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ABSTRACT
The folded, partially folded, misfolded, and unfolded

conformations of cytochrome c probed by optical spectroscopy
Jonathan Barrot Soffer
Prof. Reinhard Schweitzer-Stenner

Cytochrome ¢ has been a cornerstone of biophysical research since it began.(13) Because it is so
well characterized,(® this protein remains an important molecule for ground-truthing new
paradigms in protein biophysics.(5) It was one of the first proteins for which a crystal structure was
resolved;(®) since then it has served continuously a traditional model system for the fundamentals of
electron transfer between proteins(”) and protein folding studies.(® %) The work presented here is a
spectroscopic study of the folded, partially folded and misfolded states of oxidized cytochrome ¢,
primarily via circular dichroism, absorption and resonance Raman spectroscopies. Here I report
the first self-consistent study of the thermal transitions of all protonation states of ferricytochrome
c at low anion concentration. UV circular dichroism data indicate only modest unfolding of the
protein’s helical structure at extreme pH and temperature. Thermally induced conformational
changes are assignable to the unfolding of the lowest ranking foldons. Thermodynamic analysis
showed a statistically significant enthalpy-entropy compensation, pointing to common physical
processes for the unfolding of all protonation states in a similar way, this result suggests that similar
physical processes cause all the observed protonation states. Additionally, I report the discovery of a
novel (meta)stable, partially unfolded state of cytochrome ¢, obtained upon incubation under
alkaline oxidizing conditions for an extended timed period. This frustrated, misfolded state is
reversible; it undergoes an extremely slow transition back to the fully folded state after
reintroduction to folding conditions for an extended period of time. Spectroscopic studies of the
novel structure suggest a pentacoordinated quantum mixed spin state of the heme, previously
found only in ferricytochrome ¢’ and in class-3 peroxidases. Cytochrome ¢ has been shown to
acquire peroxidase activity on the surface of liposomes and on the inner membrane of

mitochondria, for which a quantum mixed state of the heme iron may be a prerequisite.(10.11)



(page intentionally left blank)



CHAPTER 1: INTRODUCTION TO PROTEIN FOLDING

Proteins are conformationally dynamic and exhibit functional profligacy giving rise to unique
characteristics. It may not be an exaggeration to say that the mysteries of protein folding are
key to the mysteries of life itself. The ability of polypeptide chains to fold correctly with
sufficient frequency and precision to execute their function has been long investigated as a
fundamental and astonishing biological phenomenon. Superficially, the folding process seems
straightforward; a linear sequence of amino acids contains all the information that determines
the protein’s three-dimensional structure. Nevertheless, if one considers the number of possible
conformations that a polypeptide chain can sample, the number of folding routes becomes
astronomically large. Yet the folding process occurs on a timescale of seconds or less, by a
process that is dependent on cooperative actions of many weak nonbonding intra-protein and
protein-solvent interactions. Ultimately, folding yields a uniquely compact three-dimensional
structure that is usually the biologically functional state. The folded structure depends on the
conformational propensities of the amino acid sequence, which has been evolutionarily selected
for that protein based on interactions within the protein and with its environment.(!2) Under
appropriate conditions, the protein spontaneously collapses into a compact globule state and
ultimately a fully folded conformation. A recent approach accounting for the existence of
complex pathways considers the statistical characterization of the energy landscape of folding
proteins as a funnel.(3) In this chapter, we introduce the basic concepts capturing the core
physical elements of the protein folding problem that are essential for understanding the

further material presented in this thesis.



1.1 PROTEIN FOLDING

1.1.1 The Protein Folding Problem. The hypothesis that the amino acid sequence (secondary
structure) dictates the final structure of a protein (tertiary structure) was based on Anfinsen’s
famous experiment.(¥) Anfinsen showed that the tertiary structure of ribonuclease A could be
disrupted in the presence of urea, a chaotropic agent, and mercaptoethanol, a reducing agent.
When these reagents were removed via dialysis, the protein spontaneously refolded and fully
recovered its activity.(!¥) Levinthal identified the conceptual difficulty of explaining how a large
protein randomly sampling an astronomical number of possible conformations could

spontaneously fold on a biologically relevant timescale. This problem is now referred to as

“Levinthal’s paradox”.(15) He argued that if two polypeptide backbone bonds (i.e. N« -C and
Co -C; Figure 1.1) connecting an amino acid residue adopt three isoenergetic conformations

with different torsional angles, ¢ (angle across N- Cqa) and P (angle across Ca-C), then a small

protein composed of 104 amino acids, like cytochrome ¢ (cyt ¢), could have 3» = 3104 = 104

possible conformations.

Figure 1.1. Schematic representation of the planar peptide group linking two amino acid residues. Each peptide
bond shows some double bond character due to resonance and therefore cannot freely rotate. The two freely

rotating bonds on either side of the Cu-carbon define the torsion angles ¢ and . Each atom is represented by a
sphere with a radius smaller than its van der Waals radius.(16-13)



Only one of these combinations corresponds to the fully folded state of the protein. By this
argument, if the protein was able to sample new conformations at a rate of 1013 per second, it
would take over 102 years to sample them all, significantly longer then the estimated age of the
universe (est. 1.377x10° years(19). In reality, proteins have the ability to fold on a timescale of
seconds or less. This led Anfinsen to suggest that the protein itself contained all the
information needed to correctly fold, it does not need to explore random conformational space,

owing to the existence of a preferred folding pathway, analogous to a chemical reaction scheme.
g p gp % g

(20)

The observation that ribonuclease A can reversibly fold in vitro without any external cellular
machinery implies that the folding mechanism can also be studied in vitro. This insight led to a
whole field dedicated to investigating the underlying mechanism of the folding and unfolding of
numerous proteins. Based on these findings, different theoretical models were developed that
offer various descriptions of the folding process and predictions of the final folded structure of

proteins. (20)

1.1.2 Folding Pathways. To circumvent Levinthal's paradox, Anfinsen hypothesized a
sequential folding model in which proteins fold following a well-defined pathway as the
rationale for the capabilities of proteins to adopt fully folded three-dimensional structures. In
its simplest form the folding process of a monomeric protein is describable as an equilibrium
between two states, the fully folded state, F, and the unfolded state, U. The most simple
representation for these states is shown in Figure 1.2.2123) Cyt ¢ was used primarily for
illustrative purposes in Figure 1.2, since it is the topic of this thesis. Under physiological

conditions, the fully folded protein almost always represents the most stable conformation. It is
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often referred to as its “native” conformation in reference to its three-dimensional structure and
biological function. However, progress in the heavily investigated heme proteins, including cyt
¢, cytochrome b5, myoglobin, neuroglobin, cytochrome P450, and heme-based sensor proteins
such as CO sensor CooA, has shown that various native functions are closely associated with
so-called “non-native” states.(2426) Since a number of proteins perform certain functions while
adopting an incompletely folded, or non-native state, the term “fully folded state” will be used in

place of “native” state throughout this thesis.

Figure 1.2. A small monomeric protein cytochrome c illustrating the equilibrium unfolding transitions between

an extended unfolded conformation (unpublished) and the fully folded state (PDB: 1AKK).(17. 18, 27, 28)

The rapid equilibration between different unfolded conformations prior to complete folding
can be explained through a two state model. One reason for protein folding being frequently
describable by a two-state model is the cooperativity of the underlying folding process.
Privalov and coworkers applied the vant-Hoff criterion to evaluate the cooperativity of
denaturational transitions for several proteins.??) The vant Hoff criterion is based on
Spectroscopic, calorimetric, or other measurements to determine the equilibrium constant, K.
(25) The van't Hoff equation for the standard enthaply change relies on the two-state folding
transition and can be considered as all-or-none, with the unfolded state sampling a much larger
conformational space. If folding is highly cooperative, disrupting one interaction in the protein

will affect all other interactions, meaning that the protein can never be partially folded, only
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fully folded (F) or fully unfolded (U). In this view the U state is a distribution of many rapidly

exchanging unfolded or partially folded conformational states. Proteins that deviate from this
two-state behavior are usually either large (>100 residues) and fold via one or more

intermediates, or small and fold extremely rapidly. Some proteins, such as apomyoglobin,

barnase, and the A-repressor fragment have been shown to fold in a stepwise manner(30-34) by

forming a rapidly distinct nuclei comprising of nascent secondary structure elements, followed

by their collision and consolidation.

1.1.3 The two-state to multi-state models of protein folding. If a protein’s folding involves

only two states, the corresponding reversible two-state reaction can be written as

U—t=F [1.1]

ky

where ku and kr are unfolding and folding reaction rate constants. The equilibrium constant,

K. and the Gibbs free energy of folding within the transition region can be determined by:

X
K, =% [1.2]
Xo

Changes are dependent only upon the fraction of molecules that are unfolded (y,,) or folded

(%) and conditions of the system and not dependent upon the path. Partially folded states, i.e.

thermodynamic intermediates, are not significantly populated in this model. This
thermodynamic model does not rule out kinetic intermediates, so the rate constants must be

considered as effective rate constants, keg:
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To clarify, a kinetic intermediate reflects the transient accumulation of non-native
conformations preceding the formation of the native structure.3®) Kinetic intermediates exist
only briefly (<seconds) and cannot be isolated for structural studies, and most spectroscopic
methods do not sample fast enough to measure kinetic folding and unfolding. However, neither
equilibrium nor kinetic data alone can define a kinetic sequence.(3%37) What is needed instead
is the order to the steps of the protein path.(38) Kinetic methods also do not describe the
structure of the intermediates that they show. The thermodynamic intermediate state
represents a partially unfolded state that is distinctly structured. Unlike kinetic intermediates,
this compact conformational state has mostly intact secondary structure.(?3 2% Transition from
one thermodynamic state to another is preceded by a change in the enthalpy, entropy, volume,
etc.(23 29) Stable intermediates may be studied by general spectroscopic methods, whereas the

properties of transition states and transient intermediates must be inferred from kinetics.

When both F and U are populated, the free energy difference of folding, OGY%, can be

expressed as:

8G% = G% - G% = -RT In ke [1.3]

In contrast to the rapid folding/unfolding equilibrium of proteins in native conditions, it is
common for additional intermediate conformations to accumulate under more destabilizing
solution conditions. These are less folded than the native state but more folded than the
denatured state, yet not fully stabilizing of the denatured state. Generally, the two-state model
is deceptively simple, implying that the folding reaction does not involve the rapid collision and

isomerization of thousands of atoms and bonds concurrently, thus neglecting a large portion of

folding.(%)
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While many small proteins often follow the two-state unfolding equilibrium, most proteins are
not small, and a two-state mechanisms should not be taken for granted.(% 40 Certain
intermediate structures must be populated between the native and denatured states, since no
covalent bonds are broken during folding. Experimental evidence suggests that a protein folds

rough a series of temporari opulated yet obligatory kinetic intermediate states, termed L.(3
through f temporarily populated yet obligatory kinetic intermediate states, t dLG

41)

To account for the fraction of partially unfolded states a more complex model must be used to
explain and characterize partially folded intermediate conformations. This can be accomplished
through an extension of the classical two-state view to allow for the possibility of transiently
populated metastable states, ie., partially folded on-pathway, off-pathway, or misfolded
intermediates.(® 4244) The reaction scheme found in eq. 1.1 can be extended to include these

partially folded intermediate state(s) in thermodynamic equilibrium by the following:

U= (1.1, == F [1.5]

1 Ky,

Each intermediate state, I,, represents an additionally observed metastable state. Kinetic
studies can potentially offer additional insight into the thermodynamic properties of
intermediate states even in cases where the whole process of folding occurs in a single step,

which is the case for many small globular proteins.

Kinetic approaches commonly rely on rapid mixing techniques to initiate folding as a result of
sudden changes in solvent conditions. These changes are typically studied with optical
spectroscopy, i.e. absorbance, fluorescence, circular dichroism. These techniques have been used
to detect and characterize transient kinetic folding intermediates on subsecond to sub

millisecond time scales.(® 4549 Nonetheless, these experimental approaches are limited as well,
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often indicating a change of signal during the dead time of the kinetic measurement
(conventional instruments are often limited to a few milliseconds), often referred to as the
“burst” phase. This observation has been attributed to a rapid hydrophobic collapse, producing
a molten globule with a high degree of secondary structure, while the tertiary structure is still
rather disordered.®¥) Here non-polar regions of the extended polypeptide chain reorient
themselves to minimize the disruption of the hydrogen bonding in the solvent network, thus
creating a hydrophobic core (Figure 1.3). Molten globule states have a radius of gyration that is
larger than that of the native protein by 10-30%.051) Classification of this equilibrium of
compact states is usually not based on studies of their conformations but on indirect
measurements of hydrophobicity and the averaged ensemble properties using fluorescence and

circular dichroism spectroscopy. Kinetic measurements during refolding of several proteins (i.e.

interleukin-1, staphylococcal nuclease, and apomyoglobin) have provided firm evidence for

the molten globule state to be an on-pathway folding intermediate in most cases.(525%)

. Carbon
O Hydrogen
. Nitrogen
. Oxygen
0.0 Water

Figure 1.3. Simplified illustration of hydrophobic collapse, where an extended polypeptide chain (left) interacts

with the solvent, even if these interactions are unfavorable, to rapidly bury the hydrophobic residues, R> and Ry,
into the interior of the structure (right), enabling them to interact with each other, shown in orange, leaving the
more polar groups exposed to the solution, a more energetically favorable conformation. Ry and R4 represent
hydrophobica.a. A, V,L,EW, or M.(7)

After this initial hydrophobic collapse, or “burst phase’, there is an intermediate folding phase,
in which the folded tertiary structure begins to appear over a timescale of 5 ms to 1 s. Here the

secondary structure is further stabilized and the tertiary structure starts to form, while the

side-chains of the amino acid residues are still mobile. This is followed by the final folding
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phase in which the native structure is achieved over a period of several seconds for small single-
domain proteins but takes longer for more complex proteins. In this phase, relatively rigid core

packing occurs, involving the expulsion of any residual water present in the hydrophobic core.

1.1.4 The foldon cooperative structural unit. Folding is a dynamic process; under native
conditions a protein having reached the fully folded state will repeatedly fluctuate to the
unfolded state and refold again, cycling through all of its higher energy forms.*S) Thus, a
protein molecule repeatedly revisits the same intermediate forms that carried it to its fully
folded state, according to its Boltzman factor.(5¢: 57) This behavior is normally spectroscopically
silent, with the higher energy forms never becoming predominantly populated under folded
conditions. For hydrogen exchange (HX) methods, this sampling can be used to exploit the
transient unfolding reaction (high energy forms) that govern the slowest hydrogen exchange in
many proteins, under folding conditions.(% 59 HX experiments rely on the fact that the main
chain amide group (-C(O)-NH-) exchanges hydrogens naturally with water, providing non-
perturbing structure-sensitive probes to allow study of every amino acid in a protein (except
proline). The HX folding process begins with a denaturant-unfolded protein (pH 5) that is
fully deuterated at amide sites (in D2O). This denaturant is then diluted by stopped flow
techniques into the folding buffer (H2O) where the D-to-H back exchange is very slow. If the
refolding protein encounters a large on-pathway barrier, a folding intermediate transiently
accumulates. The intermediate is then exposed to a short intense burst of mixing briefly at high
pH (pH 10) that labels the exposed amides of the intermediate. This technique is called HX
pulse labeling. The amide at the exposed positions will appear unprotected and exchange with
H. As the protein folds, any labeled amide position switches from fully unprotected (i.e.
exchange a H when it is unfolded) to almost fully protected (i.e. remain D labeled). The gain of

HX protection is associated with the formation of H-bonded secondary or tertiary structure.
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(60-62) This technique revealed that some proteins are composed of cooperative structural units

of the fully folded protein, called foldons.(63)

This technique allows the relative stabilities of different parts of a protein to be determined and
mapped onto the overall structure. The foldon formation and their ordered sequence of
assembly systematically puts native-like foldon building blocks into place, guiding the protein
through sequential stabilization mechanisms, constituting a cooperative stepwise protein

folding pathway.(55 64) These foldons are ranked by a code for order of increasing unfolding free

energy (at native conditions) in proportion to the size of the unfolding structure d(AG®)/

O[Den]:(¢5 66) infrared (I), red (R), yellow (Y), green (G) and blue (B).(66)

It should be emphasized that even though foldon formation is related to lower free energy on
the folding pathway, foldons are often extremely difficult to detect in a thermodynamic
experiment. Although they could appear as kinetic intermediates in some techniques, they are
still very difficult to observe them. Luckily, due to the vast structural knowledge of cyt ¢, its
foldon units have been correlated to some of its conformational arrangements.(¢”) The stablity
of some protein foldons seems to provide the supporting scaffolding to tertiary structure, while
regions with less stable foldons, like loops and turns, often account for changes of functional
properties by modulating the environment of the active site. In ferri-cyt ¢, the structural
switching reaction that exchanges heme ligands at alkaline conditions seems to fall into the

latter category.(6”7) This phenomenon will be described in greater detail in section 1.2.
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1.1.5. Thermodynamic Intermediates. Information on the thermodynamic nature of the
folding process can be obtained by inducing the unfolding and refolding transition through
denaturation, i.e. changes in pH, temperature, ionic strength, or the addition of organic
solvents (e.g. urea, guanidine hydrochloride). This information can then be utilized to deduce
rate constants. It should be noted that from a thermodynamic perspective, temperature cannot
induce a transition between two enthalpically equivalent states. Originally the molten globule
and the unfolded state(s) were believed to be enthalpically equivalent, i.e indistinguishable
thermodynamically. However, this view was challenged on experimental and theoretical
(thermodynamic) grounds, and we now know that the molten globule and the unfolded state
are enthalpically different.3% 68) The enthalpy and entropy of unfolding are extremely
temperature dependent, owing to the heat capacity of the unfolded state being significantly
greater than the folded state.(2% 69-73) In many cases protein denaturation cannot be described
by a simple two-state model, since the transition may involve several intermediates. This type of

multistate model is less tractable, both experimentally and theoretically.

Different thermodynamic paths can be explained through thermodynamic cycles, which aid in
analyzing the relationship between protein structure and stability.(7# The thermodynamic cycle
is a series of steps that begin in one state and pass through other states, and can return to that

initial state. The basic thermodynamic cycle can be written as:

ke
F a
a
kF Ib/‘ \/ kI“-U
ki
Il —— U
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In this case, we consider the population of an intermediate, I, between the fully folded (F) and
unfolded (U) state of the protein. A thermodynamic cycle can be exploited to obtain otherwise
non-measurable quantities from measurable quantities in the cycle. The basic thermodynamic

cycle is built on the principle that the sum around a complete cycle must equal zero (the first

law of thermodynamics). As a consequence, the paths F21,—2U and U—I,—F must be

thermodynamically equivalent. The technique then allows the investigator to selectively obtain
physical information using any experimentally accessible path. The dissociation constants, k,
and ky (ke =[F]/[Io]; and kieu =[1,]/[U]), for the protonation of I, and Iy, respectively, can
then be manipulated to reflect the conservation of Gibbs energy for any route. The stability of a
protein is closely connected with the problem of protein denaturation, since the stability can
only be judged by breaking the fully folded structure. Thermal unfolding is often used
experimentally. Thermal unfolding increases the molecular fluctuations; H-bonds are
transiently broken and brought into contact with solvent. The result of this process is a change
in the intrinsic property of the protein, such as a change in charge, size, or compactness of the

structure.

Nonrandom thermally unfolded structures have been reported in a number of proteins,
including cytochrome ¢, apomyoglobin, lysozyme, ribonuclease, and X-lactalbumin.(52 73. 75 76)

Cyt c was one of the first observed examples of a thermally activated intermediate with
properties of the molten globular state, i.e large amounts of secondary and some tertiary
structures.(777%) Cyt ¢ was chosen as a model protein because its native structure is well known
and structural features under a variety of different conditions are available, (73 80. 81) In the
thermal transition from molten globular state to the denatured state at a low pH with a high

concentration of KCl, circular dichroism (CD) and ultraviolet circular dichroism (UVCD)
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measurements revealed an acid molten globular state, with an increase in disorder of the

tertiary packing but similar secondary structure.(78) Molten globule states of cytochrome ¢ were
also reported at alkaline pH and high salt concentration.(82 83) The thermal stability of cyt ¢

depends highly on the redox state of the heme iron, and thermal unfolding causes a decrease in

the overall redox potential(®# 85 (discussed in greater detail in section 1.2).

1.1.6 Folding Route Navigation from Energy Landscapes to Folding Funnels. To account
for the added complications of the multistate folding pathway a “new view” of protein folding
kinetics emerged, replacing the concept of a single folding pathway with multiple energetically
downbhill paths on a funnel shaped energy landscape (Figure 1.4).(86-91) This conceptualization
allows proteins to quickly collapse to native-like topologies, while structures that collapse to
non-native topologies fold less rapidly. The funnel-shaped energy landscape can be represented
by the three-dimensional surface as shown in Figure 1.4, where the vertical axis represents the
free energy of a given conformation, and the horizontal axis represents the conformational

degrees of freedom (entropy) of the polypeptide chain.
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Figure 1.4. A funneled energy landscape. The vertical axis of which represents the free energy, with the funnel
width representing a proteins conformational freedom. The top represents all non-native states, where
conformational entropy maximal, as you move down the funnel more native characteristic is gained until it reaches
the fully folded state. (17 92)

The very simple folding funnel in Figure 1.4 provides a simple pathway in which the
polypeptide chain gains more native-like characteristics as the free energy decreases, until it
reaches the preferred global minimum corresponding to the fully folded state. The area at the
top of the funnel is wide, owing to the larger conformational entropy of the unfolded

(denatured) conformations. Proteins start in their unfolded state and follow the energy
gradient down the slope, forming secondary structures, such as X-helices and B-sheets. This

process is then followed by a rapid hydrophobic collapse.®3 %4 As the protein proceeds
energetically downhill, the funnel narrows representing the decrease of conformational entropy,
i.e. more compact conformations and fewer degrees of conformational freedom until the
protein reaches its fully folded state at the energy minimum of the funnel. As a consequence

the protein folding rate and the folding mechanism are largely determined by the native state
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topology, changing the shape of the funnel.®®) In most real proteins, most interactions that
occur are mutually supportive and cooperatively gain speed through favorable transitions to the

global free energy minimum, i.e. the fully folded structure.

In reality, the folding landscape of a protein is never a perfectly smooth surface, but is rugged or
bumpy in nature with several local minima. The exact structure of these minima will influence
the details of the folding mechanism.(83 9 97) Thus, the funnel picture of the Gibbs energy
landscape also illustrates how a protein may get trapped at some crevice along its folding path.
Depending on the depth of the trap, it might take some time for the protein to overcome its
barrier and resume its downhill motion along the folding coordinate. An idealization of this
rugged energy landscape is shown in Figure 1.5. While there are many conformations sampled
along multiple pathways, this model still contains some obligatory steps, or transition state
ensembles, along the folding reaction path and others that the protein will pass rapidly over

before arriving at the fully folded conformation.
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Figure 1.5. A simplified schematic of a frustrated rugged landscape. This representation shows a multitude of
intermediates, around the middle of the folding funnel, and a frustrated minima similar in energy to the native
state.(1792)

Usually, the topology of a folding funnel guarantees different segments of a protein chain will
interact, but this process does not provide any guarantee that the many resulting individual
interactions will not mutually conflict.(83) The protein thus attempts to minimize the non-
native interactions along the folding pathway, or, restated, few conformations are energetically
accessible. This concept is referred to as the “principle of minimal frustration”.3) A departure
from this behavior can yield transient trapping in minima associated with non-native
conformations, slowing the exploration of folding routes towards the fully folded structure. A
protein caught in such a trap is often in a so-called “misfolded” state, from which it often
undergoes irreversible aggregation into, e.g. amyloid fibrils.®% %) Forcing one of many

structures to remain fixed and unable to reconfigure to the lowest energy crystalline state is
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physically  reminiscent of liquid being cooled to a glass state.(38 100) Schrddinger actually
referred to proteins as “aperiodic” crystals. (101 At temperatures above this glass transition the
landscape can easily be sampled.(192) Below this temperature, however, the search for the

absolute free energy minimum of many glassy states proceeds very slowly.
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1.2 - BASIC STRUCTURE AND FUNCTION OF CYTOCHROME C

Cytochrome ¢ (cyt ¢) is a relatively small (~12.4 kDa) protein that mediates the electron
transfer from cyt ¢ reductase (complex III) to cyt ¢ oxidase (complex IV) in the electron
transport chain (ETC).103) It is located in the intermembrane space of the mitochondron
(light pink in Figure 1.6, indicated with the red arrow). In the conventional sense, cyt ¢ is not
an enzyme, but is more appropriately described as a cofactor for the proteins with which it
interacts. Cyt ¢ acts as a key mediator in the production of ATP, the high-energy chemical
intermediate of living cells.1%4  Electron transfer is one of the most crucial reactions in
biochemistry present in almost all enzymatic cycles. Cyt c is involved in the mitochondrial
ETC, in which electrons are removed from an electron donor (NADH) and then passed to a

terminal electron acceptor (O3) via a series of redox reactions. These reactions are coupled to
the creation of a proton gradient (ApH) across the mitochondrial inner membrane. The proton
movement across the membrane is shown schematically in Figure 1.6, with the resulting
transmembrane proton gradient used for the production of ATP from ADP via Complex V. In

this ETC, electrons travel down the energetic chain, with cyt ¢ mediating the passage of a single

electron from the membrane bound complex III to complex I'V (Figure 1.6).
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Cytochrome ¢

Intermembrane Space

Mitochondrial Matrix 3P + 3ADP 3ATP

Figure 1.6. A simplified representation of the electron transport chain, found in the inner membrane space of the
mitochondria, where cytochrome c acts as a key mediator. The chain is made up of five complexes starting from

the left to right. Complex I is NADH-ubiquinone oxidoreductase (PDB: 3M9S),(105) complex II is succinate-
ubiquinone oxidoreductase (PDB: 1NEK),(196) complex IIT is ubiquinone-cytochrome ¢ oxidoreductase (PDB:
1KYO),(107) complex TV is cytochrome ¢ oxidase (PDB: 10CO)(198) followed by ATP synthase (PDB: 1C17,
1E79, 2E74, 1L2P).(109’111) This figure shows the heme groups in a light red. Cyt ¢, the main focus of this work is
the small mediator protein designated with the red arrow.(17> 28)

1.2.1 The multiple functions of Cytochrome c. Cyt c’s role is not limited to the production of
ATP (oxidative phosphorylation); it additionally acts in a variety of roles linked to cellular life
or death decisions (Figure 1.7). This small heme protein was also found to be essential for
canonical intrinsic apoptosis (type II),(# 112115 where it was also found to bind to Apaf-1
triggering caspase activation (in the cytosol).(116) Cyt ¢ was also found to oxidize cardiolipin,
(117) ‘a component of inner mitochondrial membrane. Cyt ¢ was found to complex with
cardiolipin18) triggering pore formation in cardiolipin containing membranes.(11?) Cyt ¢
additionally acts as an antioxidant, scavenging reactive oxygen species (ROS).(20) During
apoptosis, this role shifts, with cyt ¢ producing ROS via increased mitochondrial membrane
potentials or the p665ch pathway.(121) The role of cyt c in regulating respiration and cell death
has renewed experimental interest in this model protein, providing a new relevance to human

disease (i.e. neurodegenerative, cardiovascular and autoimmune diseases, cancer, and sepsis).
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(115, 118, 122-124) n all cases, the partial unfolding of cyt ¢ seems to be a critical factor in the

disease mechanism.

LiFe

Respiration ‘ VAN 5 Apoptosis
via ETC ’

ROS scavenging _ , " % | TOCL peroxidation
Redox coupled protein ROS formation
import via Erv1-Mia40 via p66shc

Figure 1.7, Overview of the life sustaining (left) and cellular death (right) functions of cyt ¢ (PDB: 1AKK in the

center with calculated surface electrostatic potential shown). (1727, 28, 115)

The role of cyt c in apoptosis. Over the last ten years, cyt c research has refocused on
movement from the inner mitochondrial membrane and subsequent apoptosis. In association
with lipid vesicles, cyt ¢ binds a monoclonal antibody recognizing an unfolded region around

residue Pro44, and observed in apoptotic and necrotic cells.(125) Mutation of Gly-41 to Ser was
shown to alter the mobility of the 40’s )-loops and enhanced the apoptotic activity of cyt c

without altering its role in respiration.(126) Prior to becoming involved in the apoptotic process,
cyt c is also transferred from the intermembrane space to the cytosol, where it can initiate the

apoptotic pathway.(113 116, 127, 128) The release of cyt ¢ is not an irreversible step; a certain
threshold of released cyt ¢ must be reached before a cell commits to apoptosis.(!29) Once in the

cytosol, cyt ¢ can interact with the inositol phosphate receptor, type 3 (IP3R) in the

endoplasmic reticulum. This causes a release of calcium, calpain activation, and apoptosis-
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inducing factor (AIF) into the cytosol. In the cytosol, a non-native form of cyt c binds to the
apoptotic protease-activating factor 1 (Apaf-1),(130) resulting in an increased affinity of the
complex to dATP.(130 This interaction triggers a massive release of cyt ¢ from the mitochondria
into the cytoplasm through modified cristae junction. When this occurs, cyt ¢ undergoes a
conformational change, tightly binding to the apoptotic protease activating factor 1 (APAF-1).
(132) This Apaf-1-Cyt ¢ complex then acts as the key factor in this multistage reaction.(116) In
the presence of ATP this complex induces the formation of the apoptosome, a heptameric
machine (Figure 1.8), which in turn activates caspase 9 (Casp-9), the “death protease”. Casp-9
bound to the apoptosome acts as a cleavage factor of Casp-3, which is considered the major

enzyme in the irreversible commitment to apoptosis (Figure 1.8), (128 132, 133)

Apoptosome

Monomeric Cytochrome * Procaspase-9

aAfl @ Q (ﬂ_vm{&
\ Oligomerization E .

® =

Figure 1.8. Structure of the apoptosome (left) with a proposed model for the activation dimerization of caspase-9
and location of cytochrome c in red. Modified from Shi and Ow.(25 133)

Cyt c interactions with anionic phospholipids and peroxidase activity. The strong
interaction between cyt ¢ (polycationic; net molecular charge +9e at pH 7.4) and cardiolipin
(anionic, with possibly -2e) plays an important role in both respiration and apoptosis.’3% In
eukaryotic cells cardiolipin (CL) is a lipid unique to the mitochondria, where it is believed to be
synthesized.(135) CL accounts for around 20% of total mitochondrial lipid, 80% of which is
found on the inner membrane of the mitochondria in healthy cells.(139) On the inner
membrane of the mitochondrion, about 15-20% of cyt ¢ is bound to CL, as compared to 4%
bound to cyt ¢ found on the outer membrane of the mitochondria.(’3”) During apoptosis there

is a transmembrane migration of CL, facilitating its interactions with membrane bound cyt ¢
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and causing the formation of a cyt c-cardiolipin complex, in the intermembrane space of the
mitochondria.(> 138 139) Tts involvement in this process requires the acquisition of peroxidase
activity and the subsequent dissociation from the surface of the innermitochondrion
membrane. In this process, 40% of the CL on the inner membrane, relocates to the outer

membrane ultimately creating a pore that releases cyt c into the cytosol.

Cyt ¢ can bind to CL through three binding sites termed the A-, C- and L-sites (Figure 1.9).
(140-142) There is a loose and reversible electrostatic binding to the A site, which is thought to
participate in the electron transfer and radical scavenging functions of cyt c.(140-142) This site is
also believed to be important for the recognition and binding of cyt ¢ reductase and oxidase.
The binding to the A-site involves the interaction of residues K72 and K73, this interaction is
electrostatic and depends on pH and ionic strength.(143 144) The C binding site involves N52
binding through hydrophobic interactions mainly by means of hydrogen bonding.(140. 141) A
stabilizing mechanism to the C site was proposed to form in association with the hydrophobic
cavity on the surface of cyt ¢ via extended lipid anchorage (bordered by F10 and Y97),(142)
where one of the hydrocarbon tails of CL is thought to become inserted into the structure of
cyt ¢, thus augmenting its electrostatic association through additional hydrophobic interaction.
(145) An alternative channel was proposed closer to K72, K73, K86 and M80,(146) with further
suggestion of penetration by two acyl chains.(147) Nevertheless, any anchoring through this type
of extensive hydrophobic interaction would likely be a substantial impediment to the
dissociation of cyt c. Binding to the C site under acidic conditions dramatically influences the
CD spectrum ,in that it changes the sign of the couple. However, such a change has not yet
been observed in solution, nor has a physical explanation for this phenomenon been put forth.
An additional electrostatic binding site was proposed adjacent to the A-site, termed the L site,

which involved three lysine residues (L22, L25 and L27) and H33.(148.149) 'The L site has been
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shown to promote vesicle fusion in mitochondrial-mimetic vesicles with heart cardiolipin
content, suggesting that an interaction at this site triggers a detachment from the mitochondrial
membrane.(1%%) Additionally, cyt ¢ bound to cardiolipin (cyt ¢-CL) was shown to form pores
large enough to penetrate into the interior of a liposome.(119) This is consistent with what
occurs on the outer membrane of the mitochondrion, where the cyt c-CL complexes produces a

pore that facilitates the release of cyt c and other pro-apoptotic factors into the cytosol.(115)

. s\t

Figure 1.9. Proposed bindings sites (shown in gray) on the surface of cyt ¢, illustrating the A-site, L-site or the C
site as described in the text (PDB: 1AKK).(17. 27 28)
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Cyt ¢ the free radical scavenger. Reactive oxygen species (ROS) are generated in the
mitochondrion as a result of the nature of electron transport. These species are highly reactive
and can damage DNA and other structures within the cell. If free cyt ¢ remains within the
inner-membrane space of the mitochondrion, it can act as a free radical scavenger through the
removal of the unpaired electron from superoxide, thus regenerating O5.(120: 150) This can
subsequently be used in energy production, transferring the extracted electron to cytochrome ¢
oxidase (CcO), thereby regenerating the oxidized form of Cyt c. Cyt c¢ has also been
experimentally shown to operate as a hydrogen peroxide scavenger. (150 This conversion of
hydrogen peroxide can occur in both the reduced and oxidized states of cyt c. Since cyt ¢
constantly undergoes redox cycles during cell respiration, both detoxification reactions can take

place, making it an ideal cell antioxidant.

Role of cyt ¢ in neurodegenerative diseases. As the equilibrium shifts towards the production
of ROS, major disturbances in cell function and viability occur. Such perturbations are seen in
an increasing number of human diseases. Multiple neurodegenerative diseases (i.e. Alzheimer's
and Parkinson’s Disease) are characterized by loss of specific neuron populations due to
apoptosis. In addition to apoptosis, the formation of cyt c-CL oligomers may also be of

particular relevance to the co-oxidation of other proteins that have anionic lipid binding sites,
such as O-synuclein. X-synuclein is a major component in aggregate forming amyloid-like

fibrils in accumulations of poorly digestible cross-linked aggregates in neurodegenerative
disease that oxidative stress reaction may contribute to the abnormal aggregation of this
molecule, and may be significantly enhanced by iron-catalyzed oxidative reactions.(152) It is in

this context that cyt c is believed to be a possible source of iron and increased oxidative stress in

the cytosol which may ultimately stimulate the aggregation of ®&-synuclein.(152154) The



25

mechanism of this aggregation process is still poorly understood. Interestingly, both cyt ¢ and
O-synuclein are abundant components of Lewy bodies, which accumulate in the brain of

patients with Parkinson disease.

1.2.2 Structure of Cytochrome c. Oxidized cyt ¢ was one of the first proteins to be fully
characterized by x-ray crystallography.(8%. 155 Cyt ¢ is a roughly spherical, globular protein with
diameter of 34 A in its fully folded state, consisting of a single polypeptide chain of 104 amino
acid residues packed around a covalently attached heme prosthetic group (Figure 1.10).(27 80.
156) Cyt c is highly soluble in water (up to 200 mg/ml, pH 7), with an isoelectric point ranging
from 10.0 - 10.5 depending on ionic conditions, and a net charge of +8e at neutral pH. (157 158)
Cyt c is also a highly evolutionarily conserved protein, with 36% amino acid identity in all
eukaryotes (Appendix A.4).(112) The most highly conserved region of the protein encompasses
residues 67-87.059) Overall, cyt ¢ has 19 positively charged lysine (K) residues, and two

positively charged arginines (R), with only 12 acidic residues (aspartic or glutamic acids).



26

Figure 1.10. A diagram of the packing of cytochrome c about the heme. The bold circles indicate side chains
buried in the interior, black dots mark residues whose side chains pack against the heme. Light circles indicate side
chains on the outside of the molecule, and dark half-circles show groups that are half buried at the surface. Arrows
from W59 and Y48 to the buried propionic acid group represent hydrogen bonds. The coloring shows the
residues characteristic, basic, hydrophobic (nonpolar), polar (uncharged) and acidic. Residues designated by
capital letters are totally invariant among cyt ¢ species.(17: 160)
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The secondary structure for cyt c is primarily composed of three major and two minor helical

elements (~45% helix), a very short two-stranded anti-parallel B-sheet (res 37-40 and 57-59;
~7%), two type III B-turns (~8%) and four type II B-turns (~14%).(80.155) A plot of the main
chain torsional angles (®, ) for horse heart cyt ¢ in its oxidized form is shown in a

Ramachandran plot Figure 1.11.061) In this plot, there is a clustering of residues with the -
helical conformation, (-57°, -47) and to a smaller extent in the polyproline IT (PPII) (-55°, 138)

and B-strand conformations (-110°, 140°).
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Figure 1.11. Ramachandran plot of the theoretically allowed conformational dihedral angles of the polypeptide
backbone of cyt ¢ with common structures identified in the blue shaded region. This map is overlaid with
experimental results for cyt ¢ in its F state. The black open circles show the residues within the allowed regions
while the orange circles show the residues outside the allowed regions (residues C14, G34, T40, G42, K87, and
N103).(PDB: 1AKK)(17 28 162
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The heme prosthetic group. The heme active site (heme c), a protoporphyrin IX derivative
with a central iron atom (Figure 1.12), is coordinated proximally to a histidine ( ) and
distally to a methionine ( ). H18 and M80 are a common ligand set for ¢ type hemes, i.e.
cyt ¢, photosynthetic reaction centers, diheme cytochrome ¢ peroxidases, and several
dehydrogenases.(163) At the center of the heme, an iron atom (Fe) serves as an acceptor and
donor for electrons from and to the above mentioned reaction partners (complex III and IV) in
the inner membrane of the mitochondrion.(164) The two vinyl substituents of the heme group
form thioether bonds involving the two cysteine residues ( and ) in the conserved C-x-
x-C-H heme binding motif commonly found in the heme environment of ¢ type cytochromes
(Figure 1.12). The heme group within the protein is not planar; the principle observed
deformation is an out-of-plane ruffling resulting from the covalent attachment to the heme as
well as the axial ligands associated with the heme Fe.(112 165 The heme ruffling deformation
plays a role in tuning the electronic coupling,(16%) causing an overall decrease in the reduction
potential of the heme.(167) It has been shown in microperoxidase (MP-11) that strengthened
hydrogen bonding within the CxxCH segment enhances heme ruffling.(1%8) Any modification
in the magnitude of the heme ruffling by the protein environment naturally alters the rate of
electron transfer between the heme and redox partners, by modulation of the metal ligand
bond strength.(169) Another significant determinant in the electron potential is the
encapsulation of the heme within the proteins hydrophobic interior, this environment favors

the ferrous over the ferric state.(169. 170)



Figure 1.12. Cartoon representation of horse heart cyt ¢, focused on the heme prosthetic group.(PDB:
lAKK(27)) With the central heme iron (brown) and C14, C17, H18, and M80 residues showing the heme
attachment via the CxxCH motif.(17 28)

The nonplanar heme group is buried within a hydrophobic pocket formed by the polypeptide
chain. In horse heart cyt c around 7 % of the heme's surface is exposed to the solvent on the
front edge.(17)) This arrangement is evident in the space filled diagram (Figure 1.13). The
interaction of the heme prosthetic group and its surrounding protein matrix, i.e. side chains of

the residues around the heme cavity, have been linked to functional properties of the protein.

Figure 1.13. Space filled representation of cyt ¢ (equine), with solvent exposed heme edge shown in green.(27,28)
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Cyt ¢ oxidation state - coupled conformational changes. Cyt c exists in two physiologically
important oxidation states. There are only minor conformational differences between the fully-
folded oxidized and reduced states (< 1 A RMSD), occurring in the vicinity of propionic side
chains of the heme (propionate-7).(172) There are also some hydrogen bonding changes upon
reduction of the heme iron (notably K13 to E90), making the protein interior slightly less
solvent accessible (Figure 1.14). Despite this, there are substantial differences in the stability of
the reduced and oxidized states; the former is by far more stable than the latter at acidic and
alkaline pH and at high temperature (~100°C), owing to a weaker Fe-M80 bond in the
oxidized form.(173) The fully-folded state of the oxidized form of the protein is well
characterized (pH 7).(112 174 175) However, it is increasingly unclear if the fully folded state is
the physiologically relevant form, owing to a conformational change upon its complexation

with cyt ¢ oxidase (CcO) as well as upon binding to the inner mitochondrial membrane.(176-178)

Figure 1.14. Ribbon diagram of = oxidized and = reduced horse heart cyt c, yellow lines illustrate structural
alignment, connecting identical residues of the amino acid sequence (PDB: 1AKK,27) 2GIW(156)),(28)
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Complete unfolding by denaturing agents. Chemical agents can directly induce the unfolding
of the polypeptide chain, causing the protein to adopt a largely disordered structure. Cyt ¢
reversibly unfolds in the presence of strong denaturants, i.e. guanidinium chloride (GmClI,
typically 6 M) or urea (typically around 8 M), as introduced in section 1.1.2. Guanidinium and
urea destabilize proteins via different mechanisms, although the results are structurally similar
(Figure 1.15). Urea acts to destabilize proteins by forming hydrogen bonds to the peptide NH
and likely CO groups, while guanidinium acts without the formation of a hydrogen bond by a
still unknown mechanism.(17%) Following a two-state folding mechanism (section 1.1.3),
however, the physical properties of the resulting unfolded states are indistinguishable: cyt ¢
under denaturing conditions adopts a statistical coil.(189) Under mild denaturing conditions
(4-4.5 M urea), proximal H18 remains bound to the heme iron and distal M80 dissociates.
MBS0 is then readily replaced by other side chain residues, forming a flexible compact denatured
protein with significant native-like secondary structure and disordered tertiary structure.
(181-184) In concentrated urea or GmCI at neutral pH, the M80 ligand is replaced by a histidine
(H26, H33 or H39) at the sixth coordination site.(18% 182, 185 186) Through site-directed
mutagenesis, the denatured state was determined to be predominantly populated with H33 as

the sixth ligand to the heme iron, with a high spin iron.(87)

(a) (b)

©
0 N,

| |
H2N/ \NH2 H2N/ \NH2

Figure 1.15. Chemical structure of denaturing agents (a) urea (MW: 60.06 g mol!) and (b) guanidinium chloride
(MW: 95.53 g mol)
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The cooperative units within cyt c. The foldon units (section 1.1.4) of cyt ¢ were originally
observed by Englander and colleagues using hydrogen—deuterium exchange (HX).(55 64 188)
During this process, the foldon formation is guided by pre-existing structure through a
sequential stabilization process by native-like interactions progressively acting to assemble the
fully folded protein.(63) Cyt ¢ consists of five cooperative foldon units, with each unit showing
approximately the same kinetic and thermodynamic behavior (Figure 1.16).(% 64 67.189) In the
order of decreasing stabilities, these foldons are: the blue unit consisting of the N-helix (res

1-16), the C-helix (res 88-104), the green foldon containing the 60s helix (res 61-70) and loop

(res 17-37), the yellow unit containing the short two-stranded anti-parallel B-sheet (res. 38-40

and 58-60), the red foldon containing an Q-loop (res 71-87), and the infrared foldon (gray)

containing a nested loop (res 41-57). The red/infrared foldon is the first to unfold, but these
foldons were not seperately measured in the experiment performed.(10) This idea of sequential
stabilization building the fully folded structure in a step-like manner is a more familiar
observation than one might expect. For example in domain swapped dimers, the segments of
one protein are induced to conform with the complementary structure of an additional protein.
(191, 192) Or from the perspective of amyloidosis (a type of protein aggregate that is linked to
neurodegenerative disease), proteins can be induced to join a preformed amyloid fiber by

adopting a closely complementary structure,(193 194)
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Figure 1.16. Cartoon representation of horse heart cyt ¢ (center) illustrating its three major X-helices, three major

Q)- loops. The outside ring shows amino acid letter code of cyt c's 104 residues, and its five cooperative foldon
units shown in colors matching the illustration. The foldons are namely the N- and C-helix (blue), the 60s helix

and loop (green), the short two-stranded anti-parallel B-sheet ( ), and two Q-loops (red and infrared). Also
shown are the M80 ligand and H18 which are axially ligated to the heme in the fully folded state.(17:27.28)

Early folding of cytochrome c. The folding mechanism of oxidized cyt c consists of two
kinetically distinct phases. The first phase, or nascent phase, occurs within 100 Ms after

initiation of folding,(1%5) and consists of the collapse of the backbone structure (Figure 1.17).45
196,197) In the folding experiments of Yeh et al., on cyt c this phase was found to consist of an
approximate 50% conversion of a pentacoordinated structure to a His-water conformation,(198)
with H18 ligation occurring faster than the deadtime of the instrument due to steric
constraints imposed by the thioether bonds attaching the heme to the protein through

C14/17. Akiyma et al. found that this phase consisted of a small hydrophobic cluster with
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around 20% helical content after the initial collapse, and further suggested a second

intermediate with &-helical content resembling a molten globule state.(19%) This was verified by

fluorescent quenching of tryptophan located near the heme group (chapter 2).(45 200) This
stepwise formation of helical structures appears to be consistent with the foldon model, in

which several cooperative units are guided by a sequential stabilization mechanism (section

1.1.4).(69

The subsequent heme-ligand exchange phase of folding is slightly more complex. The
formation of the fully folded structure begins to populate from the collapsed state. This occurs
at a much slower rate, dependent upon the refolding conditions (Figure 1.17). Yeh et al.
performed time-dependent resonance Raman experiments (GmCl; pH 3.6-5.0) and found
clear evidence of a switch from high spin to low spin heme, correlating to four possible heme
coordination states: a pentacoordinated high spin (5C), a His-water (HW), bis-His (HH),
and the folded Met-His (HM) ligation (Figure 1.18). In the presence of GmCI (4.4 M) at
neutral pH, cyt ¢ adopts a random-coil-like structure in which the native H18 ligand is
retained with H33 replacing the native sixth axial heme ligand, M80.(45 198) This off-pathway
intermediate was verified by site directed mutagenesis of histidines.(18”) This conformational
change inserts a deep barrier that imposes three-state kinetic folding and allows for the
accumulation of an intermediate at the blue foldon since both peripheral histidines are found
on the green foldon (Figure 1.16). This acts to block the folding process after the N and C helix
formation (blue foldon), because the green loop is required to fold next, but it is held out of
place by the HH misligation (Figure 1.17a). HH was found to slowly convert to the

HW ,which subsequently decays to the folded HM state.(198)
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Figure 1.17, Schematic illustration of the free energy surface of cyt ¢ during folding. The course of folding in this
illustration starts in the unfolded state, U, where a burst is encountered, illustrating secondary structure
formation. This is followed by a large chain collapse where common ligands, or intermediates (I) are sampled in
the sequence to the fully folded state, N. (a.) shows the events with a folding etror, causing a misfolded state, M.
To overcome this off pathway state the protein must reorganize its itself to allow the proper contacts to fully fold.
This reorganization causes a slowing down of the overall folding process. 1727 28) (b.) shows the fast two state
folding, with respect to conformational changes of the polypeptide chain.

Under conditions that disfavor the coordination of H33 (i.e. pH <5 when H33 is protonated,
(186, 201) the presence of exogenous imidazole,(*) or His mutants(20?) the native structure is
reached within a few milliseconds, folding rapidly in a two-state manner. Any intermediates are
obligatorily present, stable, and on-pathway, as are subsequent intermediates, but they do not
block and accumulate during the folding process (Figure 1.17b). The change in heme
coordination indicates a significant amount of structural flexibility, with folding following a
thermodynamic equilibrium.(8) This result is consistent with the hypothesis that the

secondary structural elements formed early in the reaction are only loosely packed and are

localized in a few specific polypeptide segments,(293) with any modulation in the coordination
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of the heme imposing a minimal effect. Thus allowing the entire population to fold through the
same more populated intermediates, which can be described though sequential stabilization as
dictated by cyt c’s foldons.”) Here, the unblocked two-state case rapidly folds, in contrast to
the nearly identical folding of its three-state folding analogue that accumulates intermediates,
with slowed folding due to the misfolding error described above. This optional misligation and

the kinetic behavior provides a general model for folding.

Ligand Exchange Phase

Figure 1.18. Schematic illustration of the folding dynamics of cyt ¢, showing the ligand exchange phase of
folding. The populations of the three heme coordination states, HH, HW, and 5C, are controlled by a
fast equilibrium, a slower change in the population of these heme ligation states takes place, ultimately
leading to the native state (HM), as described in the text.(16 198)
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1.2.3 Cytochrome c’s formation of non-native states in solution

Unfolding of cytochrome c at acidic and alkaline pH. The different protonation states of
oxidized cyt ¢ discussed here are built upon the Theorell and Akesson state model, focusing on
the structural flexibility of the oxidized state, rather than the stable reduced form of cyt c. (157
204-206) The Theorell-Akesson state model considers five distinct states, termed I to V, which are
populated at different pH (1-12). These states are populated without the addition of
denaturing reagents, i.e. without urea and Gdn-Cl. The overall reaction scheme for oxidized

cyt ¢ can be written as follows

eff eff eoff ¢f
I_LK&[IAJ?+n]H+_LKMIAIII+n2H+_LKuLu/_\m1h.(.+n4H+_LKu.O/‘_~w_\Va’b+nsH+ [I]

where nj(j=1,2,...) denote the number of released protons. All pK-values of this scheme are
likely to be effective values, representing multiple, cooperative deprotonation steps.(157: 205)

Both, pK and 7 values depend on ionic strength and temperature.(157 207)

To get a better sense of the changes occurring, I developed a purely speculative structure using
a combination of molecular modeling techniques. Starting with the NMR resolved structure
(PDB: 1AKK)@”) the Fe-Smso bond was broken and a new bond connection was made
between the experimentally-suggested axial ligations. The partially folded protein with
diameter ~40A(30.205) was then solvated using modified periodic boundary conditions for each
state with a boundary set at twice the dimension of the protein.(3 208) The system was then
allowed to minimize energy using the Biot (CHARMM) force field, which is a molecular
mechanics force field optimized for macromolecules.(20%) The minimized structures were then
validated using ProCheck (Appendix 8.3),219) and visualized with the Pymol molecular
graphics system.(28) The ProCheck analysis of the modeled structures showed well preserved

secondary structure elements (Appendix 8.3b), comprised of five helical elements, with the
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length of individual helices varying from one modeled structure to the other.

State I is populated below pH 2 and encompasses two different species, the mole fractions of
which depend on solution conditions.(180: 184 211) Between pH 0.9 to 1.9, two states are
predominantly observed, referred to as the U- state and the A-state. The U state is an unfolded
state of the protein populated at low ionic strength (Figure 1.19).0195 212) As the ionic
concentration of the solution is increased, the protein population shifts from a statistical coil to
a molten globule like state, termed the A state.(18%) The A state is an acidic partially unfolded
state populated at high ionic strength.(195 212) Similar species have been detected by Yeh and

Rousseau through kinetic studies of cyt ¢ unfolding under denaturing conditions, i.e. with

Gdn-Cl at several pH values.(213)

Figure 1.19. Ribbon representation of an (a.) extended unfolded state (U) of cyt ¢ and (b.) a2 more compact
partially unfolded state with no heme axial ligation. The Fe axial ligands of the fully folded state H18, and M80
are shown in stick form, as described in the text.(18 214)
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State II is a partially folded structure populated between pH 2.0 and 3.0, in which at least

three different ligation and spin substates have been found to coexist.(184 215 In this state, the
most dominant form is a hexa-coordinated low spin species (hcls) attributed to having bis-
imidazolate coordination with axial ligands H18 (as in the fully folded state), and H33 being
the likely additional ligand (Figure 1.20a).(187 195 213) Additionally, a hexa-coordinated high
spin (hchs) state becomes populated with water as the likely ligand with H18 (Figure 1.20b).
The sixth coordination site may also remain vacant, producing a penta-coordinated high spin

(pchs) state with axial ligand H18 remaining intact.

Figure 1.20. Ribbon representation of the cyt c in state I, illustrating the (a) low spin bis-histidine complex (H18
and H33) and (b) high spin complex with H18 and water as the axial ligands.(27:28)

State III, the fully folded state is populated between pH 4.0 through 8.0 and exhibits a low
spin heme iron.(157) The heme Fe of state III is hexa-coordinated low spin (hcls), proximally
coordinated to H18 and distally ligated to M80 (Figure 1.21). This proximal histidine
coordination is common to heme proteins (i.e., myoglobin and hemoglobin), although cyt c is

different in that its central Fe is coordinated at both axial sites by amino acids of the protein

backbone.
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Recent work in our group has observed the existence of a thermodynamic intermediate of the

transition between state III = IV, which is more populated at low than at high ionic strength.

(216, 217) This additional transitional intermediate state, denoted as ITI*, was shown to exhibit an
intact, though weakened, Fe-M80 linkage.(!7) State III begins to undergo the transition into
the IIT* intermediate state between pH 8.0 and 9.0 (pK.s = 8.5).217) This state escaped earlier
investigations into the alkaline transition because it is less populated at the higher ionic
strength at which these studies were carried out and was thus obscured.(216 217) Bowler and
coworkers assigned the state to the deprotonation of one of the propionic acid substituents of
the heme group, which is known to exhibit a very high pK value.?8) Weinkam et al. also
observed a similar, though not identical, intermediate at high ionic strength, termed state 3.5, in
which the M80 ligation is broken but is not yet ligated to the lysine (K), found in state IV at

slightly higher pH.(219)

Figure 1.21. Ribbon representation of the fully folded state of cyt c in state III, with Fe axial ligands H18 and
MB80 shown in stick form. (17:27,28)
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State IV is populated at pH >9.0 (pKeyg = 9.23); this is referred to as the first alkaline

transition. This state encompasses at least thee different substates termed IV,/IV}/1V.(220-224)

Mauk and Hildebrandt and colleagues showed through site directed mutagenesis of yeast cyt ¢
and resonance Raman (RR) spectroscopy that the III = IV transition involves, in fact, two

parallel transitions with very similar pK-values, which lead to the replacements of the distal
ligand M80 by K79, K73, or K72.(222-224) The corresponding sub-states states are termed IV,
and IV} in horse heart cyt c. As mentioned earlier K73 and K79 are found on the surface of the
fully folded state of cyt ¢ where they facilitate the interaction with several redox partners
(Figure 1.22 a,b). Blouin et al. showed an even more complex transition into state IV for horse
heart cyt ¢, involving three IV states.225) Two of these correspond to states IV, and IV,
separated from the third one by a rather high energy barrier. A third transition was found in
the bacterially expressed yeast iso-1 form, termed IV, which is of lesser stability, in which K72
becomes axially ligated (Figure 1.22c).225 226) 'This conformation showed no significant
rearrangements within the protein other than the iron ligand replacement.2?% 227) The
misligation by K72 in the yeast protein is precluded by post-translational trimethylation, which
does not occur when the protein is bacterially prepared in Escherichia coli. This allows the lysine
side chain to become a viable ligand once deprotonated under alkaline conditions (pK'=8.7).
(224) 'The misligation with K72 forms a very stable conformation in yeast, however recent
mutational studies of horse heart cyt ¢ suggests that the unmodified K72 does not contribute
to misligation and that ligated K79 is the most stable conformation.(??8) Nevertheless, animal

cells do not perform this trimethylation modification.(112)

Opverall, the alkaline transition is generally thought of as yielding a more open heme crevice in
which the loop (res. 70—85; red foldon) is shifted considerably with respect to the heme group.

(222-224) Results from a resonance Raman study suggest that this structural change reduces
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heme perturbations thus switching it to a more relaxed planar state, and thereby reducing the
reduction potential.(176) This view is corroborated by a recent resonance Raman study of Alessi
et al. who showed that the alkaline transition involves a decrease of symmetric A1g-deformation

of the heme, which could well reflect the reduction of non-planar (ruffling) deformations.(167)

Figure 1.22. Ribbon representation of the fully folded state of cyt c in state IV. , illustrating the replacement of
MB8O0 of state III being replace with a lysine, (a) lysine 73 (K73) (b) lysine 79 (K79 or (c) lysine 72 (K72) as the

distal ligand. In all cases the proximal H18 remains intact.(17-27.28)

State V. Déopner et al. showed that two state Vs are formed upon increasing the pH further,
above pH 11.220. 229) Termed states V, and Vi, here the K ligands are replaced by another

ligand, likely a hydroxide ion or L68 (Figure 1.23).(220.229) This transition can be manipulated
by replacing Y67 and K73 with a histidine residue.(239) This second alkaline transition causes a

substantial decrease in the redox potential.(220. 229) Generally, this state is considered to be
mostly molten globule, with intact secondary and perturbed tertiary structures. Whether a
denatured molten globule state that is adopted at even more alkaline pH values (>12) is

different from V remains to be clarified.(82)
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Figure 1.23. Ribbon representation of the fully folded state of cyt c in state V, illustrating the lysine of state IV
being replaced with eicher (a) a hydroxide (OH) or (b) a leucine (L68) as the distal ligand. In both cases the
proximal H18 remains intact, (17,27, 28)

The role of temperature on folding. The thermal stability of cyt ¢ and the conservation of its
high redox potential depends significantly on the stability of the M80-Fe linkage. For the
oxidized state of the protein, thermal unfolding starts around 40 °C (313 K, pH 7), whereas
the reduced state of cyt c¢ requires much higher temperatures to initiate unfolding
(temperatures above 100 °C, 373 K, pH 7).(7> 231. 232) 'The thermal transitions of cyt c involve
the population of a thermodynamic intermediates across the pH range as temperature is
increased above 50 °C (323 K). We again follow the notation of the Theorell-Akesson state
model and additionally denote thermal intermediates with the subscript i. At higher
temperatures the protein further unfolds entering a thermally unfolded state denoted with the
subscript U. The minimal thermodynamic scheme for thermal unfolding of cyt c across the pH

range is shown in Figure 1.24.
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Figure 1.24. Proposed thermodynamic landscape of horse heart ferri-cyt c across the pH range (x-axis) and as a
function of temperature (y-axis). Constructed based upon the original notation of the Theorell-Akesson state
model, as described in the text.(17)

Thermal unfolding of state III/III*. The oxidized fully folded state of cyt c (III) begins the
unfolding process at a considerably lower temperatures in the range of 40 °C (313 K) to 70 °C
(343 K). At a temperature above 50 °C (323 K), a thermodynamic intermediate becomes
populated, termed state III;. This thermal unfolding causes a decrease in the redox potential,
and the M80 coordination was suggested to be replaced by another residue upon population of
the thermal intermediate, based on the observation of a disappearing 695 nm charge transfer
band.(84 85) Recent work by Hagarman et al. suggests the existence of a unique neutral state at
high temperature (> 50 °C) that was neither identical with state IV nor with state II1233) with

IIT; maintaining a low-spin heme iron.(23% This is also true for the aforementioned III* state

under increased temperature and its respective III" = III'; transition.(207)
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Thermal unfolding of state IV. The population of a thermal intermediate and unfolded state

for state IV begins at temperatures above 75 °C (348 K); these states are termed IV; and IV,

(233) Analysis of this region is often very complicated, owing to the possible coexistence of
multiple alkaline isomers, lysine protonation (cyt ¢ has 19 K res), and the dissociation of M80,

all thermodynamically distinct processes.(23%)

Thermal unfolding of state V. The population of thermal intermediates and the thermally
unfolded state of state V begin to populate at temperatures above 45 °C (320 K). The work of
Hagarman et al. reveals the melting of state V into at least two thermal intermediates, termed

V.1 and V,, before occupying a thermally unfolded state above 77 °C (350 K), termed V7.

Role of ion concentration on cyt c. Many of the studies aimed at explaining the relationship
between the structure and function of cyt ¢ have been performed using different solution
conditions. Most studies utilize an array of buffers, at various concentrations and variable salt
content. Moreover, there are various stabilizing and destabilizing agents utilized throughout
these studies. Cyt c is a highly charged protein (+8) at neutral pH values, making it highly
susceptible to electrostatic interactions with ions present in solution. It has been shown
through electrochemical studies by Sola et al. that ions, i.e., Cl;, HPO42, HCOs3, NOjs, SO4%,
bind to the positive patches on the surface of the protein (Figure 1.25).(236) This binding occurs
in the concentration regime chosen for phosphate buffers and NaCl additions in the majority
of studies on cytochrome c. Binding of the respective anions create a mixture of
thermodynamic states, thus complicating any thermodynamic analysis aimed at obtaining
physically meaningful parameter values.(84 236) It is often argued that the binding of anions to
positively charged lysine residues has a negligible effect on the structure of the protein.(220:229)

However, this view has been questioned based on various lines of experimental evidence. 'H-
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NMR studies have revealed salt dependent changes of chemical shifts assignable to residues in
the 83-89 region (red foldon).(21% 237239) The distance between F82 and the heme decreases
upon the increase of ionic strength.?3”) Earlier work in our group provided strong evidence on
how small structural changes, caused by differences in ionic strength and anion binding to the
protein surface, involve substantial structural variations of the Fe(III)-M80 bond, which is one
of the key determinants of the redox potential.24)) Small angle x-ray scattering (SAXS) studies
of oxidized and reduced cyt ¢ have shown an overall protein expansion under conditions of low
ionic strength and compression at higher ionic strength.(!7>) Raman studies have also shown
Tyr48 and Trp59 to be altered with changing ionic strength, reflecting an increased radius of
gyration at low ionic strength and the collapses to a more compact arrangement at high ionic
strength (as seen in the crystal structure).2#) Therefore, in order to obtain the basic
thermodynamic parameters of cyt ¢ unfolding due to changes in pH and temperature,
experimental studies have to be performed under low ionic strength. The term “basic
thermodynamic parameters” means that these experiments study ‘pure’ states and do not
depend on pH and ion concentrations. This is of particular relevance due to the fact that low
ion concentration is necessary for, e.g. the complex formation with Apaf-1 and anionic lipids as
mentioned previously.(24> 243) Altogether this provides the basis for a reference system that can
be used to quantitatively understand the role of ion binding, pH and temperature, as well as the

influence that these parameters play with respect to cyt ¢ folding.
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Heme Edge

Figure 1.25. Visualization of the electrostatic surface@*) of oxidized horse heart cyt ¢, ® indicates a positive

potential and @ indicates a negative potential (PDB: 1AKK(7). The edge of the heme which is solvent exposed is
indicated with the grey arrow.(17,28)
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1.2.4 Cyt ¢ dimerization and higher order oligomerization. For nearly half a century, it has
been known that cyt ¢ forms polymers when heated in the presence of denaturants, i.e. upon
incubation with ethanol or trichloroacetic acid (TCA).(2%) Dimerization and aggregation
typically can occur at higher protein concentrations. The formation of dimers and oligomeric
complexes of proteins, particularly with respect to membrane proteins, frequently involves one

domain of each subunit replaced by the identical domain from another subunit. The swapped

‘domain” can be as large as an entire tertiary globular domain or as small as an X-helix or
strand of a P-sheet. It has been recently shown that polymerization of cyt ¢ occurs by the

successive domain swapping of its C-terminal X-helix (Figure 1.26).(19%. 192) This creates a

population of partially folded misfolded structures where the M80-heme coordination is

significantly perturbed, causing higher peroxidase activity in the dimer than monomer.(192 246)

Figure 1.26. Ribbon representation for the domain swapped dimer of cyt ¢ (PDB 3NBS(192), (17,28)
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Unregulated domain swapping can further develop to form clusters, leading to protein
precipitates and even abnormal aggregates and fibrils. Cyt ¢ (bovine) has been shown to follow
this alternate route of aggregation, forming amyloid fibrils when heated at 75 °C for 12 h under
mildly alkaline conditions.?#) Amyloid fibrils are insoluble, highly-ordered aggregate
structures with similar morphologies (long, unbranched with often twisted structures a few nm
in diameter) and a characteristic “cross-beta” X-ray fiber diffraction pattern.(2#6 249) This
conversion of fully-folded proteins into well-ordered aggregates can occur during the folding
process of a protein. If a protein fails to fold correctly or remain folded it will likely not be able
to perform its function. This enhanced amyloid propensity was found in the case of lysozyme,
in which a single point mutation is involved in hereditary systemic amyloidosis, and is
associated with the deposit of fibers in several tissues.(25) Once formed, this unique type of

aggregate can persist for very long periods, ultimately building up and depositing in human
tissues (e.g. amyloid‘B, O-synuclein). These aggregation diseases are becoming increasingly

evident when discussing a wide range of various debilitating human pathologies (i.e.
Alzheimer’s, Parkinson’s, Huntington’s etc.).(251 252) This mechanism is still poorly understood,
although understanding these non-native forms and ways to inhibit them is necessary to

develop a therapeutic approach to various amyloid pathogenicities.(253)

Recently, the funneled energy landscape concept of protein folding (section 1.1.6) has been
extended to include protein oligomerization and fibril formation, which is now considered a
generic feature of all proteins and peptides. Figure 1.27 shows the extension of the free energy
landscape to include the conformational states available between multiple monomers leading to

oligomerization and aggregation.
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Figure 1.27. An extended energy landscape combining the protein folding perspective with aggregation. The gray
surface illustrates the roughness of the energy landscape of a protein showing multiple conformational states
available to a polypeptide chain (PDB: 1AKK).(27 192 199 While simple folding funnels can describe the
conformational changes to a functional monomer, the ruggedness of the landscape can increase as intermolecular
protein association occurs.(17-28)

In this thesis, two issues related to the folding and unfolding of cyt ¢ will be addressed. First,
the thermal transition of all six protonation states of oxidized cyt ¢ are probed by CD and
absorption spectroscopy (Chapter 2). The data was analyzed in terms of a three-state model
which considers the existence of a single thermodynamic intermediate (Chapter 4). Second, the
surprising discovery and characterization of a novel misfolded state, created at alkaline pH that
remains stable at neutral pH (Chapter 5). In this chapter it is shown that the energy landscape
of cyt ¢ is more frustrated than previously documented. Chapter 3 describes the methods to

reach these conclusions.
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CHAPTER 2: THEORETICAL BACKGROUND ON SPECTROSCOPIC STUDIES

Over the last 60 years cyt ¢ has been investigated through a large variety of experimental
approaches including multiple spectroscopic techniques utilizing a broad range of the optical
spectrum. The application of these often complementary techniques has provided valuable and
comprehensive information about the protein’s structure and function, and functionally
relevant heme-protein interactions. In this chapter we briefly describe the spectroscopic
techniques used for experiments described in this thesis. Details of the underlying theories
have been reported elsewhere and are only briefly outlined here to facilitate the readability of
this thesis. To explore the secondary and tertiary structure of cyt ¢ at a variety of solution
conditions we employed optical absorption in conjunction with UV and visible circular
dichroism (CD). The latter provides specific information about the symmetry lowering
perturbation that the protein environment imposes on the functional heme group structure.
Resonance Raman (RR) scattering was employed to determine the oxidation, ligation and spin
state of the heme iron as well as the symmetry lowering deformations of the heme macrocycle.

Tryptophan (W) fluorescence was exploited to probe the degree of protein unfolding.
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2.1 Absorption Spectroscopy. The basic theory of absorption spectroscopy is textbook

knowledge. More details about the quantum mechanical background have been provided in

numerous more specialized books and articles.(207 254 255) The Beer-Lambert law can be

applied to explain absorbance A(ﬁ) , at a given wavenumber, ¥, which is written as

A(v)=¢g(V)lc (2.1]

where [ is the path length in which light travels through a medium, ¢ is the concentration of a
substance in solution, and € is the molar extinction coefficient. €, which is generally expressed

in units of M cml, and reflects the interaction capability of the medium with an

electromagnetic radiation field. For a manifold of electronically allowed transitions, an

absorption spectrum £(V) can be described, generally, as a superposition of Voigtian profiles

e(¥) = 2 A Vf’ j dv' [2.2]
l l

oo ~ ~' 2
— vl "+ I
where f; is the oscillator strength of the transition associated with the electronic transition

dipole moment I, induced by the oscillating electromagnetic field of radiation (Ae = 108.92

D1 Mt em!). fi can be described as

ﬁ%@ﬁky

(2.3]

= ‘ [vimya

where ), and P are the electronic wavefunctions of the ground, ( |g) ) and the excited ( |I) )

states, respectively. [ and Oy are the half-widths at half maximum of the Lorentzian and

Gaussian contributions to the corresponding Voigtian profile. The half-width of a Lorentzian
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profile, [, reflects the natural lifetime as well as the dephasing of the excited state.(207) The

Gaussian distribution contains a static term due to inhomogeneous broadening, and a dynamic
contribution that reflects the coupling of a bath of low frequency modes to the respective
electronic transition. (256 257) The bath of low frequency modes coupled to electronic transitions
of the heme group involves protein motions, described in greater detail in section 2.1.3. The

electronic dipole transition moment couples the ground state ( | g) ) with excited states (| 1))
states through the absorption of a photon from the radiation field. V; is the wavenumber

corresponding to the energy difference between the | g ) and | I) states. This summation runs
over all excited vibronic states accessible by electronic dipole transitions. The electronic dipole

transition moment is defined as
i

where e is the elementary charge and 7 is the position vector operator, i.e. the coordinate of the

ith electron with respect to an arbitrary reference point.
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2.1.1 Ultraviolet absorption. The near ultra-violet (250 - 300 nm) and far ultra-violet (UV)

(< 250 nm) absorption spectra of proteins are dominated by bands assignable to transitions of

the polypeptide backbone of the protein (190 - 240 nm), and to contributions from = = =*

transitions in aromatic amino acid residues. The amide backbone m — =* and n — =*

electronic transitions give rise to far UV-bands at wavelengths shorter than 230 nm.

Far UV Mid UV Near UV

Amide backbone mt-*
Secondary structure
analysis

Trp (W) Phe (F), Tyr (Y), Trp (W)
-S-S- Aromatic side chain
environment
1 1 1 [} L L L L
1 1 1 1 1 1 1 1 1
180 200 220 240 260 280 300 320
Wavelength / nm

Aromatic transitions. The spectra of aromatic side chains, phenylalanine (F), tyrosine (Y) and
tryptophan (W), all exhibit absorption bands corresponding to = = =* transitions in the near

UV region. The indole ring of W contributes two or more transitions in the 240 - 290 nm
region with a maximum around 279 nm, Y exhibits one band around 274 nm, and F depicts a
band at 258 nm and at 200 nm.(258) Qverall, W has the most intense band in the 280 nm
region. In most proteins the number of W residues are limited, so W-bands do not typically
dominate the spectrum. Cyt ¢ contains only a single W, four Y and four F residues. The
fluorescence of the single W residue can be used to probe changes of the protein’s tertiary

structure, as explained in section 2.4.
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2.1.2 Visible absorption.

Heme transitions. The heme prosthetic group, a Fe-protoporphyrin-IX molecule (Figure 2.1)

exhibits additional transitions in the UV /visible region of the spectrum. The visible transitions
can be exploited to investigate interactions of the heme with its local 1 = =* environment.

Electronic transitions in the heme prosthetic group dominates the visible and near-UV

absorption spectrum.

Figure 2.1. Structure of the heme, an Fe-protoporphyin IX, which occurs in cytochrome c.(17 18- 28)

The visible absorption spectra of the reduced (Fe2+) and oxidized (Fe3*) cyt ¢ are shown in

Figure 2.2. In both oxidation states a strong ligand field (axial ligands H18 and M80) imposes
a low-spin configuration.(”) The spectrum of ferro-cyt ¢ depicts three bands termed B (408

nm), Qv (530 nm), and Qo (565 nm). Qu is assignable to transitions into the first vibrational
states of heme oscillators in the excited Q state. This Qo-band intensity results mostly from the

0—0 pure electronic transition (the electronic transition to and from the lowest vibrational
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state) into the Q state. In ferricytochrome c, only one band appears in the Q-band region,

which can be decomposed into a broad Qy and multiple Qu contributions.(29%: 259 The same

notion generally applies to the B-band, which is just a superposition of the 0—0 transition into

the B state combined with various vibronic contributions. The B-band (Soret) intensity is
dominated by transitions into the first vibrational states of A1, totally symmetric mode, while
Herzberg-Teller coupling involving A, type antisymmetric mode is responsible for most of the

Q,-band’s oscillator strength‘(zwl 261) All bands in the visible absorption spectra (400 - 600 nm)

can be assigned to © = x* transitions of the heme macrocycle, owing to the four orbital model

(see next section). Ferricytochrome ¢ shows additional CT absorption maxima at 695 nm

(sharp), and 655 nm, visible only in highly concentrated solutions.(205)

100

50

Absorption (%)

300 400 500 600
Wavelength (nm)

Figure 2.2. Absorption spectrum of ® oxidized and @ reduced cyt ¢ (equine), illustrating the dominant B- (Soret)
and Q-bands.(17)
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The four-orbital model. The absorption spectra of metal porphyrins can be explained through
the four orbital model.(262 263) The visible absorption spectrum of cyt ¢ (Figure 2.2) is
reminiscent of the canonical absorption spectrum of metal porphyrins, in that it shows a very
intense band at 415 nm and one broad or two narrower, less intense bands at 520 and 550 nm
(termed B- and Q-bands respectively).269) According to this theory, the absorption bands in a
porphyrin system arise from the transitions between two of the highest occupied molecular
orbitals (HOMO) and two, two-fold degenerate lowest unoccupied molecular orbitals
(LUMO,). The electronic state of the Fe-metal center as well as peripheral substituents affect

the relative energies and intensities of these transitions.

Gouterman'’s four orbital model theory assumes the porphyrin to be of Dyj, symmetry.(262 263)

Thus, the symmetry-lowering perturbations caused by the peripheral substituents, different
axial ligands and the protein environment are neglected. The electronic ground state transforms

like A 1g and the symmetries of the excited states are E, (B- and Q-bands), indicative of a two-
fold degeneracy. The lower excited state is termed Q- while the higher lying one is the B-state.
Electronic transitions are allowed only if there is a change of the parity, ie. g (gerade)— u

(ungerade) or vice versa. Hence, transitions into |Q) and |B) are electronically allowed from a

group theoretical point of view. However, since they arise from the configurational interaction
between two neatly accidentally degenerate HOMO — LUMO transitions, the B-band gains
intensity at the expense of the Q band. If the mixing of the two molecular orbital (MO)
transitions is 50:50, the Q state transition (i.e. 0 = 0) carries practically no electronic oscillator

strength (eq. 2.3). The separation of energy between the two coupled electronic states along the

coordinates can be defined as
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AE=E,—E,=6 [2.5]

In contrast to the assumed ideal state, the energies of the two HOMOs are not accidentally
degenerate. Thus, the two electronic transitions are not 50:50 mixed, and as a consequence the
probability of a transition into the Qp-state is non-zero. The degree of unmixing is described by
the parameter v. In the presence of unmixing perturbations of the electronic state, vectors are

written as

‘QG> = cos(v)‘Q2>— sin(v)‘ Bg>

2.6]
‘ BG> = sin(v)| Q2> — cos(v)‘ B§>

where |0%) and |B%) denote the electronic eigenstates emerging from complete mixin
g ging p g

(50:50); for convenience these vectors are used as a reference system.(265 266) The O indicates

the x or y direction of the two transition dipole moments of the E, twofold degenerate

transitions. v can be written as

v = arctan| ——— (2.7]
0

sl

where 6A1g denotes an electronic symmetric perturbation of the heme, which yields an

expansion or contraction of the heme core with respect to a macrocycle structure in which the
two HOMO:s are indeed degenerate. This perturbation causes a further separation between the
Bo and the Qo band and redistributes intensity from Bo to Qo transitions. Values of this
unmixing factor generally lie between 0.05 and 0.15.267) v can be determined from the

transition dipole moments found from the absorption spectrum so that
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v=arctan(Ro/Rs) (2.8]

where Rg and Rp are the matrix elements associated with the transitions into | QY% and |BO>,
respectively. We assume here that the entire dipole strength of the unperturbed state results
from unmixing of the 50:50 states, thus ignoring the small intrinsic oscillator strength of the
transition into Qp.(268) These values can be easily obtained from the integrated intensities of the

B- and Q- bands, using MultiFit deconvolution software.(269)

Vibronic side bands. A vibronic approach is necessary to explain the existence of B, and Q,.
Vibronic coupling between vibrations and electronic transitions causes displacements of
excited states along the normal coordinates. The vibronic contributions are denoted with a
subscript v. The vibronic mixing between Q,and By states can be accounted for by the adiabatic

Herzberg-Teller approximation

N=6 B(()),z aHgég’q) o Qi)/ *
0 J
|Qv,k> = | Qv,k> + ; Eg _ ESA + QJQ [2.9]

where H.(q,Q;) is the electronic Hamiltonian, which depends on the electronic coordinate g
and the nuclear coordinates QJ.(”‘)) ); is the wavenumber of the j* vibration contributing to the
vibronic side band of the Q state transition. Group theory therefore dictates for the vibronic

coupling matrix element in eq. 2.9, that its symmetry is one of the irreducible representations

into which the direct product representation E, ® E, can be decomposed:

E,QF, =A,+A,+B, +B,, (2.10]
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Thus, the A;, B, B;, and Aj, modes can in principle contribute to Q, absorption (interstate
coupling). Vibronic coupling between the B- and Q-states pumps intensity into the Q,
absorption band. The Q, band profile is then dominated by vibronic coupling contributions of

antisymmetric Ay-type modes, since they exhibit the strongest vibronic coupling strength.(271)

For reasons of symmetry, Herzberg-Teller coupling should also contribute to B, absorption.
However, the respective contributions are weak since they are proportional to the oscillator
strength of the Qo transition. The strong transition dipole moment of the B-state transitions
then facilitates contributions from intrastate coupling to B,, which is dominated by Franck-
Condon coupling involving totally symmetric Aj-modes. Some minor contributions emerge
from Jahn-Teller coupling involving Bi-modes.(26%- 272) Since the displacements of the excited
B-state potentials with respect to the ground state geometry are generally small, the effective
dipole moment for transitions into B,-states can be expressed by using Rayleigh-Schrodinger

time independent perturbation theory. This yields:

0H
ATy
—B _ q; —B
a,lAlg - QB O',OAlg [2'11]

J

This equation accounts for both Franck-Condon and Jahn-Teller coupling. It is generally
assumed that only A;,- (Franck-Condon) and B;,-type (Jahn-Teller) intrastate coupling affects

the B-band (Soret). Coupling involving Bz,-modes, which would mix By and B, components of

the excited state, is generally weak.(273-275)
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Thus far we have followed Gouterman and others by assuming a D4,-symmetry for the heme
macrocycle. However, this is not completely realistic owing to symmetry lowering forces
exerted by the protein and the peripheral substituents.(267) Asymmetric heme perturbations lift
the degeneracy of the excited Q and B-states, thus giving rise to band splitting. The influence of
By, type perturbations is likely to be the largest contributor to this type of splitting.(27% 276)
Owing to the relative large bandwidths of B and Q-bands, band splitting is generally not
detectable by absorption measurements at room temperature, whereas circular dichrosim (CD)
spectroscopy can provide the necessary resolution.(?””) Therefore, B-band splitting will be

further described in the CD section below.

Bath modes. The absorption of energy of an isolated molecule going from a ground state to a
first excited state occurs at a single, well defined frequency. A considerable fraction of the

variance of the lineshapes of the B- (Soret) and Q-band comes from broadening due to the

coupling of the electronic transitions with a bath of low-frequency modes. This yields a
temperature dependent Gaussian broadening of the respective bands. The observed line shape

is therefore describable as a Voigtian profile

Ij’pr ® 1 _V_z
(‘7_‘7 )2 +r2 IO-\/27Z- [2.12]

Jp |
L ] Gaussian Profile
Lorentzian Profile

where 0 and [ are the widths of the Gaussian and Lorentzian contributions to the convoluted

band profile, respectively. The Lorentzian contribution reflects the natural (homogeneous)
width of the electronic transition along with its high frequency mode coupling.  The
broadening of the B-band can then be used to derive the mean square fluctuation of the Fe

atom relative to the center of mass of the heme.(?57 278) This allows the B-band (Soret) to
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directly probe the local heme-iron, which is important in the development of the physical

description of the protein.

2.1.3 Charge Transfer absorption. The absorption spectrum of the ferricytochrome c¢
additionally contains some weak bands in the red and near IR region above 650 nm, which are
assignable to charge transfer (CT) processes.(27% 280) One of these bands, the so-called 695 nm
band, is a prominent spectral marker frequently used to probe the integrity of the Fe-M80
ligation. Theorell and Akesson first described this band, and later detailed its disappearance at

pH values < 2.5 and > 9.35.281) This band was originally assigned by Eaton and Hochstrasser

as an Az,(porphyrin) = A14(d.?)Fe CT transition.(?”% 280) However, more recently this band has

been attributed to a S(p.) = Fe3*(d.,) CT transition.?82) This interpretation is in line with its

disappearance in spectra of non-native cyt ¢, in which M80 is replaced by another ligand. Since
this band is diagnostic of the fully folded native state, it has frequently been used to monitor
conformational transitions into non-native states, e.g. the alkaline transition from state III into
the partially unfolded state IV. Work in our group and the Cupane group showed that this
band can be subdivided into three sub-bands, assignable to sub-conformations of the Fe3+-
S(M80) linkage.(240 283-285) The presence of H2PO4 and Cl- ions can cause a dramatic increase
in this band’s oscillator strength, indicative of a strengthening of the Fe3+-S(M80) linkage due
to anion binding to the positively charged patches of cyt c.(3% 216.236) Jon binding, in contrast to
the current belief, has shown that structural variations occurring in the heme pocket are most

likely of functional significance.(240)
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2.2 Circular Dichroism. The basic phenomenon of circular dichroism (CD) spectroscopy is
well known and has been described in great detail elsewhere.2??) CD is defined by the
difference in absorption, A, of left (L) and right (R) circularly polarized light (CPL). It can also

be described in absolute terms as the difference between molar extinction coefficients:
CD=AA(T)=A,(F)- A, (7) =&, (F)— &, (F) |lc = elc [2.13]

For the purposes of this thesis the difference in absorption will be expressed in terms of A€.

The occurrence of CD requires the presence of a magnetic transition dipole moment m

coupling ground and excited states involved in the electronic transition of the corresponding

absorption band. The corresponding operator can be written as

m=— l::—i{ﬁ}Z(;jxvi) [2.14]

2m, 2m, )5

where m. is the mass of a resting electron, e is an elementary charge, /; is the operator associated
with the angular momentum of the i*-electron, and V i the corresponding Nabla-operator. If

one considers contributions from both the electronic and the magnetic transition dipole

moment, the effective oscillator strength, is written as

£ = (i g)+ 1 (i ) (111 )~ I (1] )) = £, + G, £ 2, [2:15]

or the combined oscillator strength of the electric and magnetic dipole transition. This
expression contains the imaginary part of the scalar product of these two moments. Because
the angular momentum operator is imaginary, so too is the magnetic moment operator in the

complex space. The rotational strength, R, of the transition is therefore dependent upon both
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the electronic dipole transition moment and the magnetic dipole transition moment and is
analogous to the dipole strength of normal absorption, where the area under the CD related to

rotational strength. Rotational strength is denoted as R;and can be written as:

R, =Tm(l|d| g)(1|ii| ) [2.16]

The magnetic dipole moment exhibits rotational symmetry so that the respective transition
requires circular polarized light. Substituting fi in eq 2.3 with f;-R yields the extinction profiles
for left and right handed CPL. The difference of these two profiles also can be written as the

superposition of Voigtian profiles

(2.17]
where the prefactor Aae is now 4.03 DBM1 M1 cm1.287) CD reflects the simultaneous

occurrence of a transfer of charges, giving rise to an electronic dipole transition moment, or the
net linear displacement of charge, and a circular motion of charges, which gives rise to a
magnetic dipole transition moment. For a chiral molecule electron rearrangements during a
transition require that the electronic and magnetic dipole moments are not perpendicular onto
each other, and can therefore produce a CD spectrum without an external perturbation.
Achiral molecules can acquire CD activity through extrinsic (asymmetric) interactions,
inducing chirality by lowering the symmetry of the heme group. The physical basis of this
observation is that transition dipole moments associated with electronic transitions of the
protein can induce a magnetic dipole moment at the heme.(288 289) The total magnetic dipole
moment can then be obtained by adding the induced magnetic dipole moment to its intrinsic

magnetic dipole moment
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—

P = O| My +iITR; X % [2.18]
J

J

where Y is the dipole moment of the j* group, A is the wavelength of the j electronic

transitions, and R; is the distance vector from the heme to his group.2’¥ When this
perturbation produces a magnetic dipole vector that is not perpendicular to the heme,
rotational strength is induced into the heme electronic transition. This allows the CD spectra
to be highly sensitive to a number of factors (i.e. protein rigidity, environment, polarizability).

These interactions can significantly alter CD spectra, especially if the distance between them is

less than 10 A.(290)

If the considered transitions are well separated, i.e. the respective band profiles do not overlap,
the shapes of the corresponding absorption and CD bands are identical. The CD band can of
course be positive or negative. However, if two optical active transitions of a chromophore are
in close proximity, the envelope of the overlapping CD band can be quite different from that of
the overlapping absorption band, because the respective rotational strengths do not necessarily
scale with the corresponding absorption bands. In the case where two transitions are nearly
degenerate and exhibit rotational strengths of opposite sign one obtains a couplet, i.e. a
superposition of a negative and a positive Cotton band.(287) This produces a crossover energy
coinciding with the peak of the absorption band illustrated by the red line in Figure 2.3.
Alternatively, in the case of two overlapping transitions with comparable oscillator strength and
different (both positive or negative) rotational strengths, the peaks of CD and absorption band

do not coincide. This is exactly the case for the native state of deoxymyoglobin.
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Figure 2.3. CD resulting from the coupling of a transition between two degenerate chromophores. This

ovetlapping positive and negative band results in an overall cancellation of an excitonic spectrum.

2.2.1 Ultraviolet circular dichroism. The amide backbone 7 — =* and n — =n* electronic

transitions give rise to far UV-bands below 230 nm. They exhibit strong CD, which reflects the

chirality of secondary structures. Shape and intensity of CD signals are to a major extent
determined by excitonic dipole coupling between 7t = 7* as well as =1 = =* and n = #*

transitions in different peptide groups of the polypeptide chain.(2)) This coupling depends on
the dihedral angles (Figure 1.1) so that different secondary structures yield significantly

different CD spectra.(292) It has recently been shown that polarization effects can contribute as

well, i.e. higher order side chain (O = O”) transitions contribute to the UVCD signal.(2%3)

Proteins containing large fractions of &-helices yield UV-CD spectrum with negative maxima
at 222 and 208 nm and an intense positive maximum at 192 nm. Proteins containing a

substantial amount of B-sheet exhibit UV-CD spectra with minima at 210 nm and maxima at

190 nm, the relative intensities of which are less than those of the bands in spectra of X-helices.

The helical content of a protein can be roughly estimated from the dichroism at 222 nm.(258 294)

The respective spectrum of a unfolded statistical coil exhibits a negative band around 197 nm,
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which results from the polyproline II fraction of the conformational ensemble.(258 277) A
protein with substantial fractions of both &-helices and B-sheets yields a UV-CD spectrum

characteristic of a superposition of the respective spectra.

A more quantitative analysis of secondary structure composition can be carried out using
prediction software, such as the neural network analysis (K2D),(295297) rigid regression (Contin
program),298) variable selection (VARSLC program),(2%?) and the self-consistent method
(SELCON program).(292 300, 301) CD spectra obtained below 200 nm are often limited for
conventional instruments, due to the constraint of the Xenon arc lamp light source, which loses
a significant amount of intensity below 190 nm in the so-called vacuum ultraviolet region
(VUV), due to strong oxygen absorption. This limitation results in higher variability in the
quantitative analysis of secondary structure composition.3%2) Valuable information is gained by
extending the spectra into the VUV region (<190 nm) through the use of a short pathlength
quartz cell. The comprehensive secondary structure analysis routine, Dichroweb, can be used
with many of the most popular structural determination algorithms and several reference sets
encompassing a wide range of wavelengths to obtain secondary structure fractions.(303-305) A

goodness-of-fit is also provided to allow the judgement of the reliability of the analysis.

More qualitative information about the state of a protein’s tertiary structure can be obtained by
using the results of a statistical analysis of the UVCD spectra of a large number of rather

different proteins. Uversky recently showed from the reported CD spectra of ~100 proteins
that the molar ellipticity [8] at values of 200 nm and 222 nm could be graphically represented
in a two-dimensional plot. Different regions of the plot can be related to different types of

protein structure. 3%0) However, we prefer to use the physically easier to interpret A€ notation
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as opposed to [0]. Figure 2.4 shows this so-called “double-wavelength plot” of A&z, versus

Ag300, which can be utilized to further characterize the state of proteins in terms of structurally

distinct groups.(3%¢) The type of ordered structure in a sample can be identified depending on
where its coordinates lie on the “double-wavelength plot”. As shown in Figure 2.4, different
regions of the plot are associated with different types of protein structure, such as coil-like, pre-

molten globule (preMG), molten globule (MG), and globular (G).
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Figure 2.4. The so-called “double-wavelength plot’, Agp22 vs Agp((, as introduced by Uversky showing

coordinate regions of ~ coil, @ pre-molten globule (preMG), @ molten globule (MG), and @ globular structural
conformations.(17 306)
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2.2.2 Circular dichroism of the heme chromophore. It's well established that heme-protein
interactions can modulate the function of heme proteins.(7: 24 115 249, 307, 308) [ the case of an
ideal porphyrin environment, the effective point group of the heme would exhibit Dy,
symmetry, which is achiral. Hence, one would expect that heme electronic transitions would
show no or very weak CD activity. Yet the visible CD spectrum for the oxidized state (Figure
2.5) of cyt ¢ (pH 7) shows a very pronounced B-band couplet arising from two overlapping
individual transitions having opposite rotational strength and a splitting of the excited states

due to symmetry lowering perturbations induced by the protein environment.(267)
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Figure 2.5. CD (top) and the baseline corrected (370 absorption (bottom) spectra of the B-band (Soret) region for

B ferro- and u ferricytochrome c at pH 7. Each spectrum corresponds to the average of five accumulations.
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The B-band splitting is changed by conformational transitions involving alterations of the Fe
spin state, temperature, and pH. Figure 2.5 shows the significantly different B-band couplet of
oxidized (blue) and reduced cytochrome ¢ (violet). The shapes and positions of the CD (top)
and the corresponding absorption bands (bottom) do not coincide. This observed non-
coincidence indicates a splitting of the excited B state due to heme-protein interactions. This
splitting is not large enough to be resolved in the absorption spectrum and has been found to
disappear at higher temperatures.(233) The splitting of the B band reflects contributions from

electronic splitting owing to the quadratic Stark effect.

The shapes of the two Cotton bands of the couplet are not identical owing to contributions
from vibronic transitions into the first excited vibrational states, which differ for Bg and B, due
to the influence of vibronic Big-type deformations on vibronic coupling matrix elements.(275 309)
This electronic perturbation has two sources. The first and dominant one is a quadratic Stark
effect induced by the internal electric field in the heme pocket. A second, minor contribution
can be assigned to the influence of numerous non-bonding interactions between the heme and

the protein.

The first theoretical approach to understanding the rotational strength of the heme described

the Cotton effect of the B-band in terms of a coupled oscillator model that considers transition
dipole coupling between = 7* transitions of the heme and of nearby aromatic side chains.(28

310) Later, the CD B-Band of different oxidation and ligation states of the Heme undecapeptide
of cyt ¢ heme and ferrimyoglobin were simulated, revealing that out-of-plane deformations of
the heme macrocycle eliminate the heme’s inversion center, and contribute substantially to the

rotational strength of the respective transition.(238) Moreover, this study found that dipole

coupling between the m—x* transitions of the heme and the protein backbone can
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substantially contribute to the rotational strength of the Soret band, in spite of the large energy
difference of the respective electronic transitions. Even higher lying peptide transitions,

classically modeled by polarizabilities, were found to contribute to the B-band (Soret) CD.(283

288, 289, 311-313)

The heme environment interacts directly with the heme and induces both in- plane and out-of-
plane deformations of the heme macrocycle.(272 314.315) "The crystal structure of cyt ¢ has been
shown to exhibit larger nonplanar heme deformations than other heme proteins, i.e myoglobin
and hemoglobin, mainly due to the additional covalent bonds between the heme and the
protein.(174 316) The nonplanarity of the heme, or out of plane heme deformations (OOP), can
be described in terms of the static normal coordinate deformation, often referred to as the
normal coordinate structural deformation, which is classified by the irreducible representations
in the Dy, point group.(31% 317) The basic theory of OOP deformations has been published in
earlier work.(265 318-320) The normal heme deformations are: propellering (A;,), doming (A,,),
ruffling (Bj,), saddling (B,,), and waving (E,). B1g and By, type vibrations induce an asymmetric
in-plane deformation of the porphyrin and lower the symmetry from four to two-fold, i.e. Dy,
— Cuy. Az type vibrations induce an antisymmetric in-plane deformation of the macrocycle
and can be considered as a combination of clockwise and anti-clockwise rotation, which

preserves the four-fold symmetry but lowers it from Dy, = Cy,. These symmetry modes are

involved in different types of vibronic coupling. For horse heart cyt ¢, the B Ig deformation is the

most prevalent. A linear combination of these distortions can be used to classify and quantify

heme distortions.(321)
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Figure 2.6. A1, Az, Bigand By, type deformations of the heme macrocycle.

2.2.3 Visible circular dichroism. Visible CD has frequently been used as a tool to probe the
intactness of the heme environment in heme proteins, and is particularly prominent in protein
folding studies of cyt ¢.(322 323) With respect to cyt ¢ studies, CD measurements focused on the
B-band region (between 350-450 nm) because of its superior intensity.(148 324-326) This intensity
allows for this region to serve as an ideal probe of heme-protein interactions and thus of the
tertiary structure changes involving the heme pocket. For the oxidized state, a very pronounced
couplet is obtained at the positions of the B-band (Soret), and the couplet of the reduced
protein is substantially different from that of the oxidized species (Figure 2.5; top).
Additionally, the CD spectra of the folded and partially unfolded states of ferri-cyt c differ
significantly. The former shows a very pronounced couplet, whereas the latter all exhibit
positive Cotton bands, which appear to coincide with the position of the respective absorption
bands.(327) The apparent coincidence between absorption and CD suggest that band splitting is
small. The total band splitting values arise from a combination of electronic and vibronic
perturbations.328) Interestingly, the CD bands exhibit a narrower profile than the
corresponding absorption bands. In the case of non-coincidence the CD band is assignable to a
single component of the B-state transition (Bo and B,). These non-native partially unfolded

conformations will be the subject of chapter 4.
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2.3 Raman Spectroscopy. Raman and resonance Raman (RR) scattering theory is well
established and have been described in great detail elsewhere.32%) Briefly, the theory of

resonance Raman scattering at metal porphyrins can be described as the spontaneous Raman

scattering that results in first order from an electric dipole moment, i , induced by the electric

field component E of an electromagnetic field

u=QaE [2.19]

where & is the molecular polarizability tensor. If the frequency of an exciting laser beam

coincides with an electronic transition between molecular eigenstate, i.e. it lies within the
wavenumber range of an optical absorption band, the Raman bands of vibrational modes
vibronically coupled to this transition become resonance enhanced.

Resonance Raman scattering involving heme vibrations therefore requires excitation in
the B- or Q-band region of the optical spectrum of cyt c. The polarizability tensor for resonance
Raman (and resonance Rayleigh) scattering processes is generally calculated using the

Kramers-Heisenberg-Dirac (KHD) equation

_— (FIR ) i)(ilR,|2) ) (FIR,i){i|R | ¢)

" TE-E QT E+E-Q, il [2:20]

i
1 ]

Resonance Term Non-Resonance Term

where O denotes the components of an arbitrary molecular coordinate system (x, y, 2); | g » and
| £ denotes the total wavefunctions of the initial and final state of the scattering process; () is

the wavenumber of the exciting radiation; | i) is an intermediate energy state E; ; and [;is the
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damping constant associated with the excitation of this state. The first term of this equation
describes the resonance enhancement for excitation wavenumbers approaching the transition
energy, and the second term is the so-called non-resonance term. The numerator of the KHD
expression describes two consecutive electronic dipole transitions involving the initial,
intermediate and final states. If the excitation frequency lies within the bandwidth of the
absorption band, the non-resonance term should be neglected. Contributions from nearby
excited states can interfere constructively or destructively. However, because of the timescale
differences in the electronic and vibrational components of the total wavefunction, these are
usually separated using the Born-Oppenheimer approach, as a way to simplify the complicated

Schrédinger equation for a molecule

We,v = ee(q’Q)(pe,v(Q) [2‘21]

where Y., is the total vibronic wavefunction, ee(r,Q) is the electronic wavefunction for a fixed

set of nuclear coordinates Q, and (Q) is the vibrational wavefunction of the electronic state |

e>. The latter represents the electronic state and Q denotes the nuclear coordinates.

This approach can be used for porphyrins, in which vibrational modes coupled to the
macrocycle appear as strong bands when the excitation frequency is tuned to the resonance
frequency of the porphyrin absorption bands. Based on the assumption that the excited-state
displacements are small compared with vibrational amplitude (weak coupling limit), the
Raman tensor for a porphyrin can solely be accounted for by single mode contributions.33%)
This can be accounted for by expanding the vibronic wave functions to third order, which yields

a somewhat lengthy expression for the Raman tensor in porphyrins:
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Where resonance Raman (RR) activity is dependent upon vibronic coupling matrix elements

¢l = HI Q) = l% m (10,0} 23]

Im
J

where [, is the symmetry of the Raman active vibration in the Dan point group, Q, and q

represents the nuclear and electronic coordinates.

Selection Rules for Raman Spectra. As any non-linear molecule, porphyrins have 3N-6 net
vibrational degrees of freedom. To determine whether these vibrations are Raman active,
selection rules must be applied to each normal vibration. The selection rules define the

transition probability from one eigenstate to another. A vibration is considered Raman-active if

the polarizability, &, is changed during the vibration (eq. 2.15),1.e. dax/9Q #0 .

The high symmetry of the heme porphyrin greatly facilitates vibrational analysis. Within Dyj,
symmetry the in-plane and out-of-plane modes can be distinguished.(33133%) Since the
transition dipoles lie in the porphyrin plane, resonance enhancement is only expected for the
gerade in plane modes. The entire set of in-plane modes can be subdivided into 9 Az, 8 Az, 9
Big, and 9 Bz, modes (Table A.3). The non-degenerate in-plane modes are Raman-active,

whereas the 19 degenerate E, modes are IR-active. This scattering mechanism holds for modes
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that belong to the irreducible representations obtained by the direct product of the electronic
transitions involved, i.e. E, ® E, for the vibronic coupling matrix element in eq 2.22. From the
third order approach, vibronic coupling must therefore be of A1, Az, Bip, Bz, symmetries.
Depending on excitation, there is a stronger enhancement of the totally symmetric (A1), or the
non-totally symmetric (Bi1g, Az, Bz,) modes. The Raman spectra obtained with excitation lines
within B-band absorption contain predominantly vibrational bands originating from the totally
symmetric Az, modes, among which the most prominent ones are found between 1300 and

1700 cm!, which mainly include the stretching coordinates of the tetrapyrroles macrocycle.(333)

2.3.1 Resonance Raman scattering of porphyrins. Cyt ¢ was one of the first heme proteins
for which a strong enhancement of Raman scattering assignable to heme vibrations was
obtained with B-band excitation.(164 335337) Excitation in the B-band region selectively
enhances predominantly totally symmetric A1, modes. Contrary to conventional belief,(332) A,
modes can also induce interstate (HT) vibronic coupling, which allows for the detection of the
respective Raman bands if the heme group is excited in the region between Q, and Bo-
transitions.(337) The Jahn-Teller (JT) effect is associated with an excited state distortion, which
occurs along the Raman normal coordinate, with opposite sign for the x and y components of a
twofold degenerate state. Vibronic coupling due to Bi,- and Bz, modes is intra- and interstate

(JT and HT), whereas Az, modes can induce only interstate HT coupling.
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2.3.2 Electronic and Vibronic Perturbations of the porphyrin macrocycle. Changes in
electronic and vibronic perturbations in the vicinity of the heme macrocycle are significant and
should not be neglected. The pure electronic wave functions of the porphyrin electronic states
involved in resonance Raman scattering results from B- and Q-band excitation owing to
Gouterman’s four orbital model, as described in sect. 2.1.2.(266) A distinction should be made
between a perturbation and a deformation, as these cause very different effects.(338 339 A
perturbation of the heme in proteins is an external potential produced by covalent contacts (in
cytochrone c), axial ligands, hydrogen bonding, enumerable van der Waals contacts between
heme and protein cavity and the external electric field. Such a perturbing potential moves the
nuclei of the chromophore in the ground and excited states, thus causing a heme deformation.
Electronic perturbations of Big-symmetry unrelated to the quadratic Stark effect can mix the
B- and Q-states and cause a splitting of the optical spectra. The matrix elements of the
asymmetric perturbations By, Bz, and Ay, are small compared with the respective energy
difference between Q and B. The vibronic perturbation reflects the variation of the perturbing

potential by vibrating nuclei. They affect the eigenenergies of the vibronic B and Q-states.

(338-341) In the presence of an asymmetric deformation [, the vibronic coupling matrix elements

(eq. 2.23) can be written as

m <1|61ir"’0> [2.24]

in which the first term transforms as [ and the second term transforms like the product
representation [; (first term) ® [ (second term), with I'; = A1, Big, Bag Az, The Biy modes are

. . . . .. A A .
likely to provide the strongest contribution to band splitting. c,; and ¢y reflect intrastate

Frank-Condon (FC) coupling in the Q and B-state. c,,

o5 » Accounts for interstate Herzberg-
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Teller coupling between B and Q. If I = By, B, C(EQ and ¢y, reflects intrastate Jahn-Teller

(JT) coupling within B and Q.(272 342)

For Dg,-symmetry (i.e. the second term in 2.20 is zero), the Raman tensors for the resonance

Raman active modes can be expressed in terms of the McClain tensor(343)

e 0 0 ¢
Al(l,m)z | Az(l,m)— A
0 c,;j —clﬁ 0
2.25
s 0 0 ¢ 225]
A(L.m)= | Bm=|
0 —c,;,f C ot 0

where the tensors z-components are zero since electronic dipole transitions perpendicular to
the porphyrin plane do not contribute to the optical spectrum in the wavelength region
investigated. When the porphyrin is in low symmetry, admixtures of all deformation types

occur (i.e. A1y Big Bag, and Az, and thus all McClain tensors contribute to the Raman tensor.
The vibronic coupling operator of a Raman active porphyrin vibration , Q",, from eq.

2.25 is expanded in a Taylor series to yield

r aI:Iez,o (q’Q) n ZZ 0’ [:Iez,o (q’Q)

= - a .Fi 2.26
“S ool T4 a0l agh 2:26]

1
where ['7 is the lowered symmetry group representation with respect to the normal coordinates

of the induced distortions, classified in terms of irreducible representations of the Dy, point

group. The Raman tensor, for first order contribution, can be written as a sum of the McClain
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tensors of the same symmetry type [(Q,) weighted with the corresponding frequency (found in

the denominator) and electronic transition dipole matrix elements. Deviations can be
rationalized in terms of an admixture of contributions from terms other than Ajgin the second
term on the right side of eq. 2.26. The symmetry of the heme is lowered via symmetry-lowering
perturbation by peripheral substituents and heme-protein interactions. The polarizability for

the lowest possible symmetry can then be written as a two-dimensional McClain tensor

<1

a,(%)+b,(%) b, (5)+a,(7)

o= N N 3 227
by (7)) =ay, () ay, (3,)=bs, (7) 227

<

[

where the tensor elements can be calculated as the superposition of all scattering amplitudes

brought about by Herzberg-Teller and Franck-Condon/Jahn-Teller coupling within the B- and

Q- states. (260, 272)

2.3.3 Structure sensitive heme vibrations

Heme normal modes. The heme of cyt ¢ can take on a variety of oxidation states (namely
Fe(II), Fe(III)), spin states (high, low and intermediate) and coordination numbers (four, five,
and six) dependent on experimental conditions. This makes it important to find the
spectroscopic bands that are sensitive to these parameters. The heme modes of oxidized and

reduced cyt ¢ and their wavenumber positions are listed in Appendix A.4 using the notation of

Abe et al.344)
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Oxidation, spin state, and core size markers. The normal modes of oxidation and spin
marker bands appear in the higher frequency range (1300-1700 cm) and originate
predominantly from highly coupled C=C and C-N stretching vibrations of the heme. (344-346)
RR frequencies of the marker bands that are characteristic of oxidation state, spin state and

iron-ligand interactions are listed in Table 2.1 for ferri- and ferro-cyt c.(273: 347-349)

Table 2.1. Resonance Raman Bands (cm™) of Cytochrome c Sensitive to Oxidation and or Spin State(®

Oxidation State Markers ~ Spin State Markers ~ Oxidation and Spin State Markers

Ocxidation State ~ Species va vi1 v2 V19 v3 vio
Fe(I1I) 6cLS 1373 1562 1584 1582 1502 1635
1374 1588 1506 1640
5cHS 1371 1577 1497 1623
6cHS 1370 1570 1485
Fe(II) 6¢cLS 1361 1548 1591 1585 1491 1621
1360 1592 1494
6cHS
5cHS 1354 1547 1572 1470 1606

The v4 RR mode, exhibiting Aj, symmetry in Dy, is predominantly a pyrrole half-ring
symmetric stretch (Figure 2.72). This band is most intense with B-band excitation, and is
generally used as an oxidation state marker. For cyt ¢, the reduction of Fe(III) to Fe(II)
downshifts this band by 12 cm! (Table 2.1).345) This has been interpreted as being caused by
an increase in electron back donation from the Fe(II) to * antibonding porphyrin orbitals
upon Fe reduction. This effect has been shown to be enhanced by electron rich axial ligands, as
in the thiolate of cytochrome P-450 (1350 cm), making the v4 mode an unambiguous

oxidation state marker.(350)

v10 is the most prominent Bj,-type mode. Its normal mode pattern is shown schematically in
Figure 2.7b. The band’s wavenumber position depends on the spin and the ligation state of the

heme iron (Table 2.1). In the high spin ferri-state, the band appears at 1622 cm-!, whereas the
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spectrum of the corresponding low spin hexacoordinated Fe(III) state exhibits this band at
1638 cm1.(3%5) Non-planar deformations, like macrocycle ruffling, cause this band to shift to
lower wavenumber positions.(35) To a lesser extent this is also true for the Az, vi9 and the By,

v1; mode.

V10

Figure 2.7, Normal mode pattern of the oxidation and spin marker, for (a) v4 and (b) vio, heme deformations.(”
28)

The heme macrocycle is quite flexible, and its structure is influenced by the iron-nitrogen
distance (core size) and by substituent steric interactions. (352 353) The v, v3, vi0, v11, and v19 are
core-size sensitive marker bands, the wavenumber position of which serves as an indicator of
the degree of heme macrocycle nonplanarity.352 353) The core size increases with decreasing
nonplanarity. For example an increase in the iron core size upon oxidation would result in a
flattening of the porphyrin.35%) The CxxC segment of the protein moiety is primarily
responsible for inducing the ruffling of the heme in both horse heart and yeast cyt c. This
interaction suggests a role for the core size and its environment in linking the heme active site
directly to the protein. Pentacoordinated high spin iron systems generally have doming

macrocycles as the dominant non-planar heme distortion, e.g. deoxyhemoglobin/myoglobin.

(355)
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Depolarization Ratio. The different resonance Raman active modes reveal unique polarization
P que p

properties, which can be readily understood by classical treatment of the Raman scattering
tensor.34) The depolarization ratio of a Raman band is defined as the ratio of integrated

intensities of radiation scattered perpendicular and parallel to the polarization of the exciting
laser beam (p = I1/Iy). In ideal Dy, symmetry, a heme molecule with a symmetric in-plane
arrangement would have a depolarization ratio (DPR) of the A, Az, Bi, and Bz, modes

independent of the excitation frequency. %) The A1, band is totally polarized (p = 0.125), Az,

is inverse polarized (P = oo), and the By, and Bz, both produce depolarized scattering (p =
0.750). In reality the DPR reflects the influence of asymmetric distortions on the porphyrin.

Deviations from these values reflect admixtures of tensor elements Xpo (eq. 2.22) describable

by invariants of the isotropic, anisotropic, and antisymmetric components (') into the Raman

tensor for the lowest possible symmetry:

3 ay,(V)+5a;, (V) +2[ b}, (V)+ b5, (V) ]
4 6ar, (V)+2[ b}, (V)+b3,(V)]

[2.28]

Table 2.2 shows the relationship between the symmetries of in-plane heme deformations and
symmetries of admixtures to the Raman tensor as described by the second term in eq. [2.25]
for the different D4p-symmetries of Raman allowed heme vibrations. To help illustrate this, we
consider a mode of Bi; symmetry. If the deformation is of Bi, symmetry, the corresponding
vibronic coupling operator would have Aj, symmetry, which would in turn lower the DPR
from 0.75. Admixtures of B, and By, due to A, and Azp-type deformation do not change the

DPR, while By, deformations would increase the DPR by admixing A,-contributions to the
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Raman tensor. In-plane heme deformations are generally smaller than out-of-plane distortions
and lie in the range between 0.02 and 0.2 A.G3D) In-plane and out-of-plane deformations
proceed along the normal modes, which by definition are independent in the harmonic
approach. Even though it is not clear from elementary theory, non-planar deformations can

make out-of-plane modes of the heme Raman active.

Table 2.2. Correlation between the symmetry of a Raman vibration (I}, first row), deformation

(T, first column), and the symmetry of vibronic coupling admixture to the Raman tensor
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2.4 Fluorescence. The basic theory of fluorescence spectroscopy and features of protein
fluorescence is well known and has been described in several reviews.(356-359) Intrinsic protein
fluorescence can often be utilized for biochemical application owing to the three aromatic
amino acids (E Y, W) or the heme porphyrin. As previously mentioned, these three amino
acids are relatively rare in proteins. Fluorescence emission is observed if the emission process

has a lifetime that is faster than the nonradiative loss of excitation energy.

2.4.1 Resonance Energy transfer. Forster resonance energy transfer (FRET) is a
phenomenon in which nonradiative transfer of energy occurs between a donor (D) and
acceptor (A) molecule in close proximity. The theory of energy transfer is based on the concept
of a fluorophore acting as an oscillating dipole, which can exchange energy with another
oscillating dipole with a similar resonance frequency over a long range between a D to an A
fluorophore. The energy transfer efficiency is strongly dependent on the distance between D
and A. Any changes in the fluorescence lifetimes represent changes in the efliciency of energy
transfer and thus the distance between D and A. The energy transfer rate, k1(r), from donor to

an acceptor is given by

k,(r)= L(&)
o\ r

[2.29]
where Tp is the decay time of D in the absence of the A, Ry is the Forster distance, and r is the

distance between D and A. The k1(r) is equal to the decay rate of D (1/Tp) when r is equal to

Ro and the transfer efliciency is 50%.359) The 1/R¢ dependence of kr(r) makes FRET very

sensitive to even small changes in the vicinity of Ro.
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2.4.2 Tryptophan 59 fluorescence. FRET can be used to probe the energy transfer in Cyt ¢

between the heme chromophore and the single tryptophan (W59). Unfolding with mild
denaturing conditions results in a strong increase in tryptophan fluorescence as the distance
between the heme and W59 increases. These changes in fluorescence efficiency during protein
unfolding are often very large. The fluorescence of the W residue can be measured selectively by
excitation at wavelengths shorter than 295 nm, where Y does not absorb. W in this case serves
as the FRET D and the heme cofactor serves as the A, located within 10 A of the heme iron in
its folded state II1.(27 156. 183) When the protein is folded, energy is transferred from the excited
W to the heme group, resulting in the quenched W fluorescence (pH 7). As unfolding occurs
the distance between the D and A increases, thus decreasing efficiency of energy transfer and
resulting in an increase in fluorescence signal‘ A substantial increase in W59 fluorescence is
therefore indicative of a more extended protein conformation with an average Trp-heme
distance larger than 35 A. 45183 Since the heme is covalently linked to the protein backbone
FRET can be used as a direct probe to study tertiary structural changes in cyt ¢ conformation

associated with the folding or unfolding process (Figure 2.8), (183, 360)

Figure 2.8. Cartoon representation of fully folded to an unfolded state of cyt ¢, (PDB: 1AKK (27)) illustrating the
increasing distance between the Trp59 (D) to the heme (A) giving rise to FRET. Example shows D to A distance

increasing from 8.7 A in the F state to 41.1 A in the U state.(17: 18,28)
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CHAPTER 3. MATERIALS AND METHODS

Oxidized Protein Preparation. Cytochrome ¢ (Cyt ¢) from equine was purchased from
Sigma-Aldrich (St Louis, MO), with >95 % purity. The crystalized form used was precipitated
from acetic acid (AcOH - C7752). However, additional Cyt c crystals precipitated from
trichloroacetic acid (TCA - C2506) were additionally used where specified. The protein was
dissolved at concentrations of 0.05 mM, 0.5 mM and 5.0 mM in a 0.1 mM monobasic
potassium phosphate buffer (pH 7.2) (Sigma-Aldrich). The low molarity of the buffer ensured
that the anion concentration was always below the region in which small anions can bind to the

protein (~50 mM).(162 240, 361) Complete oxidation of the protein was achieved by adding

around 2 UM potassium ferricyanide (K[Fe(CN)s]) (Fisher Scientific, Pittsburgh, PA) to the

sample. In a second step, a PD MidiTrap G-25 column (GE Healthcare, Mickleton, NJ) was
pretreated with a solution of potassium ferricyanide to compensate for the nonspecific
interactions, i.e. reducing nature, of the Sephadex gel when using buffers with ionic strength
outside of the 0.15 M to 1.5 M range.(3¢2 363) The protein solution was then passed over the
column, at pH 7.2, removing excess oxidizing agent or other impurities.3¢4) The pH of the
eluted samples was measured using an Accumet AR50 benchtop meter with Accumet micro
size glass combination electrode (Fisher Scientific, Pittsburgh, PA) and subsequently titrated to
various pH values between 1 and 14 using small aliquots of 0.1 M HCl or 0.1 M NaOH. The
electrode response was measured using a two-point standardization, with an efficiency >95%,
indicating that the error is less than +£0.05 pH per pH unit. Absorption and CD spectra were

immediately recorded after each titration. The final concentration of cytochrome ¢ was verified

by measuring Soret band absorption at 410 nm (€= 1.06 x 105 M-l em-!; pH 7).(159)
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Reduced Protein Preparation. Equine ferricytochrome ¢, precipitated from AcOH, was
obtained from Sigma-Aldrich and dissolved at a protein concentrations of 5.0 mM, 0.5 mM or
0.05 mM in a 0.1 mM monobasic potassium phosphate buffer, KH2POj4. A small amount of
sodium dithionite (Na2S204) was added to the solution to reduce the protein. The pH of the
eluted samples was changed using small aliquots of 0.1 M HCI or 0.1 M NaOH and
immediately measured using a Fisher Scientific Accumet AR50 benchtop meter with Accumet
micro size glass combination electrode and subsequently titrated to various pH, following the

calibration method mentioned above.

Denatured Protein Preparation. Equine ferricytochrome ¢, from AcOH, was obtained from
Sigma-Aldrich and dissolved at a protein concentration of 0.5 mM in a 0.1 mM monobasic
potassium phosphate buffer following the method described above. Urea, from Sigma-Aldrich,
was added to the solution to make a 9M urea solution. The pH of the eluted samples was
changed using small aliquots of 0.1 M HCl or 0.1 M NaOH and immediately measured using
an Accumet AR50 benchtop meter with Accumet micro size glass combination electrode
(Fisher Scientific) and subsequently titrated to various pH, following the calibration method

mentioned above.

Misfolded Protein Preparation. Equine ferricytochrome ¢, from AcOH, was obtained from
Sigma-Aldrich and dissolved at protein concentrations of 0.5 mM or 0.05 mM in a 0.1 mM
monobasic potassium phosphate buffer. We employed a sample preparation similar to a

protocol previously developed by Alessi et al., which avoids photo-reduction of the sample in
resonance Raman experiments after its oxidation with around 2UM potassium ferricyanide

(K[Fe(CN)g)).(39) First, the pH of the sample was adjusted to 11.5 to neutralize the positive
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patches on the protein surface. Several lines of experimental evidence suggest that the protein
adopts a partially unfolded state V at this condition.(157 205 206, 225, 233) In a second step, the
protein was allowed to stay at this pH for varying time periods at 5 °C. A PD MidiTrap G-25
(GE Healthcare) or Sephadex G-75 (Pharmacia Fine Chemicals, Inc., Piscataway, NJ) column
was pretreated with a solution of potassium ferricyanide to compensate for the reducing nature
of the Sephadex gel. The protein solution was then passed over the column. This treatment
removes any excess oxidizing agent or other impurities.3¢4) Finally, the pH of the eluted
samples was titrated from 11.5 down to various values between 11.5 and 4.0 using small
aliquots of 0.1 M HCI The low molarity of the buffer used ensured that the anion
concentration was always below the region in which small anions can bind to the protein. (162
240, 361) 'The final concentration of cytochrome ¢ was verified by measuring Soret band

absorption.

Protein Hydrolysis. Complete protein hydrolysis was achieved by producing a 3 M NaOH
sample solution degassed with N and heated for 8 hours at 100 °C. After cooling, the alkali
solution was neutralized with an equivalent amount of 1 M HCI prior to adjusting the sample

to the pH of interest.(366)

Size Exclusion Gel Chromatography. The sample was passed over a Sephadex G-75 column
(Pharmacia Fine Chemicals Inc.) at room temperature. The column was pretreated with
potassium ferricyanide to compensate for the nonspecific interactions, i.e. reducing nature, of
the G-75 Sephadex gel when using buffers with ionic strength outside of the 0.15 M to 1.5 M
range. Aliquots were removed in regular intervals for electronic circular dichroism (ECD) and

absorption measurements.
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Gel Electrophoresis. Proteins were separated using a precast 4-20% polyacrylamide gel

(Thermo Scientific) with Tris/Glycine running buffer under non-denaturing conditions. Each
well was loaded with 5 PL of the aqueous cytochrome ¢ samples and electrophoresed using a

Mini-PROTEAN Tetra Cell (Bio-Rad, Hercules, CA) with FB1000 power supply (Fisher

Scientific), with a constant voltage (200 V; 20-50 mA) for ca. 30 min per gel. Protein
molecular weight distribution was assessed with 5 UL of SeeBlue Plus2 Prestained Standard

(Invitrogen, Grand Island, NY). The gels were then stained using ProteoSilver Plus Silver stain
(Sigma-Aldrich). Following staining, the gels were photographed with a 5-megapixel HDR

digital iSight camera (Apple Inc., Cupertino, CA) and analyzed using Image].(367)

Absorption Spectroscopy. A Perkin-Elmer Lambda 35 UV/Vis spectrometer (Shelton, CT)
was used to measure the spectra of the charge transfer (CT) region between 550 and 750 nm,
with a data pitch of 0.1 nm, a continuous scanning speed of 480 nm/min, a response time of
1.0 s, and a bandwidth of 2 nm. A 10 mm quartz cell (Helma, Miillheim, DE) was used as the

pathlength for the measurement of each sample.

Absorption and Circular Dichroism Spectroscopy. A Jasco J-810 spectropolarimeter
continuously purged with N> was used to obtain visible and far UV circular dichroism spectra
(CD) concurrently with the absorption spectra. The charge transfer (CT) region was recorded
between 650 and 800 nm using a 10 mm quartz cell (Helma), and protein concentrations of
5.0 mM and 0.5 mM. Spectra of the Soret band (B) and Q-band region were measured
between 350 and 650 nm using a 1 mm quartz cell (Helma) with protein concentration of 0.5

mM. The UV region was measured between 180 and 350 nm using a 0.05 mm quartz silica
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demountable cell (International Crystal Labs). The spectra were all acquired using a data pitch
of 0.05 nm, and at a continuous scan speed of 200 nm/min, with response time of 0.5 s, and
bandwidth of 5 nm. A minimum of 5 accumulations for each pH were averaged at a
temperature range of 5 to 80 °C (+1.0 °C; 278-363K). The temperature was controlled by a
Peltier heating and cooling system at a rate of 0.5 °C/min. The pH was monitored before and
after each measurement. For the final analysis, the background spectra, taken with identical

parameters, was subtracted with MultiFit.(368 369)

Fourier Transformed Infrared Spectroscopy. A Chiral IR Fourier Transform VCD

spectrometer from BioTools (Jupiter, FI) was used to measure the FTIR and VCD spectra.

The sample was placed into a CaF, BioCell (Jupiter, Fl) with a pathlength of 100 pm. The

instrument was continuously purged with N2 at 8 cm™! resolution to obtain a spectrum of the

protein at 0.5 mM concentration in DO in the amide region (1200-1700 cm™?).

Fluorescence Spectroscopy. Fluorescence measurements were carried out at room
temperature (20 °C) on a Perkin-Elmer model LS-55 fluorescence spectrometer. The excitation
wavelength was set to 293 nm and the emission was set to scan between 300 - 500 nm. The
spectra were all acquired with a scanning speed of 200 nm/min, and an excitation and emission
slit of 5.0 and 2.5 nm, respectively. A 10 mm quartz cell (Helma) was used to monitor

tryptophan fluorescence (Trp59) with protein concentration of 0.05 mM.

Resonance Raman Spectroscopy. Polarized resonance Raman spectra were obtained using a
RM-1000 Ramascope (Renishaw, Hoffman Estates, IL), with a BH-2 confocal Raman

microscope (Olympus, Tokyo, JP) equipped with a back-thinned CCD camera, a 2400 lines



91

per mm grating and a 50x microscope objective. Soret band resonance Raman spectra were
collected using a HeCd laser (Kimmon, Centennial, CO) with an excitation wavelength of
441.6 nm. The 488.0, 514.5, 530.9, and 568.2 nm excitation wavelengths were recorded by
using a mixed gas Stabilite 2018RM Ar/Kr laser (Spectra Physics, Santa Clara, CA). Aqueous
cytochrome c samples were placed into a hanging drop microscope slide (Fisher Scientific) for
acquisition. Spectra were collected with polarizations parallel (x) and perpendicular (y) to the
polarization of the excitation laser beam. A minimum of five accumulations were collected for
each spectrum at 20 °C and averaged to increase the signal to noise ratio. MultiFit(70) spectral

decomposition software, was used to complete the spectral analysis.(363 369) Depolarization

ratios (P) were calculated using the intensity ratio of the parallel and perpendicular

polarizations, i.e. p=I,/I.

Data subjected to error analysis is described in the text
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CHAPTER 4:
THE CONFORMATIONAL CHANGES OF CYTOCHROME C
INDUCED BY PH AND TEMPERATURE

4.1 Introduction.
Cytochrome c (cyt c) has been a subject of biophysical research since it began.("® It was one of

the first three proteins for which a crystal structure was resolved® and since then has
continuously served as a model system for the fundamentals of electron transfer between

proteinsm and for protein folding.(s’ 9 Tts more recently discovered role as mediator in the

mitochondria-dependent apoptotic pathway(377) prompted studies of its conformational and
functional properties on different types of anionic liposomes used as substitute for the more
complex environment of the inner mitochondrial membrane.(79

With respect to folding and unfolding, cyt ¢ is a peculiar protein in many respects.
First, there is a substantial difference between its fully folded reduced and oxidized state: the
former is by far more stable than the latter at acidic and alkaline pH and at high temperature.

At pH 7, for instance, oxidized cyt ¢ seems to unfold at temperatures around 70° C, whereas

the melting temperature of the reduced form lies well above 100° C.¢72 373 With regard to

pH, oxidized cyt ¢ can adopt at least six protonation states between pH1 and 12,(57) whereas

the fully folded reduced state stays stable between pH 3 and 12.0374, 375) 'These differences are

most likely due to the weaker coordination of the axial M80 ligand in the oxidized form, since
it is this ligation that keeps the protein in its fully folded state and adjusts the heme iron’s redox

potential.(3 76)

Several lines of evidence suggest that the states that oxidized cyt c adopts at acidic and

alkaline pH are only partially unfolded, maintaining a substantial fraction of the protein’s
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secondary structure, which is a mixture of helical segments and Ioops.(84’ 89 It is therefore not
surprising that further conformational changes are observed upon increasing the temperature
towards the thermal unfolding regime of the fully folded state IIL.8% Recent work by
Hagarman et al. suggests that the thermally unfolded states of the individual protonation states
differ in terms of their heme environments.?3% Pielak and coworkers used CD spectroscopy to
study the thermal unfolding of a large number of yeast cyt ¢ mutants. However, they
interpreted all their data in terms of a classical two-state model.®77) Thus far, a complete and
consistent thermodynamic and structural characterization of the thermal transitions of all
protonation states of oxidized cyt ¢ has not been undertaken. This is the goal of the present
study, which focuses on horse heart cyt c. Thermodynamic characterization means that we
obtained the enthalpic and entropic differences between different conformations populated
when oxidized cyt ¢ in a certain titration state is heated from 5° to 90" C. We probed tertiary
structure changes by measuring visible circular dichroism (CD) and absorption spectra and
secondary structure changes by UVCD. In order to obtain physically meaningful
thermodynamic parameters we tried to keep the anion concentration in the solution low to
avoid the binding of anions like, Cl-, PO43-, etc., to the positively charged patches on the surface
of the protein. (236) Such anion binding is known to induce minor structural changes involving
changes of the Fe3+-M80 coordination, which can also affect pK-values and thus the
population of titration states.84 276 286, 378) Qur results confirm that oxidized cyt ¢ can adopt
a plethora of different conformations with very similar secondary structures. Thermal
transitions can be rationalized with a two-step mechanism, three-state model. Corresponding
thermodynamic values exhibit a statistically significant enthalpy-entropy compensation that
points to common physical processes affecting all of the investigated protonation states in a

similar way.
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4.2 Proposed thermodynamic scheme. The oxidized state of cyt ¢ is pH dependent in that it

adopts five non-native states over the pH range 1-14 in addition to the native folded state
(different nomenclature is used in the literature; here we used the classical nomenclature of
Theorell and Akessen updated to include the ITT* state as discovered by our group).(157 204-206)
The overall reaction scheme for oxidized cyt ¢ can be written as follows

pKd pKdl.

KT off * . oy
I A=Y/ EN: ur +n,H* v, +nH —ZE=2y  n HY

(1]
where all pK-values of this scheme are likely to be effective values, representing multiple,
cooperative deprotonation steps.(157 205 The term n; ( j = 1, 2, .. .) denotes the number of

released protons. Both pK and # values depend on ionic strength and temperature as described

in the text.(157.207)

The oxidized states of cyt ¢ undergo a series of transitions if the temperature is changed
from 298 K (5 ° C) to 363 K (90 ° C). Previous work in our group has shown the fully folded

state III to thermally unfold via the two-step mechanism

K,

KIII
I ===11 (11]

1 u

i

where III; is a thermodynamic intermediate and III, is the thermally unfolded state. Several
lines of evidence previously suggested that III; should be identified with the alkaline state IV,
which becomes populated at high temperatures because the effective pK-value of the alkaline
transition shifts down with increasing temperature.(8> 280) However, Hagarman et al. observed
this intermediate by means of analyzing the temperature dependence of absorption and CD in
the Soret band region.(233) Tris HCI (0.1 M) was used in this study to lower the pH to a mildly

acidic value as the temperature increased, shifting out of the range of any pK of the alkaline
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transition, thus suggesting the population of an intermediate state around 338 K (65° C) that
could not be identified with the alkaline state IV. Moreover, the CD and absorption data of
Hagarman et al. revealed similar two-step mechanism of protein unfolding for the already
partially unfolded states IV and V. While these results revealed some interesting insights
about the manifold of partially unfolded states of oxidized cyt c, the data are not so well suited
for a thermodynamic analysis since all experiments were carried out with rather high anion
concentrations. In the current study, we investigate the manifold of cyt c states at low anion
concentrations and extend thermal denaturation experiments to the acidic region in order to
probe the further unfolding of states I and II. The entire set of data can then be subjected to a
proper thermodynamic analysis.

In this study, we explored the heterogeneity of oxidized cyt ¢ with regard to the partially
unfolded states adopted over the pH range 1-14 and temperature range 278-353 K. The anion
concentration was kept as low as experimentally possible to minimize the binding to the
positive patches on the surface of the protein. For pH values >2 the [Cl-] remains below the
critical binding concentration (~50mM). However, for low pH, <2, and at high pH, >13, high
ionic strengths become unavoidable. However, this is problematic primarily for the acidic
region where the Cl- concentration is high enough to allow for binding to positively charged
groups of the protein. By measuring and analyzing the pH and temperature dependence of the
visible and UV absorption and circular dichroism (CD) a rather complete manifold of the pH
and temperature induced unfolding was obtained, which complement the plethora of data on

cyt c unfolding by urea and guanidinium chloride (GmCI).(195 198, 379-382)
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4.3 Method Validation. To obtain thermodynamic parameters assignable to the thermal
folding/unfolding of states I through V (including III*), we selected pH values for our
spectroscopic measurements at which one of these protonation states is neatly exclusively
populated at all temperatures investigated. In order to obtain these pH values we performed an
optical titration (i.e. measuring optical spectra as a function of pH) over a very broad pH range
from 1-13. To this end, 0.5 mM cyt ¢ was dissolved in a 0.1 mM 3-(N-
morpholino)propanesulfonic acid buffer (MOPS; MW 209.26 g/mol) to ensure that the
aforementioned requirements, i.e. low anion concentration and temperature insensitive pI—I,
were met. MOPS is a zwitterionic Good’s buffer(333) used because of its minimal absorption in
the UV /visible range. MOPS has a pK, of 7.14 at 298 K (25 °C) that decreases to 6.98 at 310
K (37 °C). In the effective buffering range of 6.5 to 7.9 the pH value of MOPS buffer
decreases by 0.006 pH units per °C increase of temperature.383) The low ionic strength
allowed for a buffering power that maintained a minimal amount of anion binding or crowding
around the positive patches found on the proteins surface. The same buffer and buffer
concentration were utilized across the pH range in an attempt to keep the solution conditions
as similar as possible across the pH range, although this solution was not ideal. However, if
different buffers were used, the solvent composition would be altered and therefore might not
be comparable in monitoring the conformational transitions of cyt c. The titrations towards
acidic and alkaline pH were carried out as follows. The pH of the stock protein solution was

adjusted with 0.1 M NaOH or 0.1 M HCI depending on the target pH being investigated. The
stock solutions were titrated with 0.2-1 PL aliquots, and 1 ML aliquots changed the pH by less
than 0.15 pH units. This allowed for the fine control of pH with a negligible dilution effect of
the protein (<50 YL was needed to obtain pH extremes). Additionally this technique helped to

avoid overshooting the desired pH, and thus back-titrating could be avoided. Only 4.95 mmol
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of NaOH were added to the system to adjust the protein-water solution to its maximal pH of
13. However, at the most acidic pH, a level of 100 mM Cl- ions could not be avoided. Since the
buffer was used at a concentration below 1 mM and across the pH range, well below the
effective buffering capacity, additional experiments were necessary to check whether the pH is
thermostable in the acidic and alkaline region. To ensure the stability of the solution pH even
outside of the buffer capacity of the MOPS buffer pH measurements were made before and
after each experiment, including at increased temperature, and overall did not show a

significant change in pH.



98

4.4 Data visualization. The temperature dependence of spectroscopic data, (i.e. absorption
and visible CD spectra) focused on in this chapter are represented as two-dimensional heat
plots. This is a graphic representation of the relationship among the three variables provided in
two dimensions, where the third dimension is represented as a color contour plot. Figure 4.1
shows the process by means of which the heat plots were produced for this study. The
spectroscopic data (CD and absorption) were measured in the UV /visible region as a function
of temperature from 298 to 363 K (5 - 90° C). Figure 4.1(a) displays the conventional
representation of the circular dichroism of the B-band region at various temperatures. Figure
4.1(b) shows the same dataset, now visualized in three dimensions, where x is the wavenumber,
y the temperature and z the spectroscopic data, i.e. the CD, absorption or Kuhn anisotropy.
As one can infer from Figure 4.1(a) to (b), there is a significant amount of structural
information lost, or hidden from the standard representation of the data as acquired by the
instrument due to the number of spectra presented. However, the representation in Figure
4.1(b) is not ideal either, and can easily obfuscate the interpretation for large datasets, which
often hide small spectral changes based on the angle at which the 3D plot is presented. Figure
4.1(c) shows a three dimensional visualization reduced to a 2D heat plot, where the abscissa

are the wavenumber and temperature scales, while the ordinate represents the obtained
spectroscopic parameter, i.e. A€, Figure 4.1(c) demonstrates that the changes of A€ are more

easily identifiable in this 2D heat plot presentation. The heat plot combines the densest display
of information with an intuitive depiction that makes this type of visualization ideal for
displaying hundreds of rows and columns into a single meaningful figure. To relate heat plots to
measured spectra, spectra are additionally shown stacked on top of all the heat plots provided
in this chapter. This also allows an easy identification of the positive and negative maxima in
the heat plots, as the same scale was used across the pH range, thus allowing for side-by-side

comparisons. The use of suitable color maps aids in revealing spectroscopic changes, elucidating
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otherwise difficult to detect patterns. Figure 4.1(d) shows the trace corresponding to A€

plotted as a function of temperature, which is used for the thermodynamic analysis explained

in the next section.

Figure 4.1. Illustration of the method used for the processing of data to arrive at the visualizations used in this
chapter. (a) Spectra measured in the B-band (Soret) region of oxidized cyt ¢ measured at pH 7.0. Spectra were
measured as a function of increasing temperatures in increments of 5.0° C. (b) The dataset shown in 3D, colored
to reflect the spectral intensity. (c) The same data as in (a) and (b), now flattened into a 2D contoured heat plot,

the colors in this figure now correlate with the A€ intensity scale, m -10, m 0, m 10, = 20 to ™ 30 M1 cm'L. (d)

Trace of the 3D spectrum at the position of the maxima, showing A€ a function of temperature. These data were
used in the fit of the thermodynamic folding model that is described in detail in the text.(7 384
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4.5 Results and Discussion

4.5.1 The thermal unfolding of ferricytochrome c probed by visible CD and absorption
spectroscopy. The unfolding of oxidized cyt ¢ was carried out across the pH range in
increments of 0.1, and the temperature range from 5 to 90° C (278.15 to 363.15 K) as
described above. A representative subset of B-band CD and absorption spectra representing
each protonation state is shown in Figure 4.2 and Figure 4.3, with each state (I-V/U)
identified above its respective spectrum. Figure 4.2 shows heat plots reflecting the thermal
unfolding of protonation states I to III, in the acidic to neutral pH regime. Figure 4.3 shows
corresponding heat plots of the alkaline transition, states III* to the alkaline unfolded state of

the protein.
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Figure 4.2. Heat plot visualizing the thermal unfolding of oxidized cyt ¢ (0.5 mM) in 0.1 mM MOPS buffer at
the indicated pH that correspond to protonation states I - III. The protonation state is shown above the respective
spectra as related to the reaction scheme [I]. Original CD (top; A€ scale m -10, m 0, m 10, © 20 to m 30
M-1lem1) and absorption spectra (middle; € scale m 0, m 5.0x104, m 1.0x105, = 1.5x10% to m 2.0x10°> M-lcm?)

measured at temperatures ranging from 5 to 90 °C are shown on top of corresponding heat plots. All scales are
identical so that one can compare the plots simply by visual inspection.(7 384)
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Figure 4.3. Heat plot visualizing the thermal unfolding of oxidized cyt ¢ (0.5 mM) in 0.1 mM MOPS buffer at
the indicated pH that correspond to protonation states III* - V/U. The protonation state is shown above the

respective spectra as related to the reaction scheme [I]. Original CD (top; A€ scale m -10, m 0, m 10, =~ 20 to m

30 M-1cm!) and absorption spectra (middle; € scale m 0, m 5.0x10%, m 1.0x10%, = 1.5x10° to m 2.0x10° M-lcm?)
measured at temperatures ranging from 5 to 90 °C are shown on top of corresponding heat plots. All scales are
identical so that one can compare the plots simply by visual inspection.(7 384)

Figure 4.4 shows the combined plots of the B-band CD and absorption spectra measured at
different temperatures and the above indicated pH values as well as heat plots that visualized
spectral changes as a function of pH. This figure clearly indicates the heterogeneity that occurs
as temperature is increased across the pH range. Between the lowest temperature 278 K (5° C)
and room temperature 298 K (25° C) the spectra are very similar. Above room temperature the
heat plots show distinct changes in intensity. For instance, at pH 7 (state III) the B-band CD
spectrum exhibits a couplet at low temperatures (Figure 4.3), which gradually converts into a
positive Cotton band at high temperature (Figure 4.4). This spectral changes cleatly reflect a

conformational transition from the low temperature state(s) into a thermally activated state.
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More information about this transition is revealed by the corresponding heat plot. It shows an
even purple/green coloring at low temperature reflecting the negative and positive maximum of
the couplet. The intensity of the purple spot decreases with increasing temperature, as one
would expect from a direct inspection of the CD spectra. Interestingly, however, the intensity
of the green spot decreases as well before it substantially increases and broadens above 340 K.
This clearly reflects the existence of an intermediate state, in agreement with previous data.(20%
233)  Interestingly, the corresponding absorption for each respective pH shows only a slight
decrease in peak intensity as temperature increases owing mainly to a slight band broadening,
or aggregation. A closer inspection is necessary to infer intermediates from the heat plots of

states I, IIT*, IV and V. The biphasic character of the thermal transition can best be seen in a
simultaneous inspection of the heat plots for A€ and €. The former reveals a rather steep

increase at high temperature, while the latter indicate a very gradual and continuous decrease
with temperature until the temperature reaches the temperature at which the CD-value starts
to increase. A similar though less pronounced observation can be observed from the heat plots
of state II. The corresponding plot of state I is more difficult to analyze, since it does not
display a lot of structure. The CD spectrum actually develops a negative Cotton band at high

temperature (Figure 4.5).
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Figure 4.4. Heat plot visualizing the pH dependence of oxidized cyt ¢ (0.5 mM) in 0.1 mM MOPS buffer at the
indicated temperature. Original CD (top; A€ scale m -10, m 0, to ® 30 M1 cm'!) and absorption spectra (bottom;

€ scale 0 to 2.0x10° M1 cm?) measured at pH values ranging from 1 to 14 are shown on top of corresponding
heat plots. All scales are identical so that one can compare the plots simply by visual inspection.d7 384)
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Figure 4.5. Heat plot visualizing the thermal unfolding of oxidized cyt ¢ (0.5 mM) in 0.1 mM MOPS buffer at
pH 1.0, which corresponds to the identified protonation states I. Original CD (top; A€ scalem 0,1 -1, 8 -2, = -2.5

to B -4 M-lcm1), and absorption spectra (middle; € scale 8 0 to B 5.5x10* M-lcm!) measured at temperatures
ranging from 5 to 90 °C are shown on top of corresponding heat plots. Each spectrum is the average of five
spectra.
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The heat plots also allow a convenient identification of the peak position of the CD and
absorption bands. This is shown by the gray line in Figures 4.2 and 4.3. The B-bands of states
III-V are clearly below 25,000 cm'!, indicating a hexacoordinated low spin state. For state II,
however, the peak is above 25,000 cm™ and shifts further to the blue with increasing
temperature, This is indicative of a hexacoordinated high spin state (Appendix A.6). For state
I, the heat plots are less useful when scaled the same across the pH range, owing to the B-
bands’ low intensity reflecting substantial precipitation due to protein aggregation. The CD-
band is also very weak. Figure 4.5 shows the unscaled heat plots for state I. The absorption
band clearly indicates two components, one at very high and the other one at very low
wavenumbers (Figure 4.5). The protonation of H18 causes a dissociation of its imidazole
residue from the heme iron. As a result a mixture of hexacoordinated ferric (by Cl- or H2O)
and a pentacoordinated ferrous heme is created (Figure 4.6). The weak CD suggests that the
loop region containing H18 has moved away from the heme, thus creating a very open heme

environment with the heme still attached to the protein by the thioether bridges.
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Figure 4.6. Resonance Raman spectrum (x-polarized) of horse heart cytochrome c at pH 3.0 which correspond to
the identified protonation state II, showing the average of 5 spectra. Taken with 442 nm excitation at an
integration time of 150 s.
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4.5.2 Identification of protonation states. To obtain thermodynamic parameters assignable
to the thermal folding/unfolding of states I through V' (including III*), each pH value must be
selected so that one of these protonation states is predominantly populated at all temperatures
investigated. To identify these states we averaged five B-band CD and absorption spectra

(obtained simultaneously) and then plotted the Kuhn anisotropy spectra of ferricytochrome ¢

measured at a A of 405 nm (24687.50 cm!) and temperature of 298 K as a function of pH.
Figure 4.7 shows the Ag/€ (Kuhn anisotropy) measured as function of pH at 298.15 K (25

°C). Individual titration states are indicated in the figure. A€/€ is a dimensionless parameter

expressing the ratio of the rotational strength to the oscillator strength of an optical transition.
It has the advantage of not being affected by any errors with regard to concentration
determination. From the plateaus clearly visible in the Kuhn anisotropy plot in Figure 4.7,
these pH values can unambiguously be identified. Based on this plot we selected pH values of
1,3,7,9,10, 11, and 13 for investigating the thermostability of states I, II, III, IIT*, IV and V,
respectively. It is important to note in this context that state IIT%,(217) which is difficult to detect

at high anion concentration, can clearly be inferred from the data in Figure 4.3.
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Figure 4.7. Kuhn anisotropy (Ag/€) of 0.5 mM oxidized cyt c (equine) measured at 24691.40 cm! as a function
of pH in 0.1 mM MOPS buffer at 298 K (25° C). Each datapoint corresponds to the average of five

measurements.
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4.5.3 Secondary Structure Analysis by UV-ECD Measurements. For the sake of completeness

we measured the UV-CD spectrum of oxidized cyt ¢ between pH 1.0 to 11.0 from 283.15 to
363.15 K (Figure 4.8). Generally, the data indicate that thermal unfolding and pH change do
not substantially alter the secondary structure composition of the protein, which is
predominantly helical. Spectral changes with increasing temperature are rather modest for
states III-V. Unfortunately, the sample at pH 3.0 aggregated above 333 K (60 °C), shown by
the loss of CD intensity. This observation is in agreement with recent findings of Spiro and
associates.(385) Taken together with the changes in the B-band region (Figure 4.4) it appears

that cyt ¢ has a very limited capability to adopt a statistical coil (Figure 4.9).

Maintaining the secondary structure at high temperature underscores the suggestion of Dill
and coworkers that the thermal unfolded state of proteins can still contain ordered segments,
and thus depart from a statistical coil.3%¢) This may be further illustrated in the double
wavelength plot in Figure 4.9. Uversky used this plot to relate CD values measured at 222 and
200 nm to different protein states, i.e. statistical coil, pre-molten globule, molten globule and
globule.387) Above 343 K the UVCD heat plots (Figure 4.8) show a decrease in intensity,
suggesting the onset of precipitation. The varying degree of precipitation was accounted for in
the double wavelength plot by estimating the amount of cyt ¢ precipitated. This was
accomplished by determining the decrease in the absorption intensity(379) at that temperature

and then using that scaling factor to correct its corresponding UVCD spectrum. Without this
correction the data trended towards a A&7 and A€xp of zero. Interestingly, the data for states

IIT - V lie all in the globular region, suggesting that the loss of tertiary structure does not

significantly affect the stability of the helical segments of the protein. Apparently, the changes

in states III to IV solely affect the three Q loops of the foldons introduced by Englander and



108

coworkers, whereas the helical foldons (N-helix, C-helix and 60’s helix) maintain their
structure.(®) Our results vary somewhat from those in thermal denaturation studies of English
and coworkers in which IR data indicate a melting of secondary structure at 340 K.(173. 383)
Their experiments were carried out at high ionic strength (high anion concentration). We
conjecture that the final unfolding into a statistical coil occurs at temperatures above the
investigated temperature range at the low ionic strength conditions of our experiment.
However, any additional transitions into a more unfolded state are not accessible to the optical
measurements used for the current study owing to the onset of aggregation at high
temperatures, (actually observed by Filosa et al.389)) but not in our experiments at neutral and

alkaline pH.

The Uversky plot data for state II suggest that the protein moves from molten globule to pre-
molten globule with increasing temperature (Figure 4.9). This observation explains the
concomitant increase of protein aggregation. Only for state I do the data suggest a development
towards a pre-molten globule state at high temperature.399) All these data show that oxidized
cyt c is exceptionally stable with regard to its secondary structure, while it is very flexible with
regard to its tertiary structure. Unfolding into a statistical coil requires the addition of
denaturing agents like urea or guanidinium chloride.2!) This issue will be discussed in detail

below, when we introduce the results of fluorescence measurements.
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Figure 4.9. Analysis of UV circular dichroism spectra of 0.5 mM ferricyt c (equine) taken at temperatures in
increments of 5° C. The pH values were selected as described in the text according to the protonation scheme I,

and illustrated by means of a double-wavelength plot (A€222 vs A€200) as introduced by Uversky.(387) The different

colored areas of the plot indicate the location of pairs of A€ and A& associated with the pre-molten globule,
molten globule, and globular structures. It should be noted that the statistical coil region is well outside the region

cyt c sampled in this study; this region begins at A€o0 values lower than -3.0 M1 cm'! residue1.(17 384)
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4.5.4 Fluorescence of cyt c across the pH range. To elucidate the conformational changes taking
place within the tertiary structure of the protein we measured the tryptophan (W59)
fluorescence of ferri-cyt c as a function of pH. As described in section 2.4, cyt ¢ contains a
single tryptophan (W59), which can be used as a probe of the opening of the heme crevice
through Forster resonance energy transfer (FRET). The occurrence of this fluorescence is
indicative of (partial) protein unfolding. The fluorescence spectra across the pH range show
some very interesting results(1) that have not been previously reported. Figure 4.10 shows the
very intense fluorescence band (F-band) with varying peak positions between 345 and 375 nm
and a rather intense band peaking in the region between 440 and 460 nm, which can be
assignable to a phosphorescence emission (P-band).(3%0) Since phosphorescence is very sensitive
to quenching, notably by dioxygen, the occurrence of the latter is somewhat surprising since we
did not employ any measures to deoxygenate the sample.(391) We suspect that this observation
was possible in part due to photolysis by the intense irradiation of the pulsed xenon discharge
lamp of our fluorescence spectrometer (line frequency 50-60 Hz). Since this type of source
reliably produces very little ozone or heat while providing enhanced sensitivity due to an

intense peak intensity (>1 KW).(392:394)

1 This fluorescence data presented was in part collected by Alicia Hoy, a work study student in
our lab and Nancy Chung, a summer Maryanoff Scholar in our lab.
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Figure 4.10. Fluorescence spectrum of 0.05 mM cyt c (equine) as a function of pH 1.0-12.2. The top shows the
variation that occurs throughout the pH range with the fluorescent (F-band) and the phosphorescent (P-Band)

bands at pH 1.0, 7.0 and 12.0. (17,384)

Figure 4.10 shows the expected increase in tryptophan fluorescence (W59) intensity at both
high and low pH, indicating the partial unfolding of cyt c in the acidic and alkaline transitions
from the fully folded states (pH 7). This fluorescence is indicative of the partial unfolding of
the protein, which reduces fluorescence quenching due to an increase of the distance between
the heme and W59.(395) Under acidic conditions there is a slight blueshift, which can be seen in
Figure 4.10 (top). The peak position shifts from 362 to 356 nm, which is likely due to the
redistribution of substate band intensity. Under alkaline conditions there is a slight redshift,

which can be seen in Figure 4.10 (top), with the peak substate band intensity (F1: 340 nm; F2:



113
370 nm) shifting from 362 to 373 nm. The P-band shows a similar behavior that is less intense

and much more sensitive to changes under alkaline conditions (Figure 4.10) with peak position

around 446 nm.

We decomposed the spectra measured between pH 1.0 to 12.2 using the MultiFitG70)
program. Decomposition of the fluorescence and phosphorescence spectra was performed
concurrently using four Gaussian sub-bands. Exhibiting the same band positions and
halfwidths for all pH values. The shifts of both bands result from the redistribution of sub-
band intensity. The integrated fluorescence intensity of the most intense F- and P-band are
shown in Figure 4.12. Interestingly, the F-band at room temperature appears to follow the
conformational transitions of cyt c as seen in Figure 4.3 for the CD spectrum. The P-band
appears to follow the alkaline transition independently, suggesting that it is probing an alternate
conformation of the protein and increasing in intensity as the protein unfolds. This further
illustrates the openness of the heme crevice. The P-band at low pH also follows the
conformational transitions of cyt ¢, although with a smaller increase in fluorescence intensity.
The data indicate W59 is highly sensitive to cyt ¢'s conformation. At the present time this
change in the subband intensity is poorly understood and is under further investigation, to

obtain a more consistent dataset.
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Figure 4.11. Integrated intensity of the F- and P-band for 0.05 mM cyt ¢ as a function of pH. Overlaid is the

state model as described in the text.
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4.6 Thermodynamic unfolding model. From the absorption and circular dichroism (CD)
spectra measured as a function of temperature at the pH values selected above, A€ at a

wavelength associated with the largest spectral changes was plotted as a function of

temperature (Figure 4.1d). Since the data in Figure 4.12 indicate biphasic thermal transitions,
the simplest possible model for describing the temperature dependence of A€ for the different

protonation states read as:

_Ag, + Ag,e 9T 4 Ag e 0T

Ae(T) [4.1]

Z

where R is the gas constant and T the absolute temperature. G; and G, are the Gibbs energies
of a thermal intermediate state and the thermally unfolded states relative to the state n
populated at room temperature (unfolded - folded), denoted with the u and i subscript

respectively. Z is the partition sum, which is written as:

Gi _Gu
Z=1+e /RT+e Vir [4.2]
If the thermal unfolding transition is non-cooperative, G; becomes

G,=H,-TS, [4:3]

where j=i,u. Enthalpy H; and entropy S; are related by the melting temperature

T =i [4.4]

However, such a simple model is generally not used for fitting thermal unfolding data, which
require the consideration of a difference between the c,-values of the folded and unfolded
states. To account for the generally cooperative folding/unfolding processes, a Hill-type

function could be employed to allow for the cooperativity to be empirically accounted for, i.e.
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substituting e’Gw/RT by eGw/RT in egs. 4.1 and 4.2, where n is the empirical Hill coeflicient.
However, by considering the temperature dependence of the enthalpy in first order this
somewhat heuristic parameter can be avoided.(7> 39) For the transition between states i and u,

we therefore write:(75 396)

H,=H+6c,(T-T,) [4.5]

where 6cp is the heat capacity difference between the two states at constant pressure and T}, is

the transition temperature for the transition into the thermally unfolded state. The

corresponding temperature dependence of the entropy is accordingly written in first order as:

S, =8(T,)+6bc, h{%} [4.6]

u

Eq. (4.5) and (4.6) can be combined to yield:

u

G, :Hf+5cp(T—Tu)+T[Su(Tu)+50p h{%n (4.7]

This expression for G, was used in the following equation to fit the data in Figure 4.12:

Age + A8.€_Gi/RT + A€ e_G"/RT
Ae(T)=—— .
Y4
g+ gie—Gi/RT n 8ue—Gu/RT (4.8]
e(r)= d

where A€, & are the CD and molar absorptivity values of the states #, i and u. The solid lines in

the data presented below result from the consistent fit of the above formalism to the
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experimental data. A consistent fit for this study means that the same thermodynamic
parameters were used to fit the A&(T) and €(T) measured at the same pH value. In this study

H and S are defined as the difference between the unfolded and the folded states, i.e. H, - Hy.

The thermodynamic parameters used for the fits are presented in the figures and tables

associated with each oxidized state of cyt ¢ (Figure 4.12, Table 4.1).

The heat capacity difference between states i and u, 6CP, is the most uncertain parameter of the
fitting procedure. 6CP for the unfolding of cyt ¢ by calorimetric experiments has not yet

reached a consensus, with reported 6CP values varying between 1.37 to 5.34 k] K1, largely

reflecting the hydration of nonpolar amino acids under various solvent conditions.(73: 397-399)
The variety of conditions studied is often not reported, primarily with respect to the ionic

strength of the system, thus making it difficult to compare literature values with the findings of

this study. However, a consensus seems to be that the dC, value is closer to the 1.37 k] K-
than 5.34 k] K-1. To this end, the heat capacity difference between states i and u, 6Cp, was set

in the fit to be 2.00 kJ mol! K-1. To test the contribution of 6CP to the fit, a starting value of
2.00 k] mol ! K- was fit to the trace at pH 7.0 and then all of the variables were fixed allowing
only a set increase in BCP. Figure 4.12 clearly indicates that for values between 2.00 and 10.00

k] mol! there is only a minimal effect. For this fit we used a common value of 2.0 k] mol! K-1

which is close to the value of 2.8 k] mol'K- that Uchiyama et al obtained from calorimetric
studies of horse heart cyt .75 39) Pielak and coworkers obtained higher 8C, values for yeast
cyt ¢ and several mutants of this protein (around 6 k] mol-1K-1),(398 400) which is still inside the

range of acceptable OC;, values for our thermodynamic analysis (Figure 4.12).



118

280 290 300 310 320 330 340 350 360

Temperature / K

Figure 4.12. Trace from Figure 4.13 of the CD (A€) spectrum as a function of temperature (278-363 K) of
oxidized cyt ¢ (0.5 mM) at pH 7.0. The solid line results from the fits described in the text, with changing C,,, u
2.0 k] mol, m 6.0 k] mol!, m 10.0 k] mol-, m 11.0 k] mol-1, m 12.0 k] mol!, m 15.0 k] mol-1.(17: 370, 384)
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4.6.1 Thermodynamic fit to model. Figure 4.8 exhibits the thermodynamic fits obtained from

the A&(T) and Emax(T) at 24688 cm! (405 nm) for the pH-values associated with the protein’s

protonation states. (Figure 4.7). This wavenumber position is additionally illustrated by the
gray line in Figure 4.2 and 4.3. For all states, the data clearly indicate at least a biphasic

behavior. We therefore used eqs. 4.1. and 4.2. to fit corresponding data sets consistently with
our three-state model. The fits in Figure 4.13 were initially manually performed to get the A€

values (eq. 4.1) and an initial estimate of the entropy and transition temperature(s), before
performing a more rigorous fitting routine in SigmaPlot.(33%) This yielded excellent fits for a
majority of the data sets as visualized by the black lines in Figure 4.13. However, the fits for
state I (pH 1.0) and V (pH 11.0) data were only partially successful in that the fit could not
completely reproduce all experimental data (Figure 4.13). At pH 1.0 the data indicate another
transition temperature at 290.16+0.94 K, marked in blue in Figure 4.13. This might reflect a

population of state II, owing to the shift in the pK, at low temperates. For state V, the fit could

not reproduce additional changes of A€ above 340 K.
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Figure 4.13. Trace from Figure 4.2 and 4.3 of the CD (A€ left) and absorption (€ right) as a function of
temperature (278-363 K) of oxidized cyt ¢ (0.5 mM) taken at 24687.50 cmL. The solid line results from the fits
described in the text, with the gray line, denoting T}, and red line denoting T',.(17- 370. 384) The error of estimate

ranged between 10-27%, with the exception of pH 11, which had an estimated fitting error of 38%.

The thermodynamic parameters obtained from these states are listed in Table 4.1. The

enthalpy of the unfolding/folding process reported for the wild type of yeast cyt c is in good

agreement with our data for the i = u transition of state III (3.45 versus 3.0 kJ/mol), 3%

whereas their transition temperature of 325.8 K lies nearly exactly between our values for T;

(312 K) and T7(346 K). Cohen and Pielak's measurements were carried out at pH 4.9.3%) The

buffer and ionic strength conditions were not specified so that a direct comparison of the data
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is difficult. In another study, Cohen and Pielak investigated the folding of the C102T variant of

yeast cyt ¢ as a function of pH between pH 3 and 5, which for our experimental conditions and
horse heart cyt ¢ would cover the transition region between states II and II1.3%%) They found a
gradual decrease of the melting temperature from ca. 327 K at pH 5 to 302 K at pH 3. A visual
inspection of the respective data for states III and II suggests that this observation is

inconsistent with our experimental data .

Table 4.1. Thermodynamic parameters obtained from the fitting of A€(T) and €mu(T) as described in the text. A
subset of fits as a function of pH are shown in Figure 4.8 for 0.5 mM cyt ¢ in 0.1 mM MOPS buffer from pH 1.0
through 14.0.

pH 1.0 3.0 7.0 9.0 10.0 11.0 13.0
H; (k] /mol) 110.00 15420  169.00  280.00  200.00  280.00  200.00
S; (kJ/mol K) 0.35 0.51 0.54 0.89 0.60 0.90 0.63
Gi (kJ/mol) 5.65 2.14 8.00 1465 2111 1167 1217
H, (kJ/mol) 6630 14230 20430 22630 21830 28030  116.30
S (kJ/mol K) 0.18 0.44 057 0.64 0.61 0.83 033
G., (k] /mol) 1344 1228 3366 3605 3790 3316 1871

Figure 4.14 compares the thermodynamic parameters of each protonation state as obtained
from the fitting procedure. The Gibbs energy was calculated with a temperature of 298.15 K.
This analysis reveals the well-known phenomenon of partial enthalpy-entropy compensation,
i.e. the enthalpic stabilization of the folded, and the entropic stabilization of the unfolded state.
The compensation is significant: the enthalpic and entropic contributions to the Gibbs energies

exceed, by far, their respective Gibbs energies. This effect is particularly pronounced for the »

= i equilibrium, for which the Gibbs energy values are just 5% of the respective enthalpy
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values. It should be mentioned that variations of dC, do not cause major changes of H, and S,

values.
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Figure 4.14. Thermodynamic profiles of each protonation state (I-V) of cyt ¢ as determined from the

fitting of Ag('T) as described in the text. The enthalpy, entropy and free energy are shown for the
intermediate (8 H, 1 TS, 8 G) and thermally unfolded (8 H, 1 TS, 1 G) states, using a temperature of
295 K.

We wondered whether or not the above enthalpy-entropy compensations of the different
unfolding/folding transitions are interrelated. If this is the case, we would expect a nearly linear

relationship between entropy and enthalpy.(#01- 402) As shown in Figure 4.15, H and S values of
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the transitions into states i and u exhibit two different, neatly ideal linear relationships, which

can be described by the equation(#0V)

S.=S, +T.H, [4.8]

where k=i,u and T; denotes the compensation temperature. Siois the uncompensated entropy

which one would obtain for Hx=0. T.is the so called compensation temperature. Figure 4.15

shows two slightly different linear fits to the thermodynamic data of the n = iand i = u

equilibria. The respective compensation temperatures thus obtained are Ti= 316+13 K and
Te=350+12 K. With respective correlation coefficients for each linear regression
approximately equal to 1 (0.99), thus indicate a very strong correlation. The compensation
temperatures for the two transitions are rather different indicating different mechanism for the
two steps of thermal unfolding. Since the error interval for the thermal intermediate (blue)
does not overlap, we interpret the difference as significant, and in the range of processes driven
by protein-solvent interactions.(*0)) T¢, might reflect the weakening of hydrogen bonds, which
would reduce enthalpy and increase the entropy of protein-solvent systems. In order to rule
out the possibility that the obtained correlations are the product of a statistical artifact, we
subjected our data to a deviation and variance analysis (built into the fitting routine, with a
minimum of 200 iterations performed) determined for each experimental point followed by a
LINEST error analysis for the resulting linear fit (Figure 4.15). Following the argument of
Lumry and Rajender,(403) the spreading of our data cannot be explained even by correlation

between statistical errors.
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Figure 4.15. Enthalpy-entropy compensation plot of oxidized cyt ¢ (equine) as determined by the fit to the

thermodynamic model between to the €- and Ag-plots in Figure 4.13. Thermodynamic parameters S;, H; (®) and

Suw Hu(®) were subjected to individual linear regression analyses.

The existence of an enthalpy-entropy compensation has been a matter of debate. As indicated

above, Krug et al. showed that thermodynamic analyses based on van't Hoff and Arrhenius
plots are prone to strong statistical correlation between AH and AS.(404) Beasley et al. used

their criteria to critically analyze the linear relationship between the folding/unfolding
enthalpies and entropies of several proteins and arrived at the conclusion that a quantitative
compensation effect cannot be deduced from the data.(45) However, many papers defend the
existence of enthalpy-entropy compensation on experimental and theoretical grounds.(#0% 402
406, 407) When entering this debate, one has to be careful about the definition of enthalpy-
entropy compensation. Generally, this term is used just to indicate that enthalpy and entropy

provide opposing contributions to the Gibbs energy. That this is the case for protein folding is

textbook knowledge and again documented in this study. The real controversy is whether AH

and AS values of related thermodynamic processes are lineatly correlated. Examples are the
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folding parameters of mutants or even different proteins, (408) the binding of different ligands

to the same receptor protein®? or the conformational equilibrium of short peptides in

different solvents.(#10) If a statistical linear relationship can be established, it is indicative of a
temperature at which the AG of one or more processes that contribute to the total Gibbs

energy becomes zero. At this temperature the Gibbs energies of all compared equilibria are
identical. If So=0, the Gibbs energy difference disappears at this temperature. The existence of
such isoequilibria indicate a common driving force of the compared conformational transitions.

However, the detection of such isoequlibria is difficult, since in principle it requires a negligible

uncertainty for AS and AH. Even small uncertainties can obfuscate the relationship between

these parameters and AG, a frequently observed phenomenon. (492 In our case the fit exhibit a

rather low scattering as documented by the correlation coeflicient 1. However, even in this

case a correlation between Hj and Gj is very weak (Figure 4.16).
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Figure 4.16. Enthalpy-entropy compensation plot (data in Figure 4.8 and Table 4.1) of 0.5 mM oxidized cyt ¢

(equine) as determined by the fit of a thermodynamic model to the & and Ag-plots in Figure 4.13.

Thermodynamic parameters Hj, G; (®) and Hy, Gu(®) were subjected to individual linear regression analyses.
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In this context, an earlier study of Milne et al. is noteworthy. The authors used hydrogen
exchange as a site-specific probe of equilibrium between folded and unfolded cytochrome ¢ for
both the oxidized and reduced forms of equine cyt .11 Figure 4.17 compares a plot of
enthalpy and entropy values that these authors obtained for the hydrogen exchange of a variety
of cyt c residues with our data as plotted in Figure 4.17 (Milne et al. plotted TS versus H,
using T=293 K). The T. value of 293.15+15 K derived from a linear regression seems to be

close to the T-value derived from our data (the error intervals do overlap). Both values are

within the range that Lumry and Rajender assigned to (aqueous) solvent-protein interactions.

(401) We therefore think that hydrogen exchange should be related to the n = i rather than to

the i = u equilibrium and that the former involves an increase in protein hydration, which

leads to a more open conformation of the protein. The T, value might well be assignable to
hydrogen bonding. Recent density functional theory (DFT) calculations have provided
evidence for the notion that hydrogen bonding between amide derivatives is associated with a

substantially higher compensation temperature than interactions governed by van der Waals

forces.(412)
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Figure 4.17. TS versus H plot derived from the entropy-enthalpy data plotted in Figure 4.15 (see the legend of
Figure 4.15 for a description) compared to a TS versus H plot of hydrogen exchange processes of oxidized cyt ¢

reported by Milne et al. (®), (m=0.89; r2 = 0.9776).(#11) A temperature of 293.15 K was used for all plots. The

gray line is the result of the regression analysis.
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4.7 Discussion. Our spectroscopic data clearly reveal that each of the canonical Theorell-
Akesson states and the newly discovered ITI* state unfold (further) in a two-step process.
While enthalpies and entropies of these processes are clearly different, differences between
Gibbs enthalpies are less pronounced. Gu-values of states III, III*, IV and V lie all in the region
between 46 and 64 kJ/mol, with III being surprisingly slightly less stable than the other states.
The situation is rather different on the acid side, where G, value of states II and I are clearly
lower than those of the other states. Spectroscopic evidence suggests that all u-states are
different with respect to their secondary and tertiary structure. The UVCD spectra cleatly

suggest that they do not resemble statistical coils in this condition.

Krishna et al. obtained site specific information about the equilibrium between the folded and
unfolded state of both oxidation states by hydrogen exchange experiments.”) This and earlier

studies from this group led to a picture in which different segments of the protein unfold

consecutively. The unfolding steps of the lowest Gibbs energy are assignable to the so-called
infrared and red Q loops involving residues 40-57 and 71-85, respectively. The corresponding
Gibbs energies are 15.8 and 26.14 kJ mol! at pK 5.5 and 20°C. The values are larger than what
we obtained for G; of state III. The next step (unfolding of two B-strand segments) requires a

Gibbs energy of 30.71 kJ mol}, the first helical and loop region folding requires more than 40
k] mol -1 The latter value is close to what we obtained for G, of state III. Since the
measurements of Krishna et al were performed at very high ionic strength (0.5 M), the

thermodynamic parameters are not directly comparable. We tentatively assign the first step to

the unfolding of the Q-loops and the second one to a somewhat combined unfolding of the B-

strands and the so called green 60" helix that connects the two Q-loops. The relevance of the Q-
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loops stems in part from the structurally pivotal hydrogen bond between H26 and E44.413

Total unfolding can therefore be excluded from our UVCD data. The C- and N-helices may be
still intact in III,, but may become distorted in states II, and I,. Hence our data show that
some of the steps of the foldon unfolding/folding model constitute thermodynamic
intermediates. Cyt ¢ appears as a rather stable molecule that resists total unfolding even in

rather harsh conditions (extreme pH and temperatures). This shows the strength of intra-

backbone hydrogen bonding as a prime determinant of helix stabilization (Figure 4.18), (9 in

(414)

agreement with recent theoretical predictions from Rose and coworkers.

c/ ) P ?\/ \ \g‘/v

Figure 4.18. Intra-backbone hydrogen bonding, shown as the red dotted line(s), for oxidized horse heart cyt c.
The colored sticks shows the heme’s CxxC binding motif with M80 and H18 axially ligated to the heme iron, the
fully folded conformation at physiological pH (PDB: 1AKK).(27.28)
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CHAPTER 5: THE OCCUPATION OF A NOVEL MISFOLDED STATE
AND DOMAIN SWAPPED STATE OF CYTOCHROME C

5.1 Introduction.

Results from various kinetic experiments suggest that the folding of denatured oxidized cyt ¢
involves the population of an off-pathway kinetic intermediate state, in which the imidazole
group of H33, rather than the functionally pivotal M80, is bound axially to the heme iron.(#1%)
This misfolded state is in equilibrium with an on-pathway state, in which the protein exhibits a
hexacoordinated high spin heme iron with water as the distal ligand. The latter eventually
converts into the fully folded, native, conformation with M80 as the proximal ligand (Figure
5.1) to complete the folding process. Recently, Tzul et al. revealed an even more complex picture
for the folding pathway of ferric iso-1-cyt ¢, depicting a competition between intramolecular
histidine loop formation and ligand mediated oligomer formation due to the binding of a
histidine side chain of one molecule to the free binding site of another one.(*16) Thus, the
misligated kinetic intermediate can encompass monomers as well as soluble and partially folded
oligomers. This finding is in line with earlier reported results from small-angle x-ray scattering
(SAXS), which suggest the formation of dimers during the refolding of horse heart cyt ¢.(17)
At equilibrium, i.e. folding (neutral pH, room temperature) or mildly unfolding conditions
(high urea or guanidine hydrochloride and room temperature), ferri- and ferro-cyt c are both
monomeric, but polymerization by domain swapping can be thermodynamically achieved by

dissolving the protein in ethanol/water mixtures.(192)
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Figure 5.1. Reaction scheme showing the cartoon structure of horse heart cyt ¢ (PDB: 1AKK)27) of the fully
folded state (III) to the alkaline state (V) populated at pH 11.5 to the proposed misfolded state (M) populated at
pH 7.017.18.28)

The occupation of a misfolded state is not an unusual part of the protein folding process. The
energy landscape theory predicts that non-native interactions can trap proteins in kinetic
intermediates along the unfolding pathway from which they can only slowly escape. However,
as long as the Gibbs energy positions of such misfolded states remain above the glass transition
point of the folding funnel, the barrier between the folded and misfolded state can be overcome
on a sub-second timescale, thus allowing the fully folded state to become predominantly

populated.(#8) For some proteins the stability of the misfolded state can be increased by point

mutations. The folding process of the lambda repressor fragment N6.ss, for instance, shows

classical fast two-state kinetics, whereas its rather thermodynamically stable mutant (AQ33Y)

was found to exhibit an additional slow phase where folding proceeds only on a millisecond
time scale.(41% 420) The latter reflects a slowly decaying intermediate that was found to be rich in
amyloid structure due to the presence of strong hydrophobic interacting intramolecular
amyloids. Such kinetic traps have been found for the folding of many proteins, but frustrated
states from which a protein cannot escape on a measurable time scale are difficult to discover,

since most proteins presumably evolve to avoid this possibility. Some exceptions to this rule are
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serine protease inhibitors (serpins) and viral membrane fusion proteins, which remain in

metastable states prior to reactions with other components of their respective environment.(#21)

In this chapter we report the discovery of what we consider to be a frustrated, misfolded state
of cyt ¢, formed after exposing the oxidized protein to alkaline conditions for an extended
period of time. We show that this state is very stable even after reintroduction to physiological
conditions (pH 7.0). The majority of the proteins in these samples are predominantly
monomeric at 0.05 mM, but form substantial fractions of soluble dimers and higher order
oligomers at 0.5 mM, most likely due to domain swapping.(192 416) Interestingly, fractions of
this ensemble switch back into the reduced native state in a pH dependent manner. Upon the
addition of potassium ferricyanide to the sample, the protein is oxidized completely. Moreover,
the fraction of protein in the misfolded state undergoes a very slow transition back into the
fully folded state when allowed to sit at physiological conditions (pH 7.0) for an extended

period of time.
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5.2 Results.

5.2.1 A non-native oxidized state stabilized at neutral pH. Oxidized cyt ¢ was prepared by
using the protocol described in Chapter 3. The oxidized protein was incubated at pH 11.5 and
4 °C for two hours before passing the sample over a PD Minitrap column pretreated with
potassium ferricyanide. The protein concentration of the sample was 0.5 mM. Subsequently,
we incrementally lowered the pH of the solution to various values between 8.0 and 4.5 and
measured the corresponding optical absorption spectrum of the protein between 12,500 and

18,200 cm™L. In this spectral region one expects only a weak band at 14,388 cm!, often referred

to as the 695-nm band, now attributed to a S(M80)—d.(Fe3*) rather than to an

azu(heme) = dn(Fe3+) charge transfer transition.(#22 423) This band, denoted as CT1, is indeed

displayed in all spectra shown in Figure 5.2.
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Figure 5.2. Charge transfer band region of the absorption spectrum of 0.5 mM ferricytochrome c (equine)
measured between 13,500 and 17,000 cm! at 1 pH 5.0, 8 pH 5.5, 1 pH 6.0, 8 pH 7.0, 1 pH 8.0, in 0.1 mM
potassium phosphate buffer. Prior to the measurement the oxidized protein was exposed to alkaline conditions

(pH 11.5) for two hours. The charge transfer bands CT1 and CT?2 are explained in the text.
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Surprisingly, an additional weak band (CT2) appears at 16,000 cm? (625-nm) in the spectra

measured below pH 6.0. Figure 5.3 shows the isolated CT1 and CT2 bands obtained after
baseline subtraction (Figure 5.2). Apparently, the integrated intensity of CT1 is nearly pH
independent, whereas the intensity of CT2 increases with decreasing pH. We analyzed the
CT?2 band using our spectral decomposition program MultiFit*?4) and found that it can be fit

with a single Voigtian band. Figure 5.4 shows the integrated intensity of CT2 as a function of
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Figure 5.3. Baseline corrected absorption spectrum of horse heart ferricytochrome ¢ measured between 13,000
and 17,000 cm™ at the indicated pH. Prior to the experiment the oxidized protein was exposed to alkaline
conditions (pH 11.5) for two hours.

The data clearly indicate a biphasic titration, which reflects the involvement of at least two
amino acids with protonatable side chains. We fit the data using the titration model of Verbaro

et al.,217) which considered the influence of two different sets of interacting protonation sites
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on the oscillator strength of optical transitions. For the pH dependent oscillator strength fcr2

this leads to the following equation:

11

fcrz(pH): 2

SRR
I:H30+:| I:H30+:| l:H30+ :|n|+nz
cr2

K ! [H30+:| " KN
1+[[H3(1)+]J +[ K, ] +K;"2 (5.1]
12

+ ”2 + n
1+ KZ + |:H30 ] + ng
[H.0"] K, K"

This equation describes the two phases of the titration curve as cooperative processes, which

involve the n; and n2 protonations, respectively. The respective effective dissociation constants

are K; and K5, fir2 is the oscillator strength of the final fully protonated state, fot2 and fera are

the oscillator strengths of states in which one of the two considered groups is fully protonated.
If Ki>>Kj, the third term of the equation contributes only weakly to fcr2. To avoid any

ambiguities we assumed that fé12=f&2 . The solid line in Figure 5.4 shows the fit to the data.

The pK-values related to K; and Kz are 4.70£0.07 and 6.40+0.01; for the Hill coefficients
we obtained n;=1 (fixed parameter) and #2=3.9£0.6. The value of the first coeflicient indicates
that only a single protonation step is involved, the second number reflects a high degree of

cooperativity. It should be noted that the statistical error for pKi was underestimated since

correlations between K; and f!!, have not been taken into account.
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Figure 5.4: Integrated intensity of the CT2 band of horse heart ferricytochrome ¢ incubated under oxidizing
conditions at pH 11.5 for two hours plotted as a function of pH. The solid curve results from a fit explained in the
text.

The above spectroscopic data suggest that our treatment of the protein caused the (weak)
population of another state of cytochrome, which coexists with the native state III and changes
upon the protonation of amino acid residues. The appearance of the CT2 band at acidic pH
indicates that this state is at least partially unfolded. We designate it as M to indicate the
misfolded character of the protein’s state. We call the three protonation states considered in the
above equation M11, M1o and Mo1. The deprotonated state is labeled as Moo. The appearance of
the CT2 band is generally diagnostic of a hexacoordinated high spin state (hchs).(425) However,
as we will argue below, resonance Raman and optical absorption data suggest that an

alternative assignment must be considered.

The simultaneous occurrence of CT1 and CT2 in spectra taken at acidic pH suggests a

mixture of folded and partially unfolded proteins. The protonated M-states are formed by the
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protonation of a yet undetected non-native state, Moo, which coexists with the native state IIT
at neutral pH. We wondered whether theses results might indicate a slow transition into state
Moo. In this case, we should be able to isolate this state by increasing the incubation time of the
protein under alkaline conditions. Therefore, we incubated ferricytochrome ¢ for 7 days at pH
11.5 prior to measuring its absorption spectrum between 12,500 and 18,200 cm! (550-800
nm) as a function of pH. The resulting spectra in Figure 5.5 lack the CT1 band, which clearly
indicates the absence of the native state III. The CT2 band appears again at acidic pH. Isolated
bands obtained by background subtraction are shown in Figure 5.6. We fit the above equation
to the pH dependence of the integrated intensity of CT2 (Figure 5.7). The obtained pK values

are 4.37+0.25 and 6.58+0.02, the Hill coefficients are n1 = 1 and nz = 3.9+0.7. The oscillator
strength Jf, er2 of 2150 M- cm2 is an order of magnitude larger than the corresponding value of

194 M cm2 obtained from data in Figure 5.4, which indicates that only a small fraction (10%)

of the proteins adopt state M after a two hour incubation at alkaline pH.
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Figure 5.5. Charge transfer band region of the absorption spectrum of 0.5 mM ferricytochrome ¢ (equine)
measured between 13,500 and 17,000 cm! at m pH 5.0,  pH 5.5, » pH 6.0, 1 pH 7.0, 1 pH 8.0 in 0.1 mM
potassium phosphate buffer. Prior to the measurement the oxidized protein was exposed to alkaline conditions

(pH 11.5) for one week. The charge transfer bands CT1 and CT?2 are explained in the text.
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Figure 5.6. Baseline corrected absorption spectrum of horse heart ferricytochrome ¢ measured between 13000
and 17000 cm! at m pH 5.0, 8 pH 5.5, # pH 6.0, 8 pH 7.0, 8 pH 8.0 in 0.1 mM potassium phosphate buffer.

Prior to the experiment the oxidized protein was exposed to alkaline conditions (pH 11.5) for one week.
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Figure 5.7. Integrated intensity of the CT2 band of horse heart ferricytochrome ¢ incubated under oxidizing
conditions at pH 11.5 for seven days plotted as a function of pH. The solid curve results from a fit explained in
the text.

Figure 5.8 shows the visible CD and absorption spectra of the Soret band region, which were
measured at pH 7 after exposing the oxidized protein for two hours and seven days to alkaline
conditions (pH 11.5). The visible CD spectrum taken after two hours of incubation is still
dominated by the classical couplet of the Soret band, which is indicative of an excited state
splitting in protein state IIT due to a quadratic Stark effect induced by a very strong electric
field in the heme plane.(#20) The spectrum taken after one week oxidation, however, shows a
positive Cotton band that nearly coincides with the absorption band. This indicates the
reduced splitting typical for partially unfolded states of the protein.#2”) The corresponding
absorption band is broadened and upshifted. Taken together, the spectroscopic data
unambiguously show that that the protein is now predominantly in one of the protonation

states of M.,
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Figure 5.8. Circular dichroism (top) and absorption profile (bottom) of Soret band absorption of horse heart
ferricytochrome c measured at the pH 7 after oxidation at pH 11.5 for two hours (B purple line) and seven days
(w blue line) under refrigerated conditions (5°C).
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5.2.2 Spectroscopic characterization of state M. To further characterize the different
protonation states of M we measured the visible CD and absorption spectra of ferricytochrome
at several pH values between 11.5 and 5 after a 7 day incubation period at pH 11.5. The
protein concentration for these measurements was 0.05 mM. Figure 5.9 exhibits positive
Cotton bands for all CD spectra. This confirms that non-native states are populated at all these
pH-values. Interestingly, the intensities of the CD and the corresponding absorption bands are
reminiscent of the respective band intensities that Hagarman et al. reported for state V of
ferricytochrome c. This state exhibits much higher Soret band absorption and CD intensities
than the alkaline state IV or the native state II1.(207.233) The CD profiles measured between pH
6 and 12 are all very similar, suggesting that the heme environment does not drastically change
in this pH range. At pH 5, the CD-band profile is clearly composed of two bands, which are
red- and blueshifted with respect to the position measured for the other pH values. The
corresponding absorption spectrum is blueshifted, but does not coincide with the more intense
sub-band of the CD profile. This could be indicative of the population of either a
pentacoordinated high spin ferric (pchs) state or, as we will argue below, of a pentacoordinated

quantum mixed (PcQM) state of the heme iron.(1%) This conformational change at acidic pH is
reminiscent of the Moo—Mo1/10—M11 transitions inferred from the appearance of the CT2

band in the 12,500 and 18,200 cm'! region of the optical spectrum recorded with a 0.5 mM
sample. It is difficult to infer the band from the spectrum of a sample with 0.05 mM
concentration (Figure 5.10), since this concentration is too low for probing weak charge

transfer bands.
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Figure 5.9. Circular dichroism (top) and absorption profile (bottom) of Soret band absorption of 0.05 mM horse
heart ferricytochrome c measured at the indicated pH. Prior to the measurements, cyt c was subjected to oxidizing
conditions for seven days at pH 11.5.
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Figure 5.10. Charge transfer band region of the absorption spectrum of 0.05 mM ferricytochrome c (equine)
measured between 13,500 and 16,600 cm at m pH 5.0, and © pH 8.0 in 0.1 mM potassium phosphate buffer.
Prior to the measurement the oxidized protein was exposed to alkaline conditions (pH 11.5) for one week. The
charge transfer bands CT1 and CT?2 are explained in the text.

The non-coincidence between absorption and CD profile indicates band splitting due to
electronic perturbations.(#28) The low-wavenumber component of the CD spectrum does not
have a discernible counterpart in the absorption spectrum. It is suspiciously close to the
positive maximum observed in the CD spectrum of intact ferrocytochrome ¢, which is slightly
redshifted from the peak position of the respective absorption band.(#20) The other absorption
spectra are all slightly blueshifted from the peak position in the spectrum of native

ferricytochrome c. This is consistent with a hexacoodinated low spin state.(429)

Ferricytochrome ¢ in solution is known for its ability to adopt a variety of non-native
conformations at non-physiological pH or on the surface of anionic liposomes, in which the
secondary structure is predominantly maintained.(140. 176, 227, 286, 430-434) Ip order to probe the

secondary structure of our M-states we measured the UV-CD spectra at the same pH and the



145

same protein concentration used for the recording of the visible CD spectra. As shown in
Figure 5.11, they clearly reveal a substantial fraction of predominantly helical secondary
structure. This interpretation is confirmed by a more quantitative analysis performed with
DichroWeb,#35 436) using the CDSSTR#7) method with SP175 reference set (Figure 5.12).
(438) The obtained helical fraction of ca. 0.45, which is nearly pH-independent between pH 4
and 12 and drops only at pH 13, is even slightly higher than the 40% helical fraction of the
native state.3%) At pH 13, the protein unfolds into statistical coil. The very weak negative
maximum in the spectrum of the latter (1.9 mM cm! per residue) actually suggests a random

coil state with very reduced polyproline II content.(#40. 441)
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Figure 5.11. UV circular dichroism spectra 0.05 mM horse heart ferri-cyt ¢ measured at the indicated pH. Prior

to the measurements, cyt c was subjected to oxidizing conditions for seven days at pH 11.5.
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Figure 5.12. pH dependence of the &-helical content of 0.05 mM ferricytochrome c after a one week incubation
at pH 11.5. This information was obtained from UV-CD spectra of the sample as described in the main

manuscript.

Uversky showed that a so called “double-wavelength plot” of A€ 22, versus A€ can be
utilized to further characterize the state of proteins (the author used the molar ellipticities
[0]220 and [0]200; we prefer the physically easier to interpret A€ representation).(#42) The
author found that the data cluster in regions that can be identified as coil-like, pre-molten
globule, molten globule and globular. As shown in Figure 5.13, our data inferred from the
spectra in Figure 5.11 all cluster in the transition region between the pre-molten globule and
the globular region. This suggests a disordered state that lacks some of the native tertiary
structure but still exhibits order on the secondary structure level, confirming again the notion

that the helices of cytochrome c are very stable.
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Figure 5.13: Analysis of UV circular dichroism spectra of 0.05 mM (@ black) and 0.5 mM (@ blue) horse heart

ferricytochrome c taken at different pH by means of a double wavelength plot (A€22, versus A€aqo) as introduced
by Uversky.(442) For all spectra analyzed, cyt c was subjected to oxidizing conditions at pH 11.5 for seven days. The

different colored areas of the plot indicate location of A€2), A€o pairs associated with pre-molten globule,
molten globule, and globular structures.

We attempted to probe the resonance Raman spectrum of 0.05 mM state M ferri—cyt c at
pH 5 and 7. Since our Raman microspectrometer does not allow the recording of spectra in the
resonance region of the B-band (Soret) with a sufficiently good signal to noise ratio, we used

the 488 and 514 nm excitation of our ArKr laser, which provides pre-resonance excitation. At
488 nm we were able to identify the peak of the V4-band at 1371 em! (Figure 5.14), which
indicates an oxidized state slightly upshifted with respect to the fully folded state of cyt c. The
Vio-band, at both 488 and 514 nm excitation was discernible at 1638 cm! (Figure 5.14 and
5.15), indicative of a low spin hexacoordinated state or possibly a quantum mixed state, which

will be discussed below. The V,-band under 514 nm excitation was discernible at 1587 c¢cm-!
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(Figure 5.15), clearly indicating a low-spin hexacoordinated state as well. The slight upshift in
frequency from the fully folded state (~3 cm) suggests a low spin hexacoordinated bis-His

complex.(#43) In all cases there was no trace of a high spin heme iron found.
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Figure 5.14. Polarized resonance Raman spectra (x-polarized) of 0.05 mM ferricytochrome c measured at pH 5.0
(mred line), 7.0 (» orange line) and 11.5 (= yellow line) after the protein was subjected to oxidizing conditions at
pH 11.5 for 7 days, taken with 488 nm excitation at an integration time of 150 s, showing an average of five

spectra.
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Figure 5.15. Polarized resonance Raman spectra of 0.05 mM ferricytochrome ¢ measured at pH 5.0 and 7.0 after
the protein was subjected to oxidizing conditions at pH 11.5 for 7 days, taken with 514 nm excitation with an
integration time of 100 s.
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5.2.3 Checking for chemical modifications. We have clearly shown that a very slow
conformational transition into a stable misfolded state of the protein occurs if one allows
oxidized cyt ¢ to remain at pH 11.5 for a week. To check the stability of this transition we
recorded another series of CD spectra after allowing the samples to stay for another week at
their respective pH values. The CD spectra depicted in Figure 5.16 show that no significant
changes had occurred. One might therefore suspect that our findings reflect irreversible
unfolding due to chemical modifications of the protein rather than a conformational transition
into a metastable state. It is known, for instance, that cyt ¢, if exposed to alkaline solutions, can
form up to 15 deamidated species with conversion of asparagine and glutamine into
asparaginyl and glutaminyl.##4) The most abundant deamidated species show a loss of the
amides in the asparagine located at positions 52 and 54 of the protein. We checked our sample
for deamination by using a cation-exchange resin at neutral pH and found no indication for
deamination (this was performed as a courtesy by Dr. Carmichael Wallace, data not shown).
Another possible chemical modification is hydrolyzation, which would produce protein
fragmentation. If this had indeed occurred, one would expect a significant change of the
secondary structure composition of our sample, since protein fragments would more likely be
in a random or statistical coil state. To demonstrate this we subjected cyt ¢ to an alkaline
hydrolysis, with conditions described in Chapter 3. When the protein was allowed to fully
hydrolyze, the color of the sample converted from rust-colored to a green, viscous solution,
which is cleatly at variance with the spectra observed after one-week oxidation at alkaline pH.
In order to check whether the recorded spectra could reflect partial hydrolysis, we probed the
secondary structure of the sample subjected to hydrolyzing conditions as a function of time by
measuring UV-CD spectra of aliquots removed every 10 minutes (Figure 5.17). We found that

even the CD spectra taken after 10 minutes strongly suggest a statistical coil-like structure.
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This is in significant contrast to the UV-CD spectra of oxidized misfolded cyt ¢ shown and

discussed above (Figure 5.11).
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Figure 5.16. Visible CD (top) and absorption (bottom) spectra of the Soret band region of ferricytochrome ¢
recorded at pH 7 after the protein was exposed to alkaline conditions (11.5) for one week (m violet line) and after
it was allowed to sit at pH 7 for an additional week (1 blue line).
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Figure 5.17. UV-CD (top) and absorption spectra (bottom) of ferricytochrome c at pH 11.5 recorded at room
temperature ( red line) and after 10min at 373K (u orange line) under alkaline hydrolysis conditions.

To verify that our results are not caused by modifications of cyt ¢ due to bacterial
contamination of our sample, we added a drop of toluene as a bacteriocide at the start of the

one-week incubation period pH 11.5. This did not lead to any significant changes of CD and
absorption spectra (Figure 5.18).
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Figure 5.18. Visible CD (top) and absorption (bottom) spectra of the Soret band region of ferricytochrome c
recorded at pH 11.5 after the protein was exposed to alkaline conditions (11.5) for one week ( violet line) and
with a drop of toluene (1 blue line) to determine if bacterial contamination was altering the sample.

Altogether our tests show that the conformational transition induced at alkaline pH is not due
to the discussed chemical modifications of the protein. Another possible chemical change, i.e.

the oxidation of the M80 ligand, is discussed below.
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5.2.4 Protein aggregation. The newly discovered Moo state still resembles the partially
unfolded alkaline state V.(27) As unfolded or misfolded kinetic intermediates, this state is
prone to aggregation into soluble dimers and higher order oligomers.(##5) Therefore the
question arises whether protein oligomers are formed under our experimental conditions. One
might even go a step further by invoking the idea that irreversible aggregation is the prime
reason for the population of state M. In order to check for protein aggregation of our seven-
day-incubation, 0.05 mM sample, we carried out native gel electrophoresis to determine the
molecular weight distribution as a function of pH, shown in Figure 5.19. The samples are
dominated by protein monomers at all pH values investigated. A small fraction of dimers,
however, indicates that soluble oligomers are indeed formed. This result clearly shows that
oligomerization cannot be the cause for the formation of M, and that its spectroscopic
properties depicted in Figures 5.9 and 5.11 are assignable to the monomeric protein.
Furthermore, it reaffirms the notion that the protein has not undergone fragmentation due to

hydrolysis.
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Figure 5.19. Images from gel electrophoresis of 0.05 mM (upper figure) and 0.5 mM horse heart ferricytochrome
c (lower figure). The procedure was carried out after the protein was subjected to oxidizing conditions at pH 11.5
for seven days.
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Protein aggregation should be concentration dependent. The low concentration of cyt ¢
aggregates formed at 0.05 mM does not allow us to obtain the secondary structure of the
observed dimers. Therefore we repeated the above set of experiments (absorption, visible and
UVCD, gel electrophoresis) with a 0.5 mM solution of ferricytochrome ¢ after a seven day
incubation at pH 11.5. The result of gel electrophoresis shown in Figure 5.19 reveals a mixture
of monomers, dimers and trimers. Oligomerization appears to be maximal in the pH-range
between 6 and 10, whereas the monomeric form remained dominant under acidic (5) and
alkaline conditions (11, 12). The corresponding UVCD spectra are shown in Figure 5.20. They
are very similar to the UVCD spectrum of the native protein,(297) which is clearly indicative of

nearly intact secondary structures. This is confirmed by the result of our DichroWeb analysis
displayed in Figure 5.21. The A€32, A€00 coordinates in the Uversky plot in Figure 5.13 are

now in the globular region, which corroborates the notion of very limited structural disorder in

the oligomers. We can therefore conclude that the observed aggregation of cyt ¢ does not
involve the formation of B-sheet protofibrils. The interconversion of monomers and polymers

in cyt ¢ had been originally discovered by Margoliash et al. over 50 years ago.(245) More recently
cyt ¢ was found to form amyloid fibrils similar to those related in neurodegenerative diseases.
(446) Due to this connection the mechanism of the protein structural change has experimentally
gained a great deal of attention.(*47449) Recent work by the Hirota group reported the crystal
structure of cytochrome ¢ dimers and trimers formed by adopting the protocol of Margoliash
and Lustgarten. These crystal structures revealed that cyt ¢ polymerization occurs by successive
domain swapping of the C-domain.(191. 192.450) In view of the fact that the secondary structure
of cytochrome ¢ remains intact in the observed oligomers we propose that domain swapping is

the likely mechanism leading to the formation of oligomers in our 0.5 mM samples.(192 451)
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Figure 5.20. UV Circular dichroism spectra 0.5 mM horse heart ferricytochrome ¢ measured at the indicated pH.
Prior to the measurements, cyt ¢ was subjected to oxidizing conditions for seven days at pH 11.5.
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Figure 5.21. Secondary structure comparison of 0.05 mM Cyt c after being oxidized for a week at pH 4 through
13, analysis made utilizing DichroWeb*!-42 using the CDSSTR method*? with SP175 reference set.#
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The visible CD and absorption spectra are rather complicated (Figure 5.22). Due to the highly
pH-dependent visible Q-band spectra (Figure 5.23). The spectra taken at pH 7.0 through 10.0
all reflect a substantial amount of reduced cyt ¢ suggesting that a fraction of proteins in our
sample have switched back into the native state. However, the initial protocol had removed
potassium ferricyanide by means of a Sephadex column after a short oxidation period at
alkaline pH. The Q-band region of reduced cytochrome exhibits a clear separation of Qo and
Q,, with a higher peak intensity of the former,#52) whereas Qo and Q, merge into one single
band in the spectra of all ferricytochrome c species, owing to the reduced life time of the
respective excited states.(#23) A comparison of the spectra in Figure 5.23 and the electrophoresis
result displayed in Figure 5.19 suggests a correlation between oligomer formation and
reduction. We therefore subjected 0.5 mM sample of the protein to size exclusion
chromatography as described in Chapter 3. The Q-band spectra of different fractions are
exhibited in Figure 5.24. Apparently, the slower fractions (monomers and dimers) contain the

highest fraction of reduced cyt c.
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Figure 5.22. Visible CD (top) and absorption (bottom) spectra of the B-band (Soret) region of 0.5 mM ferri-cyt
¢ measured at the indicated pH after the protein was subjected to oxidizing conditions at pH 11.5 for a week.

Inset shows 2D plots of the CD and absorption spectra in the B-band region as a function of pH.
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Figure 5.23. Qo/Q,-band spectrum of 0.5 mM ferricytochrome c measured at the indicated pH after the protein
was subjected to oxidizing conditions at pH 11.5 for a week.
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Figure 5.24. Baseline corrected absorption spectra in the Q-band region of 0.5 mM cyt c after being oxidized for
a week at pH 11.5. Inset show ratio of Q,/Qo for each aliquot sampled through the Sephadex column.
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We measured the polarized resonance Raman spectrum of the 0.5 mM solution of
ferricytochrome c after the 7-day incubation period at different pH between 5 and 12, using
the 442 nm excitation of our HeCd laser which provides pre-resonance B-band excitation.

Opverlaid spectra of x-polarized scattering are shown in Figure 5.25. Two bands are clearly

displayed in the V4, V3 and V1o regions of the spectrum, which are diagnostic of a coexistence of

reduced and oxidized species.(43) We normalized the spectra onto the y-component of V2 at

1311 ecm ! and subsequently subjected all spectra to a self-consistent analysis by decomposing
them into Lorentzian profiles with identical wavenumber positions and halfwidths for the same
bands in different spectra. All spectra are describable as a superposition of bands from oxidized
and reduced hcls-species.(433456) The wavenumber positions of the classical marker modes of
the oxidized species in Table 1 reveal a hcls-state, in agreement with what we inferred from the
absorption spectra of the 0.05 mM sample. Figure 5.26 shows the relative intensity ratio of

1,(v,)/1,(v,)as a function of pH. The plotted data clearly indicate that the fraction of reduced

cyt ¢ becomes maximal at pH 9.00. The reason for this pH redox coupling is not yet

understood
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Figure 5.26. Ratio of integrated relative intensities of the reduced and oxidized V4 bands (Iva(reduced)/ Iva(oxidized))
for the 0.5 mM sample of cyt c obtained after subjecting the proteins to oxidizing conditions at pH 11.5 for seven
days. The data were obtained from a decomposition of the spectra exhibited in Figure 5.25.

Figure 5.27 shows the depolarization ratios (DPR) for the oxidized and reduced components
of the v4 and vio bands. All DPRs of V4 are substantially above the Dap-expectation value of
0.125, thus indicating the presence of B;,/B,-type deformations. These two types of static
deformations can be discriminated since they have a different impact on Big-modes. The fact
that the DPRs of Vig is lower than the Dap, expectation values of 0.75 suggests an Ajg-

admixture to the Raman tensor and thus a Bi,-deformation. It has been argued earlier that a
rhombic deformation of this symmetry type can be induced by a static Jahn-Teller effect

involving the ground state of the ferric heme iron, which is of E-symmetry in hcls complexes. In

high spin complexes the ground state symmetry is A and as a consequence, the DPRs of V4 are

closer to 0.125.457) Within the limits of accuracy the DPRs of V4 and Vi are pH independent
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for both oxidation states. The V4 DPRs of the reduced state are slightly lower than the

corresponding values of the oxidized state, but somewhat higher than the values earlier
obtained for the monomeric fully folded ferrocytochrome c. This might be indicative of
additional Bi,-type deformations, but it should be mentioned that the DPR presented here are

subject to substantial statistical errors owing to overlap of bands from the two redox states.
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Figure 5.27. Depolarization ratio (DPR) of the V4 and V1o bands for the 0.5 mM sample of cyt ¢ obtained after
subjecting the proteins to oxidizing conditions at pH 11.5 for seven days. The data were obtained from a MultiFit
decomposition of the spectra exhibited in Figure 5.25. The DPR in an ideal Dy, symmetry is shown in gray.
Thus, the Raman data confirm the mixture of reduced and oxidized proteins, which we
inferred from the Q-band absorption spectra. Since the reduced state of cyt c requires M80 as
axial ligand, its occurrence rules out the possibility that state M is associated with the oxidation

of the sulfur atom in M80. The possibility of such a modification of the M80 side chain is

suggested by experiments that revealed the oxidation of the sulfur of free methionine into
g8 y exp

sulfoxide or an (X-keto acid derivative at alkaline conditions.(458 459)
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5.2.5 Reversibility of the M state. The data reported thus far clearly show the very slow

conformational transition that occurs if one allows oxidized cyt ¢ to remain at pH 11.5 for a
week. Figure 5.28 shows this transition at pH 7 from the native state (shown in red) to the
aforementioned misfolded state (shown in orange). To determine if this was a completely
irreversible state we collected an additional series of CD spectra taken at 0.5 mM but allowing
the samples to stay at their respective pH values for an additional length of time under
refrigerated conditions. Within the first week sitting at this pH there is a slight decrease in
intensity from what is believed to be equilibrium with the soluble aggregates as previously
described. This intensity decrease does not significantly change in the following weeks sitting at
these conditions. The absorption maximum begins to slowly redshift 137+1 c¢m! (2.25 nm)
over a 16 week period before returning to the native position. After 24 weeks, shown in blue,
the CD spectrum clearly shows the positive Cotton band of the M state resolving to the couplet
of the fully folded state (Figure 5.28). This reaffirms that both chemical modification and
oligomerization are not contributing factors to the M state and that the M state is not an
irreversible state along the folding pathway. The respective CD spectra measured at other pH
values between 5 through 13 (data not shown) did not show any significant changes of the
absorption and CD spectra. This suggest that the relaxation into the native state occurs in a

very narrow pH window, a very surprising result.
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Figure 5.28. Visible CD (Top) and absorption spectrum (bottom) of ferricytochrome c at after being allowed to
sit at pH 7 under refrigerated conditions for an extended period of time. The u red line shows the couplet of the
fully folded state III, after being oxidized for 15 min. The proposed misfolded state is shown after 1 week (
orange line), 4 weeks (= yellow line), and 12 weeks (u green line) illustrating the very slow transition back to the
folded state after 24 weeks (u blue line) under refrigerated conditions at pH 7.0.
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5.3 Discussion. It is well known that ferricytochrome c is structurally a very flexible
molecule. Seventy years ago Theorell and Akesson identified five distinct titration states
populated between pH 1 and 12 which they designated with the roman numbers I to V.(460)
State III is the so-called native, fully folded state. State IV and V are populated under alkaline
conditions. Recent spectroscopic experiments by Verbaro et al. reported the population of an

intermediate state IIT* at low ionic strength.(17) The complete scheme is therefore:

Il 2 N,, 2V,

The subscripts a,b for states IV and V indicate the coexistence of different isomers.(#31) In the
current study we exposed the protein to alkaline conditions at pH 11.5, at which states V,;, are
predominantly populated. We found that cyt ¢ under these conditions undergoes a very slow
conformational transition from a state V into a state M, which refolded only after the
formation of protein aggregates. A spectroscopic comparison of the spectra of V and M (UV
and visible CD) reveals only minor differences. This suggests that the respective secondary and

tertiary structures are very similar. We can therefore propose the following scheme:

VoMye=2M,,w2M,,,

The states M (1,j=0,1) have been introduced above. States M1o/01 and M1 exhibit the CT2
band in their absorption spectra, though with different intensities. Since the measurements of
the CT band spectra have been performed at a concentration of 0.5 mM, they might, to a
significant extent reflect the behavior of the protein oligomers, since a dominant fraction of the

monomers seems to be in the reduced state.
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The resonance Raman and absorption spectra of state Moo indicate a low spin,
hexacoordinated state (hcls) of the ferric heme iron for the predominantly monomeric 0.05
mM sample as well as for the oxidized fraction of the oligomers formed at 0.5 mM. The
classical candidates for the sixth ligand of a hcls complex are lysine (K72, K73, K79)(225 431) or
histidine residues (H33 being the likely candidate).(187 461) The position of the Soret band
absorption (24,900 cm™) is close to values generally observed for bis-histidine complexes of
ferricytochrome ¢;(42% 462) whereas the respective lysine-histidine ligation leads to band
positions at 24,500 cm1.(365) However, as mentioned above, the respective CD spectra suggest
that state V and M are very similar. As shown by Dopner et al., state V consists of two isomers
termed V, and Vi, which can be distinguished by means of the respective maker band
frequencies in the resonance Raman spectrum.(*>%) A comparison of the peak positions in Table
5.1 with the corresponding values of the V-state isomers reported by Dopner et al. reveals that
our data are close to those reported for the isomer Vj, whereas the respective bands of V; all
appear at slightly higher wavenumbers than the bands in our M-state Raman spectra. The
same can be said about the marker bands in the Raman spectra of states I'V (histidine/lysine

complexes) and B (bis-histidine complexes).(42%) The spectral analysis of Dopner et al. revealed

V, to be much less populated than V,. We therefore propose that the V=M transition is in

fact a slow V,— V}, transition.
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Table 5.1. Wavenumber positions of marker bands in the resonance Raman spectrum of the oxidized
fraction of cyt c incubated for one week at pH 11.5 (left column) and of the corresponding bands in the
spectrum of state Vs obtained by Dépner et al. (right column)(#59

Mode Vy [cm’l] vy, [cm’l] vy, [cm”]
V4 1371 1370 1377
V3 1499 1501 1506
V2 1585 1586 1589
Vio 1635 1636 1641

The work of Dépner et al. did not lead to a final identification of the sixth ligand in state V.(459
However, several lines of reasoning suggested a hydroxyl ion as ligand. Additional lines of
evidence suggest that this is most likely the best candidate for our state M = V}, in both its
monomeric and oligomeric form. First, the work of Hirota et al. provided spectroscopic
evidence for OH- as the sixth ligand in cyt ¢ oligomers formed by domain swapping in an
ethanol/water solution.(*>%) Second, Silkstone et al. reported OH- to be the sixth ligand in
MB80A and M8OS ferricytochrome ¢ mutants even at physiological pH.#63) The conformations

produced by these mutations may therefore also resemble the misfolded state M/ V.

The appearance of the CT2 band is normally indicative of a high spin state of the metal iron,
(425) but this notion is in conflict with the resonance Raman data, which still display the spin
marker band close to their low spin positions. However, all our experimental data can be
sufficiently explained by invoking a PcQM-state of the heme iron, which can be caused by spin-
orbit coupling between a low lying high-spin and a slightly higher intermediate spin state of the
heme iron.(#64 465) The absorption spectrum of such a state would appear redshifted with

respect to that of all ferric hcls-states, but would have its peak still below 25,000 cm1.(19) This
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is exactly what we observed (Figure 5.9). The B-band peak position of a hexacoordinated high

spin state, however, lies at 25,000 cm (400 nm).(18”) The optical spectra of heme proteins with
quantum mixed heme irons generally exhibit a charge transfer band in the CT2 region,(1?)
whereas the position of the spin marker bands in the corresponding resonance Raman spectra
are close to the respective low-spin values. Quantum mixed spin states have been found in
cytochromes of the ¢’-family and in class 3 peroxidases.(11: 464 466, 467) A very prominent example
is horseradish peroxidase.(10: 466-468) Quantum mixed states have not yet been discovered in cyt
c derivatives (both native and unfolded), but one should keep in mind that cyt c on the surface
of liposomes and on the inner membrane of mitochondria can acquire peroxidase activity, for

which a quantum mixed state of the heme iron might be a prerequisite.(10- 1)

The formation of the proposed PcQM state is triggered by the protonation of groups with pK-
values of 4.4 and 6.6. Our analysis of the CT2 titration suggest that the Moo—Mo: transition

exhibits a pK-value of 6.5. This lies in the region in which solvent accessible histidines

protonate. In cyt c the sole candidate is H33.(46%) However, the high n-numbers obtained from
the fits suggest the involvement of 3 to 4 protons in the Moo= Mo transition. This indicates a

network of interacting protonation sites. A possible candidate is one of the propionic acid
peripheral substituents of the heme. In native cyt ¢, one of the respective pK-values of the two
propionic acids is unusually high (>9 for the other propionic acid),#’% but it is more than
likely that the respective pK-value is lower in a partially unfolded state. We hypothesize that

H33 and the outer propionate, which exhibits an alkaline pK value in folded cyt ¢, interact with
the OH- ligand to trigger the Moo = Mo transition. We propose that the second protonation

step involves the protonation of the hydroxyl ligand. For the aforementioned M80A and M80S

mutants of ferricytochrome ¢ the pK-values of this reaction were reported as 5.6 and 5.9,
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which is higher than the values of 4.3 and 4.7 inferred from our titration curves in Figures 5.4
and 5.7. However, our data in the region below pH 5 must be considered as incomplete since

we were not able to reach the saturation region below 4.0 owing to the onset of aggregation
induced precipitation. It is possible that the data assignable to the Mo1/10=>Mi1 transition

involve e.g. two protonation steps, with pK-values below 4.0 and between 5.0 and 6.0. The first

could be assigned to H26,(470) and the second to the protonation of OH-.(464)

The fact that the CT2 band is less intense in Mo1/01 than in M11 suggests that it might in fact
comprise a mixture of Moo and M rather than a thermodynamic intermediate between Moo
and M1, In other words: the protonation of H33, H26 and the outer propionic acid
substituent change the equilibrium between two conformations with a hexacoordinated low-
spin and the PcQM state, respectively. The first protonation step produces a mixture of both

states, whereas the second protonation stabilizes the PcQM state.

If our assessment of the ligation state of M/Vj is correct one would expect that the
protonation of the hydroxyl ligand should produce a hexacoordinated high-spin state with
water as the sixth ligand. This is what the CT2 band alone would indicate. However, the
PcQM state does fit into the picture as well, since a similar state in horseradish peroxidase

exhibits a water molecule still close to the heme iron.(471)

The observation of a pH-dependent fraction of reduced cyt ¢ in the 0.5 mM sample is another
really surprising result. The pH-dependence itself indicates coupling with protonation/
deprotonation processes, i.e. the pK-value of protonatable groups are different in the oxidized

and reduced states. As shown by Hauser et al; the heme carboxylate groups as well as lysine
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side chains, are likely candidates.(472) The absence of reduced species in the monomer fraction
of the 0.05 mM sample under neutral and alkaline conditions suggest that the electron transfer
process must occur intermolecularly in oligomeric complexes. The heme reduction switches the
protein to the native state IIL. If this state is adopted in the oligomer, the M80 might actually
be provided by an adjacent cytochrome, as observed for cytochrome cs52. The newly formed I11-
state monomers should establish a new equilibrium of reduced and oxidized proteins that
reflect the corresponding redox potential.(473) A similar coupling between a protonation/
deprotonation process and changes of the oxidation state have been observed for the binuclear
site of cyt ¢ oxidase. One of the groups involved in this allosteric coupling process is the

carboxylate group of one of the heme’s propionic acids.(474 475)

The equilibrium between monomers and oligomers appears to stabilize within a week after
sitting at their respective pH. Surprisingly, the fraction of monomers in the metastable M-state
then undergoes an extremely slow transition back to the fully folded state, at neutral pH under
refrigerated conditions. This observed slow transition indicates the proteins ability to anneal
itself, returning on-pathway from a frustrated state to complete its folding process (at neutral
pH). If this can be confirmed by further experiments, it would be the first experimental
observation of the long time relaxation of a frustrated misfolded state, and as such, an

impressive confirmation of the theoretical approach that treats proteins like spin glasses.(#18)

Our data indicate a reversible metastable state of cyt c that can be described as an equilibrium
between monomers and oligomers of pre-molten globule/globular proteins, stabilized at
neutral pH. This suggests that the associated folding process has its transition region at higher
energy than the glass transition of the protein.(*13) If we allow the protein to undergo this very

slow transition at pH 11, we change the folding landscape by lifting the glass transition above
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the transition region of the folding process along the pH-coordinate. This is illustrated by the
folding funnel in Figure 5.29. For unknown reasons, this ensemble of protein monomers and
oligomers establishes a dynamic equilibrium that involves the formation of reduced proteins in

a pH range between 6 and 10.

Molten Globule
States

Energy

} Glass Transition

Misfolded State

(Discrete Trap)

\

Q=1 Native Structure

Figure 5.29. A feasible funnel-like protein folding landscape for a small helical protein. The preferred direction of
flow is towards a unique native structure. When the glass transition temperature is higher than the folding
temperature, the population of a frustrated misfolded state can occur over that of the native state.
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6.0 Summary

Cytochrome c is a multifaceted protein, tightly regulating cell respiration and cell death. In
addition to mitochondrial electron transfer it was also found to bind to Apaf-1 triggering
caspase activation (in the cytosol),(119) to complex with cardiolipin,(1!8) to trigger pore
formation in cardiolipin containing membranes,(11%) to act as a cardiolipin peroxidase,(#77 478)
and to initiate canonical intrinsic apoptosis.(115 117) Cyt ¢ can also scavenge reactive oxygen
species (ROS) under healthy conditions,(120) or produce ROS via increased mitochondrial
membrane potentials or the p665¢h pathway.(121) From a human pathology perspective this links
cyt ¢ to neurodegenerative diseases,(#7% 480) cardiovascular diseases,*81) cancer, (432 483) sepsis(434
485) and autoimmune disorders.(122 482) These newly described functions(#30) are closely
associated with so-called non-native states of cyt c.(>) The structure and function relationships
of these discrete non-native states are thus as important as that of the native state for

elucidating the precise roles of this important protein in complex biological systems.

In contrast to the reduced state, it is the oxidized state of cyt c that has the ability to adopt a
wide range of different folded and partially folded conformations, depending on solution
conditions. These partially folded conformations maintain a substantial fraction of the protein’s
secondary structure, form early in protein folding, and are relatively stable in both
thermodynamic and kinetic folding intermediates.(> 55) This is consistent with results from
rapid mixing experiments and the unfolding/folding foldon model.#37) The partial
maintenance of the secondary structure allows for a more diverse pool of meta-stable
conformations close to that of the fully folded state of the protein, allowing the protein to keep
the same folding pattern in its diverse functional landscape. Thermodynamic principles
requires a protein to continuously cycle through an equilibrium of all possible states and

populate them in a Boltzmann manner. The ability to control the population of these partially
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unfolded states and the characterization of these conformations is essential for understanding

the folding pathway in vivo and ultimately in relation to disease.

As frequently as cyt c has been investigated, only a limited number of experiments have been
carried out under low ionic strength, which reduces the anion induced minor structural
changes involving changes of the Fe3+-M80 coordination.(126: 216) Under these conditions we
were able to evaluate the temperature dependence of the canonical Theorell-Akesson states
including the III* state. Our experimental data suggest a two-step process of thermal unfolding
for all protonation states with a statistically significant enthalpy-entropy compensation with
different compensation temperatures (T = 316+13 K, T = 316113 K) for the two
consecutive thermal transitions. This further points to a common physical process which
similarly affects all of the investigated protonation states. The complete unfolding of
cytochrome ¢ was not obtained in this study at rather harsh conditions (extreme pH and
temperature), so it appears that complete unfolding can only be obtained through the addition
of urea or guanidine hydrochloride. This result illustrates the significant stabilizing strength of

the intra-backbone hydrogen bonding in cyt c.

A slight change in the folding pathway results in the population of a frustrated misfolded state,
at which the foldon energy levels are close enough to rearrange.(438) This peculiar state was
occupied because the glass transition preceded the folding step on the pH-coordinate. This
state exhibited a predominantly hexacoordinated low-spin state under folding conditions (0.05
mM cyt ¢), likely with a hydroxyl ion replacing M80 as the sixth axial position of the heme
iron. This misfolded state slowly resumes the fully folded state when allowed to sit under
folding conditions for an extended period of time under physiological conditions. At higher
protein concentrations (0.5 mM cyt c), a substantial fraction of soluble dimers and higher-

order oligomers formed containing even more helical structure, likely formed as a result of
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domain swapping. It has been shown by Hirota et al. that the domain-swapped form of cyt ¢
contains locally unfolded regions containing the M80, which maintain a mostly intact
secondary structure.(11: 192) Domain-swapped dimers have been shown to create an additional
heme binding site which results in enhanced peroxidase activity.(*®) We speculate that our
misfolded state may be the prerequisite state that cyt c adopts on the surface of liposomes and

on the inner mitochondrial membrane.

Protein folding is a complex problem involving complicated series of events that can be
described using the funneled energy landscape theory. The adjustment of the local
environment, i.e., pH, temperature, and anion concentration, can affect the shape of the energy
landscape. This allows for the complete quantitative description of cyt ¢'s conformational
landscape including the misfolded state to be characterized by the funneled landscape. This
theory allows for protein folding and binding to be a thermodynamically controlled process
involving a large variety of driving forces, i.e. entropic effects (uptake and release of solvent
molecules), enthalpic contribution (noncovalent bond formations), and the hydrophobic effect,
which are driven by a decrease in total Gibbs free energy.(89) This decrease in free energy is
dictated by a delicate balancing of opposing enthalpic and entropic contributions, the
compensation of which dictates the conformational selection observed in the folding process.
(489) The thermodynamic entropy-enthalpy compensation based on the dynamic energy
landscape view can be used to help in the understanding of the forces that drive conformational
variation. Eventually, understanding this will likely serve as the connection between

conformational variation and function.

Opverall, the comprehensive analysis of the fully folded and pH and temperature induced
partially unfolded states of ferri-cyt ¢ at low anion concentration reveals the relationship

between structure and thermodynamics in solution. Our discovery of a misfolded state (M)
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suggests that cyt c's energy landscape is more frustrated than previously envisioned along
certain folding coordinates. It can be expected that the obtained result will provide the
framework for future work aimed at characterizing the conformational changes which this
protein undergoes on the surface of anionic phospholipid containing membranes. Such
membranes serve as model systems for the inner membrane of the mitochondrion to which cyt
c can bind in order to shuttle electrons between cyt ¢ reductase and cyt c oxidase. Structural
changes of cyt c are a prerequisite for other, non-electron transfer related functions: ie., the
acquisition of peroxidase activity, the subsequent oxidation of cardiolipin in the presence of
H>0O, and the subsequent involvement of the protein in apoptosis. This can ultimately serve to

help understand the precise functional role of this protein in complex biological systems.
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APPENDIX

Al Abbreviations

AcOH
APAF-1
ATP

C

CD

CE

CI

Cl-
Complex ITT
Complex IV
CPL

CT

cytc

D,O
DBM
DFT
DLS
ECD

EPR

FTIR

depolarization ratio

FRET acceptor

acetic acid

apoptotic protease activating factor 1

adenosine triphosphate

carbon atom

circular dichroism

Cotton effect

compact intermediate sub-state of a protein
chloride ion, the predominant negative ion in blood plasma
cytochrome bcl complex/ cytochrome reductase
cytochrome c oxidase

circularly polarized light

charge transfer

cytochrome ¢

FRET donor

deuterium oxide

Debye-Bohr magneton

Density Functional Theory

dynamic light scattering

electronic circular dichroism

electron paramagnetic resonance

fully folded state of a protein, also referred to as the native state

Fourier-transformed infrared spectroscopy
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GdmCl
hs

hchs

HCI
hels
HPO.>
HCOs

HOMO

IUP
K[Fe(CN)e)
KH,PO4
KHD
LCAO

Is

LUMO

MD

MG
MOPS
N
NaOH
Na,S>,04

NADH
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globular state of a protein

guanidinium chloride

high spin iron

hexacoordinated high spin

hydrochloric acid

hexacoordinated low spin

hydrogen phosphate, an ion found in blood plasma

hydrogen carbonate, the third most abundant ion in blood plasma
highest occupied molecular orbital

intermediate state of a protein

Raman scattering intensity polarized parallel to incoming excitation frequency
Raman scattering intensity polarized perpendicular to excitation frequency
intrinsically unstructured protein

potassium ferricyanide

monobasic potassium phosphate buffer
Kramers-Heisenberg-Dirac relation for the polarizability tensor
linear combination of atomic orbitals

low spin iron

lowest unoccupied molecular orbital

misfolded state of a protein

molecular dynamics

molten globular state of a protein
3-(N-morpholino)propanesulfonic acid

native or fully folded state of a protein

sodium hydroxide

sodium dithionite

H-nicotinamide adenine dinucleotide



NMR
NO>-
ORD
pels

pchs
PcQM
PDB
preMG
REDOX
ROA
ROS
RR

SAXS

SO4*
TCA
TFA

Tris

[SAY
UVRR

VCD

nuclear Magnetic Resonance

nitrate, a common environmental ion, found in drinking water
optical rotatory dispersion

penta-coordinated low spin

penta-coordinated high spin

pentacoordinated quantum mixed

protein data bank

pre-molten globular state of a protein
Oxidation-Reduction reactions
Raman optical activity

reactive oxygen species

resonance Raman

small angle X-ray scattering

sulfur atom

sufate, a common environmental ion
trichloroacetic acid also known as trichloroethanoic acid
trifluoroacetic acid
tris(hydroxylmethyl)aminomethane
unfolded state of a protein

ultraviolet

ultraviolet resonance raman

vibrational circular dichroism
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Appendix A.2. Amino Acid Abbreviations

Amino acid Three letter code One letter code
alanine ala A
arginine arg R
asparagine asn N
aspartic acid asp D
asparagine or aspartic acid asx B
cysteine cys C
glutamic acid glu E
glutamine gln Q
glutamine or glutamic acid glx Z
glycine gly G
histidine his H
isoleucine ile I
leucine leu L
lysine lys K
methionine met M
phenylalanine phe F
proline pro P
serine ser S
threonine thr T
tryptophan trp w
tyrosine tyr Y
valine val \Y%

Appendix A.3. Amino Acid sequence comparing horse heart to yeast cytochrome c

10 20 30 40 50

12345678901234567890123456789012345678901234561789012345¢6

Horse..... = = = = = = = = DVEKGKKIFVQKCAGQ TVEKGGKHKT NLHGLFGRKTGOQAPGFT

Yeast..... - --TETFIKA S AKK ATL K TR EL TVEKGGPH v N H IFG HS 0AQ Ys

60 70 80 90 100 110
78901234567890123456789012345678901234567890123456789012
Horse..... T D KNKGIT KEETLME E I A I KTE E LI YLKKATNE

Yeast..... T D I KKNVL DENNMSE T A G L EKD N LITYLKKACE
Symbols in represent amino acids which are consistent across all organisms, the red represents the additional

amino acids similar between horse heart and yeast cytochrome ¢.(112)
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Appendix A.4. Procheck results showing (a) Ramachandran plots and (b) secondary structure
with estimated accessibility for states II to V.(210) The 104 amino acid residues are shown in
black, and those in unfavorable conformations (score < -3.00) are labelled in red.

a. Ramachandran Plot(s)
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b. Secondary structure & estimated accessibility
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Appendix A.5. Complete assignment of cytochrome ¢ RR Bands (cm™1)

Symmetry Mode?

A1g 4]
V2
V3
V4
Vs
Ve
%4
Vs
Vo
Big  vio
V11
Vi2
ZE]
Via
Vis
Vie
V17
Vig
Azg V19
V20
Va1
Va2
V23
V24
25
V26
Bog  ver7

Vs
V29
V30
V31
V32
V33
V34
V35

Fe(ll)®
[3041]

1591 (B1 6c¢ls);
1592 (B2 6c¢ls);
1572 (B2 5chs)

1491 (B1 6cls);
1494 (B2 6cls);
1470 (B2 5chs)

1361 (B1 6cls);
1360 (B2 6cls);
1354 (B2 5chs)

1118
796
691
347
268

1621 (B1 6¢ls);
1606 (B2 5chs)

1547;1577
[1343]
1230
1131
750
746
305
162; 168
1585; 1603
1399
1314; 1307
1130
1080
603; 597
502; 551
[243]
[3041]
1483
1402 (h.s.)
1173
1132; 1015
947; 938
479; 493
183; 197
144

Fe(ll)®

1584 (B1 6c¢ls);
1588 (B2 6c¢ls);
1570 (B2 6¢hs);
1577 (B2 5chs)

1502 (B1 6c¢ls);
1506 (B2 6cls);
1485 (B2 6¢hs);
1497 (B2 5chs)

1373 (B1 6c¢ls);
1374 (B2 6¢ls);
1370 (B2 6¢hs);
1371 (B2 5chs)

1124
797
701
349
274

1635 (B1 6¢ls);
1640 (B2 6cls);
1623 (B2 5chs)

1562
1232
1130
750

1582
1401
1316

1134¢

1426 (h.s); 1463
1407
1166; 1177

480
206°

“Mode numbering notation.(344 346) bUnpublished data. <Frequency assignments.(164 234 345,349,443, 490) B] 6cls
has Met/His axially ligated to the heme; B2 6cls His/His axially ligated to the heme; B2 6chs H,O/His axially

ligated to the heme; B2 5chs -/His axially ligated to the heme.(461442)
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Appendix A.6. High/Low Spin Heme Iron assignment for Oxidized Cyt c as a function of
pH.

Low Spin

High Spin
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