0.1 

AcTMd 7.38 ± 0.05 1.03 ± 0.17 

AcTM+H26d 5.31 ± 0.06 1.00 ± 0.07 

AcTM+H33d 5.26 ± 0.04 1.11 ± 0.08 

AcTM+H54d 4.81 ± 0.06 0.94 ± 0.07 

AcTM+H89d 5.97 ± 0.06 0.81 ± 0.01 

AcTM+H100d 6.34 ± 0.02 0.77 ± 0.13 

A81He 6.1 ± 0.9 0.85 ± 0.06 
aFrom ref. 96, in a 50 mM sodium phosphate buffer containing 4.5 M GuHCl at pH 8.0. 

bThis work, in a 100 mM sodium phosphate buffer containing 6 M GuHCl at pH 7.4, at 22 

± 2 °C. For H26N/H33N variant, fixing n = 1 yielded pKa of 6.74 ± 0.04. 

cFrom ref. 97, containing 3 M GuHCl. The protein was expressed in yeast; TM contains 

H26N, H33N, and H39Q mutations. His residue was then introduced at a desired site. 

dFrom ref. 98, containing 3 M GuHCl; base protein is AcTM with no surface His with N-

terminal acetylation (H26N, H33N, H39Q, K(-2)L, T(-5)S). A His residue was then 

introduced at a desired site. The protein was expressed in yeast. 

eFrom ref. 99, containing 0.6 M GuHCl and 0.1 M NaCl, at 22 ± 1 °C. pKa = 6.8 ± 0.4 at 0 

M GuHCl and 0.1 M NaCl. The protein was expressed in yeast. 
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Figure 7.8. (A) Electronic absorption spectra of the H26N/H33N variant of horse heart cyt 

c with 6 M GuHCl in the pH range from 4.65 to 10.23. Highlighted are the spectra at pH 

4.65 (red) and pH 7.36 (blue). The spectra at pH 10.23 and 7.36 are comparable. A selection 

of spectra between pH 4.65 and 7.36 are also shown (grey). (B) The ratio of the absorbances 

at 410 and 399 nm, at 22 ± 2 °C as a function of pH (black circles), with the fit of the 

dependence to eq 7.3 (red line).  



 

441 

 

Figure 7.9. A) Electronic absorption spectra of the Y67H variant of horse heart cyt c with 

6 M GuHCl in the pH range from 2.9 to 7.4. Highlighted are the spectra at pH 2.9 (red) and 

pH 7.4 (blue). A selection of spectra between pH 2.9 and 7.4 are shown (grey) (B) The 

ratio of the absorbances at 410 and 394 nm, at 22 ± 2 °C as a function of pH (black circles), 

with the fit of the dependence to eq 7.3 (red line). 
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The decrease in the pKa observed in Y67H relative to the pKa value in WT is nearly 

similar to the decrease in the pKa value observed with the H33N variant when compared to 

the pKa value in WT.96 Had His67 not coordinated to the heme iron in the unfolded state, 

we should have observed a similar pKa value to that in WT.  

At pH 4.5, global unfolding studies by CD spectroscopy of the Y67H cyt c variant 

have revealed that the ΔGD, [GuHCl]1/2, and mD parameters are lower than those of WT 

(Table 7.1). In contrast to pH 7.4 data, unfolding transitions monitoring the heme crevice 

and secondary structure changes have revealed comparable stability parameters (Figure 

7.7B). However, large error bars for ΔGD and [GuHCl]1/2 parameters make it difficult to 

conclude if there might be differences in these values for Y67H and WT (Table 7.1). 

Further, large error bars for the Y67H variant make it difficult to quantify how much 

stability may have decreased with pH.  

Electrochemical Properties. Reduction potentials and self-exchange rate constants were 

measured to correlate how structural changes induced by the Y67H mutation affect the ET 

properties of the protein. 

Reduction Potentials from Reductive (and Oxidative) Titrations. At pH 7.4, Y67H has a 

lower reduction potential compared to that of WT (Table 7.3). Since the protein also has a 

population of the H2O-ligated species at this pH based on EPR, this species may contribute 

to the difference in the reduction potentials. Spectroelectrochemical measurements have 

revealed a hysteresis between results of titrations in the reductive and oxidative directions 

(Figures 7.10 and 7.11B). The reduction potential of Y67H is lower at pH 4.5 than at pH 

7.4 (Table 7.3). At pH 4.5, ferric Y67H is a mixture of 65% H2O-ligated and 35% Met-

ligated heme iron species (Figure 7.2B). 
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Table 7.3. Reduction Potentials of Cyt c Variants from Reductive (and Oxidative) 

Directions of Spectroelectrochemistry Titrations 

Variant pH Potential (mV, vs SHE) 

Horse Heart 

WT 7.8 255a 

 7.0 263 ± 2b 

 4.0 252 ± 2 (280 ± 2)c 

Y67H 7.4 231 ± 3 (248 ± 3)d 

 4.5 107 ± 3 (288 ± 3)d 

Y67F 7.0 246 ± 4b 

M80A 7.4 -33.4 ± 4.3 (--)e 

 4.5 16.4 ± 4.9 (32.2 ± 2.4)e 

Rat 

WT 7.0 261 ± 2f, 259g 

Y67F 7.0 236 ± 2f 

Iso-1 yeast 

WT 7.0 280 ± 2f, 272 ± 2h 

 6.0 210 ± 2i, 290j 

Y67F 7.0 220 ± 1f 

 6.0 234j, 236k 

M80A 7.2 -170 ± 2l 

 7.0 -201 ± 2m 

M80A/Y67A 7.2 -196 ± 2k 

 7.0 -219 ± 2n 

M80A/Y67H 7.0 -207 ± 2n 
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Table 7.3 Footnotes 

aFrom ref. 16 at pH 7.8. 

bFrom ref. 44, versus NHE, measured using CV at pH 7.0. 

cFrom chapter 6. 

dThis work, reduction potentials vs SHE, determined from reductive (and oxidative) 

spectroelectrochemistry titration experiments performed at 22 ± 2 °C. Potentials from 

fittings were converted to SHE by adding 215 mV to the fitted E° value. Fixing n = 1 did 

not alter the fitted E° value. 

eFrom ref. 69. 

fFrom ref. 17, vs SHE from square-wave voltammetry, in a 50 mM Tris buffer with 100 

mM NaCl at pH 7.0. Expressed in yeast, contains TmK72. 

gFrom ref. 47. 

hFrom ref. 18, versus SHE at pH 7.0 and µ = 0.327 M at 25 °C. 

iFrom ref. 100, versus SHE. In a 10 mM phosphate buffer with 5 mM sodium perchlorate 

at pH 6.0, measured at 21 ± 0.1 °C using CV with immobilized cyt c on polycrystalline 

gold electrode. Expressed in E. coli and possesses a C102T background mutation.  

jFrom ref. 101, versus SHE at 25 °C and pH 6.0, µ = 0.1 M. Contains C102T mutation and 

expressed in yeast. 

kFrom ref. 45, at pH 6.0 with µ = 0.1 M and 25 °C. Contains C102T mutation and 

expressed in yeast. 
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Table 7.3 Footnotes, continued 

lFrom ref. 94, versus SHE, measured using CV at 21 ± 1 °C in a 10 mM phosphate buffer 

with 100 mM sodium perchlorate at pH 7.2.  

mFrom ref. 102, versus SHE, measured using CV with immobilized cyt c on 

polycrystalline gold electrode, at 25 °C in a 10 mM phosphate buffer with 0.1M sodium 

chloride at pH 7.0. Proteins contain C102T background mutation.  

nFrom ref. 103, versus SHE. Measured using CV in a 5 mM phosphate buffer with 5 mM 

sodium perchlorate at pH 7.0. 
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Figure 7.10. Electronic absorption spectra for Y67H at pH 4.5 from titrations in A) 

reductive and B) oxidative directions in a 100 mM sodium acetate buffer at pH 4.5, and at 

pH 7.4 from titrations in C) reductive and D) oxidative directions in a 100 mM sodium 

phosphate buffer at pH 7.4. Spectral measurements were taken at applied potentials in the 

range (versus GCE) from 500 mV to -400 mV for the reductive titration at pH 4.5, and -

300 to 400 mV for the oxidative titration at pH 4.5. Likewise, spectral measurements were 

taken at applied potentials in the range (versus GCE) from 500 mV to -400 mV for the 

reductive titration at pH 4.5, and -300 to 500 mV for the oxidative titration at pH 7.4. 

Spectra at the beginning or the end of the titration measurements corresponding to the 

ferrous species (red) or the ferric species (blue) are highlighted. Selection of spectra during 

the titration are also shown (grey).  
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Figure 7.11. Plots showing percent of reduced species as a function of the applied potential 

(versus GCE), with fits to eq 7.4, for the reductive (blue) and oxidative (red) directions of 

titrations for the Y67H variant of horse heart cyt c at (A) pH 4.5 and (B) pH 7.4.  
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If we assume that the reduction potentials of M80A and WT represent the H2O-ligated and 

Met-ligated heme species (Table 7.3), respectively, and that the observed reduction 

potential is a sum of the fractional contributions of the species (E°obs = (fM80A× E°M80A) + 

(fWT× E°WT)), then the Y67H reduction potential is estimated to be 109 ±3 mV, which is in 

good agreement with the observed potential of 107 ± 3 mV. Further, CD spectra suggest 

an increase in random-coil character in its secondary structure (Figure 7.6A). This increase 

likely favors the solvent exposure of the heme, resulting in decrease of the reduction 

potential.15, 104, 105 The potential of Y67H from oxidative titrations is comparable to that of 

WT at pH 4.0 (Table 7.3), suggesting that the heme iron is Met-ligated in the ferrous state. 

Had the ferrous species consist of similar populations of the H2O-ligated and Met-ligated 

heme species as in the ferric state, the potential would have been 119 ± 2 mV, again 

assuming that the reduction potentials of M80A and WT in the oxidative titrations represent 

the H2O-ligated and Met-ligated heme iron (Table 7.3). Since the estimated value is much 

lower than the observed value of 288 ±3 mV (Table 7.3), the heme iron ligation is likely to 

be different in the ferrous state and the ferric state.  

Electron Self-Exchange Rate Constant (kESE) at pH 4.5. Since the reduction potential of 

Y67H at pH 4.5 was lower than that of WT and changes in secondary structure for Y67H 

were observed, we wanted to probe whether the kinetics of ET are also affected. Time-

dependent saturation transfer NMR was used to obtain the kESE value for both Y67H and 

WT at pH 4.5 (Figure 7.12). The kESE values of the WT protein at pH 4.5 is comparable to 

the previously published values for the human and horse heart WT cyt c at pH 7.0.77, 106 

Similarities in kESE values for pH 7.0 and 4.5 in WT are expected, as structural properties 

of WT are similar at pH 7.4 and 4.5. 
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Figure 7.12. Representative 1H NMR data from time-dependent saturation experiments for 

A) WT and B) Y67H at pH 4.5. The intensity of the Met-ε signals were monitored 

(numbering based on Figure 3A) before (off-spectra, black) and after (on-spectra, red) the 

saturation pulse with a specified delay time (t). Shown spectra are at t = 1.2 s for WT and 

t = 0.14 s for Y67H. 
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Interestingly, the kESE value for Y67H is within error of that for WT at pH 4.5 (Figure 7.13), 

despite the observed changes in the structure at this pH. In cyt c, the heme edge is 

implicated in many of the protein-protein interactions with the biological ET partners.107-

109 Changes in the secondary structure upon the Y67H mutation at pH 4.5 as suggested by 

CD measurements (Figure 7.6A), may increase the exposure of the heme edge and alter 

kESE.  

Peroxidase Activity. At substrate conditions where Vmax is achieved, the initial rate is 

reflective the catalytic turnover rate. In the pH range from 4.5 to 7.4, the intrinsic 

peroxidase activity of WT cyt c is low but increases slightly at acidic pH conditions (Figure 

7.14 and Table 7.4). This trend is reversed in the presence of CL, with the peroxidase 

activity peaking at around pH 6.5. For Y67H, peroxidase activity is higher than that of WT, 

even at pH conditions 6.5 and 7.4, when the heme is mostly Met-ligated, and the protein 

has a α-helical content comparable to that of WT (Figure 7.14). At lower pH, when the 

population of the H2O-ligated heme iron species is greater, the intrinsic peroxidase activity 

of Y67H is enhanced, and are comparable to that of H2O-ligated M80A variant (Table 7.4). 

Trends in the CL-bound species are similar to those of WT where CL bound activity is 

higher at pH 6.5 and 7.4 than in pH 4.5 or 5.5 (Figure 7.14). However, unlike in WT, 

enhancements in CL-bound peroxidase activity are not observed compared to intrinsic 

peroxidase activity with Y67H at pH 6.5 and 7.4 (Table 7.4). 

Discussion 

Folded State of Y67H. CD spectra suggest that in the Met-ligated state, Y67H has a 

polypeptide packing and heme environment comparable to those of WT. 
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Figure 7.13. Intensity of the signal for methyl protons of Met80 for the ferrous species 

(either as the detected intensity or the ratio of the signal intensities with or without the 

saturation pulse) as a function of time, for WT (top, black circles) and Y67H (bottom, green 

circles) in a 50 mM sodium acetate buffer at pH 4.5 with 10% D2O (v/v). 
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Figure 7.14. Initial rates of peroxidase activity with (darker bars) and without (lighter bars) 

CL at pH 4.5 to 7.4 for WT (black), M80A (red), and Y67H (green) variants of horse heart 

cyt c.  
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Table 7.4. Rates of Peroxidase Activity for Variants of Horse Heart Cyt c at Various pH 

Values 

 Rate (mM/s) 

Variant Intrinsic CL-bounda 

 pH 7.4 

WT 8.5 ± 0.07 × 10-6 9.1 ± 0.7 × 10-5 

M80A 1.0 ± 0.03 × 10-5 1.9 ± 0.07 × 10-4 

Y67H 5.9 ± 0.6 × 10-5 4.4 ± 0.05 × 10-5 

 pH 6.5 

WT 1.4 ± 0.09 × 10-5 1.6 ± 0.07 × 10-4 

M80A 6.5 ± 0.6 × 10-5 2.6 ± 0.1 × 10-4 

Y67H 6.4 ± 0.8 × 10-5 9.1 ± 0.2 × 10-5 

 pH 5.5 

WT 2.6 ± 0.3 × 10-5 5.1 ± 0.2 × 10-5 

M80A 8.2 ± 0.4 × 10-5 7.6 ± 0.07 × 10-5 

Y67H 1.0 ± 0.1 × 10-4 4.3 ± 0.04 × 10-5 

 pH 4.5 

WT 3.0 ± 0.8 × 10-5 4.7 ± 0.9 × 10-5 

M80A 8.8 ± 1.6 × 10-5 5.7 ± 0.6 × 10-5 

Y67H 1.0 ± 0.4 × 10-4 3.6 ± 0.3 × 10-5 
aRatio of the protein to lipid vesicle concentrations was 1:750. 
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Despite the similar ligation and structural properties to that of WT at pH 7.4, EPR spectra 

suggest that a minor population in Y67H has Met80 replaced by H2O at pH 7.4. The 

reduction potential is lower than that of WT, likely because of a small population of H2O-

ligated heme iron species. M80A variant has a fold and stability similar to that of WT, but 

the H2O-ligated heme iron species at pH 4.5 has a lower reduction potential compared to 

that of WT by over 200 mV.69, 110, 111 Thus, the presence of the H2O-ligated species in 

Y67H is expected to decrease the reduction potential at pH 7.4. Our measured potential 

(Table 7.3) is ~180 mV lower than the previously reported value of 410 mV.58 One possible 

explanation for this discrepancy can be due to differences in experimental methods used to 

measure the reduction potentials of the protein. 

Because residue at position 67 is far away from the HP groups or the heme edge, 

and it is unlikely that the mutation itself markedly decreases the solvent exposure of the 

heme and increase the reduction potential by nearly 150 mV from the value of WT. Even 

for the Y67F variant that has a tight heme pocket and a higher global stability, the reduction 

potential is still lower than that of WT.16, 17, 44, 46, 47 In globular proteins, a polar His residue 

may be more solvent exposed than hydrophobic residues such as Phe.112 Further, reduction 

potential measurements of immobilized M80A and M80A/Y67H yeast cyt c have revealed 

similar E° values for the two variants at pH 7, due to the compensatory behavior of the 

enthalpic and entropic terms for the heme iron reduction.103 An increase in the reduction 

potential was previously observed for yeast Y48K, whose reduction potential increased by 

117 mV compared to that of WT, despite having a greatly perturbed secondary structure, 

rapid auto-oxidation, and presence of the high-spin heme iron species.113 Immobilization 

of yeast cyt c on the gold electrode raised the reduction potential by 100 mV compared to 
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protein in solution, and this increase in reduction potential was argued to be due to the 

electrostatic repulsion among densely packed positively charged protein on the electrode 

surface.114 There may have been interactions of the protein with the electrode that affected 

previously reported CV measurements with Y67H that increased the measured reduction 

potential, providing a possible explanation for the differences between the two 

measurements.  

Presence of a H2O-ligated species at pH 7.4 for Y67H variant in horse heart cyt c 

suggests that Y67H mutation enhances local fluctuations in loop D, but in the folded state, 

bisHis ligation is not observed at pH 7.4. RR measurements with Y67H/M80A and Y67H 

variants of human cyt c have shown the presence of bisHis-ligated heme iron species in the 

absence of Met80, with a corresponding decrease in α-helical content.63 The His67 residue 

has been suggested to coordinate to the heme in Y67H/M80A as coordinating other innate 

His residues require more extensive perturbations in the tertiary structure.63 In yeast cyt c, 

a similar bisHis ligated species was observed in the Y67H/M80V variant,64 but not in the 

Y67H/M80D or Y67H/M80A variants.64, 115 Differences in Y67H/M80X human and yeast 

cyt c variants suggest that His67 coordination to the heme may depend on the dynamics 

and packing of loop D, and not necessarily the identity of the residue 80. In yeast cyt c K72 

is trimethylated to provide steric hinderance and influences loop D reorganization—

something that is not observed in human or horse cyt c.116-119 Examination of X-ray crystal 

structures of WT cyt c shows that Tyr67-Met80 bond places the 60’s helix away from the 

heme. It is likely that the replacement of Tyr67 with His allows the protein to stabilize 

fluctuations that bring 60’s helix close to the axial site of the heme under certain conditions. 

Whether His67 coordinates to the heme or not depends on how readily Met80 is displaced 
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and if loop D can rearrange to allow a bisHis ligated heme species to form in the folded 

state. Thus, even if Y67H does not show a bisHis species in the folded state, it is likely that 

the protein still experiences similar structural fluctuations that bring 60’s helix closer to 

the heme as suggested in the Y67H/M80X variants. 

The far-UV CD spectrum of Y67H is different from that of WT at pH 4.5, 

suggesting changes in the secondary structure. While the lack of Met80 coordination does 

not alter global stability, the mD parameter of Y67H is lower than that of WT or M80A at 

both pH 7.4 and 4.5. Since the mD value is proportional to the change in solvent -exposed 

surface area upon unfolding,92 lower mD value may result from either the native state being 

less compact or the denatured state being more compact. Both scenarios could affect the 

mD parameter in Y67H. At both pH conditions, Y67H contains heme species where the 

Met80 ligand is replaced by H2O. Analysis of the X-ray crystal structure of Met80-ligand 

dissociated yeast K72A or TmK72 cyt c shows that the heme is solvent-exposed when loop 

D rearranges to accommodate Met80 ligand dissociation from the heme iron.116 At pH 7.4, 

formation of more compact intermediate species with His67 acting as a heme ligand during 

the unfolding of the polypeptide could also contribute to altering the mD parameter.  

The ferrous Y67H species is Met-ligated at both pH 4.5 and 7.4 (Table 7.3 and 

Figures 7.3 and 7.4D). Spectral features in the electronic absorption spectra suggest that 

oxy- or deoxy- species observed in ferrous M80A (see Figure 6.9),111, 120 are not observed 

in ferrous Y67H (Figures 7.3 and 7.10). At both pH 7.4 and 4.5, the ferric heme iron in 

Y67H is either Met- or H2O-ligated, and upon reduction, population containing the H2O-

ligated species is Met-ligated. There is a higher population of the H2O-ligated species at 

pH 4.5 than at pH 7.4. 
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Comparison of kESE values suggests that these changes do not affect kinetics at pH 

4.5. According to semi-classical theory, ET rate constant kET depends on the driving force 

of the reaction (ΔG, dependent on the difference in reduction potential between the D and 

A), the electronic coupling of the electron donor and the acceptor (HDA), and reorganization 

energy (λ).80, 121 In kESE, ΔG = 0, and the kET is dependent on parameters λ and HDA. Both 

λ and HDA parameters are influenced by the polypeptide; HDA is dependent on covalent 

bonds, hydrogen bonds, and through-space contacts,122 while λ reflect changes in structure 

and solvation that affects the first- and second-sphere contacts.121  

Previous studies of the Y67F variant suggest that elimination of the Tyr67-Met80 

bond increases the dynamics of the loops C, D, and the 20’s loop, minimizing λ and 

increasing HDA.44, 123-125 A decrease in λ with the increased protein flexibility has been 

argued to occur due to decrease in second-sphere λ of the protein matrix and solvent.44 

Perhaps, loop dynamics are also increased in Y67H upon elimination of the inner HB bond, 

and increase the kESE value in the Met-ligated state for Y67H at pH 7.4. ESE rates for Y67H 

are much faster at pH 7.4 than at 4.5 and were not possible to measure with NMR 

experiments (compare to Figure 7.15). For Y67H at pH 4.5, however, higher populations 

of proteins undergo conformational rearrangements associated with redox-linked ligand 

switch. Conformational rearrangements could alter solvent accessibility to the heme and 

increased random coil character in the polypeptide may hinder proteins from forming 

optimal bimolecular contacts for ET. These structural changes affect the reorganization 

energy and electronic coupling to increase the barrier to ET, and kESE would not be 

increased. 
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Figure 7.15. Intensity of the signal for methyl protons of Met80 for ferrous species (as 

ratio of the signal intensities with or without the saturation pulse) as a function of time for 

Y67H (green circles) in a 50 mM sodium phosphate buffer at pH 7.4 with 10% D2O (v/v), 

containing 1 mM of ferric protein. A fit of the data is shown to guide the eye (red line). A 

rapid decrease in signal intensity has prevented a reliable fit of the data at pH 7.4. 
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Electrochemical measurements with immobilized yeast M80A cyt c have shown 

that the loss of Met-ligation decreases kET
 to the electrode compared to that for WT.103 

Additional replacement of Tyr67 to His or Ala further decreases kET compared to that for 

M80A, argued to be caused by alterations in the protein conformation near residue position 

67.103 The M80A/Y67X variants had comparable reduction potentials,103 and eq 7.6 

suggests that the decrease in kET from protein to the electrode most likely stems from 

decrease in kESE in these variants. MD simulations correlated the decrease in flexibility of 

loops C and D (measured by RMSF and HB persistence) to increases in the activation 

energy.44 In Y67H, the ligand exchange between Met in ferrous heme iron and H2O in 

ferric heme iron most likely requires changes in the dynamics of loop D, as well as solvent 

rearrangement. Even if the electronic coupling were to increase due to increased exposure 

of the heme, the extensive conformational rearrangement of the polypeptide may increase 

reorganizational energy, resulting in a comparable kESE rate constants for Y67H and WT at 

pH 4.5.  

Implications in Intrinsic Peroxidase Activity. Previous studies measuring the peroxidase 

activity of the Y67H mutation containing variants in yeast, human, and horse heart cyt c 

have been conflicting, as higher, lower, or comparable activities have been observed 

compared to the activity for WT. 56, 61, 65 57, 63 Further,  observed changes in heme ligation 

and solvation of the heme pocket with the Y67H mutation have not been explained in the 

context of peroxidase activity.  

Some intrinsic peroxidase activities were performed under high concentrations of 

H2O2
 and at times were pre-incubated with H2O2.

55, 56 Signs of oxidative damage were 

observed in horse heart cyt c within minutes even at the ratio of 1 to 100 of the protein to 
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H2O2.
126 Further, chemical modifications of polypeptide residues with H2O2 have shown 

to increase peroxidase activity in horse heart cyt c.43, 127 These H2O2-induced effects can 

complicate interpretation of changes to intrinsic peroxidase activity. Decreased stability 

and heme pocket disruptions in Y67H may increase accessibility of residues such as 

Met80.43, 128 We have hypothesized that comparing intrinsic peroxidase activities at lower 

H2O2 concentrations and measuring initial rates in the absence of pre-incubation may help 

to avoid contributions from chemical modifications from H2O2. Further, although guaiacol 

has been widely used as a colorimetric substrate to monitor the peroxidase activity,34, 65 

there are benefits of using ABTS. MP8 reaction with ABTS is well known, and the initial 

steps to form the compound I species have been well studied.129, 130  

Peroxidase activity in six-coordinate heme protein requires dissociation of an axial 

ligand to allow H2O2 to coordinate to the heme. Spectroscopic data suggest that in Y67H, 

some population of the protein contain hemes where the Met80 ligand is replaced by H2O 

at near-neutral pH (Figures 7.1 and 7.2). Studies with K72A, TmK72, and K79H variants 

in yeast cyt c have shown that increases in peroxidase activity is observed with increases 

in loop D dynamics that promotes Met80 dissociation from the heme iron.116, 131 As 

observed previously,65 peroxidase activity of the Met-ligated Y67H is higher than that of 

the hydroxide-ligated M80A or Met-ligated WT at pH 7.4 (Figure 7.14), suggesting that 

Met80 dissociates more readily in Y67H than in WT.  

If the intrinsic peroxidase activity increased because of a distal His, similar rate 

enhancement observed at pH 7.4 should be present at pH 6.5. At pH 6.5, His67 is expected 

to be deprotonated, as distal His in cytochrome c peroxidase (CcP) was calculated with a 

pKa ranging from 5.1 to 5.4.132. If His67 acted similarly to distal His in classical 
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peroxidases, the intrinsic peroxidase activity for Y67H would have been enhanced at pH 

6.5 compared to those for WT or M80A, and more so than at pH 7.4. Yet, intrinsic 

peroxidase activity of Y67H is comparable to that of M80A at pH 6.5 (Figure 7.14 and 

Table 7.4). Further, activities of Y67H at pH 7.4 and 4.5 are comparable to one another 

(Figure 7.14 and Table 7.4). Thus, the increase in intrinsic peroxidase activity of the Y67H 

variant cannot be fully explained by the role of a distal His as an acid-base catalyst. 

The increase in the solvent accessibility of the heme pocket increases access by the 

ROS to the heme iron, enhancing peroxidase activity. Cyt c unfolds sequentially, and loops 

C and D unfold prior to the 60’s helix that contains residue 67.133, 134 The partially unfolded 

species is observed in Y67H at pH 7.4 and low GuHCl concentrations may be related to 

the partially unfolded forms in early unfolding steps involving changes in loop D. Studies 

with varying concentrations of urea suggest that partial unfolding of loops C and D that 

exposes the heme to the solvent enhances peroxidase activity.135 In the absence of Tyr67, 

additional connections to keep loop D folded disappear. MD simulations on the Y67F 

variant suggest that perturbation of the Tyr67-Met80 HB interaction increases the 

dynamics of loops C and D.44 It is likely that similar behavior is observed in Y67H, 

explaining the increase in intrinsic peroxidase activity in the Met-ligated Y67H at pH 7.4 

and 6.5. The activity at pH 5.5 and 4.5 are enhanced for Y67H compared to that for WT, 

as the heme iron is H2O-ligated under these conditions in Y67H.  

Unfolded State of Y67H. In Y67H, there are compact structures in the unfolded state that 

do not exist in WT. In unfolded cyt c, the loss of the Met80 ligand allows the heme iron to 

be misligated by His residues and N-terminal amino group in the polypeptide chain, 

forming kinetic traps in the cyt c folding pathway.95, 136-138 Misligation depends on the pKa 
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of the coordinating His residue and is detected by the presence of low-spin heme species 

with spectral features consistent of bis-His adducts.139 Upon protonation of the His 

sidechain, the heme becomes H2O-ligated and can be detected as a high-spin heme species, 

with a transition that has an observed pKa that includes both the protonation of the 

coordinating His residue and the conformational rearrangement equilibrium for His-

coordination. Multiple His residues can compete for the axial site of the heme,140 and the 

properties of the polypeptide chain between the stretch of residues containing the 

coordinating His and the heme can also alter the preference of one His over the other in 

forming the misligated species.98  

His67 alters the observed pKa of the high-spin to low-spin heme transition in the 

presence of the misligating sites present in WT, suggesting that His67 does coordinate to 

the heme iron in the unfolded state. Further, residue 67 is expected to form contacts with 

the heme in the unfolded state. Previous studies introducing His at positions 33, 54, and 72 

in the polypeptide chain have revealed that these regions of the polypeptide chain have 

strong tendency to bind to the heme, and are implicated in driving the hydrophobic collapse 

during cyt c folding.97, 98, 141 Transient compact species has been detected to form near 

residues 39, 50, and 66 from labeling studies with yeast cyt c; this compact species is 

thought to be driven by hydrophobic interactions.142 Although residue 67 has not been 

examined in these studies, residues at and near the 60’s helix are known to form frequent 

contacts with the heme, 97, 98, 141, 142. and reflects the behavior of the protein region that 

includes residue 67. 

In Y67H, it is likely that His67 coordination to the heme upon partial unfolding of 

loop D stabilizes the intermediate species. The stability of the 60’s helix is higher than 
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those of loops C and D, and at low GuHCl conditions, loop D is expected to unfold prior 

to the 60’s helix because this latter region is stabilized by the most stable N- and C-terminal 

helices.143-145 Thus, unfolding of loop D and loss of the Met80 ligation to the heme may 

provide an open site for His67 to coordinate to the heme without extensive unfolding of 

the polypeptide chain. Further, loops C and D are not obligated to unfold concomitantly.144 

Then, His67 coordination may occur even with partial unfolding of the polypeptide chain 

in loop D, unlike His26 or 33 which require extensive unfolding.95, 146 Previous studies of 

the Y67H/M80A variant of human cyt c suggest that His67 can coordinate to the heme 

with minor structural perturbations.63 Far-UV CD spectrum of this variant has shown a 

decrease in α-helical character compared to WT, and even in the folded state, His67 is 

suggested to ligate to the heme iron.63 Comparison of K73H/L85A and K73H variants of 

yeast cyt c show that local destabilization of loop D leads to the formation of the His-

ligated species, linking formation of the His73-ligated species to local stability near the 

heme.147 In WT, bisHis-ligated intermediates are not readily observed species at low 

concentrations of GuHCl,29 as the native protein does not have His residues in the 60’s 

helix. In the unfolded state, Y67H is in a mixture of the His-ligated species and the H2O-

ligated species, and their relative population depends on pH. Since residue 67 is near the 

heme, His67 in Y67H could coordinate to the heme iron upon loop D unfolding at pH 7.4.  

Because Y67H has a propensity to unfold and His67 coordinates to the heme, the 

Y67H variant could help to understand the reactivity of the CL-bound cyt c ensemble and 

the role of the bisHis-ligated species. Residue 67 is positioned near the proposed contact 

sites with CL,31 but is also in close proximity to the heme. Since Y67H forms the bisHis 
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ligated heme species upon partial unfolding, one could expect that His67/His18 form is 

also readily present in the CL-bound ensemble.  

Implications of Non-native Intermediates for Peroxidase Activity of CL-bound Cyt c. 

Binding of cyt c to the membrane surface containing CL depends on both the ionic strength 

and pH conditions of the solution.148 Multiple modes of CL and cyt c binding have been 

observed,28 but cyt c is believed to be dominated by peripheral (electrostatic) contacts at 

high CL concentrations where large-scale unfolding occurs.31, 35, 149, 150 Residue 67 is 

located at one of the proposed lipid anchorage regions relevant at low CL concentrations, 

and perturbations in this region decrease binding of the protein to the CL-containing lipid 

vesicles.151, 152 It is possible that perturbation in one of the CL-interacting sites may make 

binding of cyt c to CL-containing membranes less favored at low CL concentrations 

because residue-specific interactions that form favorable contacts are no longer present. 

However, residue 67 is not near the surface regions argued to interact with CL at higher 

CL concentrations, suggesting that CL-interaction may not be perturbed by the Y67H 

mutation depending on the CL concentration.150 

The role of the heme ligation in influencing the peroxidase activity in the CL-bound 

cyt c is still not fully defined. Different species, including 5-coordinate or 6-coordinate 

H2O/OH-, His, and Lys-ligated heme have been observed.37-39, 149 The 5-coordinate species 

has been directly implicated in peroxidase activity because of the readily available open 

coordination site for H2O2.
39, 153, 154 Studies with MP8 suggest that replacement of H2O and 

hydroxide heme ligands depends on the nucleophilic participation of H2O2 in the transition 

state, and peroxidase activity is relevant for both the hydroxide- or H2O-ligated heme iron 

species.2, 130 Between the His- and Lys-ligated hemes, the former has been argued to be 
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dominant and responsible for the increase in peroxidase activity in the CL-bound species.39 

However, this argument is in conflict with peroxidase activity studies with c-type 

cytochromes. Lys-ligation suppresses peroxidase activity in folded c-type cytochromes.155, 

156 Peroxidase activity studies with unfolded cyt c550, c551, c, and MP8 suggest that bisHis-

coordination inhibits the activity of iron centers.33, 34  

In the CL-bound state at pH 7.4 and 6.5, the activity of Y67H is lower than that of 

WT or M80A. Further, the peroxidase activity of Y67H in the presence of CL under these 

pH conditions does not increase compared to the intrinsic peroxidase activity (Figure 7.14). 

The peroxidase activity of the CL-bound Y67H can be rationalized by evoking the 

equilibrium between the non-native compact and extended species.29 The Y67H mutation 

is not on the surface of the protein in the native fold, and it should not interfere with the 

massive unfolding of the protein on the CL surface. Furthermore, global stability of Y67H 

is lower than that of WT (Table 7.1), and Y67H should readily unfold on the CL-containing 

membrane surface since CL acts similarly as a denaturant. At pH 7.4, the CL-bound Y67H 

is likely to have more bisHis-ligated heme species than in either WT or M80A due to the 

presence of His67. The bisHis heme species has very low peroxidase activity,34 and helps 

explain the lack of enhancement in peroxidase activity upon the mutation at pH 7.0.58 

However, the peroxidase activity is still present under these conditions for both WT and 

Y67H because the extended species without the bisHis heme ligation, is part of the 

ensemble. Fluorescence measurements show the increased distance between the 60’s helix 

and the heme in the CL-bound cyt c ensemble,31 despite propensity for the residues in 60’s 

helix to interact with the heme.142 Thus, some of the extended structures in Y67H may not 
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contain His67-ligated heme species. Differences in CL-bound activity observed with the 

Y67H mutation likely arises from the nonnative compact species.  

At pH 4.5 and 5.5, where the population of bisHis-ligated species is low (Figure 

7.9), peroxidase activities of the CL-bound cyt c are comparable for WT and Y67H, and 

not that different from that of M80A activity (Figure 7.14 and Table 7.4). Without the 

bisHis-ligated heme species, the activity is no longer suppressed and becomes comparable 

to that of WT (Figure 7.14 and Table 7.4). This trend in activity with pH suggests that at 

high CL concentrations, the increase in the peroxidase activity reflects the action of 

extended species. 

Comments on Discrepancies Observed in Various CL-Liposome Studies. The driving 

force for forming protein interactions with the lipid surface can be described by peripheral 

contacts, dominated by hydrophobic, electrostatic, and hydrogen bonding interactions, 

which in turn depend on the anionic lipid content, character of the protein surface, and 

electrolyte content.157-161 These interactions are not static and can even trigger 

conformational rearrangements in proteins such as in multi-protein complex II of P13K, or 

in local folding events as observed in unstructured regions of Atg16 or 

antibacterial/Alzheimer peptides.158, 162, 163 Thus, these interactions are not homogeneous. 

Likewise, it is important to consider the heterogeneity of the CL-bound ensemble in 

understanding protein function. The consideration of the heterogeneity of the CL-bound 

ensemble helps to explain discrepancies of mutational effects in different studies of 

peroxidase activity of cyt c. For example, imidazole-binding studies show that His-ligation 

to the heme suppresses peroxidase activity.34 Yet, peroxidase activity is still present, and 

even enhanced, in unfolded cyt c in solution,34 bound to CL-containing membranes, or 
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adhered on a gold surface with anionic self-assembled monolayer,164 despite the presence 

of bisHis-ligated heme species . Had the conformational ensemble been homogeneous and 

consisted of only bisHis-ligated heme species, these differences in activities should not be 

observed. If we consider the heterogeneity in the unfolded ensemble,142 variations 

depending on the degree of protein unfolding result in differences in peroxidase activity. 

Lipid content can affect conformational rearrangements and interactions of the 

lipid-bound proteins,35, 165 and one then should be careful in comparing enzymatic activity 

at different lipid conditions. CL-bound cyt c is sensitive to changes in the CL content and 

lipid to protein ratios (see Figures A1.8, A1.9, and A2.3 for examples). NMR studies at 

lower protein-to-CL ratio (1:4) suggest homogeneous native-like conformations, in 

contrast to studies at higher ratios (1:15), where more dynamic behavior of the polypeptide 

is observed.166, 167 Kinetic studies show that initial interactions are influenced by the 

available surface area of the lipid membrane surface at high CL concentrations.31, 35 CL 

concentration also affects the conformational distribution of the lipid-bound ensemble, as 

native-like forms have been observed at low CL concentrations while an increase in the 

population of 5-coordinate species observed with the higher CL content.153 

These differences may offer alternate explanations for the discrepancies of results 

from mutational studies of the CL-bound cyt c. For example, the decrease in peroxidase 

activity for the Y67F variant in horse heart cyt c has been attributed to the lack of Tyr67 

that provides a distal radical required in peroxidase activity.40 Radicals have been observed 

to enhance peroxidase activity, and it is with no doubt that such a mechanism could be one 

of possible mechanisms that explain the peroxidase activity of cyt c. However, if radical 

formation on Tyr residues had been the sole reason for the enhanced peroxidase activity, 
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the activity for CL-bound Y67H should have been lower than that of the CL-bound WT or 

M80A at near neutral pH. Peroxidase activity has been observed with MP8 models, but 

their activity peaks at mildly alkaline conditions as formation of the Compound I species 

depends on deprotonation of H2O2.
2 Differences in peroxidase activity are observed with 

variations in CL or lipid-to-protein concentrations (Figure 3.21). Some peroxidase assays, 

have been performed at low CL concentrations or protein to lipid ratio (1:20),40 where 

specific lipid-protein interactions are suggested to be dominant over peripheral contacts.149 

Changes in protein stability may also affect the CL-bound peroxidase activity. Peroxidase 

activity of unfolded cyt c on gold surface with anionic self-assembled monolayer is 

different for variants with surface mutations of Lys-to-Ala, affecting the surface charge of 

the protein.164 This activity dependence on surface charge of the protein suggests that 

difference in activity may arise from how the protein adheres and unfolds on a charged 

surface.164 Thus, in conditions where peripheral contacts dominate the cyt c binding to CL, 

differences in how the protein unfolds on the surface may influence peroxidase activity. 

The Y67F variant has a higher global stability than WT (Table 7.5),46, 47 and may require 

higher CL concentrations to fully unfold the protein. The population of the extended 

species or 5-coordinate species are dependent on the concentration of CL (and thus anionic 

charge of the surface),35, 153 and one can imagine that for more stable cyt c variants, more 

anionic charge is required to unfold the protein to a similar extent as in WT. 
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Table 7.5. Thermal Denaturation Parameters for Previously Studied Y67 Variants of Cyt 

c 

Variant Tm (°C) 

Iso-1 yeast 

WTa >85 

Y67Ra 30 

Y67Ha 50 

Horse Heart 

WT 64b 

Y67F 107b 

Rat 

WT 60c 

Y67F 90c 

aFrom ref. 56. From CD measurements monitoring ellipticity at 222 nm in a 100 mM 

phosphate buffer at pH 7.0.  

bFrom ref. 46, from monitoring the CT band at 695 nm as a function of temperature with 

protein obtained from semi-synthesis. Samples contain 170 µm protein for WT and 250 

µm for Y67F, in a 10 mM sodium cacodylate buffer with 10 mM NaCl at pH 7.  

cFrom ref. 47, expressed in yeast. 



 

470 

Conclusion 

At near-neutral pH conditions, the heme iron in Y67H is Met-ligated as it is in WT. A 

minor population of H2O-ligated species is detected by EPR. Polypeptide fold, global 

stability, and reduction potential of Y67H are comparable to WT at pH 7.4. At pH 4.5, 

Met-ligation to the heme iron is lost in ferric Y67H, and the H2O-ligated heme iron species 

is formed. This switch in ligation not only affects the stability and the fold of the protein, 

but also alters the reduction potential. The kESE rate constant is comparable to that of WT, 

likely due to structural rearrangement associated with redox-linked ligand switch that will 

affect both HDA and λ parameters important for ET. Y67H also has a propensity to unfold 

and form the partially unfolded His-ligated heme species, including those with His67 

coordinating to the heme iron. Because the misligated bisHis heme species forms when 

Y67H is partially unfolded, it serves as a good model to resolve the contradictions 

surrounding the role of bisHis-ligated heme species in peroxidase activity of the CL-bound 

cyt c. Changes in peroxidase activity with pH show that decrease in bisHis-ligated heme 

species increases peroxidase activity, illustrating that the increase in CL-bound peroxidase 

activity does not stem from the bisHis species. Discrepancies of previous studies likely 

stem from differences in the used CL content, which strongly affects the type of protein 

interaction with the CL-containing membranes. This difference affects the extent of the 

rearrangements, and heavily influences the acquired peroxidase activity of the protein. 
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Transfer Thermodynamics in R. rubrum Cytochrome c2 
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Introduction 

Many metalloproteins have mechanisms to deliver protons and electrons in PCET 

mechanisms with high specificity and control,1-4 using simple amino acids to form proton 

and electron channels to catalyze and control complex chemical reactions in the metal 

centers.5 The development of experimental methods has increased our knowledge of how 

these mechanisms play out in metalloproteins, and theoretical descriptions of ET,6, 7 PT,8 

and PCET9, 10 mechanisms has provided a basis to provide many of the explanations for 

these processes in biological systems. However, there is a gap in understanding how these 

transfer mechanisms are controlled in metalloproteins. Although much is known about the 

biological ET, understanding of biological PT is lacking in comparison.  

This gap in knowledge for PT compared to ET arises in part due to the differences 

between electrons and protons, and different complexities involved in studying these 

different pathways. Many ET mechanisms in proteins utilize metal cofactors that have 

distinct spectroscopic and/or chemical properties compared to other components of the 

protein.11, 12 Unique properties of the metal have been utilized to study biomolecular ET 

mechanisms, such as by attaching electron donors to the polypeptide to induce ET,13 or 

replacing the metal.14 Besides metal centers, residues in the polypeptide chain are involved 

in ET pathways. The residues can provide structural support to increase coupling between 

the metal centers as observed in azurin dimers,15 provide redox active Tyr or Trp residues 

that allow electron (hole) hopping through long distances, 1, 5, 13, 16 or provide through-bond 

pathways through the polypeptide backbone as observed in studies with yeast cyt c.17 In 

combination with mutational studies, mechanisms of biological ET has been extensively 

studied and well-characterized in many protein systems.18  
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Like ET, biological PT mechanisms can also involve the metal cofactor and the 

polypeptide chain. PT occurs within HB distances, and involves multiple titratable groups, 

such as amino acid residues or the porphyrin molecule, that can donate or accept protons 

in multiple HB relays to transfer protons over long distances.5 Although there are powerful 

spectroscopic methods to track protons in biological systems such as 1H NMR,12 

identifying and assigning ionizing groups can be complicated.19 In proteins, many amino 

acids have titratable groups with pKa values in the physiological range.3 Further, depending 

on the solvent accessibility of the residue and properties of the nearby residues, pKa of an 

amino acid residue can shift dramatically. For example, a wide range of pKa values for 

surface His residues and heme propionate groups between similar c-type cytochromes are 

observed.20 Local conformational rearrangements and slight structural changes within the 

protein can also affect the pKa of the titratable groups, and complicate the efforts in 

differentiating the groups participating in the PT pathway. These challenges are amplified 

in large metalloproteins, where many more titrating groups are present and spectroscopic 

signatures of these groups are more likely to overlap.19 

Since we are interested in understanding the thermodynamics of PT, we have 

decided to characterize a PCET mechanism of a small protein, R. rubrum cyt c2. Like the 

well-studied counterpart cyt c in the c-type family, cyt c2 also has a covalently bound heme, 

with Met91 and His18 as axial heme ligands. Unlike cyt c, cyt c2 has a pH-dependent 

reduction potential in the native Met-ligated state, with pKa values at neutral pH and at 

mildly acidic pH conditions.21, 22 Previously, many studies have been performed to identify 

the ionizing group responsible for the pH-dependent reduction potential, mainly by 

attempting to assign the pKa of protons in the heme porphyrin and ionizable amino acids 
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using 1H and 15N NMR spectroscopy.23-25 Analysis of these NMR measurements have 

suggested His42, or a combination of His42 and a nearby HP7 within a HB distance (Figure 

8.1) to be a potential candidate to be the source of the pH-dependent reduction potential.20, 

22-27 20, 23 In a similar c-type cytochrome, cyt c551, examination of 1H NMR spectra and 

reduction potential measurements have suggested that HP7 is the sole ionizing group in 

PCET, despite having a nearby histidine residue similar to cyt c2.
28 A recent study with a 

model porphyrin compound has shown that proton transfer can occur through the heme 

propionate,29 making HP7 a potential candidate in PCET mechanism.  

Identifying ionizing groups solely based on pKa assignments can be misleading and 

experimental limitations have complicated many attempts to characterize the ionizing 

group in the PCET mechanism of cyt c2. Signs of conformational rearrangement in cyt c2 

have been observed,26, 27 and line broadening complicated many of the NMR studies,23 

Thus, additional characterization will help clarify the PCET mechanism in cyt c2. 

Thermodynamic characterization, independent of spectroscopic data, can provide 

additional information to better understand the PCET mechanism in cyt c2. PT involving 

breaking and forming HBs should be thermodynamically observable, and such 

thermodynamic characterizations to obtain ionization constants for amino acid residues in 

protein have been previously performed by NMR and van’t Hoff analysis in myoglobin.30 

Although thermodynamic characterizations using 1H NMR are possible, we opted to use 

isothermal titration calorimetry (ITC) to measure the thermodynamics of PCET reactions 

in cyt c2 to avoid complications in interpreting the pH-dependent changes in spectra that 

were previously observed. 23, 26, 27 Calorimetric measurements can distinguish the 

molecular groups that participate in PT due to their different ionization enthalpies.31 
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Figure 8.1. Structure of R. rubrum cyt c2 (PDB ID 3C2C), with the inner HB network 

shown (left). His42 is HB to HP7 and is proposed to participate in the PCET mechanism 

in cytc2. Of the residues forming HB contacts with the HP groups, His42 is the only residue 

with a pKa that will fall within the pH range PCET reactions are observed in WT cyt c2. 

H42F variant is designed to break the HB between the residue 42 and HP7, which should 

theoretically eliminate a proton donor in the PCET mechanism without perturbing the heme 

pocket.  
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Although ITC is commonly used to characterize binding reactions, 32, 33 it can also 

be used to characterize other reactions in metalloproteins. Besides binding studies, ITC has 

also been utilized in characterizing ET mechanisms in cyt c and inorganic complexes,34 

making it a useful tool to characterize thermodynamic properties in non-binding reactions. 

A theoretical model has been previously developed for characterizing PT using ITC,35 and 

ET-coupled ligand switch mechanisms in yeast cyt c that thermodynamically mimics PCET 

systems has been recently characterized using ITC.19  

This chapter provides a calorimetric characterization of the PCET mechanism in R. 

rubrum cytc2. Previous spectroscopic studies have suggested that His42 is the ionizable 

group in the cyt c2 PCET mechanism. To test this hypothesis, WT and H42F variant of R. 

rubrum cyt c2 are compared to see whether absence of His42 shows differences in the 

thermodynamics of PCET. Calorimetric measurements at pH conditions ranging from 7.8 

up to 6.6 suggest that elimination of His42 greatly alters the pH-dependent thermodynamic 

profile for PCET. Perturbation of the PCET thermodynamic profile in H42F variant 

confirms that His42 is an essential participant in the PCET mechanism. Participation of 

HP7 as an ionizable group is not ruled out, as its participation in the PCET mechanism 

could not be confirmed. Previous electrochemical measurements have shown that the 

reduction potential of H42F varies with pH. Reduction potentials of the variants obtained 

from calorimetric measurements are presented, and possible explanations to observed 

variations in H42F are also presented. 

Materials and Methods 

General. All solutions and buffers were prepared using water from Barnstead E-Pure 

Ultrapure Water Purification System, purified to a resistivity of 18 MΩ cm, pH adjusted 
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with ± 0.02 accuracy using an AB15 pH meter (Fischer Scientific). Data analyses and 

visualizations were performed using Matlab R2017a-R2019a (MathWorks), MicroCal 

PEAQ-ITC Analysis Software (Malvern), Excel (Microsoft) and Chimera v.1.10.2 

(UCSF). Reagents were purchased from Sigma-Aldrich unless noted otherwise. The 

compound Co(terpy)2(CF3SO3)2 was synthesized by Dr. Alexandre Pletnev. 

Site-Directed Mutagenesis, Protein Expression, and Purification A pET22b(+) plasmid 

system containing the WT sequence for R. rubrum cyt c2 with carbenicillin and ampicillin 

resistance was provided by Dr. Fangfang Zhong. Cyt c2 plasmid containing the H42F 

mutation was provided by Jessica Carpenter. Protein expression and purification were 

performed as previously described.36 

Protein stocks were concentrated and exchanged into a 100 mM sodium phosphate 

buffer at pH 7.4 and stored at 4 °C. Since signs of protein aggregation were observed, 

protein stocks were freshly repurified by ion-exchange chromatography and centrifuged at 

13,000 rpm for 1 min using a tabletop centrifuge prior to use. Differences in the UV-vis 

were not observed between the protein samples from the concentrated stocks, and 

repurification using an ion-exchange column did not yield any differences in the absorption 

spectra.  

ITC. All buffers contained 10 mM buffer, with the final ionic concentrations adjusted with 

NaCl to µ = 0.1 M, with pH ranges from 5.6 to 7.8 in 0.2 pH increments. Temperature 

coefficients were considered, and pH was adjusted for use at 25 °C. Buffers used were as 

follows: MOPS (pH 7.8 to 6.8), Tris (pH 7.8 to 7.0), citrate (pH 7.2 to 6.0), bisTris (pH 7.2 

to 6.0), phosphate (pH 7.8 to 6.2), MES (pH 6.6 to 5.6), acetate (pH 5.6), piperazine (pH 

6.2 to 5.6), ACES (pH 6.6 to 6.0) and TES (pH 7.8 to 6.8). For each pH condition, 
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experiments were repeated with at least three different buffers, unless otherwise noted. All 

solutions were freshly prepared and degassed prior to use.  

All sample preparations were performed in a N2-filled glovebox (COY Laboratory 

Products). Ferric proteins were prepared with excess ferricyanide (K3Fe(CN)6) and ferrous 

proteins prepared with excess dithionite, and buffer-exchanged into a desired buffer by size 

exclusion columns (PD-10 desalting column, GE Healthcare) to remove the oxidant or the 

reductant. Columns were pretreated with either ferricyanide or dithionite and washed with 

a desired buffer prior to loading the columns with the stock protein solution. 

Concentrations of the protein samples were obtained from the absorption of the Soret band 

(ε412, ox = 118.4 mM-1cm-1 for WT and ε415, red = 131.5 mM-1cm-1 for WT and H42F).36 All 

protein stock solutions used in the electrochemical titrations contained 70 to 180 μM of 

protein.  

Co(terpy)2(CF3SO3)2 (E° = 270 mV in a pH 6.5 phosphate buffer at µ = 0.1 M)37 

and K3Fe(CN)6 (E° = 420 mV, in a pH 7.2 Tris buffer at µ = 0.1 M)38 were used either as 

an oxidant or a reductant, respectively. Stock solutions containing these compounds were 

prepared in appropriate buffers, and concentrations measured spectroscopically 

([Co(terpy)2]
2+, ε505 = 1.4 mM-1cm-1, assuming ε510 = ε505; [Fe(CN)6]

3-, ε420 = 1 mM-1cm-

1).34, 39 All stock solutions containing [Co(terpy)2]
2+ or [Fe(CN)6]

3- ranged from 1 to 3 mM. 

Stock solutions of electrochemical compounds were titrated into protein solutions 

(Figure 8.2) using a MicroCal PEAQ-ITC instrumentation (Malvern). Each run consisted 

of 30 to 35 injections with 180 seconds/injection and stirring speed of 750 rpm, at 25.0 ± 

0.2 °C. 
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Figure 8.2. (A) A schematic of the ITC instrumentation is shown (left). Sample cell 

contains protein, and a set amount of titrant (oxidant or reductant in this study) is injected 

into the sample cell. Depending on whether the reaction is exothermic or endothermic, the 

instrument regulates the temperature to make sure the temperature of the sample is 

consistent with the temperature read-out in the reference cell. Readout of the reaction 

details the amount of energy required to cool (exothermic reaction) or heat (endothermic 

reaction) the sample cell throughout the course of the reaction (right). (B) Parameters 

obtained from a typical ITC measurement are shown, where the reaction is assumed to be 

a binding reaction. Thermograms are baseline adjusted and peaks integrated, and 

concentration normalized to present a binding isotherm. Slope of the titration curve 

provides the observed equilibrium constant, KITC, total difference in the heat provides the 

observed heat of the reaction, ΔHITC, and the mid-point of the titration curve provides the 

total stoichiometry of the reaction, N, based on the syringe-to-cell molar ratio.40 
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Initial 10 injections contained injection volumes ranged from 0.5 to 0.8 µl/injection 

for the initial 10 injections, subsequent injection volumes increased to total of 1µl/injection 

for up to 20 injections, and last 5 injections contained injection volumes of 2 µl/injection. 

Injections were timed to ensure that the peaks observed in the raw data returned to 

equilibrium prior to additional injections.  

During each injection, the ITC instrument adjusted the amount of power applied to 

the sample cell to maintain the same temperature (isothermal) between the reference cell 

and the sample cell. In the case of an exothermic reaction, the instrument reduced the 

amount of power applied to the sample cell, and a downward peak was observed in the raw 

data; the reverse was observed for an endothermic reaction (Figure 8.2).40 Before each 

experiment, the difference in power between the reference and sample cell (DP) value at 

equilibration step was ensured to be between 5 and 6 μcal/s.  

All ITC experiments were conducted within the accepted c-window (1 × 104 < K < 

1 × 107).32 Most titrations were repeated 2-4 times under each buffer and pH conditions. 

For some conditions, repeat measurements were not made and error bars were not obtained. 

All measurements were conducted under constant purge of N2 inside a custom-made 

plexiglass glovebox. Data analyses were performed using the Microcal PEAQ-ITC 

Analysis software (Malvern), and fits of the generated integrated isotherms obtained using 

a one-site binding model.40 Titrations with [Fe(CN)6]
3- and WT cyt c2 at lower pH 

conditions did not yield thermograms within the desired c-window (1 × 104 < K< 1 × 

107),32, 40 requiring a different compound to be used for the electrochemical titrations with 

WT cyt c2 (Figure 8.3). 
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Figure 8.3. Representative thermograms for the oxidation of ferrous WT cyt c2 with 

[Fe(CN)6]
3- in a 10 mM citrate phosphate buffer (µ = 0.1 M) at pH 6.0 (left) or at pH 6.2 

(right) and 25.0 ± 0.2 °C. 
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Previous CV measurements showed that the reduction potential of R. rubrum cyt c2 

varies by nearly 60 mV with pH (311 ± 2 mV to 370 ± 2 mV from pH 8.0 to 5.0).36 Since 

the driving force of the ET reactions are dependent on the difference in the reduction 

potentials of the electron donor and the acceptor, increased reduction potential of WT cyt 

c2 at lower pH ranges would also affect the driving force of the ET reaction. Therefore, 

[Fe(CN)6]
3- was used as an oxidant at pH 7.8 to 6.8 (Figure 8.4A), while [Co(terpy)2]

2+ was 

used as a reductant at pH 6.6 to 5.6 (Figure 8.4B). Reaction of reduced WT cyt c2 in the 

presence of [Co(terpy)2]
2+ yielded no heats (Figure 8.5), suggesting that no other 

significant side reactions occur between [Co(terpy)2]
2+ and the reduced protein that 

contribute to the total observed enthalpy (ΔHITC). In H42F, Fe(CN)6
3- was an appropriate 

oxidant for the full pH range considered (Figure 8.4C). Since half reaction enthalpies can 

be obtained by ITC,34 calorimetric titrations of [Co(terpy)2]
2+ with [Fe(CN)6]

3- were 

performed to calculate the enthalpy of the half reaction (ΔHHR) for Co3+/2+ in the 

[Co(terpy)2]
2+ complex. Calorimetric titrations with the inorganic compounds were 

performed in a 10 mM phosphate buffer at pH 7.4 and 6.6 with µ = 0.1 M at 25 °C. At pH 

7.4, 5.2 mM of [Fe(CN)6]
3- were titrated into 315 µM of[Co(terpy)2]

2+, and at pH 6.6, and 

4.97 mM of [Fe(CN)6]
3- were titrated into 307 µM of [Co(terpy)2]

2+
 at pH 7.4.  

Results and Analyses 

Under certain conditions where PCET occurs, ET of the metal center and PT reactions are 

coupled and proceed simultaneously.4 This is the case in cyt c2, where heme 

oxidation/reduction reactions of cyt c2 in ferrous (cyt c2
2+) and ferric (cyt c2

3+) states are 

coupled with a transfer of a single proton between two protonating groups, A1 and A2 

(Scheme 8.1).
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Figure 8.4. Representative thermograms for WT cytc2 (A) oxidative or (B) reductive 

titrations, and H42F cytc2 (C) oxidative titration, with raw (top) and baseline corrected 

(bottom) thermograms for each reaction.  



 

499 

 

Figure 8.5. Representative thermograms for the titration of ferrous WT cyt c2 with 

[Co(terpy)2]
2+ (left), compared to the titration of ferric WT cyt c2 with [Co(terpy)2]

2+ (right) 

in a 10 mM bisTris buffer (µ = 0.1 M) at pH 6.2 and 25.0 ± 0.2 °C. 
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(Scheme 8.1) 

During PCET, deprotonation of A1 in the ferrous state is accompanied by the protonation 

of A2 in the ferric state.  

Fractional Population of the Protonated Species. Based on scheme 8.1, the protein is in 

different protonation states based on the pKa of the protonating groups A1 and A2. 

Henderson-Hasselbach equation can be rearranged to describe the fractional population of 

a species (A) at a given pKa and pH (eq 8.1): 

10
pKa-pH

= 
nHA

nA

= 
nHA

1-nHA

 

(8.1) 

where nHA is the fractional population of the protonated species and nA is the fractional 

population of the deprotonated species, and the total fractional population of the species 

can be expressed as nHA+nA = 1. Rearranging eq 8.1 gives us the fractional population of 

the protonated species at a given pH for a single species (eq 8.2). 

nHA=
10

pKa-pH

(1+10
pKa-pH)

 

(8.2) 

Fractional population of protonated species A1 with pKa1 can then be described as (eq 

8.3):  

n1=
10

pKa1-pH

(1+10
pKa1-pH)

 

(8.3) 

and the fractional population of protonated species A2 with pKa2 as (eq 8.4): 
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n2=
10

pKa2-pH

(1+10
pKa2-pH)

 

(8.4) 

The net fractional protons as a difference of proton uptake and release from two protonating 

can be described for a specific pH condition (eq 8.5):  

Δn = n1-n2 

(8.5) 

Calorimetric Characterization of the PCET Mechanism in Cyt c2. 

Raw thermograms of the titrations show sharp, well-defined peaks, although some noise in 

the baseline is observed (Figure 8.4). Integration of the raw thermograms gives the 

following parameters: KITC (observed equilibrium dissociation constant), N (reaction 

stoichiometry), and ΔHITC (enthalpy of the total reaction) (Figure 8.2).32  

Calculation of protonation enthalpy in PCET mechanism of cyt c2. 

ITC measurements report on the total heat of all reactions in the cell (ΔHITC). This requires 

consideration of thermodynamic contributions from buffer deprotonation/protonation 

reactions during PT and from ET reactions of the oxidant (Oxd) or the reductant (Red) in 

the reaction, in addition to the thermodynamic contributions from the changes within the 

protein (Scheme 8.2).  
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(Scheme 8.2) 

In addition to the thermodynamic contributions associated with the half reaction of 

reduction for the heme (ΔHHR heme
3+/2+) and ionization enthalpy of protonating groups A1 

(ΔH1) and A2 (ΔH2), there are thermodynamic contributions from ionization of the buffer 

(ΔHion) and half reaction enthalpies of reduction associated with the compounds 

[Co(terpy)2]
2+ ( ΔHHR

Ctpy3+/2+) and [Fe(CN)6]
3- (ΔHHR

FeCN3+/2+).  

The overall chemical equilibrium describing the oxidation reaction of cyt c2 can be 

described as follows (eq 8.6):  

Oxd + cyt c2
2+ + (A1H)n1 + (n2)A2 + (n1)Buffer + (n2)HBuffer ⇌ 

Oxd- + cyt c2
3+ + (n1)A1 +(n1)Hbuffer + (A2H)n2 + (n2)Buffer 

(8.6) 

Since ITC measures the total heat of the reaction, the total heat of the oxidation 

reaction (ΔHITC,ox) is equivalent to the sum of the following reaction components, 

according to Hess’s law (Scheme 8.3): 
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 Description of Reaction Reaction ΔH 

1) Ionization of reduced protein A1H ⇌ A1 + H+ +n1ΔH1 

2) Deionization of buffer H+ + buffer ⇌ Hbuffer -n1ΔHion 

3) Oxidation of heme in cyt c2 heme2+ ⇌ heme3+ -ΔHHR heme
3+/2+ 

4) Reduction of Fe3+ in [Fe(CN)6]
3- Fe3+ ⇌ Fe2+ +ΔHHR

FeCN3+/2+ 

5) Deionization of oxidized protein A2 + H+ ⇌ A2H -n2ΔH2 

6) Ionization of buffer Hbuffer ⇌H+ + buffer +n2ΔHion 

(Scheme 8.3) 

We can then obtain the expression for ΔHITC,ox as the sum of ΔH associated with each of 

the components in the reaction (eq 8.7). 

ΔHITC,ox= (-n1+n2)ΔHion + (-ΔHHR heme
3+/2+ + ΔHHR

FeCN3+/2+ + n1ΔH1-n2ΔH2) 

(8.7) 

Likewise, the reduction reaction of cyt c2 can be described as follows (eq 8.8): 

Red+ + Cyt c2
3+ + (n1)A1 + (n1)Hbuffer + (n2)A2H + (n2)buffer ⇌ 

Red + cyt c2
2+ + (n1)A1H +(n1)buffer + (n2)A2 + (n2)HBuffer 

(8.8) 

and again, the total heat of the reduction reaction measured in the ITC (ΔHITC,re) is 

equivalent to the sum of the following components in the reaction (Scheme 8.4). 

 Description of Reaction Reaction Change in ΔH 

1) Deionization of reduced protein A1 + H+⇌ A1H (-n1ΔH1) 

2) Ionization of buffer Hbuffer⇌H+ + buffer  (+n1ΔHion) 

3) Reduction of heme in cyt c2 heme3+ ⇌ heme2+ +ΔHHR 
heme3+/2+ 

4) Oxidation of Co2+ in [Co(terpy)2]
2+ Co2+⇌ Co3+ -ΔHHR

Ctpy3+/2+ 

5) Ionization of oxidized protein A2H⇌ A2 + H+ (+n2ΔH2) 

6) Deionization of buffer H+ + buffer⇌ Hbuffer (-n2ΔHion) 

(Scheme 8.4) 
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and according to the Hess’s Law, rearranging the equation gives the total observed heat 

(ΔHITC) (eq 8.9).  

ΔHITC,re = (n1-n2)ΔHion + (ΔHHR heme
3+/2+ - ΔHHR

Ctpy3+/2+ - n1ΔH1 + n2ΔH2) 

(8.9) 

 

Comparison of eqs 8.7 and 8.9 show the relationship between ΔHITC,ox and ΔHITC,re.(eq 

8.10). 

ΔHITC, re = -ΔHITC,ox 

(8.10) 

A close inspection of eq 8.7 and 8.9 shows that these equations have the form of a linear 

expression (y = mx + b), where the slope is the buffer-independent net transfer of protons 

(Δn), and the intercept is the buffer-independent combined enthalpies of the reaction 

(ΔHinter). To obtain these parameters, ΔHITC at various ΔHion is required. Total heats from 

electrochemical titrations for WT (Tables 8.1 and 8.2) and H42F (Tables 8.3 and 8.4) cyt 

c2 have been measured for various buffers at different pH conditions. Plotting ΔHITC 

measured in terms of ΔHion yields a linear plot (Figures 8.6 to 8.9), where the slope and the 

intercept at a given pH condition can be obtained. Since the total number of calorimetric 

measurements for each buffer differed within the same pH conditions, linear fit of the data 

was performed with entire data set instead of average ΔHITC for each buffer. Fits of the 

data obtained from the average values were within error to that of the fits obtained from 

the entire data set. The slope is the net proton movement of the reaction at a given pH, Δn, 

and the intercept is the combined enthalpy from the oxidation changes of the protein and 

the metal compound, and the ionization of the groups involved in the PT (Tables 8.5 and 

8.6).
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Table 8.1. ΔHITC for the Oxidation of Ferrous WT cyt c2
a 

pH Buffer ΔHion (kcal/mol) ΔHITC (kcal/mol) 

7.8 Tris 11.34 -14.2 

 MOPS 5.04 -12.7 ± 0.1 

 Phosphate 0.86 -11.7 

7.6 Tris 11.34 -14.3 

 TES 7.68 -13.1 

 MOPS 5.04 -12.6 ± 0.1 

 Phosphate 0.86 -11.5 ± 0.1 

7.4 Tris 11.34 -14.3 

 TES 7.68 -13.4 

 MOPS 5.04 -12.7 ± 0.1 

 Phosphate 0.86 -11.5 ± 0.1 

7.2 Tris 11.34 -14.5 

 TES 7.68 -13.9 

 BisTris 6.76 -13.3 

 MOPS 5.04 -12.7 ± 0.2 

 Phosphate 0.86 -11.5 ± 0.1 

 Citrate -0.81 -11.5 

7.0 TES 7.68 -13.6 

 BisTris 6.76 -13.2 ± 0.8 

 MOPS 5.04 -12.8 ± 0.2 

 Phosphate 0.86 -11.1 ± 0.1 

 Citrate -0.81 -10.8 ± 0.4 

6.8 TES 7.68 -14.0 

 BisTris 6.76 -13.3 ± 0.3 

 MOPS 5.04 -12.7 ± 0.1 

 Phosphate 0.86 -10.8 ± 0.1b 

 Citrate -0.81 -10.0 ± 0.2 
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Table 8.1. Footnotes 

aSamples were in a 10 mM buffer with μ = 100 mM (ionic strength adjusted with NaCl). 

Calorimetric measurements monitoring titrations of stock [Fe(CN)6]
3- solution into ferrous 

WT cyt c2 were performed at 25.0 ± 0.2 °C. Error bars are standard deviation of the values 

obtained from multiple measurements, ranging from two to four depending on the buffer. 

In cases where only single measurements were made, error bars were not included. ΔHion 

values are from literature.31 

bError bar calculated from error propagation using error of individual fits obtained from 

the ITC software, for multiple runs. This method was utilized when the fitted values were 

identical to one another and yielded artificial error of zero when compared between values. 
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Table 8.2. ΔHITC for the Reduction of Ferric WT cyt c2
a 

pH Buffer ΔHion (kcal/mol) ΔHITC (kcal/mol) 

6.6 ACES 7.27 -5.7 ± 0.3 

 BisTris 6.76 -7.2 ± 0.1 

 Phosphate 0.86 -10.2 

 Citrate -0.81 -11.9 ± 0.6 

6.4 ACES 7.27 -7.2 ± 0.2 

 BisTris 6.76 -6.4 ± 0.1 

 Phosphate 0.86 -10.0 ± 0.4 

 Citrate -0.81 -10.4 ± 0.6 

6.2 Piperazine 7.43 -7.3 ± 0.1 

 ACES 7.27 -7.7 ± 0.6 

 BisTris 6.76 -7.3 ± 0.1 

 Phosphate 0.86 -9.6 

 Citrate -0.81 -9.9 ± 0.5 

6.0 Piperazine 7.43 -8.0 ± 0.3 

 ACES 7.27 -7.8 ± 0.3 

 BisTris 6.76 -7.6 ± 0.2 

 MES 3.52 -8.8 

 Citrate -0.81 -10.4 ± 0.5 

5.8 Piperazine 7.43 -7.9 ± 0.2 

 MES 3.52 -8.5 

 Citrate -0.81 -10.5 ± 0.7 

5.6 Piperazine 7.43 -8.2 ± 0.1 

 Citrate -0.81 -9.6 
aSamples were in a 10 mM buffer with μ = 100 mM (ionic strength adjusted with NaCl). 

Calorimetric measurements monitoring titrations of stock [Co(terpy)2]
2+ solution into ferric 

WT cyt c2 were performed at 25.0 ± 0.2 °C. Error bars are standard deviation of the values 

obtained from multiple measurements, ranging from two to four depending on the buffer. 

In cases where only single measurements were obtained, error bars were not included. 

ΔHion values are from literature.31 
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Table 8.3. ΔHITC for the Oxidation of Ferric H42F cyt c2 from pH 7.8 to 6.8a 

pH Buffer ΔHion (kcal/mol) ΔHITC (kcal/mol) 

7.8 Tris 11.34 -14.1 ± 0.04 

 TES 7.68 -12.3 

 MOPS 5.07 -12.8 

 Phosphate 0.86 -12.5 

7.6 Tris 11.34 -14.1 ± 0.05 

 TES 7.68 -13.4 

 Phosphate 0.86 -12.7 ± 0.05 

7.4 Tris 11.34 -13.5 

 TES 7.68 -13.1 

 BisTris 6.76 -13.5 

 Phosphate 0.86 -12.9 ± 0.05 

7.2 Tris 11.34 -14.3 

 TES 7.68 -13.5 

 Phosphate 0.86 -12.9 ± 0.05 

 Citrate -0.81 -12.9 

7.0 TES 7.68 -14.1 

 BisTris 6.76 -13.5 ± 0.07 

 MOPS 5.04 -13.7 ± 0.2 

 Phosphate 0.86 -13.2 

 Citrate -0.81 -12.7 

6.8 TES 7.68 -13.7 

 BisTris 6.76 -13.5 

 MOPS 5.04 -13.5 ± 0.1 

 Phosphate 0.86 -12.7 ± 0.1 

 Citrate -0.81 -12.2 ± 0.1 
aSamples were in a 10 mM buffer with μ = 100 mM (ionic strength adjusted with NaCl). 

Calorimetric measurements monitoring titrations of stock [Fe(CN)6]
3- solution into ferrous 

H42F cyt c2 were performed at 25.0 ± 0.2 °C. Error bars are standard deviation of the values 

obtained from multiple measurements, ranging from two to four depending on the buffer. 

In cases where only single measurements were obtained, error bars were not included. 

ΔHion values are from literature.31 
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Table 8.4. ΔHITC for the Oxidation of Ferric H42F cyt c2 from pH 6.6 to 5.6a 

pH Buffer ΔHion (kcal/mol) ΔHITC (kcal/mol) 

6.6 ACES 7.27 -12.4 ± 0.8 

 BisTris 6.76 -13.6 ± 0.6 

 Phosphate 0.86 -11.5 

 Citrate -0.81 -11.8 ± 0.6 

6.4 ACES 7.27 -12.1 ± 0.5 

 BisTris 6.76 -14.5 ± 0.6 

 Citrate -0.81 -12.1 ± 0.5 

6.2 Piperazine 7.43 -13.3 ± 0.1 

 ACES 7.27 -11.5 ± 2.3 

 BisTris 6.76 -12.6 ± 0.5 

 Phosphate 0.86 -12.1 

 Citrate -0.81 -11.6 ± 0.7 

6.0 Piperazine 7.43 -14.0 ± 0.8 

 ACES 7.27 -13.2 

 BisTris 6.76 -13.8 ± 0.4 

 Citrate -0.81 -12.3 ± 0.5 

5.8 Piperazine 7.43 -14.5 ± 0.3 

 Citrate -0.81 -12.4 ± 0.8 
aSamples were in a 10 mM buffer with μ = 100 mM (ionic strength adjusted with NaCl). 

Calorimetric measurements monitoring titrations of stock [Fe(CN)6]
3- solution into ferrous 

H42F cyt c2 were performed at 25.0 ± 0.2 °C. Error bars are standard deviation of the values 

obtained from multiple measurements, ranging from two to four depending on the buffer. 

In cases where only single measurements were obtained, error bars were not included. 

ΔHion values are from literature.31 
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Figure 8.6. Plots showing the dependence of ΔHITC on ΔHion for the oxidation reaction of 

ferrous WT cyt c2 by [Fe(CN)6]
3- at (A) pH 7.8, (B) pH 7.6, (C) pH 7.4, (D) pH 7.2, (E) 

pH 7.0, and (F) pH 6.8 at 25.0 ± 0.2 °C. Measured average enthalpies of a specific buffer 

for WT cyt c2 are shown (black circles), with error between measurements when available. 

Linear fit of the data is shown (red line).  
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Figure 8.7. Plots showing the dependence of ΔHITC on ΔHion for the oxidation reaction of 

ferric WT cyt c2 by [Co(terpy)2]
2+at (A) pH 6.6, (B) pH 6.4, (C) pH 6.2, (D) pH 6.0, (E) 

pH 5.8, and (F) pH 5.6 at 25.0 ± 0.2 °C. Measured average enthalpies of a specific buffer 

for WT cyt c2 are shown (black circles), with error between measurements when available. 

Linear fit of the data is shown (red line).  
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Figure 8.8. Plots showing the dependence of ΔHITC on ΔHion for the oxidation reaction of 

ferrous H42F cyt c2 by [Fe(CN)6]
3- at (A) pH 7.8, (B) pH 7.6, (C) pH 7.4, (D) pH 7.2, (E) 

pH 7.0, and (F) pH 6.8 at 25.0 ± 0.2 °C. Measured average enthalpies of a specific buffer 

for H42F cyt c2 are shown (green circles), with error between measurements when 

available. Linear fit of the data is shown (red line). 
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Figure 8.9. Plots showing the dependence of ΔHITC on ΔHion for the oxidation reaction of 

ferrous H42F cyt c2 by [Fe(CN)6]
3- at (A) pH 6.6, (B) pH 6.4, (C) pH 6.2, (D) pH 6.0, and 

(E) pH 5.8 at 25.0 ± 0.2 °C. Measured average enthalpies of a specific buffer for H42F cyt 

c2 are shown (green circles), with error between measurements when available. Linear fit 

of the data is shown (red line). 
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Table 8.5. Net PT and Ionization Enthalpies for the Reduction of WT cyt c2
a 

pH Δn ΔHinter (kcal/mol) 

7.8 0.24 ± 0.03 11.47 ± 0.23 

7.6 0.26 ± 0.03 11.27 ± 0.16 

7.4 0.27 ± 0.06 11.33 ± 0.37 

7.2 0.27 ± 0.05 11.43 ± 0.3 

7.0 0.33 ± 0.15 10.99 ± 0.80 

6.8 0.45 ± 0.05 10.37 ± 0.24 

6.6 0.69 ± 0.15 -11.29 ± 0.8 

6.4 0.42 ± 0.09 -10.18 ± 0.44 

6.2 0.32 ± 0.08 -9.68 ± 0.47 

6.0 0.32 ± 0.08 -10.05 ± 0.49 

5.8 0.27 ± 0.06 -9.79 ± 0.32 

5.6 0.18 ± 0.15 -9.51 ± 0.90 
aFrom oxidation reactions between ferrous cyt c2 and [Fe(CN)6]

3- at pH 7.8 to 6.8, and from 

reduction reactions between ferric cyt c2 and [Co(terpy)2]
2+ at pH 6.6 to 5.6. Values of Δn 

and ΔHinter were obtained from linear fits of the ΔHITC versus ΔHion plots, and error bars 

are from the linear fit. Signs were adjusted accordingly for all values obtained from 

oxidation reactions as reduction reactions based on the relationship at eq 8.12.  
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Table 8.6. Net PT and Ionization Enthalpies for the Reduction of H42F cyt c2
a 

pH Δn ΔHinter (kcal/mol) 

7.8 0.16 ± 0.1 12.22 ± 0.81 

7.6 0.12 ± 0.03 12.62 ± 0.28 

7.4 0.05 ± 0.07 12.92 ± 0.45 

7.2 0.13 ± 0.07 12.84 ± 0.41 

7.0 0.11 ± 0.08 12.95 ± 0.45 

6.8 0.18 ± 0.04 12.44 ± 0.19 

6.6 0.18 ± 0.20 11.82 ± 1.05 

6.4 0.17 ± 0.29 12.33 ± 1.6 

6.2 0.19 ± 0.12 11.79 ± 0.71 

6.0 0.18 ± 0.16 12.48 ± 0.95 

5.8 0.27 ± 0.33 12.58 ± 1.55 
aFrom oxidation reactions between ferrous cyt c2 and [Fe(CN)6]

3- at pH 7.8 to 5.8. Values 

of Δn and ΔHinter were obtained from linear fits of the ΔHITC versus ΔHion plots. Signs were 

adjusted accordingly for all values obtained from oxidation reactions as reduction reactions 

based on the relationship at eq 8.12. In some cases, error bars were not present due to the 

scarcity of points in the ΔHITC versus ΔHion plots. 
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Net proton uptake.  

Net proton (Δn) versus pH yields a buffer-independent proton plot for both WT and H42F 

(Figure 8.10). In WT cyt c2, a dependence on Δn is observed with pH (Figure 8.10A). 

Fitting the WT data to eq 8.7 yields pKa1 = 7.1 ± 0.2 and pKa2 = 6.2 ± 0.2. 

In contrast, the H42F buffer-independent proton influx plot did not fit well to eq 

8.7 (Figure 8.10B). Although large error bars may be due to the scarcity of the points at 

certain pH conditions, the net flux of protons is hard to define even in cases where multiple 

data sets were obtained (Figures 8.8E, F and 8.9A to D).  

Enthalpies for Protonation in Cyt c2. The intercept of the linear fit obtained from plotting 

ΔHITC measured in terms of ΔHion is the combined enthalpy from the oxidation changes of 

the protein and the metal compound, and the ionization of the groups involved in the PT 

(Tables 8.5 and 8.6). Thus, we get the expressions for the intercepts for the oxidation 

(ΔHinter,ox; eq 8.11) and reduction reactions (ΔHinter,re; eq 8.12). 

∆Hinter,ox=∆HHR
FeCN3+/2+-∆HHR

heme3+/2++ n1∆H1- n2∆H2 

(8.11) 

∆Hinter,re=-∆HHR
Ctpy3+/2+

+∆HHR
heme3+/2+- n1∆H1+ n2∆H2 

(8.12) 

Correcting the ΔHHR associated with the reductant/oxidant and the heme and defining n1 

and n2 (eqs 8.3 and 8.4) shows the enthalpies of the ionization of the groups A1 and A2 for 

the oxidation reaction (eq 8.13) and the reduction reaction (eq 8.14). 

∆Hinter,ox-∆HHR
FeCN3+/2++∆HHR

heme3+/2+=  (
10

(pKa1-pH)

(1+10
pKa1-pH

)
)∆H1- (

10
(pKa2-pH)

(1+10
pKa2-pH

)
)∆H2 

(8.13)
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Figure 8.10. Plot showing the change in Δn with pH for (A) WT cyt c2 (black circle) with 

fit to eq 8.5 and for (B) H42F cyt c2 (green diamond), at 25.0 ± 0.2 °C. Dotted line at Δn = 

0 is shown to guide the eye.  
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∆Hinter,re+∆HHR
Ctpy3+/2+

-∆HHR
heme3+/2+=- (

10
(pKa1-pH)

(1+10
pKa1-pH

)
)∆H1+ (

10
(pKa2-pH)

(1+10
pKa2-pH

)
)∆H2 

(8.14) 

where we define the net enthalpy from the ionization of the A1 and A2 in the protein as ΔHP 

(eq 8.15): 

∆HP=-(
10

(pKa1-pH)

(1+10
pKa1-pH

)
)∆H1+ (

10
(pKa2-pH)

(1+10
pKa2-pH

)
)∆H2 

(8.15) 

Calculation of half reaction enthalpy ΔHHR for [Co(terpy)2]2+. Half reaction enthalpy of 

reduction for [Co(terpy)2]
2+ (ΔHHR

Ctpy3+/2+) have been obtained from isothermal titrations 

with [Fe(CN)6]
3-, where Co2+ in the [Co(terpy)2]

2+ complex was oxidized to Co3+ with Fe3+ 

in the [Fe(CN)6]
3- complex as a titrant at pH 7.4 and 6.6 (Figure 8.11). These titrations have 

yielded ΔHITC values of -13.9 ± 0.5 and -13.5 ± 0.5 kcal/mol at pH 7.4 and 6.6, respectively 

(Table 8.7). At both pH conditions, the thermogram traces of the oxidation reactions were 

comparable, with slight deviations in the baseline at low molar titrant conditions. The 

reaction occurred at a stoichiometry of 1.03 ± 0.07 between the oxidation reaction of 

[Co(terpy)2]
2+ with [Fe(CN)6]

3- at pH 7.4. Deviation from 1 to 1 stoichiometry has been 

observed at pH 6.6 (0.73 ± 0.02), but comparable ΔHITC values at two pH conditions have 

suggested that the reactions are similar at both pH conditions. Possible secondary reactions 

at low molar titrant concentrations may have contributed to a poor fit in stoichiometry at 

pH 6.6. Both complexes are assumed to not interact with the buffer, and no 

deprotonation/protonation events are assumed to occur.  

In the calorimetric cell, the following reactions contributing to the enthalpy can be 

described as follows (Scheme 8.5): 
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Figure 8.11. Representative thermograms for the oxidation of [Co(terpy)2]
2+ with 

[Fe(CN)6]
3- in a 10 mM sodium phosphate buffer (µ = 0.1 M) at pH 7.4 (left) or at pH 6.6 

(right) and 25.0 ± 0.2 °C. Deviation in the baseline at low molar ratios were observed 

between multiple runs for both pH conditions.  
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Table 8.7. Parameters Obtained from Calorimetric Titrations of Fe(CN)6
3- and Co(terpy)2

2+ a 

pH ΔHITC 

(kcal/mol) 

ΔHHR 

(kcal/mol)b 

KITC
 (×10-7) Keq N E°calc (mV)c 

7.4 -13.9 ±0.5 -6.1 ± 0.5 9.68 ± 0.63 337 ± 46 1.03 ± 0.08 271 ± 3 

6.6 -13.5 ±0.5 -6.5 ± 0.2 6.24 ± 0.81 371 ± 52 0.73 ± 0.02 268 ± 4 
aMonitoring the oxidation reaction of Co(terpy)2

2+ using Fe(CN)6
3- as a oxidizing titrant, performed in a 10 mM phosphate buffer (µ = 

0.1 M) at 25.0 ± 0.2 °C. 

bCalculated from assuming the half reaction enthalpy for Fe(CN)6
3- is -20.0 kcal/mol.  

cCalculated reduction potential of Co(terpy)2
3+ is based on assuming that the reduction potential of Fe3+ in Fe(CN)6

3- is 420 mV. The 

calculated value has an average of 269 ± 4 mV, within error of the reported value of 270 mV in similar ionic conditions at pH 6.5.37
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 Description of Reaction Reaction Change in ΔH 

1) Reduction of Fe3+ in [Fe(CN)6]
3- Fe3+ ⇌ Fe2+ (ΔHHR

FeCN3+/2+) 

2) Oxidation of Co2+ in [Co(terpy)2]
2+ Co2+ ⇌ Co3+ (-ΔHHR

Ctpy3+/2+) 

(Scheme 8.5)  

Total observed enthalpy in the calorimetric cell (ΔHITC) can then be described as eq 8.16:  

ΔHITC = (-ΔHHR
Ctpy3+/2+) + ΔHHR

FeCN3+/2+ 

(8.16) 

From the averaged ΔHITC values measured at pH 7.4 and 6.6 and the ΔHHR
FeCN3+/2+ (-20.0 

kcal/mol) value reported in literature,34 ΔHHR
Ctpy3+/2+ was calculated for each pH 

conditions. Since the calculated half reaction enthalpies (ΔHHR) for the reduction of 

[Co(terpy)2]
2+by [Fe(CN)6]

3-at pH 7.4 and 6.6 were within error of each other (Table 8.7), 

the average value of -6.3 ± 0.5 was used as ΔHHR
Ctpy3+/2+.  

Using the half reaction enthalpies reported in the literature34 for the c-type heme (-

8.8 ±0.3 kcal mol-1) ,[Fe(CN)6]
3- (-20 kcal mol-1), and [Co(terpy)2]

2+ (-6.3 ± 0.5) we can 

obtain the pH-dependent ΔHp values for each pH for both WT and H42F (Table 8.8). Plot 

of the pH-dependent ΔHP versus pH for WT and H42F shows that in WT cyt c2, the ΔHP 

transitions from ~ -7.5 kcal/mol at low pH conditions to 0 kcal/mol at high pH conditions 

(Figure 8.12). In contrast, ΔHP does not change in H42F, and is near 0 for all pH conditions 

monitored (Figure 8.12). Although change in ΔHP can be fitted to eq 8.17 to obtain ΔH1 

and ΔH2, lack of resolution in the transition region makes it difficult to obtain ΔH1 and ΔH2 

independently. However, a close inspection of eq 8.17 shows that at pH conditions where 

pH << pKa1,2, ΔHP = -ΔH1 + ΔH2, and at conditions where pH >> pKa1,2, ΔHP = 0. 
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Table 8.8. ΔHP of Cytochrome c2 Variantsa 

 ΔHP (kcal/mol) 

pH WT H42F 

7.8 0.27 ± 0.38 1.02 ± 0.86 

7.6 0.07 ± 0.34 1.42 ± 0.41 

7.4 0.13 ± 0.48 1.72 ± 0.54 

7.2 0.26 ± 0.42 1.64 ± 0.51 

7.0 -0.21 ± 0.85 1.75 ± 0.54 

6.8 -0.83 ± 0.38 1.24 ± 0.35 

6.6 -8.79 ± 0.99 0.62 ± 1.09 

6.4 -7.68 ± 0.73 1.13 ± 1.63 

6.2 -7.18 ± 0.75 0.59 ± 0.77 

6.0 -7.55 ± 0.76 1.28 ± 1.0 

5.8 -7.29 ± 0.67 1.38 ± 1.58 

5.6 -7.01 ± 1.07 -- 
aSigns were adjusted accordingly for all values obtained from oxidation reactions as 

reduction reactions based on the relationship at eq 8.12.  
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Figure 8.12. Plot showing the net change in ionization enthalpy in the protonating groups 

in the protein ΔHP versus pH for WT (black circles) and H42F (green diamond) cyt c2 at 

25.0 ± 0.2 °C. Solid lines connecting the points are shown to guide the eye. 
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Equilibria Constants (K) Involved in the Reaction 

 ITC measures heat associated with the reaction, and the fitted equilibrium constant 

KITC is equivalent to the observed dissociation constant, as the fitting program assumes the 

reaction in the cell can be described as scheme 8.6:32, 34  

P + D ⇌ P* 

(Scheme 8.6) 

where P consumes D to form P*, defining KITC as eq 8.17. 

KITC =
[P][D]

[P*]
 

(8.17) 

In our calorimetric measurements of the PCET reactions, we are assuming that binding 

reactions do not occur. Since reactants are not consumed in the cell, our reaction can be 

described as scheme 8.7:34 

P + D ⇌ P* + D* 

(Scheme 8.7) 

where P reacts with D, and forms P* and D*, and net consumption of D is not observed. 

Then, our true equilibrium constant Keq for the PCET reaction can be described as eq 

8.18: 

Keq =
[P*][D*]

[P][D]
 

(8.18) 

We also define stoichiometry, N, as fraction of the total concentration of D to P, and 

since reactants are not consumed in PCET reactions (eq 8.19),  

N = 
[D]tot

[P]tot

 = 
[D]

[P]
 = 

[D*]

[P*]
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(8.19) 

where in our reactions, the limiting reagent is the total concentration of cyt c2 in the 

reaction. Substituting eqs 8.17 and 8.19 to 8.18, we get the relationship between Keq in 

terms of KITC obtained from ITC measurements (eq 8.20).19, 34  

Keq =
N[cyt 𝑐2]tot

KITC
 

(8.20) 

In our PCET reaction, equilibria associated with the PCET reaction in cyt c2 is from 

the net ET between cyt c2 (P) and an external electron donor/acceptor (D) (KET) going from 

states 1 to 2, and proton dissociation equilibria of groups in protein (P) associated with 

states 1 and 2, which we can also define as proton binding constants (KP1 and KP2, 

respectively) (scheme 8.8).  

 

(Scheme 8.8) 

Eq 8.18 defines Keq based on the oxidation state of the protein, and [P]tot = [P1H] + [P1] + 

[P2H] + [P2]. For the oxidation reaction, eq 8.18 is equivalent to eq 8.21: 

Keq =
([P2H] + [P2])[D2]

([P1H] + [P1])[D1]
 

(8.21) 

Since both the protein and the electron donor/acceptor complexes are assumed to 

not bind with the buffer, buffer contributions are not included in calculations of Keq. 

Microscopic equilibrium constants in the reaction are defined as eqs 8.22 to 8.24: 
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KET =
[P2][D2]

[P1][D1]
 

(8.22) 

KP1 =
[P1H]

[P1][H]
 

(8.23) 

KP2 =
[P2H]

[P2][H]
 

(8.24) 

And relate Keq at any activity with the relationship pH = -log(αH
+), substituting eqs 8.22 

to 8.24 into eq 8.21 then yields eq 8.25 for the oxidation reaction (if P1 is ferric species 

and P2 the ferrous species according to scheme 8.2). 

Keq =
KET(1 + KP2αH

+ )

(1 + KP1αH
+ )

 

(8.25) 

where αH
+ is equivalent to 10-pH, while KP1 and KP2 is equivalent to 10pKa1 and 10pKa2, 

respectively. Eq 8.25 is comparable to the previously derived expression for the 

protonation-dependent ligand binding reaction.35 From Keq, protonation-independent 

reduction potential for the protein (E°corr) can be obtained using the relationship between 

KET and reduction potentials (eq 8.26):  

nF∆Em = RTlnKET 

(8.26) 

where ΔEm = E(D)-E(A), the difference in the reduction potentials between the electron 

donor (D) and the acceptor (A) in the reaction scheme. 
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Such treatment yields E°corr for WT (Table 8.9), and the calculated reduction 

potential values are comparable across different buffers at similar pH conditions (Tables 

8.10 and 8.11). However, a notable difference in reduction potential is observed when the 

external electron donor/acceptor is changed around pH 6.6 (Figure 8.13).  

There are noticeable deviations in the observed stoichiometry from the expected 

stoichiometry of these electrochemical titrations at lower pH conditions. Expected 

stoichiometry of the ET reactions in cyt c2 is 1 with these complexes, as [Co(terpy)2]
2+ and 

[Fe(CN)6]
3- are commonly used in ET kinetic experiments with c-type cytochromes (cyt c) 

and ET rate constants with these complexes are of first order.41, 42 A possible explanation 

for the deviation from expected stoichiometry can arise from the lack of definition in 

regions leading up to the transition region in titrations with [Co(terpy)2]
2+, along with 

decreasing Keq due to increasing reduction potential of cyt c2 with decrease in pH. The 

thermograms of electrochemical titrations WT cyt c2 at lower pH ranges (5.6 to 6.6) with 

[Co(terpy)2]
2+ had less definition near the transition region compared to the thermograms 

of the titrations at higher pH with [Fe(CN)6]
3-, even with similar buffer and ionic conditions 

(Figure 8.14). This would affect the accuracy of KITC, calculated Keq, and the estimated E° 

of WT cyt c2 in the electrochemical titrations at lower pH ranges with [Co(terpy)2]
2+.  

In the absence of protonation, Keq is dominated by the ET reaction such that Keq = 

KET and nFΔEm = RTlnKeq. Calculation of E° of [Co(terpy)2]
3+/2+ from the titration of 

[Fe(CN)6]
3- into [Co(terpy)2]

2+ assuming the reduction potential of [Fe(CN)6]
3- to be 420 

mV yields E° of 271 ± 3 mV at pH 7.4 and 268 ± 4 mV at pH 6.6 (Table 8.7), a value 

within error of the reported value of 273 mV for the reduction potential of [Co(terpy)2]
3+/2+ 

at pH 6.5.37  
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Table 8.9. Equilibria Constants in the PCET Reaction for WT Cyt c2
a 

pH N Keq KET E°corr (mV) E°obs (mV) 

7.8 1.02 ± 0.09 66 ± 5 77 ± 6 308 ± 2 313 ± 2 

7.6 1.07 ± 0.05 49 ± 5 63 ± 6 314 ± 3 320 ± 3 

7.4 1.02 ± 0.06 47 ± 4 66 ± 6 313 ± 3 321 ± 3 

7.2 1.00 ± 0.05 38 ± 3 62 ± 4 314 ± 2 327 ± 2 

7.0 1.04 ± 0.1 31 ± 5 60 ± 10 315 ± 4 333 ± 4 

6.8 1.00 ± 0.06 22 ± 3 53 ± 8 318 ± 4 341 ± 4 

6.6 0.95 ± 0.23 0.10 ± 0.01 0.31 ± 0.03 300 ± 2 328 ± 2 

6.4 0.93 ± 0.21 0.08 ± 0.01 0.30 ± 0.03 302 ± 3 336 ± 3 

6.2 0.78 ± 0.14 0.06 ± 0.01 0.26 ± 0.04 305 ± 4 344 ± 4 

6.0 0.82 ± 0.09 0.05 ± 0.01 0.24 ± 0.03 307 ± 3 349 ± 3 

5.8 0.82 ± 0.07 0.04 ± 0.01 0.25 ± 0.04 307 ± 5 352 ± 6 

5.6 0.83 ± 0.05 0.03 ± 0.01 0.20 ± 0.03 312 ± 4 360 ± 6 
aValues were averaged for all values regardless of the buffer conditions, as the equilibrium 

constant is assumed to be independent of the buffer used for the electrochemical titrations. 
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Table 8.10. Equilibria Constants for the Oxidation of Ferrous WT cyt c2 from pH 7.8 to 

6.8a 

pH Buffer N Keq KET E°prot (mV) E°obs (mV) 

7.8 Tris 1.24 71 83.0 307 311 

 MOPS 0.96 ± 0.02 62.4 ± 0.79 73.0 ± 0.9 310 ± 0.3 314 ± 0.3 

 Phosphate 1.02 61.1 71.5 310 314 

7.6 Tris 1.02 48 60.8 315 321 

 TES 1.05 57 72.1 310 316 

 MOPS 1.04 ± 0.02 51.6 ± 2.7 65.4 ± 3.3 313 ± 1 319 ± 1 

 Phosphate 1.11 ± 0.07 45.9 ± 6.1 58.2 ± 7.7 316 ± 3 322 ± 3 

7.4 Tris 0.99 51.4 72.6 310 319 

 TES 1.04 50.9 71.9 310 319 

 MOPS 1.07 ± 0.1 48.8 ± 1.13 68.9 ± 1.59 311 ± 1 320 ± 1 

 Phosphate 0.98 ±0.001 40 ± 1.99 56.5 ± 2.8 316 ± 1 325 ± 1 

7.2 Tris 0.971 39.5 64.5 313 326 

 TES 0.953 39.6 64.6 313 326 

 BisTris 1.04 33.9 55.3 317 330 

 MOPS 1.03 ± 0.07 39.3 ± 2.53 64.2 ±4.12 313 ± 2 326 ± 2 

 Phosphate 0.985 ± 0.04 38.8 ± 1.02 63.2 ± 1.7 314 ± 1 326 ± 1 

 Citrate 1.02 33.4 54.4 317 330 

7.0 TES 1.03 37.2 72.4 314 331 

 BisTris 1.03 ± 0.11 27.2 ± 5.0 53.0 ± 9.74 319 ± 5 336 ± 5 

 MOPS 0.975 ± 0.04 33.3 ±3.97 65.0 ± 7.7 313 ± 3 330 ± 3 

 Phosphate 1.03 ± 0.05 31.2 ± 0.5 60.9 ± 0.92 314 ± 0.4 332 ± 0.3 

 Citrate 0.975 ± 0.05 25.7 ± 2.4 50.1 ± 4.7 320 ± 2 337 ± 2 

6.8 TES 0.908 23.5 56.2 317 339 

 BisTris 0.99 ± 0.08 17.3 ± 0.91 41.4 ± 2.2 324 ± 1 347 ± 1 

 MOPS 0.974 ± 0.04 26 ± 0.1 62.2 ± 0.2 314 ± 0.1 336 ± 0.1 

 Phosphate 1 ± 0.02 25.5 ± 0.4 61.1 ± 0.9 314 ± 0.4 337 ± 0.4 

 Citrate 1.1 20.1 ± 0.45 48.1 ± 1.07 321 ± 1 336 ± 1 
aError bars are the standard deviation of values obtained from each measurement. 
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Table 8.11. Equilibria Constants for the Reduction of Ferric WT cyt c2 from pH 6.6 to 

5.6a 

pH Buffer N Keq
 (×10-2) KET E°prot (mV) E°obs (mV) 

6.6 ACES 0.95 ± 0.05 9.6 ± 0.3 0.29 ± 0.01 302 ± 1 330 ± 1 

 BisTris 0.78 ± 0.01 10.2 ± 0.4 0.30 ± 0.01 301 ± 1 329 ± 1 

 Phosphate 1.4 ± 0.2 9.5 ± 0.3 0.28 ± 0.01 302 ± 1 330 ± 1 

 Citrate 0.69 ± 0.04 12.2 ± 0.9 0.36 ± 0.03 296 ± 2 324 ± 2 

6.4 ACES 0.77 ± 0.07 6.72 ± 0.1 0.25 ± 0.01 306 ± 1 339 ± 1 

 BisTris 0.83 ± 0.02 8.3 ± 0.5 0.31 ± 0.02 301 ± 2 334 ± 2 

 Phosphate 1.1 ± 0.4 7.13 ± 0.2 0.26 ± 0.01 304 ± 1 338 ± 1 

 Citrate 0.88 ± 0.13 8.9 ± 0.1 0.33 ± 0.01 298 ± 0.4 332 ± 0.4 

6.2 Piperazine 0.79 ± 0.15 4.88 ± 0.6 0.22 ± 0.03 309 ± 3 348 ± 3 

 ACES 0.81 ± 0.15 4.96 ± 0.6 0.22 ± 0.03 309 ± 3 347 ± 3 

 BisTris 0.70 ± 0.09 6.55 ± 0.5 0.29 ± 0.02 302 ± 2 340 ± 2 

 Phosphate 0.576 4.91 0.22 309 347 

 Citrate 0.92 ± 0.02 6.59 ± 0.3 0.29 ± 0.01 301 ± 3 347 ± 3 

6.0 Piperazine 0.79 ± 0.06 4.2 ± 0.4 0.22 ± 0.02 309 ± 2 351 ± 2 

 ACES 0.87 ± 0.16 4.3 ± 0.1 0.23 ± 0.01 308 ± 1 351 ± 1 

 BisTris 0.79 ± 0.03 5.1 ± 0.3 0.27 ± 0.01 304 ± 1 347 ± 1 

 MES 0.778 3.64 0.19 312 355 

 Citrate 0.85 ± 0.06 5.09 ± 0.3 0.27 ± 0.01 304 ± 1 347 ± 1 

5.8 Piperazine 0.84 ± 0.05 3.48 ± 0.1 0.21 ± 0.01 310 ± 1 356 ± 1 

 MES 0.913 3.03 0.18 314 360 

 Citrate 0.78 ± 0.1 4.9 ± 0.4 0.29 ± 0.02 302 ± 2 348 ± 2 

5.6 Piperazine 0.84 ± 0.01 2.7 ± 0.2 0.18 ± 0.01 315 ± 2 363 ± 2 

 Citrate 0.72 4.0 0.26 305 353 
aKeq values were corrected to be equivalent to Keq obtained from oxidation reactions using 

the relationship 1/Keq re = Keq ox. Error bars are the standard deviation of values obtained 

from each measurement. 
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Figure 8.13. Plot showing the calculated reduction potentials (E°) from Keq for WT and 

H42F. Shown are the corrected reduction potential (E°corr) from KET for WT (black), 

observed reduction potential (E°obs) from Keq for WT (red), and the observed reduction 

potential (E°obs) from Keq for H42F (green) versus pH. Reduction potentials were calculated 

from ΔEm (eq 8.26).  
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Figure 8.14. Representative thermograms for the (left) oxidation of ferrous WT cyt c2 with 

[Fe(CN)6]
3- at pH 7.2 or (right) reduction of ferric WT cyt c2 with [Co(terpy)2]

2+ at pH 7.2 

in a 10 mM citrate buffer (µ = 0.1 M) and 25.0 ± 0.2 °C.  
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This is likely to be the case in H42F, as Δn vs pH plots suggest that the net PT in 

H42F variant is near 0, unlike in WT. On average, the reduction potentials of H42F do 

show a slight increase in the reduction potential with decrease in pH (Table 8.12), 

regardless of the buffers used (Tables 8.13 and 8.14). The range of reduction potentials for 

H42F observed in these pH ranges are comparable to previously reported values.36 

Assuming Keq = KET in WT cyt c2 yielded the observed E° (E°obs) (Table 8.9) in the similar 

electrochemical potential range of 311 to 375 mV observed in electrochemical 

measurements between pH 8.0 and 5.0.36 

Discussion 

In WT cyt c2, PT mechanism is coupled to ET mechanism at mildly alkaline to acidic pH 

conditions.21, 36 The buffer-independent proton flux plot shows that there is a net uptake of 

protons in the pH ranges 7.8 to 5.6 (Figure 8.10A), and fits to two pKa values, 6.2 ± 0.2 

and 7.1 ± 0.2. The pKa values obtained from calorimetric measurements are within error of 

the reported pKa values obtained for WT cyt c2 from pH-dependent CV measurements (pKa 

values of 6.02 ± 0.12 and 7.07 ± 0.13),36 as well as ferricyanide titrations that monitored 

changes in the 550 nm absorption band (pKa values of 6.2 and 7.0).21 In the absence of 

His42, however, this net proton movement is (Δn) no longer readily observed. Error bars 

are large, more so for the lower pH conditions than in higher pH conditions, suggesting 

that the net proton movement in H42F is either greatly diminished or is no longer coupled 

to ET in H42F. This increase in error is independent of the number of available data set in 

the experiments, as number of data set in the lower pH conditions is greater than in the 

higher pH conditions.36 
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Table 8.12. Equilibria Constants in the PCET Reaction for H42F Cyt c2
a 

pH N Keq E°obs (mV) 

7.8 1.02 ± 0.03 168 ± 18 289 ± 3 

7.6 1.02 ± 0.05 140 ± 6 293 ± 1 

7.4 1.07 ± 0.03 132 ± 15 295 ± 3 

7.2 1.05 ± 0.03 120 ± 15 298 ± 4 

7.0 1.00 ± 0.05 108 ± 13 300 ± 3 

6.8 1.05 ± 0.13 93 ± 11 304 ± 3 

6.6 1.26 ± 0.15 99 ± 14 303 ± 4 

6.4 1.13 ± 0.10 80 ± 6 307 ± 2 

6.2 1.13 ± 0.08 69 ± 10 312 ± 4 

6.0 1.17 ± 0.14 58 ± 14 317 ± 7 

5.8 1.04 ± 0.13 60 ± 9 315 ± 4 
aValues were averaged for all values regardless of the buffer conditions, as the equilibrium 

constant is assumed to be independent of the buffer used for the titration reactions. 
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Table 8.13. Equilibria Constants for the Oxidation of Ferrous H42F cyt c2 from pH 7.8 to 

6.8a 

pH Buffer N Keq E°prot (mV) 

7.8 Tris 1.04 ± 0.04 165 ± 15 289 ± 2 

 TES 0.92 176 287 

 MOPS 1.01 191 285 

 Phosphate 1.01 149 292 

7.6 Tris 0.99 ± 0.01 136 ± 2 294 ±0.3 

 TES 0.98 147 292 

 Phosphate 1.08 ± 0.02 140 ± 7 293 ± 1 

7.4 Tris 1.13 153 291 

 TES 1.09 148 292 

 BisTris 1.06 115 298 

 Phosphate 1.03 ± 0.01 121 ± 4 297 ± 1 

7.2 Tris 1.02 135 294 

 TES 1.01 135 294 

 Phosphate 1.05 ± 0.01 122 ± 2 297 ± 0.4 

 Citrate 1.09 83 307 

7.0 TES 1 131 295 

 BisTris 1.08 ± 0.04 105 ± 13 301 ± 3 

 Phosphate 0.91 105 301 

 Citrate 0.97 95 303 

6.8 TES 0.96 107 300 

 BisTris 0.94 91 304 

 MOPS 0.97 ± 0.05 100 ± 2 302 ± 1 

 Phosphate 0.96 ± 0.05 100 ± 10 302 ± 3 

 Citrate 1.32 ± 0.27 73 ± 12 310 ± 4 
aError bars are the standard deviation of values obtained from each measurement. For 

measurements that were not repeated, errors are not shown.  
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Table 8.14. Equilibria Constants for the Oxidation of Ferrous H42F cyt c2 from pH 6.6 to 

5.6a 

pH Buffer N Keq E°prot (mV) 

6.6 ACES 1.43 ± 0.29 119 ± 8 297 ± 2 

 BisTris 1.16 ± 0.05 86 ± 14 306 ± 4 

 Citrate 1.28 ± 0.13 96 ± 17 303 ± 5 

6.4 ACES 1.27 ±0.11 90 ± 1 305 ± 0.3 

 BisTris 1.15 ± 0.07 77 ± 3 309 ± 1 

 Citrate 1.01 ± 0.29 78 ± 5 308 ± 2 

6.2 Piperazine 1.11 ± 0.07 85 ± 5 306 ± 2 

 ACES 1.13 66 312 

 BisTris 1.13 ± 0.04 61 ± 4 314 ± 1 

 Phosphate 1.03 61 315 

 Citrate 1.2 ± 0.13 63 ± 9 314 ± 3 

6.0 Piperazine 1.22 ± 0.09 74 ± 12 310 ± 4 

 ACES 1.06 60 315 

 BisTris 1.35 ± 0.23 33 ± 0.6 330 ± 1 

 Citrate 1.03 ± 0.03 57 ± 9 317 ± 4 

5.8 Piperazine 1.21 ± 0.07 71 ± 5 311 ± 2 

 Citrate 0.94 ± 0.07 53 ± 3 318 ± 2 
aError bars are the standard deviation of values obtained from each measurement. For 

measurements that were not repeated, errors are not shown. 
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It is possible that the ET mechanism in H42F may still be proton-coupled and pH-

dependent changes in Δn is buried in the large error bars (Figure 8.10B). However, the pH 

dependence of the bimolecular rate constants have not shown pH dependence,36 suggesting 

that the PCET mechanism is greatly perturbed in the absence of His42.  

The pKa and identity of the protonating groups responsible for the pKa observed in 

pH-dependent changes in reduction potentials have been highly speculated. Analysis of 

earlier 1H NMR experiments with Pseudomonas cyt c551 have suggested that HP7 ionizes 

at neutral pH conditions in the presence of non-ligating His that is within hydrogen-

bonding distance of HP7.28 In contrast, previous examinations of 15N NMR and 1H NMR 

measurements with W R. rubrum cyt c2 have suggested that His42 in R. rubrum cyt c2 

ionizes with a near-neutral pKa of 6.8 in the ferrous state.23, 24 This was supported by the 

observations made with the NOE difference spectroscopy that irradiated a methyl group of 

pH-invariant Leu32, where it was revealed that a typical histidine proton that had a pKa of 

7, supporting the hypothesis that His42, the only non-ligated His in R. rubrum cyt c2, has 

a higher pKa than that of HP7.23, 24 Similar observations were made in other NMR 

experiments, which suggested that the pKa pf H42F reduces to 6.2 in the ferric state.25 Yet, 

recent analysis of 1H NMR pH titration measurements with ferric WT cyt c2 have shown 

that the protons in the methylene group of HP7 titrates with a pKa of 6.8 ± 0.11,36 

complicating the identification of the participating ionizable groups in PCET. Similarly, 

other resonances in the NMR spectra have been previously observed to shift with the 

similar pKa.
27 This discrepancy has been previously argued to stem from local 

conformational rearrangements in the protein, as shifts in hyperfine and pseudocontact 

shifts reflect change in the electronic structure of the heme.27  
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Inspection of ΔHP from calorimetric measurements offers clues to the identity of 

the ionizable groups when coupled to ET. Comparison of net enthalpy of ionization in the 

protein, ΔHP, in WT and H42F cyt c2 further suggests that in H42F, PT is no longer coupled 

to ET (Figure 8.12). In WT cyt c2, ΔHP is the sum of the ionization enthalpies of the 

deprotonating groups in the protein at a given pH and is dependent on the fractional 

population dictated by the pKa of each group. At low pH conditions where all species are 

protonated, ΔHP simply reflects the total ionization enthalpy for deprotonation of two 

ionizable groups, which is near -7.5 kcal/mol (Figure 8.12 and Table 8.8). Free histidine 

has an ionization constant of 7.1 kcal mol-1.31 Previous analysis of temperature-dependent 

NMR measurements with myoglobin have shown that histidine ionization constants in a 

protein environment can range from 3.8 to 8.8 kcal mol-1,30 in which HB contacts can 

decrease this value by about 2 kcal mol-1. Previously reported calorimetric characterization 

of aspartic protease shows that solvent-exposed His ionization enthalpy is 7.0 ± 0.2 kcal 

mol-1.43 Although the ionization enthalpy of HP groups were not measured, carboxylate 

groups in aspartates have been shown to have ionization enthalpies of -2.1 ± 0.8 kcal mol-

1
 in proteins,43 while ionization enthalpy of acetate is -0.1 kcal mol-1.31 Based on eq 8.15 

and scheme 8.2, and assuming that the ionization enthalpy for HP7 has an ionization 

enthalpy between -2.1 to -0.1, ΔHP can only be -7.5 kcal mol-1 at low pH conditions if the 

His ionization enthalpy is between 5.4 to 7.4 is the group to be deprotonated in the 

reduction of cyt c2.  

From our ITC measurements, the transition is most likely present somewhere 

between pH 6.5 and 7 in WT cyt c2. Yet, lack of points in this transition makes it difficult 

to obtain the pKa value(s) involved in the protein ionization, as the transition is steep. With 
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the elimination of His42 in H42F cyt c2 variant, magnitude of ΔHP is near zero. Large error 

bars in the lower pH region make it difficult to determine if there is ionization enthalpy 

contribution from the HP7 in the absence of His42 (Figure 8.12). Ionization enthalpy of 

carboxylate groups are relatively small in magnitude compared to that of His,43 and it is 

likely that the ionization enthalpy of carboxylate groups in the heme propionate can shift 

depending on the solvent exposure as was observed with His. In combination with 

observations of Δn with pH (Figure 8.10) and a lack of a pH dependent kESE in H42F,36 it 

is most likely that His42 participates in the PCET mechanism in cyt c2, and elimination of 

His42 perturbs the PCET mechanism.  

Since ITC measures the total heat of the reaction, there is a possibility that other 

enthalpic contributions can be present that are not considered in our analysis. Global 

stability measurements of WT cyt c2 have shown greater stability at pH 5.0 than at pH 7.4, 

despite comparable EPR and electronic absorption spectra between pH 5.0 and 8.0 that 

have suggested that the global fold of the protein is similar at these two pH conditions.36 

Differences in global stability at pH 7.4 and 5.0 suggest possible differences in local 

dynamics and stability in cyt c2 as was observed in cyt c due to pH-dependent tertiary 

contacts in the polypeptide fold.44 Introduction of a hydrophobic Phe near the heme cavity 

may also affect the local dynamics and stability of the loop. Yet, comparison of 1H NMR 

spectra of ferric and ferrous WT cyt c ranging from pH 8.5 to 4.5 have shown that the peak 

positions of the heme porphyrin and heme-bound Met91 are unchanged,36 suggesting that 

the protein does not experience major structural perturbations at either of the oxidation 

states. Thus, it is most likely that even if there are additional enthalpic contributions 
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associated with changes in conformational dynamics, it is small and likely not the dominant 

factor in the PCET mechanism in WT cyt c2.  

pH-dependent Reduction Potentials. Reduction potential of WT cyt c2 increases from 

311 ± 2 mV at pH 8.0 to 370 ± 2 mV at pH 5.0,36 similar to the reduction potential range 

observed from ferricyanide titrations.21 The observed reduction potentials E°obs for WT 

cyt c2 that includes the protonation equilibria yield reduction potentials within the range 

observed from previous experiments (Table 8.9). Taking the protonation equilibria into 

account, the corrected reduction potential of the heme (E°corr) decreases (Table 8.9), close 

to E°obs from H42F (Table 8.12). WT cyt c2 has a slightly higher reduction potential from 

pH 7.8 to 6.8 than H42F. However, this difference in reduction potential may be due to 

introducing mutations that directly perturb HB contacts near the HP groups. Comparisons 

of previous electrochemical titration measurements with ferricyanide and WT cyt c2 from 

various species have suggested that natural sequences variations near the heme 

environment tuned the reduction potential by up to 30 mV.21 Although the H42F 

mutation does not affect heme ligation,36 placement of a hydrophobic Phe near the heme 

may also affect polypeptide packing and dynamics, which also tune the reduction 

potential of the protein.45 These minor conformational rearrangement could potentially 

shift the reduction potential of cyt c2. In cyt c, shifts in the reduction potential have been 

observed with perturbations that affect the HB contacts between the polypeptide and the 

heme.45-47 

In WT cyt c2, there is a step-wise increase in E°corr by about ~10 mV between pH 

7.8 to 6.8 and 6.6 to 5.6 in WT cyt c2 (Table 8.9 and Figure 8.13). This is most likely from 

the changes in the external inorganic compound, and possible changes in the reduction 



 

541 

potentials of the inorganic compounds with pH that may be different between [Fe(CN)6]
3-

 

and [Co(terpy)2]
2+. Even in the widely used oxidant, [Fe(CN)6]

3-, the reduction potential of 

this compound has been shown to vary by almost 30 mV in biological buffers, depending 

on the ionic conditions, buffer concentrations, buffer type, and pH conditions.38, 48-50 In 

particular, the reduction potential of [Fe(CN)6]
3- decreases with pH, which should also 

decrease E°corr. Although ionic conditions were kept constant and buffer concentrations 

low in our experiments, pH conditions were varied by nearly two pH units from pH 7.6 to 

5.6 in WT cyt c2. Previously, the reduction potential of [Fe(CN)6]
3- has been shown to vary 

~10 mV between pH 8 and 4.75.50 Yet, we have assumed that the reduction potential of 

[Fe(CN)6]
3- does not vary at all pH conditions considered, using the reported reduction 

potential for [Fe(CN)6]
3- at similar ionic conditions at pH 7.2,38 well-within reported 

reduction potential for biological buffers at higher buffer and ionic conditions.48, 50 This 

may also explain the ~10 mV shift in the reduction potential observed with decrease in pH 

with H42F (Table 8.12 and Figure 8.13), despite the perturbed net PT (Figure 8.10).  

Furthermore, there may be local variations in structure when the protein interacts 

with these inorganic complexes at different pH conditions, which may also affect Keq. that 

were not considered in the calculation of E°corr. We decided to use [Fe(CN)6]
3- and 

[Co(terpy)2]
2+ complexes as these compounds were used in ET measurements with 

cytochrome c, a similar ET protein as cyt c2.
37, 38, 42, 51 Although preferred sites of contacts 

for Fe- and Co-complexes are suggested to be similar in cyt c,37, 51 the interactions of 

common inorganic complexes are thought to occur from the interactions near the exposed 

heme edge.42 In WT cyt c2, PCET is thought to involve HP7 and His42, residues near the 

exposed heme edge. Signs of conformational rearrangement has been observed in R. 
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palustris and R. rubrum cyt c2 in the pH ranges observed in our ITC experiments, as 

observed from shifts in the heme porphyrin peaks in NMR, UV-vis, and changes in ET 

kinetics.22, 27 Perhaps, these local differences also influence E°corr.  

Additionally, changes in surface charge of the protein may also contribute to the 

~10 mV shift over the course of the observed pH range in the E°corr for both WT and H42F 

cyt c2 variants. Previous studies have shown that ionic strength of the media alters the 

reduction potential in c-type cytochromes such as cyt c552
52 and cyt c.53 Furthermore, 

trifluoroacetylation of surface Lys residues in P. aeruginosa cyt c552 have shown that the 

reduction potential of the heme iron decreased by approximately 5 mV per surface 

charge.54 Thus, the general shift in the E°corr over the acidic to near-neutral pH ranges may 

also stem from changes in surface charge of our variants. 

Conclusion 

Spectroscopic characterizations and kinetic ET measurements have suggested the 

participation of His42 in the cytc2 PCET mechanism. By using ITC to obtain the total 

enthalpy involved in the electrochemical reactions, a buffer-independent enthalpy of the 

ionizable groups participating in the PCET has been characterized. The difference in the 

enthalpy between the WT and H42F strongly suggests that in WT cyt c2, His42 does indeed 

participate in the PT mechanism in PCET. Although the sensitivity of the method does not 

clearly define the pKa values of the ionizable groups based on the changes of ΔHP in respect 

to pH, ΔHP calculations in WT cyt c2 are consistent with having a histidine as an ionizable 

group in the PCET mechanism. Possibility of a carboxylate group in the HP participating 

in tandem with histidine as a PT unit is inconclusive with this data set.  
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When contributions from PT are considered, the reduction potential of the heme in 

WT cyt c2 independent of protonation equilibria is comparable to that of the reduction 

potential of H42F. This shows that in the absence of PT, the heme has similar reduction 

potentials. Slight variation in the reduction potential is observed in the two variants in the 

observed pH ranges. This could potentially be due changes in the reduction potential of the 

inorganic complexes, conformational rearrangement of the protein, or changes in the 

surface charge with pH.  
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This thesis aims to provide further insight into how perturbations in polypeptide 

peripheral contacts tune protein structure, stability, and function using c-type cytochromes. 

Understanding this structure-function relationship is essential because sequence variations 

are common in organisms and these variations can introduce unique perturbations to the 

intramolecular contacts.  

 In cyt c, peripheral contacts involving the heme and loops C and D have been 

suggested to play a role in tuning the local and dynamic properties of the protein.1-3 Yet, 

cyt c has similar global fold and stability across many species,4-6 and understanding of how 

these differences in contacts influence function has been lacking. Clarifying the function-

structure relationship is essential, as cyt c structural perturbations introduced in the form 

of sequence variations are correlated to cause disease and abnormal embryonic 

development.7-10  

G41S, Y48H, and K72A mutations that introduced perturbations in loops C and D 

do not affect the global fold and stability of the protein at near-neutral pH. These structural 

perturbations, however, have different effects in local properties and function. A variant 

with the loop D perturbation has been comparable to the WT protein in all aspects. In 

variants with loop C perturbations, local stability and dynamics of loop D are affected. The 

heme is more readily accessible, and the functions of the protein are affected: intrinsic 

peroxidase activity increased, ET properties altered, and the protein is readily rearranged 

to yield a Lys-ligated conformer at a lower pKa. These loop C perturbations are different 

from one another, in G41S. an additional species not observed in other variants, are 

detected in the acidic unfolding transition. Kinetics of the alkaline transition trends 

differently in horse variants compared to that of human variants. Structural models show 
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that perturbations in loop C alter the interloop contact between loops C and D in horse heart 

cyt c, which is different from human cyt c variants where more native contacts observed in 

the WT protein are preserved. Differences in peripheral contacts involving HP6 and residue 

46 in loop C have previously been suggested to result in variations in the alkaline transition 

parameters,1 and the identity of residue 46 is different between human and horse heart cyt 

c. These results highlight that peripheral contacts near HP6 assist in keeping loop C packed 

closely to loop D, and tune properties of loop D to influence protein function. 

 Peripheral contacts that are formed with the heme are important in controlling the 

polypeptide fold and heme ligation. Some perturbations alter the native tertiary packing of 

the polypeptide and trigger conformational rearrangements. Local rearrangement of loop 

D allows a Lys residue to readily replace Met80 even at near-neutral pH conditions. Proper 

heme ligation and fold are essential, as the identity of the heme ligand alters the reduction 

potential and peroxidase activity of the protein. This is also true in the cardiolipin-bound 

state, as the formation of bisHis-ligated species suppresses activity at physiological 

conditions.  

 These structure-function relationships observed in cyt c are also observed in R. 

rubrum cyt c2, a protein with a pH-dependent reduction potential. Previous spectroscopic 

attempts to characterize this protein have been complicated by challenges associated with 

distinguishing the various ionizable groups, as possible conformational rearrangements and 

spectral overlap can also alter spectral features.11 In this protein, His42 is within a HB 

distance to HP7, and is an essential component in ET. Replacement of His42 with a non-

ionizable residue to perturb this contact does not perturb the global fold and heme 

ligation.12 However, perturbation of this contact to the heme eliminates the net proton 
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transfer in the ET mechanism. Furthermore, enthalpic contributions from the polypeptide 

is no longer observed in the ET mechanism, and proton transfer does not contribute to the 

observed reduction potential.  

 This thesis highlights the disconnect between global and local properties of the 

protein—similarities in global features do not necessarily equate to similarities in local 

properties. Throughout this thesis, I showed how changes in peripheral contacts modulate 

local properties and protein function in c-type cytochromes, without altering its global 

properties. I also provided additional insights into how sequence variations are tolerated in 

nature and how proteins from various species can be similar and different at the same time. 

These findings and connections are significant, as it serves as a caveat in assuming 

conservation of global structure equates to conservation in function. Homology modeling 

and multiple sequence alignments are common approaches to predict and analyze protein 

structure, function, interactions, and its related mechanisms.13-15 However, such 

approaches may ignore the local differences between similar proteins, which may be 

important to consider in many medical studies, where non-human animal models are 

commonly used to indirectly assess effects on humans.  

There are still some aspects of the structure-function relationship that have not been 

discussed in detail. In the appendices, preliminary explorations of structure-function 

relationship in the unfolded states are presented, along with future recommendations.  
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Introduction 

Interaction of cyt c with CL)-containing lipid membrane surface triggers a sequence 

of events that perturb the native polypeptide fold and heme axial ligation, ultimately 

increasing the peroxidase activity of the protein.1 Cyt c-CL interaction results in diverse 

conformations, and is reminiscent of chemically unfolded cyt c. As in chemically unfolded 

cyt c, heme iron ligation is varied, and 5-coordinate or 6-coordinate H2O/OH-, His, and 

Lys-ligated heme species have been previously observed in CL-bound cyt c.2-5 

Conformational heterogeneity of the polypeptide observed in chemically unfolded cyt c,6-

8 and in the presence of high concentrations of CL, where two distinct conformations are 

observed on the lipid surface: a compact (C), native-like state and an extended (E), 

extensively unfolded state.9  

There are many similarities between the perturbed polypeptide structure of cyt c in 

the presence of CL and other chemical denaturants (such as urea and GuHCl) in that it 

triggers local and/or global unfolding of the polypeptide. However, it is yet unclear whether 

local interactions in the polypeptide affect the conformational ensemble in the CL-bound 

state. Unfolding sequences of cyt c have been extensively studied by HX experiments, and 

many local polypeptide interactions have been suggested to play a role in triggering many 

conformational rearrangements observed in cyt c.10-12 Roles of local interactions, stability, 

and dynamics in the CL-bound ensemble are yet unclear. While key inter-residue 

interactions, such as the His26-Pro44 HB, have been suggested to play a role in triggering 

structural rearrangements in the early steps of CL-binding interaction,1, 13 large 

conformational rearrangements are electrostatically driven in CL-bound cyt c.2, 14 

Alterations in the available surface area and charge affect conformational equilibrium, and 
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population shifts between the E and C states have been suggested as a pathway to control 

the apoptotic peroxidase activity.14 Electrostatic interactions dominate the conformational 

equilibrium between E and C states,14 but it is possible that this equilibrium may be 

sensitive to perturbations in the polypeptide close to the heme. Inclusion of additional His 

residues, such as in Y67H variant (Chapter 7), seems to favor the formation of bisHis-

ligated species which may affect the population distribution of C and E species. 

Furthermore, thermal unfolding at low pH conditions and Dns-labeled studies have 

suggested that CL binding leads to structural rearrangement in residues 37-61.9, 13 Various 

heme ligations, including Lys-ligated heme iron species have been observed,4, 5 

highlighting the importance of loop D rearrangement in the CL-bound conformational 

equilibrium. These findings strongly suggest that CL-induced perturbations and the overall 

CL-bound ensemble may be sensitive to differences in local dynamics of loops C and D 

that can also alter the relative stabilities of the stabilized misligated states.  

To test this hypothesis, variants with loops C mutations G41S or Y48H, and a 

variant with loop D mutation K72A, were compared to that of WT horse heart cyt c protein. 

G41S and Y48H mutations are implicated in abnormal apoptotic behavior,15, 16 and have 

been shown to perturb dynamics of loop D (Chapter 3), In contrast, K72A mutation in loop 

D is similar to that of WT (Chapter 4). Despite many differences between these variants, 

the binding affinities of these cyt c variants to CL-containing vesicles (Figures 3.20 and 

4.17) and CL-bound peroxidase activities (Tables 3.7 and 4.8, Figures 3.21 and 4.18) are 

comparable to that of WT. Yet, many of the local properties are different, making these 

variants good models to see whether local differences in stability and dynamics do not 

influence the CL-bound ensemble. 
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To track the changes in the conformational ensemble with the mutations in loops C 

and D, Glu92Cys mutation at the α-helix of the C-terminus has been introduced. Presence 

of a surface cysteine allows thiol reactive dyes, such as dansyl (Dns) fluorophore, 1,5-

IAEDANS, to covalently attach to the protein (Figure A1.1).17 Attached to cyt c, the 

fluorescence of the Dns fluorophore (donor) is quenched by the iron heme (acceptor) and 

the observed fluorescence intensity of the dye is diminished compared to the dye in the 

absence of the heme. The amount of quenching experienced by the fluorophore depends 

on its distance to the heme, making it a good spectroscopic ruler to track changes in 

distance between selected sites in the polypeptide and the heme.18 While steady-state 

fluorescence measurements show the total fluorescence intensity of the sample, individual 

quenching events are tracked and distinguished by time-correlated single photon counting 

(TCSPC) to obtain information regarding the distribution of the donor to acceptor distances 

of cyt c.6, 18  

In this Appendix, preliminary results are summarized. Initial measurements have 

shown inconsistencies in the data depending on the spectroscopic measurements, requiring 

a closer look at how the vesicle solutions have been prepared. Depending on the method 

of vesicle preparation, differences in spectroscopic data have been observed. Suggestions 

and possible future recommendations are provided.  

Materials and Methods 

General. All aqueous solutions were prepared using water from Barnstead E-Pure 

Ultrapure Water Purification System, purified to a resistivity of 18 MΩ∙cm. Reagents and 

columns were purchased from Millipore Sigma and GE Healthcare, unless noted otherwise.
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Figure A1.1. Structure of WT horse heart cyt c (PDB 1HRC) highlighted with the residues 

mutated in this study. Mutation of Lys72 to Ala (blue) in mice has been shown to affect 

brain development and lymphocyte homeostasis.19 Naturally occurring mutations of Gly41 

(pink) and Tyr48 (green) to Ser and His, respectively, have been shown to result in mild 

thrombocytopenia in humans.15, 16 Region of the protein that contains the axial ligands to 

the heme, loop D (residues 70 to 85) is highlighted (red). Cys92 in the C-terminal helix 

have been mutated to Cys (orange) and introduce a labeling site for a dansyl (Dns) 

fluorophore (1,5 IAEDans). 



 

559 

 All labeling reactions, purification and experiments with labeled proteins were performed 

in the dark. Gas-tight Hamilton syringes were used for quantitative dilutions. pH was 

adjusted using sodium hydroxide or hydrochloric acid and monitored with an AB15 pH 

meter (Fisher Scientific) or a UB10 pH meter (Denver Instrument). All buffers were freshly 

prepared and filtered with a 0.22 µm filter prior to use. 

Site-Directed Mutagenesis, Protein Expression, and Purification. Point mutations, 

protein expression and purification for horse heart cyt c variants were performed as 

previously described.9 Some variants included the E92C point mutation to introduce a 

surface cysteine required to label the protein with a fluorescent dye. Desired substitutions 

were introduced in the pBTR plasmid encoding horse heart cyt c using a QuikChange kit 

(Agilent) and confirmed by DNA sequencing as well as MALDI of the purified protein 

samples at the Molecular Biology & Proteomics Core Facility (Dartmouth College). 

Extinction coefficients of protein variants that do not contain the E92C mutation were 

determined using hemochrome assays20 in a 25 mM HEPES or a 100 mM sodium 

phosphate buffer at pH 7.4, in a 25 mM MES buffer with 1 mM DTPA at pH 6.0, or in a 

25 mM acetate buffer with 1 mM DTPA at pH 7.4. 

Preparation of Fluorophore-Labeled Variants. Freshly harvested proteins containing 

E92C mutations were first treated with excess dithiothreitol (DTT) to break the 

intermolecular disulfide bonds between the surface Cys residues. Proteins were then 

exchanged into a 100 mM sodium phosphate buffer at pH 7.4 using a 50 mL desalting 

column. After buffer exchange, the protein solution was then diluted to 10 mL, containing 

50 to 60 µM protein. A 1 mL solution containing 5 to 7-fold excess of a thiol-reactive 

dansyl (Dns) fluorescent dye 1,5-IAEDANS (Invitrogen) and 3 to 5% DMSO (v/v) was 
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prepared. The Dns-containing solution was slowly added to the protein solution at a rate of 

drop/3 to 5 seconds under rapid stirring, and the solution allowed to stir at 4 °C for 2 to 3 

hours to avoid over-labeling and protein denaturation The reaction was quenched by adding 

excess DTT, and the protein dialyzed in 10 mM sodium phosphate buffer at pH 7.4 prior 

to purification on a HiTrap SP HP ion-exchange column to separate the labeled protein 

from unlabeled protein and excess dye. MALDI measurements confirmed successful 

labeling reactions. All labeled proteins were stored at 4 °C and used within 5 days.  

Preparation of Lipid Vesicles. All lipids were obtained from Avanti Polar Lipids, Inc. 

Vesicle solutions were filtered using a buffer-treated and dried syringe filter with 0.45 μm 

pores to remove titanium dust that may have been introduced during sonication and 

extrusion prior to use. Inclusion of the final filtering step did not alter the vesicle size and 

distributions. Vesicle sizes and distributions were determined using dynamic light 

scattering (DLS) instrument (Wyatt Technologies) and were used within the day. Vesicles 

prepared from previously described methodology yielded vesicles sufficient for peroxidase 

activity assays.21, 22 However, further optimization of the vesicle preparation was needed 

since scatter from the vesicles was observed in fluorescence measurements. 

Lipids TOCL and DOPC were mixed in a 1 to 1 molar ratio in a glass vial, with a 

total lipid concentration of 2.2 to 1.1 mM. The total concentration was decreased to 1.1 

mM to ensure better incorporation of the lipids in forming the liposomes, and smaller stock 

volumes (1 to 1.5 mL) were prepared. The chloroform-suspended lipid mixtures were dried 

under constant N2 flow and placed under vacuum for 30 minutes. Desiccated lipid mixtures 

were then resuspended in a freshly prepared 25 mM HEPES buffer at pH 7.4. Buffers were 

treated with a Chelex resin (Sigma) to remove excess metal ions in solution prior to use. 
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Although addition of DTPA to the buffer solution did not alter the vesicle formation (as 

observed by DLS) and was included in many peroxidase activity assays, DTPA was 

excluded in the preparation of vesicles used in fluorescence measurements. Resuspended 

vesicles were fragmented to form small unilamellar vesicles using various techniques. 

Sonication Bath. The resuspended lipid stock was incubated in a at 37 °C at 220 rpm for 

30 minutes and placed inside an ultrasonic bath sonicator (Branson) for 1 to 1.5 hrs, at 15 

min cycles to avoid over sonification. At the end of sonication, the opaque solution cleared 

slightly and turned translucent white. Vesicles were sonicated at either high or low 

sonication powers and resulting vesicles compared to determine the effect of sonication 

power on vesicle-induced scatter. The vesicles were then extruded at 50 °C as using the 

extruder apparatus equipped with an enclosed warmer (Eastern Scientific LLC) and 

membranes (Eastern Scientific LLC) with a pore radius of 0.1 μm as previously 

described.22 Average radii of the homogeneous vesicles were between 50 to 60 nm, as 

observed by DLS. 

Sonication Tip. The resuspended lipid stock was incubated in a at 37 °C at 220 rpm for 30 

minutes and sonicated (30 s on/ 30 s off for 30 min) using an Ultrasonics microtip 

(Branson) connected to a Fisher Scientific Dismembrator Model 500. The lipid stock was 

placed inside an ice/water bath to prevent excessive heating from sonification. This method 

yielded homogeneous vesicles with average radii near 60 nm, larger than previously 

reported radii of 35 to 43 nm.9 

Freeze-Thaw. The resuspended lipid stock was incubated in a shaker incubator at 220 rpm 

under 37 °C for 30 minutes. To increase the incorporation and mixing of the two different 

lipids in the formation of vesicles, the resuspended lipid stock was then placed at -80 °C 
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for 10 minutes and thawed under hot tap water (temperatures ranging between 63 to 73 

°C), for a total of three cycles. The vesicle solution was then sonicated using the ultrasonics 

microtip (30 s on/ 30 s off for 15 min) in a water bath, resulting in vesicles with average 

radii ranging from 60 to 70 nm. In the absence of sonication, extrusion of vesicles after the 

freeze-thaw cycles resulted in presence of larger radii vesicles, which may have stemmed 

from rupturing the filters used during manual vesicle extrusion. 

Spectroscopic Measurements. Ferric proteins were freshly prepared with excess 

potassium ferricyanide and purified by size exclusion (PD-10 desalting column) or ion-

exchange (Sepharose HP SP) chromatography prior to spectroscopic measurements. Stock 

protein samples were diluted to 3 to 4ml with desired buffers containing final protein 

concentrations ranging between 2 to 3 µM using a 100 µl Hamilton syringe for Dns-labeled 

protein. For non-labeled protein, stock protein solution was diluted to 8 to 9 µM of protein. 

Stock protein solution contained between 50 to 100 µM, and solutions were not 

concentrated further to avoid aggregation during sample dilution. Samples used for 

measuring the fluorescence signals in the folded native state were diluted in a 100 mM 

sodium phosphate buffer at pH 7.4. Samples used for measuring the fluorescence signals 

in the denatured state were diluted in a solution containing 6 M GuHCl solution, prepared 

from dissolving ultrapure GuHCl (Alfa Aesar) in a 100 mM sodium phosphate buffer at 

pH 7.4 or a 100 mM sodium acetate buffer at pH 4.5. pH of GuHCl solutions were 

readjusted and solution filtered prior to use. For samples measuring the fluorescence 

signals in the lipid bound state, stock solutions containing protein or vesicles were slowly 

mixed dropwise in a 1 to 1 ratio, under high stir, containing the desired concentration of 
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protein and 250× molar excess of lipids to avoid aggregation. Samples were allowed to 

equilibrate for at least 30 minutes prior to measurements.  

All spectroscopic measurements were obtained at room temperature (22 ± 2 ºC). 

Different spectral measurements were performed with the same sample, but a fresh aliquot 

was used for each spectral measurement to prevent signal differences from dye 

degradation.  

Absorption spectra were recorded using an Agilent 8453 diode-array 

spectrophotometer. Fluorescence spectra were measured on a Horiba Jobin Yvon 

Fluorolog-3 spectrofluorometer equipped with an automatic polarizer, using a 4 mm 

pathlength cuvette in the direction of the exit slit. For Dns-labeled protein, Dns dye was 

excited at 375 nm, and emission recorded from 400 to 600 nm, with the entrance slit 

bandpass at 3 nm and exit slit bandpass at 5 nm, unless otherwise noted, with a yellow filter 

was placed in the exit slit to reduce scatter. Samples containing coumarin were excited at 

387 nm, and emission recorded from 400 to 600 nm also with the entrance slit bandpass at 

3 nm and exit slit bandpass at 5 nm, and a yellow filter was placed in the exit slit to reduce 

scatter. Spectra were baseline corrected by subtracting the corresponding spectrum of the 

solution without the protein. To determine the range of protein concentration that shows a 

linear increase in the fluorescence intensity, spectra of a Dns labeled protein at 6 M GuHCl 

solution at pH 4.5 with 1 to 20 µM protein were measured. Time-resolved fluorescence 

energy transfer (TR-FRET) lifetimes were measured by time-correlated single photon 

counting (TCSPC) at 10,000 counts using a NanoLED-375L diode laser as the excitation 

source (λex = 336 nm, <70 ps pulse width) and Dns emission (λem = 500 nm) detected with 

a TBX-04 detector. The diluted solution of LUDOX AS-40 colloidal silica (Sigma Aldrich) 
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prepared in filtered H2O was used to measure instrument response function (IRF) as 

previously described.9, 21 Coumarin was used as controls, and its emission recorded at 470 

nm. Except for TCSPC measurements with the ludox solutions, yellow filter was placed in 

the detection slit to reduce light scatter in the measurements of the samples. Data analysis 

of TR-FRET was performed in MATLAB (MathWorks) as previously described.6, 9 

Results and Discussion 

 Previous studies with horse heart cyt c have reported that labeling the protein with 

the Dns fluorophore at position 92 have not shown any detectable changes to protein 

secondary fold and global stability at pH 7.4 when compared to that of non-labeled WT.9, 

23 Fluorescence of Dns fluorophore can be quenched by the heme, resulting in a lowered 

observed fluorescence intensity of the Dns fluorophore in the folded protein.9 As such, 

structural perturbations in the protein that alters the distance between the Dns fluorophore 

and the heme increase the fluorescence of the Dns fluorophore. Since Dns was placed at 

position 92, the fluorescence measurements report on the changes in the distance between 

the C-terminal helix and the heme.21  

Measurement of the steady-state fluorescence of Dns92 cyt c shows that the Dns 

fluorescence intensity in the unfolded protein increases substantially, compared to that of 

the folded protein at pH 7.4 (Figure A1.2). Analysis of TR-FRET lifetime measurements 

shows that at denaturing conditions, there is a distinct population that has a greater distance 

between the donor (Dns fluorophore) and the acceptor (heme) (Figure A1.2). In the CL-

bound state at pH 7.4, Dns fluorescence intensity is higher than that of the folded protein, 

but still lower than that of the unfolded protein. 
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Figure A1.2. (Top) Steady-state fluorescence spectra and (bottom) bar plots comparing the distribution of rate constants (P(k), left) and 

donor-to-acceptor distances (P(r), right) of Dns92-labeled WT (Dns92), K72A (Dns92/K72A), G41S (Dns92/G41S), and Y48H 

(Dns92/Y48H) variants (3 μM total) in a 25 mM HEPES + 1mM DTPA at pH 7.4 and 25 °C shown for native (black), CL-vesicle bound 

(50 mol% CL, 750 μM total lipid, red), and unfolded (5 M GuHCl, blue). Steady-state spectra were collected with λex = 375 nm and 

5nm slit width, using a yellow filter. TCSPC spectra were collected with λex = 375 nm and λem = 500 nm for 10,000 counts. 
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TR-FRET lifetime measurements show that in the CL-bound state, the protein 

exists in a heterogeneous ensemble, with native-like compact and unfolded extended 

species as detected from the C-terminal helix (Figure A1.2). These changes observed with 

Dns92 have been consistent with those reported in literature.9, 21, 23 

Like that of Dns92, Dns92/K72A, Dns92/G41S, and Dns92/Y48H variants all show 

comparable steady-state fluorescence spectra, and analysis of TR-FRET measurements 

suggested similar conformational ensemble in the folded, native state at pH 7.4 (Figures 

A1.2, top and A1.3A). These fluorescence data are consistent with secondary CD-spectra 

measurements that have suggested that surface mutations K72A, G41S, or Y48H do not 

perturb the secondary fold of the protein at pH 7.4 (Figures 3.13 and 4.7). Discrepancies, 

however, have been observed with the variants in the presence of CL and GuHCl.  

In Dns92/K72A, the steady-state fluorescence spectra of the CL-bound species are 

much lower than that of Dns92, and analysis of TR-FRET lifetime measurements suggests 

a higher population of native-like species in the presence of high lipid to protein ratio 

(Figure A1.2). The global stability of K72A is slightly higher than that of WT (Table 4.2). 

It is then possible that even in the presence of 250-fold excess of lipids, Dns92/K72A 

contains fewer unfolded-species compared to that of Dns92. Peroxidase activity of 

measurements of K72A in the presence of CL-containing liposomes shows that the 

enzymatic activity of K72A is comparable to that of WT at similar lipid to protein ratio 

conditions (Figure 4.18 and Table 4.8). This suggests that the overall structural perturbation 

near the heme is comparable between WT and K72A in the presence of CL, although 

differences may exist in the region near the C-terminal helix. 
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Figure A1.3. Bar plots comparing the distribution of rate constants (P(k), left) and donor-to-acceptor distances (P(r), right) for Dns92 

variants (3 μM total) in (A) the folded native state in a 25 mM HEPES + 1mM DTPA buffer at pH 7.4, (B) the CL- bound state in a 25 

mM HEPES + 1mM DTPA buffer at pH 7.4 with 750 μM lipid  composed of  50 mol% CL and 50% PC, and (C) in the unfolded state 

with 5 M GuHCl in a 100 mM sodium phosphate buffer at pH 7.4. TCSPC spectra were collected with λex=375 nm and λem=500 nm for 

10,000 counts at 25 ° C. 
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In the presence of 5 M GuHCl, the fluorescence intensity and TR-FRET 

measurements suggest that the unfolded Dns92/K72A is comparable to Dns92 (Figures 

A1.2 and A1.3), although slight decrease in the fluorescence intensity is observed (Figure 

A1.2).  

Stability measurements have suggested that the protein will be unfolded by 5 M 

GuHCl, even with the variants that contain the K72A, G41S, or Y48H mutations (Tables 

3.4 and 4.2). Comparisons of TR-FRET data have suggested in the unfolded state, the 

variants have a high degree of polypeptide unfolding near position 92 as observed with 

Dns92 (Figure A1.3C). However, in unfolded Dns92/G41S, hints of a minor population 

with a more compact unfolded species are observed in unfolded Dns92/G41S than in 

unfolded Dns92 (Figure A1.3C). At pH 7.4, unfolded polypeptide allows His26 or 33 to 

coordinate to the heme to form the bisHis ligated species,7 and even the amino group in the 

N-terminal helix have also been shown to coordinate to the heme.24 Perhaps loop C 

perturbation at G41S readily allows misligated species to form. Such species are not 

observed in Dns92/Y48H, a variant that introduces an additional His residue in loop C 

which could potentially coordinate to the heme in the unfolded state. Further, there are 

differences between Dns92/Y48H and other variants required a more detailed look at the 

method of sample preparation and spectra acquisition. TR-FRET measurements suggest 

that in the unfolded state, the population distribution between Dns92 and Dns92/Y48H are 

comparable to one another (Figure A1.3C). However, the steady-state fluorescence spectra 

show a substantial decrease in Dns fluorescence intensity in the unfolded state (Figure 

A1.2). 
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Furthermore, reproducibility of the steady-state fluorescence and TR-FRET 

measurements was of concern, especially with the spectra obtained from the CL-bound 

species. To avoid over-labeling which could unwillingly increase the number of Dns 

fluorophore in the protein, the labeling reactions were quenched at earlier time points and 

contained unlabeled protein fractions prior to chromatography purification. MALDI-TOF 

measurements consistently have suggested a single Dns label in the variants despite various 

changes in Dns labeling reactions, making it unlikely the over-labeling to be the cause of 

inconsistencies in the measured spectra. Variations in concentrations from human error 

could contribute to the minor differences in the steady-state fluorescence spectra, as 

Hamilton syringe accuracy is limited to ± 1% of 80% total volume. Yet, large variations in 

the CL-bound spectra in respect to the protein in denaturing conditions have been 

repeatedly observed. This persisted despite using dilute protein stock solutions and lower 

syringe volumes (100 µl syringe versus 250 µl syringe) that decreased the standard 

deviation of the final protein concentrations to within 0.2 µM across samples. It is unlikely 

that this concentration deviation is causes the observed variations in fluorescence intensity 

of the CL-bound samples. Spectra were normalized across variants, and the protein 

concentrations of the samples are within the range where fluorescence intensity should 

increase linearly (Figure A1.4). For Dns-labeled proteins, the linear relationship between 

Dns fluorescence and concentration exists up to 10 µM (Figure A1.4), confirming that 

normalizing the fluorescence spectra at 2 to to 3 µM of protein concentration assuming a 

linear relationship is a reasonable assumption. 
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Figure A1.4. Plot showing the change in steady-state fluorescence intensity of Dns in 

respect to protein concentration for Dns92-labeled proteins. Used were the Dns92/K72A 

horse cyt c variant in a 100 mM sodium acetate buffer at pH 4.5 containing 6M GuHCl. 
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Although Dns92/K72A was used to observe the changes in fluorescence intensity in respect 

to concentration, unfolded Dns92/K72A at pH 4.5 should not contain any bisHis-ligated 

heme species7 and Dns92 fluorescence should be at its maximum, making it a sufficient 

upper-limit model for other Dns92 variants.  

Effect of Different Vesicle Preparation Methods in Spectral Features. 

Various methods of vesicle preparation have been prepared to see whether a particular 

method of vesicle preparation contribute to increasing the scatter and artificially increase 

the fluorescence intensity of the Dns labeled protein. Even in previously reported spectra,9, 

21, 23 variations in the ratios of the fluorescence intensity between the CL-bound protein and 

the native protein are observed depending on the method of vesicle preparation and protein-

to-vesicle ratios (Table A1.1). Thus, various stages of sample preparation have been 

checked to improve the reproducibility and reliability of the data, and to see whether these 

differences play a part in altering the spectra. 

 To test this hypothesis, coumarin has been used as a fluorescent probe instead of 

Dns-labeled protein. Depending on the method of sonication and sonication power, the 

steady-state fluorescence intensity has been observed (Figure A1.5A). Such variations are 

not observed in TR-FRET measurement traces (Figure A1.5B). Similar trends in the 

fluorescence intensity are observed in the Dns92 horse cyt c. Depending on the method of 

sonication used for preparing the liposomes, differences in fluorescence intensity have 

been observed in respect to the fluorescence intensities of the protein in the unfolded state 

(Figure A1.6A). Furthermore, the amount of vesicle scatter may change depending on the 

type of sonication instrument and sonication power used during vesicle preparation. 
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Table A1.1. Steady-State Fluorescence Spectra of Dns92 Horse Heart Cyt c From 

Literature.a 

Sample Peak (nm) Ratio (CL:N) 

Nativeb 480-490 -- 

CL-boundb 490-500 6 

Nativec 475-480  

CL-boundc 490-495 9 

Natived 480  

CL-boundd 490 7 
aRatios are obtained from comparing the fluorescence intensities of the set peak height of 

the cardiolipin-bound protein (CL-bound) to the protein in solution (native).  

bFrom ref. 9, with 5 µM protein measured in a 25 mM HEPES buffer at pH 7.4, CL-bound 

samples contained 660 µM total lipid (50 % TOCL and 50% DOPC). Vesicles were 

sonicated using a microtip sonicator and were filtered using a 0.22 µm filter, with the stock 

lipid concentration of 3.3 mM. 

cFrom ref. 23, with 3 µM protein measured in a 25 mM HEPES buffer at pH 7.4. CL-bound 

samples contained 750 µM total lipid (50 % TOCL and 50% DOPC). Vesicles were 

prepared without sonication prior to extrusion, with the stock lipid concentration of 2.2 

mM. 

dFrom ref. 21, with 3 µM protein measured in a 25 mM HEPES buffer at pH 7.4. CL-bound 

samples contained 750 µM total lipid (50 % TOCL and 50% DOPC). Vesicles were 

sonicated using a bath sonicator prior to extrusion, with the stock lipid concentration of 2.2 

mM. 



 

573 

 

Figure A1.5. (A) Steady-state fluorescence spectra and (B) TCSPC trace for coumarin in 

a 100 mM sodium phosphate buffer at pH 7.4 (buffer, black), or in a 25 mM HEPES buffer 

at pH 7.4 with 750 µM total lipid composed of 50 % CL and 50 % PC. Vesicles were 

prepared using different sonication methods: bath sonicator at low sonication power (vsc 

1, red), bath sonicator at high sonication power (vsc 2, green), and microtip sonicator in 

the presence of an ice bath (vsc 3, blue). 
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The sonication bath has been replaced between the course of the troubleshooting process, 

and the fluorescence intensities are different depending on the sonication baths, even at 

similar high-power settings (compare Figures A1.2 and A1.6A). Spectral differences 

depending on how the vesicles are prepared are also observed in other spectral 

measurements. The intensities of the Soret band in the electronic absorption spectra of CL-

bound Dns92 cyt c varies depending on how the vesicle is prepared, suggesting that 

differences in the vesicles may also result in local differences in the protein (Figure A1.6B). 

TR-FRET measurements suggest that there are slight variations in the compact state in the 

CL-bound protein, although variations from vesicle quality may still be present as observed 

with controls with coumarin (Figure A1.6D).  

Since CL lipids and DOPC have very different phase transition temperatures,25 and 

liposome formations are affected by temperature depending on the type of lipid,26 we have 

wanted to see if temperature differences are affecting the distribution of TOCL and DOPC 

lipids, and ultimately affecting how the protein binds and unfolds on the vesicle surface. 

Thus, lipid suspensions have been exposed to multiple ice and heat shock cycles that are 

used to help entrapment of water-soluble compounds, as suggested by the lipid 

manufacturer (Avanti). Total stock lipid concentration has also been varied, and stock 

concentrations compared between 2.2 mM and 1.1 mM to see whether stock concentrations 

affect the liposome formation of the two lipids. Although these methods yield vesicle with 

radii without the adjustments in stock concentrations and heat/shock cycles, differences in 

the steady-state fluorescence spectra have been observed.  
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Figure A1.6. (A) Steady-state fluorescence Dns emission spectra normalized to 2 µM, (B) 

electronic absorption spectra, (C) TCSPC traces and (D) bar plots comparing the 

distribution of rate constants (P(k), left) and donor-to-acceptor distances (P(r), right), of 

Dns92 horse cyt c at 22 ± 2 °C. Various spectra of Dns92 horse heart cyt c were obtained 

for the native state in a 100 mM sodium phosphate buffer at pH 7.4 (black), for the unfolded 

state in a 6 M GuHCl solution prepared either in a 100 mM sodium acetate buffer at pH 

4.5 (red) or in a 100 mM sodium phosphate buffer at pH 7.4 (blue), or in the lipid-bound 

state in a solution containing total lipid concentration 250 times the protein concentration 

in a 25 mM HEPES buffer at pH 7.4, prepared either with a bath sonicator (labeled as vsc 

1, green) or a microtip sonicator (labeled as vsc 2, purple). For TCSPC measurements, 

coumarin was also used as controls for vesicle containing solutions, with vesicles prepared 

with a bath sonicator (yellow) or a microtip sonicator (teal). 
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Addition of ice/heat cycles seem to decrease the increase in fluorescence intensity 

the CL-bound spectra when the vesicles are prepared with extrusion (compare Figure A1.7 

vsc 2 to Figure A1.6A, vsc 1). At 1.1 mM stock concentration with heat/ice shock cycles, 

the fluorescence intensity increase compared to that of 2.2 mM stock concentration with 

the same microtip sonication method with the fluorescence spectra of the unfolded protein 

(Figures A1.6A, vsc 2 and A1.7, vsc 1). The fluorescence intensity of the protein samples 

with these vesicles are much higher than that of the unfolded protein at both pH 4.5 and 

7.4, raising the possibility that altering the stock concentration may also contribute to 

increasing the scatter of the vesicles. Adjustment of slit widths do not affect the spectra 

and similar trends are observed between the samples (compare Figure A1.7A and A1.7B).  

While CL-bound samples have been prepared with 250× molar excess of total lipid 

to total protein concentration, higher fluorescence intensity has been observed with the 

sample prepared from 1.1 mM lipid stock containing total 500 µM lipid, compared to that 

of 750 µM lipid also prepared from the same lipid stock after normalization (Figure A1.7, 

vsc 1 versus vsc 3). This variation may be due to errors associated with deviations in 

concentration, and possible differences in mixing more dilute samples of stock solutions. 

Previous TR-FRET lifetime measurements have shown that liposome crowding affects the 

conformational ensemble of the CL-bound cyt c, decreasing the population of the 

extensively unfolded species in the presence of higher amounts of protein.14 Although the 

samples have been prepared by mixing the protein and lipid solutions at a 1:1 ratio to avoid 

aggregation, perhaps lowering the total protein and vesicle concentrations also affect how 

the protein is distributed on the vesicle surface. 
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Figure A1.7. Steady-state fluorescence measurements of Dns92 horse heart cyt c, 

measured with (A) entrance slit bandpass at 2 nm and exit slit bandpass at 2 nm, or with 

(B) entrance slit bandpass at 3 nm and exit slit bandpass at 5 nm. Different combinations 

of slit widths were used to test whether it affected the detected intensity of the fluorophore. 

Dns fluorophore was excited at 336 nm and its emission recorded from 400 to 600 nm, 

with a yellow filter in the detection slit to reduce scatter. All solutions, unless otherwise 

indicated, contained a final protein concentration of 3 µM. Spectra of the protein in the 

native state were prepared in a 100 mM sodium phosphate buffer at pH 7.4 (black), protein 

in the unfolded state were prepared in solutions containing 6 M GuHCl in either a 100 mM 

sodium acetate buffer at pH 4.5 (red) or in a 100 mM sodium phosphate buffer at pH 7.4 

(blue). Stock vesicle solutions containing 1.1 mM total lipid was prepared with a microtip 

sonicator, and stock containing 2.2 mM total lipid prepared with a bath sonicator at high 

power. Only the 2.2 mM total lipid stock solution was extruded through membranes with 

a 0.1 µm pore radius. Prior to sonication, lipid solutions were freeze-thawed ice/heat cycles 

after initial buffer suspension. Vesicle sample prepared from 1.1 mM lipid stock (vsc 1, 

purple) and sample prepared from 2.2 mM lipid stock (vsc 2, teal) contained 3 µM protein 

and 750 µM total lipid. To test whether reducing the total protein and lipid concentration 

decreased the fluorescence intensity of the sample, a sample containing 2 µM protein and 

500 µM total lipid were prepared using the 1.1 mM lipid stock and its spectra normalized 

to 3 µM assuming the fluorescence intensity increases linearly in the 2 to 3 µM range (vsc 

3, green).  
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These comparisons strongly suggest that the method of vesicle preparation greatly 

alters the observed fluorescence intensity of the fluorophore and the local protein 

environments, and when taking measurements across variants, vesicle preparations and 

lipid concentrations should be consistent to detect differences that arise from polypeptide 

mutations. 

Differences in Protein-to-CL Interactions Across Variants. 

Depending on the surface mutations, proteins have local differences at a specific lipid to 

protein ratios, contributing to the variations observed in the fluorescence intensities of the 

CL-bound samples. The intensities of the Soret band in the electronic absorption spectra of 

CL-bound Dns92 cyt c vary depending on the relative lipid concentration well above the 

concentration the protein is fully bound to the CL-containing vesicles (Figure A1.8A). 

Electronic absorption spectra of the CL-bound cyt c are also different at pH 4.5 than at pH 

7.4 (Figure A1.9A). For both pH conditions, spectra of proteins with lower lipid-to-protein 

ratios are different than those with higher lipid-to-protein ratios. While these variations in 

spectra are less pronounced in WT spectral differences with different lipid-to-protein ratios 

are more pronounced for variants such as K72A and G41S (Figure A1.8B and C), and more 

so at lower pH conditions (Figure A1.9B and C). In the absence of CL-containing 

liposomes, the extinction coefficients of the Soret band from the electronic absorption 

spectra of K72A and G41S can vary with pH but are not as dramatic (Figures A1.10 and 

A1.11). Although similar electronic absorption measurements have not been acquired with 

the Y48H variant, pH-dependent 1H NMR spectra have shown that there also may be a 

local pH-dependent structural changes in Y48H between pH 7.4 and 4.5 (Figure 3.12A). 
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Figure A1.8. Electronic absorption spectra of (A) WT, (B) K72A, and (C) G41S horse 

heart cyt c variants with varying concentrations of lipid to protein ratio at 22 ± 2 °C. The 

samples were prepared in 25 mM HEPES buffer at pH 7.4 and contained 5 µM protein. 

CL-containing vesicles were composed of 50 % CL and 50 % PC. To avoid aggregation, 

protein solution and CL-containing solutions were mixed at a 1 to 1 ratio. Samples were 

incubated for at least 30 min and kept in the dark prior to measurements to avoid heme 

bleaching. Higher concentrations of liposome ratios were required to obtain WT-like CL-

bound spectra for the variants, suggesting some cyt c variants may have different properties 

at low CL/liposome concentrations. 
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Figure A1.9. Electronic absorption spectra of (A) WT, (B) K72A, and (C) G41S horse 

heart cyt c variants with varying concentrations of lipid to protein ratio at 22 ± 2 °C. The 

samples were prepared in 25 mM acetate buffer at pH 4.5 and contained 5 µM protein. CL-

containing vesicles were composed of 50 % CL and 50 % PC. To avoid aggregation, 

protein solution and CL-containing solutions were mixed at a 1:1 ratio. Samples were 

incubated for at least 30 min and kept in the dark prior to measurements to avoid heme 

bleaching. Higher concentrations of liposome ratios were required to obtain WT-like CL-

bound spectra for the variants, suggesting some cyt c variants may have different properties 

at low CL/liposome concentrations. 
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Figure A1.10. Electronic absorption spectra for the ferric (black) and ferrous (red) K72A 

horse cyt c prepared (A) in a 25 mM MES buffer with 1 mM DTPA at pH 6.0, and (B) in 

a 25 mM acetate buffer with 1 mM DTPA at pH 4.5. Extinction coefficients of the peak of 

the Soret band are also shown for ferric (ox) and ferrous (re) species. 



 

586 

 

Figure A1.11. Electronic absorption spectra for the ferric (black) and ferrous (red) G41S 

horse cyt c prepared (A) in a 25 mM MES buffer with 1 mM DTPA at pH 6.0, and (B) in 

a 25 mM acetate buffer with 1 mM DTPA at pH 4.5. Extinction coefficients of the peak of 

the Soret band are also shown for ferric (ox) and ferrous (re) species. 
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Unfolded cyt c proteins have access to a diverse set of conformations,6 and local structural 

perturbations can influence how the protein accesses the diverse conformational ensemble 

in the unfolded state.7 Although these structural variations may not be distinguished by the 

fluorophore when it is placed at residue position 92, it is possible that conformational 

variations do exist in the CL-bound state, resulting in the differences in the CL-bound 

electronic absorption spectra.   

Possible Shifts in pH Conditions. 

Although the pH of GuHCl solutions have been adjusted prior to use, there may have been 

a shift in the pH conditions during the duration between the sample preparation and 

measurement. Differences in the steady-state fluorescence spectra of the unfolded species 

at pH 7.4 and 4.5 are not consistent across various measurements (Figures A1.2, A1.6D, 

and A1.7) which may suggest a possible shift in pH conditions. This suggests that the 

differences observed between steady-state fluorescence and TR-FRET measurements may 

also arise from pH shift in the stock solutions even if they are prepared within the day of 

use. To test this idea, pH of the samples should be measured after spectroscopic 

measurements. 

Summary and Future Directions 

In this Appendix, we have explored how different methods of vesicle preparation 

affect the intensity of the Dns-labeled protein steady-state fluorescence spectra. Depending 

on whether the vesicle solution is initially fragmented using a sonication bath or an 

ultrasonic tip, the method of sonication has altered the fluorescence intensity of the CL-

bound cyt c. This likely stems from the differences in sonication power applied to the 
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sample, which can ultimately vary the size distribution of the CL-containing vesicles. 

Sonication method may not be exact, particularly when the stock lipid solution varies 

between different experiments. However, the most consistent vesicle stocks are obtained 

when the stock solutions are prepared in smaller volumes at 2.2 mM total lipid, prepared 

in sonication baths at high power, and extruded. Furthermore, introduction of heat/ice 

shock cycles prior to sonification has greatly reduced the amount of scatter observed in the 

samples. Decreasing the total lipid concentration do not produce reproducible data, and it 

is likely that there may be differences in lipid incorporation depending on the total lipid 

concentration. In future experiments, a detailed comparison of the spectra with varied 

protein-to-lipid ratios may also provide clues to why the differences in observed spectra 

across variants are observed.  

In the initial measurements, vesicle scatter and inconsistencies in the quality of the 

vesicle stocks may contribute to the differences observed across variants. However, it is 

most likely that differences in the polypeptide sequence do alter the CL-bound state. The 

electronic absorption spectra suggests that local changes near the heme is dependent on the 

relative lipid concentration, and the changes are not uniform across variants. Analysis of 

initial TR-FRET measurements and steady-state fluorescence spectra raise this possibility, 

although the differences (if present) are most likely not as readily detectable when the 

fluorophore is placed in residue position 92. Labeling the fluorophore at residue positions 

66 or 39 may provide additional insights, particularly with the surface residue mutations at 

41 and 48 that likely affect the local stability of loop C. This would further provide 

additional insights as to whether local loop C stabilities also affect the conformational 

heterogeneity in the CL-induced unfolded state.  
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Introduction 

 Cyt c has a diverse conformational landscape in the unfolded state, where the 

unfolded polypeptide chain deviates from random-coil behavior and is driven by tertiary 

hydrophobic interactions.1 Some of these diverse conformations are readily stabilized 

when the axial ligand of the heme is misligated with endogenous His residues to form the 

bisHis-ligated species that differ in stability and local dynamics.2-4. These bisHis-ligated 

species are readily observed in the presence of denaturants, such as GuHCl,4 SDS,5 and 

CL.6  

Understanding the properties of these misligated states is essential, particularly in 

studying variants that introduce His mutations in the polypeptide chain. Presence of these 

misligated states may alter the conformational ensemble of the protein in the unfolded state. 

To test whether His-containing variants stabilize a different set of misligated states 

compared to those in WT, preliminary studies with Y48H and Y67H variants are presented 

in this Appendix. Fluorescence intensities of Trp59, an internal fluorophore buried inside 

the heme cavity in the native Met-ligated, folded state, have been measured and compared 

to the spectra of the protein in the unfolded states at pH 7.4 and 4.5 for the Y48H and Y67H 

variants of horse heart cyt c. Preliminary characterization of H26N is presented, with 

recommendations of future studies that can be performed. 

Materials and Methods 

General. All aqueous solutions were prepared using water from Barnstead E-Pure 

Ultrapure Water Purification System, purified to a resistivity of 18 MΩ∙cm. Reagents and 

columns were purchased from Millipore Sigma and GE Healthcare, unless noted otherwise. 
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Gas-tight Hamilton syringes were used for quantitative dilutions. pH was adjusted using 

sodium hydroxide or hydrochloric acid and monitored with an AB15 pH meter (Fisher 

Scientific) or a UB10 pH meter (Denver Instrument). All buffers were freshly prepared and 

filtered prior to use. 

Site-Directed Mutagenesis, Protein Expression, and Purification. Point mutations, 

protein expression and purification for horse heart cyt c variants were performed as 

previously described.7 Desired substitutions were introduced in the pBTR plasmid 

encoding horse heart cyt c using a QuikChange kit (Agilent) and confirmed by DNA 

sequencing as well as MALDI of the purified protein samples at the Molecular Biology & 

Proteomics Core Facility (Dartmouth College). Extinction coefficients of H26N were 

determined using hemochrome assays8 in a 100 mM sodium phosphate buffer at pH 7.4, in 

a 25 mM MES buffer with 1 mM DTPA at pH 6.0, or in a 25 mM acetate buffer with 1 

mM DTPA at pH 4.5.  

Spectroscopic Measurements. All spectroscopic measurements were obtained at room 

temperature (22 ± 2 ºC). Electronic absorption spectra were recorded using an Agilent 8453 

diode-array spectrophotometer. Fluorescence spectra were measured on a Horiba Jobin 

Yvon Fluorolog-3 spectrofluorometer equipped with an automatic polarizer, using a quartz 

cuvette with a 4 mm pathlength in the direction of the exit slit and 10 mm pathlength in the 

direction of the entrance slit. Ferric proteins were freshly prepared with excess potassium 

ferricyanide and purified by size exclusion (PD-10 desalting column) or ion-exchange 

(Sepharose HP SP) chromatography prior to spectroscopic measurements. GuHCl 

solutions were prepared from dissolving ultrapure GuHCl (Alfa Aesar) in a 100 mM 

sodium phosphate buffer at pH 7.4 or a 100 mM sodium acetate buffer at pH 4.5, with pH 
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readjusted and filtered prior to use. Stock GuHCl solutions were used within a week of 

preparation. 

Steady-State Fluorescence of Trp59. Samples were prepared from freshly oxidized stock 

protein solutions and diluted to protein concentrations within 8 and 9 µM using a 100 µl 

Hamilton syringe. Samples used for measuring the fluorescence signals in the folded native 

state were diluted in a 100 mM sodium phosphate buffer at pH 7.4. Samples used for 

measuring the fluorescence signals in the denatured state were diluted in a solution 

containing 6 M GuHCl. Samples were allowed to equilibrate in the dark for at least 30 

minutes prior to measurements.  

Intrinsic tryptophan (Trp59) was excited at 290 nm and its emission was recorded 

at 300 to 400 nm with entrance slit bandpass at 5 nm and exist slit bandpass at 3 nm. 

Spectrum of the solution containing the corresponding buffers were subtracted from the 

spectra of the samples containing protein. Spectra were normalized to 9 µM after 

measuring the electronic absorption spectra of the protein samples in 100 mM sodium 

phosphate buffer at pH 7.4. Concentrations were calculated using the extinction coefficient 

from the electronic absorption of the Soret band at λmax (ε409 = 106 mM-1∙cm-1 for WT,9 

ε408 = 117.4 mM-1∙cm-1 for Y67H, and ε407 = 117.1 mM-1∙cm-1 for Y48H). 

Preparation of CL-Containing Liposome Vesicles. All lipids were obtained from Avanti 

Polar Lipids, Inc., and vesicles were prepared using the extruder apparatus equipped with 

an enclosed warmer (Eastern Scientific LLC) and membranes (Eastern Scientific LLC) 

with pore radius of 0.1 μm. TOCL and DOPC were mixed in a 1 to 1 molar ratio for a total 

of 2.2 mM, and vesicles were prepared by extrusion as previously described.10 Prior to 

extrusion, resuspended vesicle solutions were fragmented using a sonication bath in a short 
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3 to 5 minute cycles for a total of 25 minutes, until the solution cleared slightly. Lipids 

were in a freshly prepared 25 mM HEPES buffer at pH 7.4 containing 0.1 mM DTPA. 

Buffers were treated with a Chelex resin (Sigma) to remove excess metal ions in solution 

prior to use. Lipid vesicle solutions were used within the day and filtered through a 0.45 

µm syringe filter to remove any titanium dust that may have been introduced during 

extrusion. Vesicle sizes and distributions were determined using dynamic light scattering 

(DLS) instrument (Wyatt Technologies).  

CL-Binding Assays. Solutions containing total lipid concentrations ranging from 40 to 

500 μM were mixed with 10 μM ferric protein in a 1:1 (v/v) ratio. Samples were incubated 

at room temperature and under foil for at least 30 minutes and was centrifuged for 1 to 1.5 

hours using a Beckman Airfuge tabletop ultracentrifuge with a Beckman A-11 motor at 

120 000 × g. Immediately after centrifugation, electronic absorption spectra of the 

supernatant were measured and the absorption at the λmax of the Soret band was used to 

determine the amount of protein left in solution.  

Results and Discussion 

 In the folded, Met-ligated (native) state, the polypeptide chain of WT cyt c is tightly 

packed around the heme,11 and Trp59, a residue with fluorescent properties in the 60’s 

helix, in kept in close proximity to the heme. The heme moiety can quench the fluorescence 

of Trp59,12, 13 and in the native, folded state where Trp59 is close to the heme, the observed 

emission of Trp59 is minimal (Figure A2.1A). Unfolding of the polypeptide increases the 

distance between Trp59 and the heme, and fluorescence intensity of Trp59 is observed at 

a greater intensity (Figure A2.1A). Similar changes are observed with both Y67H and 

Y48H (Figures A2.1B and C). 
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Figure A2.1. Steady-state fluorescence spectra measuring the Trp59 emission (λex = 290 

nm) for (A) WT, (B) Y67H, and (C) Y48H variants of horse heart cyt c at 22 ± 2 °C. 

Spectra were measured with entrance slit bandpass at 5 nm and exit slit bandpass at 3 nm. 

Protein samples for the native state were in a 100 mM sodium phosphate buffer at pH 7.4 

(green), for the unfolded state were in either a 100 mM sodium acetate buffer at pH 4.5 

(red) or a 100 mM sodium phosphate buffer at pH 7.4 (blue) containing 6 M GuHCl. 

Spectra were normalized to 9 µM protein assuming a linear relationship between 

fluorescence intensity and concentration at these experimental conditions. Actual samples 

contained 8.5 µM for WT, 8.3 µM for Y67H, and 8.9 µM for Y48H.  
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Despite similar trends when comparing between folded and unfolded states, differences are 

observed across variants. 

Fluorescence Intensity in the Folded State. 

In the native state at pH 7.4, the fluorescence intensity of Y48H is much higher than that 

of Y67H or WT (Figure A2.1). This difference in Trp59 fluorescence suggests that the 

distance between the Trp59 and the heme is increased in Y48H than in Y67H and WT at 

this pH, and Y48H mutation affects the polypeptide packing of the 60’s helix to the heme 

differently than in other variants at pH 7.4. In contrast, the fluorescence intensity of folded 

Y67H at pH 7.4 is comparable to that of WT (Figure A2.1A and B).  

Fluorescence Intensity in the Unfolded State. 

Differences between the Y48H and Y67H variants are more pronounced in the unfolded 

state. In WT, fluorescence intensity of the unfolded state at pH 7.4 is slightly lower than at 

pH 4.5 (Figure A2.1A). In comparison, such differences are not observed in Y67H and 

Y48H variants at similar denaturing conditions (Figures A2.1B and C), as the Trp59 

fluorescence intensities are similar at both pH 7.4 and 4.5. Furthermore, fluorescence 

intensity of Trp59 is much higher for Y48H than for Y67H or WT (compare Figures A2.1C 

to A2.1A and B). It is puzzling that the fluorescence intensity of Y67H at pH 7.4 is not 

lower than that of WT, as His67/His18 ligated heme species is expected to form. Additional 

studies are required to probe if there are differences in the conformational ensemble of the 

unfolded state between WT and Y67H, and if the distance between Trp59 and the heme is 

not sensitive to the formation of the 49-residue loop that forms upon ligation of His67 to 

the heme iron. However, higher fluorescence intensity of Trp59 in Y48H suggests that 
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generally, Trp59 is farther away from the heme than in WT or Y67H at pH 7.4 and 4.5. 

This difference in the spectra raises the possibility that the conformation of the protein in 

the unfolded state is different between Y48H and Y67H or WT.  

Conformers with bisHis-ligated hemes in the unfolded protein have different 

characteristics depending on which endogenous His residue coordinates to the heme. 

Although both His26 and His33 are located in the loosely structured 20’s loop, His33 is 

the preferred heme ligand over His26.4 Previous mutational studies have shown that, the 

pKa of His-ligand dissociation from the heme iron and stabilities of the residual structures 

depended on the location of the His residue in the polypeptide, suggesting that certain parts 

of the protein have a higher affinity for the heme and deviates from random coil behavior.2, 

14 Thus, it is likely that Y67H and Y48H also have different stabilized misligated 

conformers compared to that of WT.  

Differences in local tertiary hydrophobic interactions could also play a role in the 

unfolded state. TR-FRET measurements with fluorophore-labeled yeast cyt c detected an 

ensemble with compact or extended polypeptide packing in the unfolded state.1 These 

compact structures are formed even in the absence of His misligation, and its formation 

has been argued to be driven by tertiary hydrophobic interactions.1 In the native state, 

tertiary interactions near the heme are varied depending on the species. Perhaps, 

differences in tertiary contacts also play a role in the unfolded state for our variants where 

Tyr is replaced with His, two residues with different hydrophobicity.15  
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Preliminary studies with His26Asn.  

To test whether His residues at positions 67 and 48 compete with His residues in 

26 and 33, studies with variants containing only His67 or His48 are required. Previously, 

variants containing H26N and H33N have been studied in yeast cyt c,2 while variants 

containing H26Q or H33N have been studied in horse cyt c.4 His26 forms a hydrogen bond 

with Pro44 and is argued to play an important role in structure and stability,16, 17 and we 

wanted to see whether there are differences when His26 with either Asn or Gln by first 

studying the H26N variant in horse heart cyt c. In H26N horse heart cyt c, the electronic 

absorption spectra at pH 7.4 to 4.5 are very much like that of WT, with the peak of the 

Soret band at 409 nm (Figure A2.2). However, slight variations are observed in the 

extinction coefficients in both the ferric and ferrous species, suggesting differences in the 

heme environment. Further studies are required to confirm if having H26Q or H26N in 

horse heart cyt c alters the dynamic features of the loop, and whether the choice of H26 

mutation influences the formation of bisHis-ligated heme species with His67 or His48. 

Differences in the CL-bound State 

Previously, possible variations in the CL-bound state have been observed in apoptotic 

peroxidase studies with Y67H (Chapter 7). Comparing the apoptotic peroxidase activity of 

Y67H variant with that of H26N/H33N/Y67H variant would be helpful in clarifying 

whether the suppressed apoptotic peroxidase activity is due to the His67-ligated heme 

species. Binding of H26N to CL-containing liposome vesicles is similar to that of WT 

(Figure A2.3). Electronic absorption spectra of CL-bound H26N horse heart cyt c are also 

comparable to that of WT in high CL ratio conditions (at ratios > 110) at pH 7.4 and 4.5 

(compare Figures A2.4 to A1.8A and A1.9A).  
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Figure A2.2. Electronic absorption spectra for the ferric (black) and ferrous (red) H26N 

variant of horse heart cyt c (A) in a 100 mM sodium phosphate buffer at pH 7.4, (B) in a 

25 mM MES buffer with 1 mM DTPA at pH 6.0, and (C) in a 25 mM acetate buffer with 

1 mM DTPA at pH 4.5. Extinction coefficients at the λmax of the Soret band are also shown 

for ferric (ox) and ferrous (re) species. 
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Figure A2.3. A lipid binding assay plot of horse heart cyt c variants ([cyt c] = 5 μM) with 

50 % CL, 50 % PC vesicles, in a 25 mM HEPES +0.1 mM DTPA buffer at pH 7.4 and 22 

± 2 ºC. Shown are the fraction of bound protein in respect to ratio of vesicle to protein 

concentration for ferric WT (black dots) and H26N (green and pink dots) variants. 
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Figure A2.4. Electronic absorption spectra of H26N variant of horse heart cyt c with 

varying concentrations of lipid to protein ratio at (A) pH 7.4 and (B) pH 4.5, measured at 

22 ± 2 °C. The samples were prepared either in a 25 mM HEPES buffer at pH 7.4 or in a 

25 mM acetate buffer at pH 4.5 and contained 5 µM protein. CL-containing vesicles were 

composed of 50 % CL and 50 % PC. To avoid aggregation, protein solution and CL-

containing solutions were mixed at a 1 to 1 ratio. Samples were incubated for at least 30 

min and kept in the dark prior to measurements to avoid heme bleaching. Higher 

concentrations of lipid to protein ratios were required to obtain CL-bound spectra similar 

to that of WT for the variants, suggesting some cyt c variants may have different properties 

at low CL/total lipid concentrations. Order of mixing (whether adding the protein solution 

into the vesicle solution of vice versa) did not alter the spectral features of the protein. 
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Although differences are observed at lower CL ratios (at ratios < 110) at pH 7.4, 

differences are not observed between WT and H26N at CL-to-protein ratio content used 

for CL-bound peroxidase activities (compare Figure A2.4A to A1.8A). These spectral 

comparisons suggest that H26N is a good background mutation to clarify whether bisHis-

species dominates the CL-bound peroxidase activity of Y67H variant at higher pH 

conditions.  

Summary and Future Directions 

 Steady-state Trp59 fluorescence measurements show that fluorescence intensities 

for Y48H are higher than that of Y67H or WT in both the folded and the unfolded state 

(Figure A2.1), suggestive of varying distances between Trp59 and the heme at identical 

conditions. Perhaps polypeptide packing in the native state and the unfolded 

conformation(s) are different depending on where the additional His residue is introduced 

in the polypeptide. To assess differences in the accessed unfolded states with the variants, 

further studies will be required with H26N/H33N containing variants. The N-terminal 

amino group has also been shown to coordinate to the heme in the unfolded state in yeast 

cyt c.18 In horse heart cyt c, it is likely that similar treatment would not be necessary. 

Comparison of pKa values for His26/33 dissociation in 100% and 70% N-acetylated horse 

heart cyt c WT proteins is similar, and has been argued that the N-terminal group is not a 

major contributor to the formation of the misligated species.4  

 To assess whether different misligated species forms in the unfolded state for the 

variants compared to that of WT, pH titrations can be performed with H26N/H33N/Y67H 

and H26N/H33N/Y48H variants. WT, H26N, H33N, and H26N/H33N variants can be used 

as control. 
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Previous pH titrations with unfolded Y67H have suggested that Y67H is also a 

substantial contributor in forming the bisHis-ligated species. Similar pH titration 

experiments will provide clues as to whether the His residue, or a water/OH- couple, 

coordinates to the heme. If the nonnative His residues coordinate to the heme, which can 

be observed by a shift in the pKa of His-ligand dissociation compared to that of 

H26N/H33N, the local kinetic properties in forming these bisHis-ligated states can be 

obtained. The kinetics of His-ligation association (kf) and dissociation (kb) can be obtained 

by performing pH jumps and monitoring the Soret band using stopped-flow kinetics. This 

would allow one to characterize the biophysical properties of the conformations in the 

unfolded state that are not readily stabilized in WT cyt c.  

 Since the fluorescence intensities are different for Y48H in the folded state and for 

both Y48H and Y67H in the unfolded state, TR-FRET lifetime measurements can be 

obtained for the variants. A Dns fluorophore can be covalently attached to residue positions 

39 and 50, which has been previously selected to monitor the conformational heterogeneity 

of the unfolded state in both GuHCl and CL-containing vesicles.1, 7 Although position 66 

has also been previously labeled with Dns fluorophore,7 this position is adjacent to Y67H 

and may artificially impede the formation of bisHis-ligated species by His67. If His67 or 

His48 forms misligated species, the conformational ensemble of the unfolded state should 

be different compared to the H26N/H33N variant. Dns-labeled H26N/H33N/Y67H and 

H26N/H33N/Y48H variants can be compared to Y67H and Y48H variants to see whether 

the His residues in His67 or His48 can compete with either of the naturally occurring His 

residues. This would be of particular interest to His48, as this mutation likely perturbs the 

tertiary packing of the 20’s loop that contains both His26 and His33, and is implicated in 
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disease.19 Such measurements would also help clarify the differences in Dns92 

fluorescence observed in Appendix I. 

Studies outlined in Chapter 7 with Y67H have suggested that the bisHis-species 

formed in the CL-bound state and suppresses the CL-bound peroxidase activity of the 

protein at higher pH conditions. The role of bisHis species can further be tested by 

performing similar pH-dependent peroxidase activity assays comparing H26N/H33N and 

H26N/H33N/Y67H to that of WT and Y67H. Had placement of Y67H formed more 

bisHis-ligated species, lower peroxidase activity should be observed for 

H26N/H33N/Y67H variant than in H26N/H33N at pH conditions above the measured pKa 

of His-ligand dissociation in the unfolded state state. Similar comparisons can be made 

with Y48H-containing variants, which would provide further insight into how the loop C 

perturbation near the 20’s loop affect dynamics and peroxidase activity, and test whether 

similar species appear in the CL-bound state. Since Y48H mutation is naturally found in 

humans, such experiments would also help elucidate how the mutation affects the apoptotic 

peroxidase activity.  
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