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ABSTRACT
Cytochromec is a prototypical multifunctional protein that isiplicated in a variety of

processes that are essential both for sustaining fan terminating cellular life. Typically,
alternative functions other than canonical electtegensport in the respiratory chain are
associated to alternative conformations. In thiskmee apply a combined experimental and
computational study of Cyt c variants to assessthénethe parameters that regulate the
canonical electron transport function of Cyt ¢ amrelated with those that determine the
transition to alternative conformations, using Hikaline transition as a model conformational
change. The results show thatpkalues of the alkaline transition correlate witle &activation
energies of the frictionally-controlled electrormnsfer reaction, and that both parameters are
mainly modulated by the flexibility of th@-loop 70-85. Reduction potentials and non-adiabatic
ET reorganization energies, on the other handpatle modulated by the flexibilities of the-
loops 40-57 and 70-85. Finally, all the measuregttfodynamic and kinetic parameters that
characterize both types of processes exhibit systenvariations with the dynamics of the
hydrogen bond between the axial ligand Met80 arel shcond sphere ligand Tyr67, thus

highlighting the critical role of Tyr67 in contrallg canonical and alternative functions of Cyt c.

1. INTRODUCTION
Cytochromec (Cyt c) is a small, cationic and soluble monohepnigtein, whose canonical

function is shuttling electrons in mitochondriagp@atory chain$l] This function is exerted by
the so-called native protein conformation that atitral pH has a characteristic Met80/His18
axial coordination pattern of the heme if@8] In addition to electron transfer (ET), a variefy o
alternative functions of Cyt c¢ have been recentlycuinented4] including cardiolipin

peroxidation5] apoptosome assempdy and histone chaperone inhibitipr], thus pointing out



Cyt c as a prototypical moonlighting protég). Conformational changes that lead to the gain of
alternative peroxidase function have been fountetdriggered by a variety of stimuli such as
post-translational modificatiorj;-21] interactions with cardiolipif22,23] naturally or
artificially occurring mutation$16,21,24,25] pH changel26,27] and local electric fieldR8] A
feature common to most of these transitions isdibruption of the Fe-Met80 bond, which may
lead to different axial coordination patterns depeg on the specific conditions. For example,
the so-called alkaline transition leads to the pHuiced replacement of Met80 by either Lys73 or
Lys79[29] This transition takes place with pB.4 for WT Cyt ¢ in solution, but it shifts toward
physiological pH for point mutants found in humaatipnts and othei46,21,24,25,30,31] as
well as upon several post-translational modifiaadifil0,13—21] including nitration of Tyr74
under oxidative stress (N€Cyt ¢ hereafter)11,12,32] thus suggesting potential physiological
relevance for the Met/Lys conformer. Moreover, #liealine transition constitutes an excellent
model for studying the structural and dynamic ba$i€yt ¢ multifunctionality in general. The
thermodynamic and kinetic redox properties of Cj1,38-35] as well as structural and
dynamical aspects of the native and alternativdacoration$4,29,36—38] have been studied at
length. Based on the available information one caason out that the basis for Cyt c
multifunctionality is its high flexibility, which eables exploration of a broad conformational
space. This leads us to the still unverified wogkhypothesis that redox and conformational
parameters should be somehow cross-correlated. wiesldress this issue by a combination of
experimental and computational methods that untheilintertwining between thermodynamic
and kinetic ET parameters and the,[sof alkaline transitions. The different magnitsideere
found to be modulated by flexibility of distinctrgttural elements, with a differential response

depending on the ET regime, ie. nonadiabatic e$idn control.



2. MATERIALS AND METHODS
2.1. Chemicals. Horse heart cytochromeBioUltra>99% (Cyt c), buffer CHES, 16-mercapto-

1-hexadecanoic acid, 11-mercapto-l-undecanol, Itap®-1-undecanoic, 8-hydroxy-1-
octanethiol, 8-mercapto-1-octanoic acid, 6-merdagtan-1-ol, 6-mercapto-1-hexanoic acid, 4-
mercapto-1-butanol, 4-mercaptobutiryc acid, polykthe glycol average weight 4000 (PEG-
4000), sucrose, N-cyclohexyl-N’-(2-morpholinoethyarbodiimide methyl-p-toluenesulfonate
(CMC), N-hydroxysuccinimide (NHS), kPO, and KSO, were purchased from Merck. 16-
mercapto-1-hexadecanol was purchased from FroSwgentific, Inc. All experiments were

conducted with type Il water (R > 18®).

2.2. Protein production. The mutants Y67F and E66Q, as well as the vardftsCyt ¢ and
Y67F nitrated at Tyr74 (N@Cyt ¢ and NQ-Y67F, respectively) were produced and purified

following published procedures.[11,39]

2.3. UV-vis titrations. Absorption spectra were acquired with a Thermo r8ifie Evolution
Array spectrophotometer using 1 cm quartz cuvetfdkaline transitions were monitored

following the disappearance of the band at 695ga88: 865 M'cm™.

2.4. Molecular dynamics simulations. The initial Cyt ¢ structure corresponds to ferrarsge
heart Cyt c,PDB 1HRC[40] The Y67F, E66Q and NLCyt ¢ variants were created silico

from WT Cyt ¢, and relaxed using standard procesi[88]

All structures were optimized in a TIP3P water lamd then heated and equilibrated at 300K,
followed by a production run of 50 ns. Temperatamnel pressure were kept constant using the

Berendsen thermostat and baroftat. For PBC simulations, Ewald summations were used to



compute the electrostatic energy terms using thautteparameters in the PMEMD module of

the AMBER16 package[42] with the ffSB14 force fiéhplementatiorj43]

Canonical H-bonds were evaluated using default esmlaf the CPPTRAJ module of the
AMBER16 package. For the atypical H-bond Y67-M80 @eenputed a score function based on
the criteria defined by Zhoet al[44] For each frame we evaluated five parameters tiaed
the H-bond and assigned a value of one to eachmedea that is within optimal range, thus
yielding a final score between 0 (no H-bond) an@gimal H-bond). For translating the scores

into percentage of frames were the H-bond is pteseradopted a cut-off score of 4.

24. Cyclic voltammetry. Electrochemical experiments were performed with am@&
REF600 electrochemical workstation using a nonhswhal cell equipped with a polycrystalline
gold bead working electrode, a Pt wire as courtsat®de and Ag/AgCI (3.5 M KCI) reference
electrode. Au electrodes were treated as deschieénle[45] and coated with self-assembled
monolayers (SAMs) by overnight incubation into 2 @MinM ethanol solutions of HS-(GH-
CH,OH : HS-(CH),-COOH mixtures (n= 4, 6, 8, 11 and 16). The SAMtedaelectrodes were
then incubated for 1 h into 40@M protein solutions, then rinsed and inserted itfte cell.
Unless stated otherwise, determinations were paddrin 12.5 mM phosphate buffer, pH=7.0,

containing 12.5 mM KSQ,. Viscosities were adjusted with either sucrosBB&-4000.

2.5. Raman spectroscopy and spectroelectrochemistry. Resonance Raman (RR) spectra
were recorded in a Raman microscope (Dilor XY; 869 mm) equipped with CCD detection
and 1800 | / mm grating. Increments per data poieite typically 0.4 c and accumulation
times were ca. 10-30 s. Spectra were acquired usithgr Soret band excitation (406 nm;

TopMode-HP-406 diode laser; 3.5 mW at sample) doa@d excitation (514 nm; Coherent



Innova 70c Ar laser; 13 mW at sample). Spectrabcation was done using either Hg and Na

lamps or chemical standards (silicon and 4-acetapfienol).

For measurements in solution samples were pla¢kdren a cylindrical cuvette rotated at 10
Hz or in a standard spectrophotometric cuvettepgmpd with magnetic stirring. The set-up for
stationary and time-resolved surface-enhanced aesenRaman (SERR) experiments was as
described before.[27] Ag ring working electrodesrav@olished and subjected to oxidation-
reduction cycles in 0.1 M KCI and incubated in 2 raManolic solutions of the alkanethiols (1:1
mixtures of HS-(CH),-CH,OH and HS-(CH),-COOH with n= 4, 6, 8, 11 and 16) for ca. 24 hs.
SAM-coated electrodes were mounted on a shaftwhatrotated at about 5 Hz to avoid laser-
induced degradation. After background subtractidR, and SERR spectra were subjected to

component analysis as described by DoOpner e6al.[4

2.6. Protein-SAM cross-linking. Covalent binding of Lys surface residues to thébaayl
groups of the SAMs was performed according to Ly emrworkerd47] SAM-coated electrodes
were first incubated for 2 hs in solutions contaghiCMC (20 mg/10 mL) and NHS (6 mg/10
mL), followed by overnight incubation in 10 mM peat solutions. Afterwards, electrodes were
immersed in 3 M KCI solutions for 10 min. and thogbly rinsed with buffer to eliminate non-

covalently bound species.

3. RESULTS AND DISCUSSION
This work aims to establish whether ET parametér€yt c are correlated with those that

characterize the transition to the alternative lalkaconformation. To that end we introduced
conservative perturbations at different levels loé fprotein structure, to assess how these

modifications impact on both reactions. Specificalte studied WT equine Cyt ¢ (Figure 1A),



the mutants Y67F and E66Q, and the WT protein teitkaat the Tyr74 residue (N€Cyt c).
Some aspects of these proteins have already besenlsal.[11,12,23,27,35] All these variants
have a conserved Met/His axial coordination chargtic of a well folded protein, as verified
by Raman (RR) and UV-vis absorption (Figure S1)3%2 The mutant Y67F was selected
because Tyr67 is H-bonded to the axial ligand MetB86ative Cyt c[35] and was identified as
crucial for determining protein dynamics.[48-50]ush the mutation Y67F interrupts this H-
bonding interaction and affects both the K the alkaline transition[51] and the reorgarimat
energy of the ET reaction.[35] The neighboring Gli&implicated in a H-bonding network that
connects Met80 with Tyr74, thereby influencing thymamics of the flexibl€2-loop 70-85.[11]
Its replacement was found to affect4dB2] Finally, nitration of Tyr74 leads to deprotdion of
this residue at physiological pH, which results anlarge pK downshift for the alkaline

transition.[11,12,27]

To gain some insight into the dynamical behaviortted different proteins, we performed
molecular dynamics (MD) simulations. The results dot reveal significant changes of
secondary structure composition among variants,pbedict differences of flexibility in some
specific regions. As shown in Figure 1B, per residoot mean square fluctuations (RMSf) gf C
positions are sensitive to mutations and nitratfarticularly at the level of th@-loops 20-35,
40-57 and 70-85. The different modifications, hoam\affect the flexibility of each loop to
different extents, such that for the loop 20-35dkerage RMSf increases in the order E66Q <
Y67F < WT Cyt ¢ < N@-Cyt c. For loops 40-57 and 70-85 this order clesng E66Q < WT

Cyt c < NQ-Cyt c < Y67F and N@Cyt c < E66Q < WT cyt ¢ < Y67F, respectively (Taldl).
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Figure 1. (A) Ferric Cyt ¢ (PDB 1HRC) showing the-loops 20-35 (blue), 40-57 (orange)
and 70-85 (pink), and residues Tyr 67 (red), Gly\86let) and Tyr74 (yellow). (B). Per residue
RMSf of WT Cyt ¢ (black), E66Q (red), Y67F (blug)daNG,-Cyt ¢ (green). (C) Percentage of
total simulation time that each of the 63 H-bondkhging to the-loops of WT Cyt ¢ (black),
E66Q (red), Y67F (blue) and N&yt ¢ (green) remain formed. The donor and accegpioups

of each H-bond are specified in Table S2.

As these perturbations are likely to affect the diding network, we evaluated the persistence
of the 63 H-bond interactions identified at theelewf the threeQ-loops by computing the
fraction of total simulation time that each speciiH-bond remains formed. The results
summarized in Table S2 and in Figure 1C show thaherotein variant is characterized by a

distinct pattern of H-bond persistence at the levehe flexibleQ-loops.



3.1. Protein flexibility fine-tunes reduction potentials. The reduction potentials of the
proteins in neutral solutions were determined bglicywoltammetry (CV). For all Cyt ¢ variants
the CVs exhibited the typical features of quaskersible diffusion-controlled redox reactions
(Figure S2), from where E°" values were estimatedha average of the anodic and cathodic
peak positions. The results summarized in Tableeld yan average E°" of 267 £ 29 mV. In
agreement with the spectroscopic data, this relgtismall potential window indicates that the
iron coordination is well preserved in all Cyt crieats, as disruption of the labile Fe-Met80
bond at neutral pH is expected to produce E°” shiill above 200 mV.[1] Interestingly, E*
decreases significantly with small increments o ftexibility of either the entire proteins
(estimated as the RMSf from residues 7 to 102)her Ibop 70-85 (Figure 2A). A similar
tendency is observed with the flexibility of the®40-57, albeit with larger variations of RMSf,

and no clear correlation is observed for the 100433.

Note that an increase of the protein flexibilityligely to imply higher accessibility of the
solvent to the redox center. In this scenario arereadily rationalize the observed downshift of
E°’, as higher solvent accessibility would resalpreferential stabilization of the ferric stat¢.[1
Interestingly, Garcia-Heredia et. al.[14] foundttegstematic mutation of the Tyr48 residue in a
Cyt ¢ from a different organism results in moduatof pkK, and E°” values, which is paralleled

by differences in water accessibility.

Careful inspection of the results summarized inl@&® shows that out of 63 total H-bonds,
the persistence of 4 of them exhibit clear correfest with E°” (Figure 2B). Three of them belong
to theQ-loop 40-57 (H-bonds 40-57, 48-52 and 55-52) anel ispart of the2-loop 70-85 (H-

bond 70-83), thus pointing out these residuesteactive targets for further mutational studies.



Table 1. Reduction potentials, pKa's of the alkaline traass and electron transfer activation

energies of the different Cyt c variants. All pdtals are reported versus NHE.

WT Cytc E66Q  Y67F NQ-Cyt c

°E°"(Sn; mV)
E°’(Ads; mV)
‘pKa(Sn)
‘pKa(Ads)
®*E,(Cy6, kJ mot?)
"Ea(Cs; kJ mol*)
Er (kJ mol®)

263+2 297+7 24614  265+2
208+2 23446 196+4  208#5
9.4+0.f 8.7#0.1 11.020.f 7.120.P
10.0+0.83 9.6+0.1 10.520.3 8.7+0.1
11.6+#0.5 19#5  9.9+0!7 13.5+0.7
3142 2545  33#3 19+0.6
2143 8+7 23+4 542

®Determined by CV in solution, pH 7.8Determined by SERR, adsorbed ogSAMs, pH
7.0. ‘Values from RR titrations in solutiofDetermined by SERR, adsorbed om-SAMs.
“Determined by TR-SERR, adsorbed o-SAMs, pH 7.0.fDete_rmined by CV, adsorbed og-C
SAMs, pH 7.0%From REF[12]"From REF[11]/From REF[27]!From Ref[35].

10
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Figure 2. Upper panels: RMSf of the entire protein (red) afdhe loops 40-57 (blue), 70-85
(olive) and 20-35 (black) as a function of the B} &nd of the pK of the alkaline transition (C)
of the proteins in solution. Lower panels: Persisteof H-bonds as a function of E°” (B) and of
pKa (D) of the proteins in solution. The color codgedfy residues involved in each H-bond.
(C): black 48-43, blue 55-52, red 40-57, cyan 22;1ive 70-83. (D): black 18-30, blue 48-43,
red 40-52, cyan 42-53, magenta 66-74, olive 6 Ret 35-32, orange 26-24, green 22-33. The

lines are included to guide the eye.

It is well established that the interactions of maatian Cyt ¢ with redox partner proteins are
electrostatically driven.[1,53] Moreover, about 1586 the Cyt ¢ molecules present in the
intermembrane mitochondrial space are associattid mégatively charged partners such as
cardiolipin and complexes Il and 1V.[54] Therefpia order to assess the possible impact of
electrostatic interactions on the redox parameteSyt ¢, we investigated the adsorption of the
four variants on negatively charged biomimetic aoes constructed from self-assembled
monolayers (SAMs) of 1:1 mixtures of HS-(@kh-COOH and HS-(Ch),-OH on Au and Ag

electrodes. The adsorbed proteins were monitore(SBRR as a function of the electrode

11



potential. In all cases SERR spectra measured fétisntly positive or negative electrode
potentials were indistinguishable from the correfieg RR spectra in solution of the native
ferric and ferrous proteins, respectively (Figui®.SThese results confirm that for all Cyt ¢
variants the heme structure is well preserved ugdsorption. The E°” values obtained from
deconvolution of the SERR spectra (Figures S4-%)sammarized in Table 1. In agreement
with previous observations,[13,27,35] these valaes about 60 mV lower than in solution
under, otherwise, identical conditions. These difeces can be largely ascribed to the potential
drop across the SAMs,[55] but may also reflect lsubeformations that do not affect the iron
coordination.[35] Direct electrochemistry of thesatbed proteins was also probed by CV,

yielding E°” values similar to those obtained byR&E(Figure S8).

Interestingly, the E°” values of the adsorbed pnstexhibit correlations with the flexibility
parameters and H-bond persistence (Figure S9nthajualitatively similar to those presented in

Figures 2A and 2B for the same species in solution.

Previous investigations have demonstrated that(SAM interactions involve the same set of
positively charged surface residues that constitiiée binding site for cytochrome oxidase,
cytochromec peroxidase antic; complex, namely lysines 13, 86 and 87, and tesseleextent
lysines 8, 72 and 73.[53] Therefore protein adsonps not expected to affect the flexibility of
the loop 40-57 loop and to affect only to some mixthe flexibility of the loop 70-85. This
prediction is consistent with the qualitatively #ian correlations found for E°” values of solution
and adsorbed species with the RMSf of €bdoops obtained from simulations carried out in

aqueous solution.

12



3.2. Protein flexibility and the alkaline conformational transition. The pkKy's for the
alkaline transitions of the different proteins mlwgion were determined by acid-base titrations
monitored by UV-vis absorption and by RR spectrpgcdFigures S10-S11).[12,27] The
obtained values summarized in Table 1 are in veopdg agreement with previous
reports.[11,12,27] Albeit with some scattering, obxserve a systematic increase of, pith the
RMSTf of loop 70-85, but no clear tendencies wité tlexibilities of the other two loops (Figure
2C). On the other hand gls can be correlated with the persistence of Shef@3 H-bonds
(Figure 2D) distributed throughout the flexible i@t of the proteins, including 4 H-bonds
belonging to loop 20-35 (H-bonds 18-30, 22-33, 26afd 35-32), 3 from loop 40-57 (H-bonds
40-52, 42-53 and 48-43) and 2 with at least onieluesrom loop 70-85 (H-bonds 66-74 and 67-
80). Thus, the thermodynamic parameters of confoomal transition and redox reactions (pK
and E°, respectively) appear to be dependent oteiprdynamics, but each magnitude is fine-

tuned by the flexibility of different structuralezhents (Figure 2).

We also investigated the effect of electrostatieractions on the alkaline transitions using
SAM-coated Ag electrodes. The adsorbed proteing wesnitored by SERR spectroscopy as a
function of the solution pH and of the electrodeeptial. In all cases SERR spectra recorded at
open circuit or at electrode potentials above Hildde quantitatively simulated with only two
spectral components that are identical to the RRctsp of ferric native and alkaline
conformations in solution (Figures S12), therebgigating that the alkaline conformations
obtained in solution and in electrostatic compleres identical regarding the characteristic
Lys/His axial coordination. Upon application of pntials well below E°" the SERR spectra
present a single component identical to the RRtep@€ the native proteins in neutral solution,

thus confirming that in the ferrous state confoioral equilibria are completely displaced

13



towards the Met/His native form. In agreement wpitevious observatiori2y] pKa values
obtained for the adsorbed proteins are shifted.6y1(® units with respect to solution (Table 1).
In spite of these shifts, the gk of the adsorbed proteins exhibit correlationghwthe
persistence of the same 9 H-bonds and with the RM3bop 70-85 (Figure S9) that are
qualitatively similar to those shown in Figure 2 fmlution pK’s. These results suggest that the

reaction in electrostatic complexes is influencgdhie same dynamical features than in solution.

The minimal reaction mechanism of the alkaline siton consists of a first (pre-equilibrium)
deprotonation step regarded as the triggering evetiowed by a reversible Met-Lys axial

ligand exchange st@y%,27] (reaction 1):

3+ K“ 3+ k" T .
MetHIS | ionated +— MetHIS yeprotonated +— Lys/His (Reaction 1)
b
.k ks ;
Met/His =—= Met/His© — Lys/His (Reaction 2)
k, k,

This mechanism leads to the expression pKKy + logky/ks). The nature of the triggering
event is a matter of debate but most likely it esponds to a collective process involving
deprotonation and H-bonding rearrangement of séaenmo acids, rather than deprotonation of
a single residug24] The facts that H-bonding dynamics differs among €yariants (Figure
1C), and that pKs correlate with the persistence of an extenddubiti network (Figures 2D
and S9) suggest that g are mainly determined by the corresponding,’sKTo verify this
hypothesis we investigated the dynamics of thesttams by time-resolved SERR (TR-
SERR)[27] In these experiments the proteins adsorbed on $8dled electrodes are initially

subjected to sufficiently low potentials to statslithe native ferrous conformation. The system is

14



then perturbed with a positive potential jump tiggder fast oxidation and the subsequent Met-
Lys ligand exchange of the ferric protein (Reac@)nThe constants in reactions 1 and 2 can be
related ass = Kukd/(Ky+[H™]), thus implying that I can be obtained from the pH-dependence
of ks. The progress of the reaction is monitored by BocguUSERR spectra at various delay times
after the perturbation. The obtained TR-SERR speobuld be quantitatively simulated using
three spectral components that correspond to theufe and ferric Met/His native conformation
and the ferric Lys/His alkaline form (Figures 3AdaB813), yielding concentration profiles as
those shown in Figures 3B and S13. The dependentieswith pH are shown in Figure 3C.
Except for NQ-Cyt c, the inflexion points of the sigmoidal cusysvhich correspond to/K are
outside the experimentally accessible pH windowsthampering reliable determinations. From
the shapes of the curves, however, one can safalgliae that I values increase in the order
NO,-Cyt ¢ < E66Q < WT Cyt ¢ < Y67F , i.e. similar teetorder of the pKs. On the other hand,
the fact that pKincreases with the flexibility of the loop 70-8hggests that the different
mutations and chemical modifications might affieandk; to different extents, thus making the
contribution of logky/k) not negligible, albeit detail kinetic studiesdeterminek, andk; are far

from trivial and beyond the scope of the presentwo

15
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Figure3. (A) TR-SERR spectra of E66Q adsorbed omaSAM measured at different delay
times after applying a potential jump that triggére redox-linked alkaline transition. Black:
experimental spectra. Red: ferrous native speatcahponent. Blue: ferric native spectral
component. Green: ferric alkaline spectral compan@) Concentration profile obtained from
guantitative deconvolution of the TR-SERR spechravs in panel (A). The lines are obtained
by global fitting according to reaction 2. Pann@d§ and (B) share the same color code. (C)
Variation of k with pH for the different Cyt c variants. Black: M\Cyt-c. Red: E66Q. Blue:
Y67F. Green: N@Cyt c. The lines are included to guide the eye.

3.3. Protein flexibility and electron transfer dynamics. To determine how the different
structural modifications of Cyt c affect EKinetics, we performed electrochemical and
spectroelectrochemical kinetic experiments at ¢yt of protein samples adsorbed on Au and
Ag SAM-coated electrodes of variable thickness @ 8, 8, 11 and 16). For thick SAMs, where
heterogeneous ET is sufficiently slow, ET rate tamis Ker) were determined by TR-SERR
following established proceduifgs] (Figures S14-S16). In additidar values were determined

by CV using Laviron’s meth@gb] for all SAM thicknesses (Figure S17-S19). In agrest with
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previous report§l] ket values obtained for the thicker SAMs (n > 8) daseeexponentially with
distance at a decay rate ©0.9 per CH group, which is consistent with a nonadiabatic ET
mechanism. For the thinner films (n < 8) the distanependence is significantly softer and
actuallyker tends to a plateau upon shortening the SAM le(igiture S20). The onset of this
plateau might originate in a reorientation stepdpeiag rate limiting with increasing electronic
couplings.[57] To check this hypothesis we fixkd brientation of the immobilized proteins by
cross-linking surface lysine residues of pre-adsorprotein samples to carboxyl groups of the
SAMs. The distance-dependencies kgi obtained for the covalently attached proteins are
essentially identical to those obtained for elestatic adsorption (Figure S20), thus indicating
that protein reorientation is not rate determiningder the present conditions. As additional
control experiments, we measured potential-depen8ERR spectra of the adsorbed proteins
using Q-band excitation. Under these conditions itltensity ratio of vibrational modes of
different symmetry, such as prersus Ag modes, are sensitive to the average protein atient

in the electrostatic complexes.[57] We observeesdpat vary between 0.027 and 0.04 hivr

the different protein variants and modes of immipation (Figures S21-S23), which within
experimental error, can be regarded as a relatsmlgll variation. Moreover, the proximity of
the slopes obtained for chemisorbed and physisodaedples strongly suggests that large

amplitude potential-dependent reorientation casdfely discarded.

Alternatively, the distance-dependencekef can be rationalized in terms of a change of ET
mechanism. At the thicker SAMs the electronic coupls sufficiently small so that the reaction
can be treated in terms of Marcus semiclassicatesspon for electrochemical ET at metal
electrodeg58,59] In this regimeker decays exponentially with the electronic couplargd is

independent of the medium viscosity).( Deviations from the exponential distance decag a
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deceleration oker with n are indicative of entering the friction controbnme, typically at the
thinner SAMs[45,60,61] Indeed, all the proteins studied here exhibitrangt decay okgr with

n within the physiological range from 1 to 40 cP,ievhwas adjusted by addition of sucrose or
polyethylene glycol (Figures 4A and S24-S25). Tkheay ofker with n follows a power law of
the formker «cn™. Within experimental error, the parameyas the same for adsorbed and cross-
linked proteins, thus further confirming that ETniet rate limited by large amplitude protein
reorientation. Moreovery increases with electronic coupling, thus sugggstan gradual
transition from nonadiabatic to friction-controllél (Figure 4B). Control experiments show
that E°”, as well as the SERR spectra of the diffeproteins recorded with Soret- and Q-band

excitation remain unchanged upon addition of thekéning agent (Figures S26-S27).

In a next step we determined the activation ensrgighe heterogeneous ET reactions at two
different SAM thicknesses, n = 6 and n = 16, usmg independent methods: (i) by CV from the
temperature dependencekpf at zero driving force (Figure S18) and (ii) frohetdriving force
(overpotential) dependence kdr at constant temperature by TR-SERR (Figures SH}-34s
summarized in Table 1, activation energies obtaatate thicker SAMs, #Ci¢), for WT Cyt c,
Y67F and NGQ-Cyt ¢ are significantly lower than those obtairedhe thinner SAMs, £Cs).
Consistently, we observe the same tendency for E&fRit in this case the difference is closer
to the standard deviation of the measurementsestiagly, E(Ci¢) is strongly dependent on the
same flexibility parameters that modulate E°” (caregFigures 5 and 2), i.e. the RMSf of loops
40-57 and 70-85 and the persistence of H-bonds348%-52, 40-57, 22-104 and 70-83(&),
in contrast, correlates with the same flexibiligrgmeters that modulate the fKof the alkaline
transitions (compare Figures 5 and 2), i.e. with RMSf of loop 70-85 and with the persistence

of H-bonds 18-30, 48-43, 40-52, 42-53, 66-74, 673032, 26-24 and 22-33.
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measured on &-SAMs (C) and &SAMs (D). The color codes specify residues inediin
each H-bond. (C): black 48-43, blue 55-52, red 40eyan 22-104, olive 70-83. (D): black 18-
30, blue 48-43, red 40-52, cyan 42-53, magentads@®iive 67-80, violet 35-32, orange 26-24,
green 22-33. The lines are included to guide tlee ey

Two different theoretical models have been recerapplied to account for distance-
dependencies of the ET activation energies upoeriegtthe frictional regimés0,62,63] The
two models differ in very fundamental aspects lat,small temperature ranges and assuming
ergodicity, both lead to an Arrhenius-like expressfor ket at zero driving force, where the
measured activation energy can be expressed,as K4 + E. Here A is Marcus ET
reorganization energy, whilegEs a term that accounts for the activation eneofythe
frictionally controlled component of the reactiowhich can be associated to protein/SAM
conformational oscillations. In the nonadiabatigimee the measured,is expected to reflect
Marcus reorganization energy only, while valuesdatned at short tunneling distances contain
both contributions. Therefore, the difference betwealues determined at-Cand Gs-SAMS
affords a good estimation of the frictional compaing- = E;(Cs)-E4(Ci6). As shown in Table 1
Er is not negligible as it accounts for 25 to 70 %EdiCs), depending on the protein variant. In
terms of Matyushov's modéB] Er reports on the T-dependence of relatively slowgndSAM
oscillations. Therefore, fand E(Cs) can be anticipated to be strongly dependent @n th
flexibility of the SAM/protein linker, i.e. on thB&MSf of loop 70-85 that contains most of the
residues that constitute the binding site.[53] @agéa in Figure 5B are in good agreement with

this interpretationA, in contrast, is related to the inner sphere r@amation of the metal site
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(Ain) and to the polarization response of the proteatrimn and solventXy,) in @ much shorter
time scale. Most likely, the decrease\akith increasing protein flexibility (Figure 5C) islated

to a decrease of thg,; component rather than to variations\gf

4. CONCLUSIONS
The present results reveal that thermodynamic anetik parameters that characterize the

canonical electron transport function of Cyt c déimel transition to alternative conformations that
eventually lead to a gain of new functions aresalbngly modulated by protein flexibility.
Different parameters, however, are particularlypogsive to the dynamics of distinct structural
elements. Reduction potentials and long-range Bigemization energies are correlated (Figure
6A) as both are strongly dependent on the wateesadaility to the metal redox site, which in

turn is mainly determined by the flexibility of tlé&loops 40-57 and 70-85.

On the other hand, pKalues of the alkaline transition correlate whk activation energies of
frictionally-controlled ET (Figure 6B) as both paraters are mainly modulated by the flexibility
of the Q-loop 70-85. This latter loop appears to be deeidiwr defining Cyt c¢ function. Its
flexibility tends to stabilize a Cyt ¢ native foraf low A at the same time that pushes, g
unphysiologically high values, thus favoring then@aical electron shuttling function. Pro-
apoptotic stimuli raise intra-mitochondrial visdysi thus bringing the system into an
unfavourable friction control ET regime of high iaetion energy that may hamper the
respiratory function. These findings are in agresmeith previous investigations by the
Englander group[26,64] that showed continuous wnfigirefolding dynamics of th&-loop
foldons 40-57 and 70-85, which in turn cruciallyfide the alkaline transition. Moreover,

mutational investigations of Cyt ¢ from other orgams have determined that mutations at the
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level of theQ-loop 40-57 may alter eithét° or pK,[16,21,25] albeit the available information

is insufficient for establishing correlations, peutarly with regard to kinetic ET parameters.

Interestingly, aside of their distinct dependenctes specific dynamical features, all the
measured thermodynamic and kinetic parameters sstematically, albeit with some
scattering, with the persistence of a single H-lgdnteraction between the first and second
coordination sphere ligands Met80 and Tyr67 (Figi®g. Moreover, while the Y67F mutation
upshifts the pK by 1.6 units and nitration of Tyr74 from WT Cytresults in a 2.3 units
downshift, nitration of Y67F at the same positicasmo significant effect on the pKFigure
S28), thereby highlighting the critical role of theghly conserved Tyr67, its polarity and its

interaction with Met 80, which are both affectedopy67F mutation.[35,48-50]
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