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ABSTRACT
Here we investigated the effect of electrostatteriactions and of protein tyrosine nitration of

mammalian cytochrome on the dynamics of the so-called alkaline traositia pH- and redox-
triggered conformational change that implies reptaent of the axial ligand Met80 by a Lys
residue. Using a combination of electrochemicahetresolved SERR spectroelectrochemical
experiments and molecular dynamics simulationsivesved that in all cases the reaction can be

described in terms of a two steps minimal reactiechanism consisting of deprotonation of a
triggering group followed by ligand exchange. Thé;f"b values of the transition are strongly
modulated by these perturbations, with a drastiwrdhift upon nitration and an important
upshift upon establishing electrostatic interactionth a negatively charged model surface. The
value of p}ﬁ'k is determined by the interplay between the acidfta triggering group and the
kinetic constants for the forward and backwardridj@xchange processes. Nitration of Tyr74
results in a change of the triggering group frons1¥ in WT Cyt to Tyr74 in the nitrated
protein, which dominates the @'k downshift towards physiological values. Electrasta
interactions, on the other hand, result in stroogekeration of the backward ligand exchange
reaction, which dominates the ii'Kupshift. The different physicochemical conditiciasind
here to influence pi% are expected to vary depending on cellular comaitiand subcellular
localization of the protein, thus determining thxseence of alternative conformations of @yt

Vivo.

Keywords. cytochromec, alkaline transition, time-resolved SERR, proteitmation, protein

spectroelectrochemistry, protein electron transfer



1. INTRODUCTION
Mitochondrial cytochrome (Cyt) is a c.a. 13 kDa globular protein that corda single heme

covalently attached through the two cysteine rescf a conserved Cys-Xaa-Xaa-Cys-His
binding motif, where the His residue (His18 in leoheart Cyt) is axially coordinated to the
heme iron. The coordination sphere is completed blet residue (Met80 in horse heart Cyt) at
the sixth axial position.[1,2] This Met/His axiadardination pattern corresponds to the so-called
native conformation or state Ill, which prevails fild type (WT) Cyt at physiological pH and

in the absence of perturbations. The axial cootaingattern and other structural and dynamic
features endow native Cyt with optimized thermodygitaand kinetic parameters for performing
its canonical function at the intermembrane mitoxhr@l space, i.e. shuttling electrons between
complexes lll and IV in the respiratory electroansfer (ET) chain.[3] On the other hand, it is
now accepted that Cyt behaves as a moonlightingipsaneaning that the actual structure and
function vary depending on intracellular localipatj specific and unspecific interactions and
post-translational chemical modifications.[4] Faample, in the intermembrane space Cyt
behaves as an electron shuttle in healthy celtsg&ins peroxidase activity upon interaction with
negatively charged cardiolipin under pro-apoptotiaditions.[5] Liberation of Cyt to the cytosol
seals the fate of the cell through formation ofdépeptosome complex, a crucial component of
the cell suicide machinery.[6] Cyt may also pertetthe nucleus and prevent nucleosome
assembly.[7] Moreover, a number of naturally odogrmutations and post-translational
modifications[8—11] have been described to affeetdtructure and function of Cyt to some
extent, although in most cases the details renaagely unknown. The cornerstone of Cyt
multifunctionality is believed to be its high fldsity, which enables the exploration of a broad

conformational space. This feature allows popudptirvariety of conformations, depending of



the specific conditions, that may differ in axialbedination pattern, redox parameters, binding

affinities, catalytic activity, etc.[4,12—-14]

The native structure of horse Cyt consists of @ivieelical and two shoi#-sheet elements
interconnected b loops of different lengths.[15-17] Alternative dommations of Cyt may be
attained by different means such as pH variatitattestatic interactions with phospholipids
and other negatively charged model systems oraatiens with cytochrome oxidase. A feature
in common among these nonnative species is theofdbe axial ligand Met80 in ferric Cyt
without significantly affecting the-helical content.[3,18,19] Instead, distortions i@@stly
localized at the level of th@ loop 70-85, which contains the labile Met80 ligaad well as in
theQ loop 40-57.[18,20] Note that these two loops alsestitute the first two foldons that are
thermally disrupted in the uphill denaturation pedly model developed by Englander and
coworkers.[14,21] Both loops are interconnectedavié¢cbonding network that contains Tyr67 as
a prominent member that, thereby, shapes the dgaafeatures relevant to both the canonical
ET reaction as well as to alternative function€gt. Interestingly, the 70-85 loop not only
contains the axial ligand that is removed uponradion with model and real partners, but it
also includes most of the Lys residues that suaddbhe partially exposed heme edge, which
constitute the positively charged patch involveelectrostatic interactions with negatively
charged counterparts.[22,23] Thus, the flexibleB30eop and its response to local electric
fields,[24] specific electrostatic interactions,[26] chemical modifications[27,28] and other

perturbations appear to be critical for the diffgreinctions of Cyt.



In this context, the so-called alkaline transitrepresents a window of opportunity for
accessing the dynamics of conformational chang€&y/bthat involve th& loop 70-85 through

controlled physicochemical experiments.

The alkaline transition of ferric Cyt is a pH-depgent conformational change that was first
identified by Theorel and Akenson almost 80 yeas[29] Latter studies demonstrated that the
process implies the loss of the axial ligand Met@Bich is replaced by a Lys residue to yield a
Lys/His axial coordination pattern.[30] Mutatioralalysis has demonstrated that the sixth axial
position in the Lys/His isomer of horse Cyt is go@d by either Lys73 or Lys79,[31,32] i.e. two
residues belonging to the critic@lloop 70-85. Thus, the alkaline form Lys/His, aksmwn as
state 1V, is actually a mixture of two species wittemically equivalent axial coordination
pattern. The 3D structure of the alkaline confoiorabf WT Cyt remains elusive, although the
structures of double and triple mutants of yeagttGat feature a Lys73 sixth axial ligand have
been resolved by NMR and X-ray crystallography,stimting good structural models of state
IV.[33,34] These models confirm a globular struetuery similar to the WT protein at neutral

pH, with the most important deviations localizedhe 70-85 loop region.

For horse Cyt the Met/Hig Lys/His equilibrium is characterized by &= 9.4, and this
value differs only slightly for cytochromes fromhet species.[35] Due to this unphysiologically
high pk&, the alkaline transition has long been considerewbdel for studying related
conformational changes of Cyt that also involveZBe85 loop, but not biologically relevant per
se.[14] This perspective has changed in recensyeitih the discovery that oxidative post-
translational modifications[27] as well as natyraltcurring and artificial single mutations, such

as Gly41Ser and Tyr48Glu, respectively, inducel{ealkaline transitions” at nearly neutral



pH.[8,36] So far three pathogenic naturally ocawgrsingle point mutations of human Cyt have
been identified, and 16 others, which are awaifimther characterization, have been found by
massive sequencing of exomes.[3,37] Moreover,nbis well established that Cyt may undergo
different post-translational modifications, suchpaesphorylation,[8] sulfoxidation,[9]

methylation,[38] acetylation[39] and nitration.[18nong them, nitration of Tyr74, which
occurs under oxidative stress conditions, resnlpKQ”‘ values very close to the physiological

pH.[11,27,28] Based on a model system, a simil@“‘p]@wnshift has been predicted for the

phosphorylation of Tyr48.[8]

The mechanism of the alkaline transition for WT @& been extensively studied employing a
variety of kinetic experimental techniques and feasd to be very complex and has not yet
been completely elucidated.[13,14,20,21,30,32,40hkination of stopped-flow and NMR-
based hydrogen exchange experiments reveal thatdahekinetic features can be rationalized in
terms of a minimal two steps mechanism.[21] Thet Step is the deprotonation of a triggering
group, and is followed by a rate limiting struciurhange of th&€2 loop 70-85, which leads to

the replacement of Met80 by either Lys73 or Lysi@/musly deprotonated (Scheme 1).[21]

Scheme 1. Minimal reaction mechanism for the alkaline tréiosi of ferric Cyt
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Although extensively discussed, the nature of tiggéring group that is deprotonated in the

first step of Scheme 1 remains unknown. Based ema¢idity estimated for this group in WT



Cyt, pKy = 11, the surface exposed Lys residues are litcahglidates, but other possibilities

cannot be excluded.

Interestingly, the slow phase represented in ScHeomncides with the minimal mechanism
originally proposed by Dauvis et. al.,[40] and ttergmeters of these two coupled equilibria
guantitatively explain the apparentiﬂkof the alkaline transition experimentally deteredn
through stationary acid-base titration (equatigrtiiys providing good basis for further

dynamical studies of this pH-dependent ligand emgkaeaction:
K&k = pKy + log 2 (1)
f

Note that all the above mentioned mechanistic egutifer to the WT protein and selected
artificial point mutants, but not to naturally oegog mutations or post-translational
modifications that are known to shift the appam(ﬁ'k towards physiological values. Moreover,
all the kinetic studies reported so far were penfed with diluted protein solutions, thereby
excluding some important features of the in viveismnment that may affect the process. One of
these aspects is the fact that more than 15% ohiteehondrial Cyt is not free in the
intermembrane space but associated to membraneoo@mis such as the negatively charged
binding domains of complexes Il and IV and to tlegatively charged lipid cardiolipin.[3,41,42]
Thus, a large fraction of Cyt is, at least tempbraunder the action of high local electric fields
and specific electrostatic interactions that pegféally involve the Lys residues belonging to the
crucialQ loop 70-85.

In the present work we address the effect of edstitic interactions on the dynamics and
thermodynamics of the alkaline transition for WTt@gd a variant nitrated at Tyr74 (MNQyt),

which is a post-translational modification that bagn demonstrated to occur in vivo under



oxidative stress conditions[10] and to produceastiic downshift of pg".[27,28] The
experimental strategy adopted for this investigaisothe use of electrodes coated with self-
assembled monolayers (SAMs) of carboxyl-terminai&ednethiols as artificial electrostatic
partners of the investigated proteins. These sfrapglimodel systems are clearly unable to mimic
a number of dynamical and structural aspects ofipigic and protein components of the
mitochondrial membrane, but are still useful totaagp some essential features of the
electrostatic interactions of Cyt.[43—45]

Most notably, adsorption of Cyt to SAM-coated &ledes implicates the same set of
positively charged residues that constitute theibipydomain towards natural electrostatic
partners such as Cyt oxidase, Cyt reductase, Cgkigase and cardiolipin.[22,23,46] A specific
advantage of the electrode-SAM/Cyt model systeraswie exploit in the present work is that
the adsorbed protein undergoes efficient direatelehemistry, thus enabling the possibility of
triggering the alkaline transition through an oxida potential jump, and the subsequent
monitoring of the conformational transition throutylhe-resolved surface-enhanced resonance
Raman (TR-SERR) spectroelectrochemistry.[43,4Bokewhat related concept of
conformationally gated homogeneous electron trarnsfe been introduced by Bowler and
coworkers to study the pH-dependent Met/His liganchange reaction of non-native yeast iso-
Cyt variants using stopped-flow methodology.[48,49]

The results presented here demonstrate that ed&timinteractions and post-translational
modifications of Cyt may tune @% through modulation of the thermodynamic and kmeti

parameters of the proposed two steps minimal i@aatiechanism.



2. MATERIALS AND METHODS
2.1. Materials. Horse heart cytochronme(Cyt; BioUltra,>99%), buffer CHES, 11-mercapto-

1-undecanol and 11-mercapto-1-undecanoic acid pumehased from Merck and used without
further purification. Cyt nitrated at Tyr74 (N€yt) and the triple mutants H33N/H26N/Y67F
and H33N/H26N/Y74F (hereafter Tyr67Phe and Tyr74Péspectively) were produced as
previously described.[27,28] All experiments weoaducted with type Il water (R > 18Q)

purified in a Milli-Q system.

2.2. Cyclic voltammetry. Electrochemical experiments were performed withean@/
REF600 potentiostat using a thermostatized c&baC placed into a Faraday cage (Vista
Shield) equipped with a polycrystalline gold beaatking electrode, a Pt wire auxiliary
electrode and a Ag/AgCI (3.5 M KCI) reference alede. Au electrodes were treated with a 3:1
viv H,0,:H,SO, mixture at 120 °C. The electrodes were then stdygieto repetitive
voltammetric cycles betweet0.2 and 1.6 V in 10% HClOand thoroughly washed with water
and ethanol. Afterwards, Au electrodes were coai#id self-assembled monolayers (SAMs) by
overnight incubation into a 1 mM:1 mM ethanolicig@n of a HS-(CH)s-CH,OH : HS-(CH)e-
COOH mixture. The SAM-coated electrodes were intetbéor ca. 4 hrs into a 4QM protein
solution, then rinsed and inserted into the elettemical cell. All electrochemical

determinations were performed in CHES/sulfate buff25:12.5 mM.

2.3. Raman spectr oelectrochemistry. Stationary and time-resolved surface-enhanced
resonance Raman experiments were performed ushrgexelectrode spectroelectrochemical
cell mounted in front of a confocal microscope dedpo a single-stage spectrograph (Dilor XY;
f = 800 mm) equipped with a 1800 lines/mm gratingd a liquid nitrogen-cooled back-

illuminated CCD detector (2048 x 512 pixels) atmo@meperature, ca. 25°C. Different laser



lines were employed for spectral acquisition depegndn the specific experiments: 406 nm
(~3.5mW,; solid state laser TopMode-HP-406), 458 ri® nN\W; argon ion laser Coherent
Innova 70c) or 514 nm (13 mW, argon ion laser Cehielnnova 70c). The silver ring working
electrodes were mechanically polished and subjeaotedidation-reduction cycles in 0.1 M KCI
to create SERR-active nanostructured surfaces.e§ubstly, the Ag rings were incubated in 2
mM ethanolic solutions of the alkanethiols (1:1 tane of HS-(CH)1,-CH,OH and HS-(Ch)1o-
COONH) for ca. 24 h and transferred to the speaairichemical cell. The SAM-coated silver
ring was mounted on a shaft that is rotated at8bdir to avoid laser-induced sample
degradation. The electrode potential was contralligd a TeQO03 potentiostat. The
spectroelectrochemical cell typically contained I8 @h 0.2 uM protein solution at the desired
pH. Spectral accumulation times were between H038ns. Before each experiment, the
spectrometer was calibrated employing Hg and Naredion lamps and controlled using silicon
and 4-acetamidophenol. The spectrometer parameézesset to obtain a 0.4 chincrement per

data point.

For TR-SERR experiments, potential jumps from -800to 210 mV and variable duration
were applied to trigger the reaction. The SERR tspatere measured at different delay times
following the potential jump. Synchronization oftpotial jumps and probe laser pulses was
achieved by a pulse-delay generator (BNC). Theg@mlbses were generated by passing the cw
laser beam through two consecutive laser intemsdgtulators (QIOPTICS Photonics), which

give a total extinction better than 1:50000 anoiree response of ca.20 ns.

After background subtraction, the SERR spectra webgected to component analysis as
originally described by Ddpner et. al.[50] In thiethod, the experimental spectra are fitted

using complete spectra of the different specieslirad, which are determined independently.
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The only adjustable parameters are the relativéribomions of the different component spectra,
while the spectral parameters of each componesit{pos, widths, and relative intensities of the
different bands) are kept constant. After subtracthe spectral contributions of residual redox
inactive fractions, concentrations profiles wetteti to the set of differential equations that

describe the reaction mechanism shown in Schenseng a self-written routine.

2.4. Computational methods. The starting structure for molecular dynamics (MD)
simulations of Cyt in the ferric state correspotathe oxidized form of WT horse heart Cyt
(PDB ID 1HRC). All simulations were performed bathpresence and absence of
crystallographic water molecules and no signifigdifierences were observed. The PMEMD
module of the AMBER16 package[51] with the ff99de field implementation was used for
every MD calculation. All structures were minimizeda TIP3P water box and an initial MD at
constant volume was performed to heat the systé80QdK. Then, a constant pressure
simulation was performed to equilibrate the systiemsity.

Production simulations were performed for 50 n30ft K and 1 bar and were maintained with
the Berendsen thermostat and barostat respecid@yPeriodic boundary conditions and
Ewald sums were used for treating long-range elstitic interactions. The SHAKE algorithm
was used to keep bonds involving H atoms at thegitlierium length.[53]

NO,-Cyt was built in silico by replacing the corresporg side chains and relaxing the
resulting structure using classical MD. Partialrges for the protonated and deprotonated nitro-
tyrosine were obtained from RESP calculations cdegusing Hartree—Fock with a 6-31G
basis set.[54] Finally, production runs of 50 nsevebtained for WT Cyt, NECyt,

deprotonated N@Cyt and WT Cyt with deprotonated Lys73.

11



Hydrogen bonds (H-bonds) were considered whenaherdD)-acceptor(A) distance was less
than 3.0 A and the D-H-A angle was less than 20°.

Constant pH simulations were performed with the @jfHmethod[55] in order to compute
pKa values. This method performs a periodic Monte €@viC) sampling of protonation states
along a standard generalized Born implicit sohamtulation. At each MC step, a titratable site
and a new protonation state for that site are nanlglohosen and the transition free energy is
computed. This energy is then used as the basapfdying the Metropolis criterion[56] to
determine whether the transition will be acceptedad. This value depends on both the
environment of the titrated residue and the solpéhtlf the transition is accepted, the MD
simulation continues with the titrable residuehe hew protonation state. Otherwise, the MD
continues with no changes in the protonation statthis work, several calculations were
performed for every system in order to evaluatecthesistency of the results as titrable residues
may influence each other. One calculation was pewd including all possible titrable residues,
other calculation was done with a subset of reletitable residues (Lys 72, Lys 73, Lys 79,
Glu 66, Tyr 67, Tyr 74). Finally, calculations inding only one titrable residue were performed
for each residue of the subset. NG/r74 was not included as titrable residue asai$ wot
implemented in the method.

The pKa value for each residue was then computseldban the population of the protonated

and deprotonated states using Henderson-Hasselleapldtion.

3. RESULTS AND DISCUSSION
3.1 Thealkalinetransition of Cyt in electrostatic complexes. As a simple model system for

assessing the effect of electrostatic interactanthe alkaline transition of Cyt, we employed

metal electrodes coated with SAMs obtained frommixtures of 11-mercapto-1-undecanol and
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11-mercapto-1-undecanoic acid. Cyt electrostayicdisorbed on these SAM-coated electrodes
display quasi-reversible CV response at pH 7.(h wie characteristic features of a surface-
confined one electron redox couple and a midpaaemial of 190 mV (Figure 1). This number
represents a relatively small downshift with respedhe value determined for the protein in
solution under identical pH and ionic strength atads, which is ascribed to the interfacial
potential drop across the SAM, as well as to diffiees in the adsorption constants of ferric and

ferrous Cyt, as previously established by differgnoups.[57,58]

The SERR spectrum of the adsorbed protein recatieden circuit, pH 7.0 and under Soret-
band excitation is identical to the RR spectrunfeofic Cyt in solution measured under

otherwise identical conditions, thus confirming #teuctural integrity of the adsorbed protein at

the level of the heme pocket. Increasing the pHlid, i.e. well above the value of ii'Kin
solution, induces a number of small but significaind reproducible changes in the high and low
frequency regions of the SERR spectrum (Figurd'2¢. skeletal modes that appear in the high
frequency region are particularly sensitive topbephyrin core size and electron density and,
therefore, constitute characteristic markers ofakidation and spin states.[18,19,43] The small
upshifts observed for these bands are consistéhttiae pH-induced formation of an alternative
six-coordinated high spin species, most likelyresresult of the replacement of Met80 with
another strong-field distal ligand such as His s to yield either Lys/His or His/His axial
coordination patterns.[18,19,26,43] The low frequyespectral region allows for a clear
distinction between these two possible axial cow@tion motifs of the heme iron. As shown in
Figure 2, the SERR spectrum recorded at pH 11f&rdifrom reference spectra previously
reported for the Met/His and His/His species andtdad, are almost identical to the RR spectra

obtained for Cyt in solutions of pH 10.5 and 1IBese results constitute strong evidence that

13



ferric Cyt presents the same axial coordinatiopHatL1.5 in solution and in the adsorbed state,

and that this species can be safely assigned tioysielis alkaline conformer.

—_
o

o
()
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o
o

E, =190 mV
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Potential (V vs NHE)
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Figure 1. (A) Background corrected normalized cyclic voltaatries of WT Cyt adsorbed on a
SAM-coated electrode recorded a 10 ¥ &reen and blue traces were acquired at pH 7.0 and
11.5, respectively. Unprocessed data are showigurd-S1. (B) Relative surface concentrations
of the native and alkaline conformations of WT @gtimated from the relative areas of the CV

peaks for both redox couples acquired at 10 &sa function of pH.

In contrast to the results obtained at neutralthel,CV responses recorded at alkaline pH
display two well defined redox couples at high sces, which become increasingly
irreversible at lower scan rates, thus indicatimglatively slow redox-coupled conformational
equilibrium between the two electroactive speckagures 1 and S2). The first redox couple is

assigned to the native Met/His Cyt conformatiomhesmidpoint potential is very similar to the

14



value obtained in neutral solution and is onlylslig pH-dependent, in agreement with previous
observations.[58] For the second redox couple tidpomt potential is -228 mV, i.e. very
similar to the value previously reported for alkaliCyt in solution[59] and, therefore, is

assigned to the Lys/His isomer.

A A " 1 A L A
1350 1400 1450 1500 1550 1600

Av/cm™

ow 692 704
351 (=3

400 500 600 700
Av/em™

Figure 2. High frequency (upper panel) and low frequency@opanel) resonance Raman and
surface-enhanced resonance Raman spectra of WéfriCyt obtained with Soret-band excitation
under different experimental conditions: (a) inusimn at pH 7.0, (b) adsorbed at pH 7.0 and
open circuit, (c) in solution at pH 10.5, (d) adset at pH 11.0 and open circuit, (e) in solution
at pH 7.0 with added cardiolipin liposomes, takemTf reference [26].
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Taken together, the CV and SERR data indicaté@xreoupled conformational equilibrium
between the native and alkaline conformations ebdated Cyt, with the Met/His and Lys/His
conformers having essentially the same heme patietture as the corresponding species in

solution.

The plﬁIk of adsorbed Cyt was estimated from the relatitenisities of voltammetric waves
obtained for both redox couples at high scan rases function of pH. As shown in Figure 1, the
speciation diagram obtained in this way yieldi'blﬁ 10.4, which is one pH unit higher than the
corresponding value in solution.[28] IndependenRBEitrations confirm this result. In these
latter experiments SERR spectra of adsorbed Cyhagsured as a function of the solution pH
at an applied potential of 310 mV. The measuretl figquency spectra are subjected to
component analysis using SERR reference spectadet at pH 7.0 and 11.5 for extracting the
pure native and alkaline components, respectiebyufe S3). SERR titrations were performed
up to pH values around 11.5, which implies ca. 76dversion to the alkaline conformation, as
more alkaline conditions induce protein desorptiimese experiments yield Q'k: 10.0
(Figure S4) that, within experimental error, isweimilar to the value determined by CV. The
upshift of plﬁ"‘ for adsorbed Cyt compared to the protein in sotuthay be related to an upshift
of the pKy of the triggering group (Scheme 1) or to changeabe kinetics of ligand exchange,

as will be discussed in the next section.

Stationary potential-dependent SERR measurememtsnabbilized Cyt at pH 10.2, i.e. very

close to the determined Q'K reveal that both the native and alkaline fernt forms respond to

the applied electrode potential. In this case, h@nghe apparent reduction potentials obtained

16



from the speciation diagrams (Figure 3) are na patentials as this analysis is based on steady
state concentrations of coupled reactions. Mosbmantly, the spectral analysis reveals the
presence of a single ferrous component that casretspto the Met/His native conformation,

thus indicating that the reduction of the alkafioem is coupled to a Lys/HisMet/His

transition that is completed within the time windofthe steady-state experiments. In contrast
to the results obtained at neutral pH, the SERRex@nts performed at pH 10.2 reveal that a
minor fraction of the adsorbed protein, ca. 10%yams in the Met/His oxidized form even at
very negative potentials, which probably indicdtes existence at this pH of a subpopulation of
the adsorbed protein that is not properly oriefibecstablishing efficient direct

electrochemistry.

Stationary SERR measurements performed under Q-anihtion at a constant applied
electrode potential of 350 mV show that for the Met spectral component of adsorbed ferric
Cyt the intensity ratio of the bands, andv, at 1633 and 1371 chrespectively, decreases
upon increasing the pH (Figure S5). As previoublyven,[60] thevio band corresponds to an
A1y mode that is expected to undergo preferential SEffiancement when the heme plane is
parallel to the surface, while;modes such as tivg band are preferentially enhanced for a
perpendicularly oriented heme. Therefore, they)(l(v4) intensity ratio is a measure of the
average orientation of the adsorbed Cyt.[60] Theeoled decrease of/kg)/1(v4) with pH
indicates a less perpendicular average orientafidime adsorbed Cyt in increasingly alkaline
media, as also predicted by molecular dynamicslsitions,[22,61] which is consistent with a
small fraction of electrochemically inactive Cyteglecting the fraction of redox inactive Cyt,

which can be accurately determined and subtracteftifther quantitative analysis, the

17



electrochemical and spectroelectrochemical resaltsbe summarized in terms of the square

reaction model presented in Scheme 2.

(A)

E =320 mV
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E =-200 mV
1300 1400 1500 1600
Av/cem™
S 08 (B) pH=10.2
'(.3 @
Z 06} E,_=162mV
Q
o 3
| =
g 04f
o) L
=
§ 0.2} @
(] L
o 0.0k E,_ =178 mV
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Figure 3. (A) SERR spectra of WT Cyt adsorbed on a SAM-aba&tiectrode, as a function of

the electrode potential. Black traces are the exyertally measured spectra, while color lines

are the spectral components that correspond teentdirous Cyt (red), native ferric Cyt (blue)

and alkaline ferric Cyt (green). All the spectrareveecorded with Soret-band excitation at pH
10.2. (B) Relative surface concentrations of thiéeint Cyt forms obtained by SERR as a

function of the applied potential. The color codé¢he same used in the upper panel.
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The midpoint potentials of both redox couples is #theme, as well as §Kfor the ferric
protein, are experimentally accessible, Whil@'bl@r ferrous Cyt can be derived from the other
three quantities, yielding a value of 17. This tesuconsistent with the fact that stationary
SERR spectra measured at sufficiently negativenpiale reveal a single ferrous spectral
component that corresponds to the native Met/Hidaraation, and with the fact that a

guasireversible CV response of the alkaline conéwrisionly observed at very high scan rates.

Scheme 2. Coupled redox and conformational equilibria of Wyt@nd NQ-Cyt adsorbed on
SAM-coated electrodes. The parameters indicatddue and green correspond to WT Cyt and

NO,-Cyt, respectively.
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Similar experiments were performed for Cyt nitras¢d yr74 (NQ-Cyt) adsorbed on SAM-
coated electrodes. The adsorbed,NgYt exhibits a quasireversible CV response at fHwith

a midpoint potential of 182 mV, i.e. very similarriative Met/His conformation of WT Cyt
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(Figure S6). Voltammograms recorded at pH 10 agt bcan rates also show a single
quasireversible redox couple, but with a midpomwieptial of -224 mV that is assigned to the
Lys/His alkaline conformation. SERR spectra recdrdeder identical conditions confirm the
assignment of the two redox couples to the Meté#id Lys/His conformations at neutral and
alkaline pH, respectively (Figure S7). These rassiliggest that for the adsorbed NTyt pK&

is upshifted with respect to the value of 7.1 poegly determined for the same protein variant in
solution.[27,28] Indeed, acid-base titrations @ #usorbed protein monitored by SERR (Figure
S8) yieldpK?k = 8.7 for the ferric protein. These results sugtest Scheme 2 also applies to

NO,-Cyt, yieldingpK®k = 15 for the ferrous form.

3.2. Kinetic studies of the alkalinetransition. The results presented in the preceding section
and summarized in Scheme 2 set the basis for igegisig the dynamics of the alkaline
transition in electrostatic Cyt/SAM complexes takadvantage of the seven orders of magnitude
difference in th&k®* values of ferric and ferrous Cyt. These findinggliy that, both for WT
Cyt and NQ-Cyt, the equilibrium concentration of the ferrdus/His isomer is negligible small

at any pH and applied potential and, thereforegB&h2 can be cast in a simplified form:

Scheme 3. Simplified redox-coupled conformational equiliomuof WT Cyt and NGQ-Cyt
adsorbed on SAM-coated electrodes.

Met80 r Met80 r Lys
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Hisl8 ’ His18 Hisl8
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The simplified reaction Scheme 3 highlights the fhat the alkaline transition can be
triggered by rapid oxidation of ferrous Cyt at fixeH, as an alternative to the traditional pH-
jump experiments based on stopped-flow technol@gth this idea in mind, we investigated the
redox-coupled conformational transitions of WT @gtd NQ-Cyt adsorbed on SAM-coated
electrodes by synchronizing triggering potentiahjps applied to the working electrode with
time-resolved SERR (TR-SERR) spectral monitoringhefadsorbed species.[43] Specifically,
working electrodes were equilibrated at an inpialential of -300 mV to ensure full reduction of
the adsorbed protein. The redox-coupled conformatitransitions were triggered by applying
square potential jumps of sufficient duration tiinal potential of 210 mV, i.e above the
midpoint potential of the native Cyt conformatidiR-SERR spectra were measured at variable
delay times with respect to the start point ofsfeare potential pulse (Figure S9). After each
potential jJump the system was allowed to equild@tthe initial potential for a sufficiently long
time to ensure recovery of the fresh sample camditaind the entire sequence was repeated until
obtaining TR-SERR spectra with acceptable signaleise ratio. As shown in Figures 4 and
S10, the TR-SERR spectra could be consistentlylabeai employing only the same three
spectral components found in the stationary expnis) which correspond to the species
included in Scheme 3, both for the WT and the tattrotein. Representative concentration

profiles obtained with this methodology for WT Gytd NQ-Cyt are shown in Figure 5.
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Figure 4. Time-resolved SERR spectra obtained for WT Cytodusd on a SAM coated
electrode as a function of the delay timgdfter applying a potential jump from £-300 mV to

E: = 210 mV. Black: experimental data. Red: ferroasue Cyt spectral component. Blue: ferric
native Cyt spectral component. Green: ferric all@lCyt spectral component. Experiments were

performed at pH 10 with Soret-band excitation.
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Figure 5. Relative surface concentrations as a functioniroé tof native ferrous (red) native
ferric (blue) and alkaline ferric (green) comporseabtained by TR-SERR for WT Cyt (A) and
NO,-Cyt (B) adsorbed on SAM-coated electrodes. Expenisiwere performed at pH 10.0 with

Soret-band excitation. The lines are best fittitogthe reaction scheme 3.

A prerequisite for obtaining reliable kinetic infoation from this experimental approach is
that the triggering redox reaction should not ke haniting. Compliance of this requirement was
controlled for each data set by evaluating the #@waution of the concentration ratios of native
oxidized versus alkaline oxidized species, whiobudth not be constant at short delay times.
Concentration profiles obtained from 3 to 6 indegeEt experiments that fulfill this condition

were then fitted to the kinetic model representesicheme 3 assuming first order in every
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species, to determine the rate constinte, ks andks. Representative fittings obtained for WT
Cyt and NQ-Cyt are shown in Figure 5. Note that the specssgaed in these
spectroelectrochemical experiments as native f@yicactually correspond to the sum of the
species denoted &yt3*t — Hgqpo 11p @andCyt3t,. ;;; in Scheme 1 because the protonated and
deprotonated forms are spectroscopically indisisitable and, therefore, rate constants in

Schemes 1 and 3 are related as follows:
ks = Kykg/(Ky + [H*]) 2)
ky = ky (3)

According to equation X; values were determined by TR-SERR as a functigrHofo
extractKy andk; (Figure 6). For WT Cyt the experiments were limite the pH range 9.6-10.5,
as the alkaline conformation is not detectablel-aKFng'k-l and, on the other hand, pH > 10.5
leads to significant protein desorption. WithinstpbH ranges does not show the expected
sigmoidal variation with pH, thus indicating tha€gp> 10.5 for WT Cyt. In contrast, the lower
ng"‘ of NO,-Cyt allows expanding the pH window down to 7.5 ahéreby, the observation of
a clear sigmoidal dependence for this protein warianearization of these data allows
extractingKy andk; from plots ks-ko)™* vs[H*] (Figure S11), wherk, is an empirical parameter
that accounts for some offset in thevalues, which may arise either from systematiorsror
from a subpopulation of the adsorbed protein withipdependent kinetics. The kinetic
parameters obtained in this way are summarizec&bierll. Note that, as a strong indication of
self-consistency, pi&( values experimentally determined by acid-basatiiin employing
stationary SERR detection are nearly identicahtisé obtained from the kinetic analysis using

equation 1 for both protein variants.
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Figure 6. Variation ofks with pH as obtained by TR-SERR for WT Cyt (A) aN@.-Cyt (B)

adsorbed on SAM-coated electrodes.
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Table 1. Parameters of the alkaline transition for WT Qydl &NO,-Cyt at 25°C.

qWT Cyt  °PWT Cyt  °NO,-Cyt

(solution) (adsorbed) (adsorbed)

ki | st 6.1+1.8 11+4 5+1
kp / st 0.049 15+4 443
ko/ st - ~8 2.5+0.3
pKH 11+0.15  10.7+0.3 8.8+0,1

cpkdkede  89+23  10.840.6  8.7+0,5

dpgake®  9+0.05  10.4+0.1  8.90,3

%From reference [40fThis work.°Calculated using equation “Erom steady state titrations.

Interestingly, while the pK‘ of WT Chyt is significantly higher in the electrait complex
compared to the free protein in solution, the d@de equilibrium of the triggering group is

insensitive to adsorption, & values obtained in both conditions are almosttidahwithin

experimental error. Thus, the difference ingbkéan be quantitatively ascribed to the effect of
the electrostatic interactions on the dynamicsefligand exchange step. This result is not
unexpected since the interaction of Cyt with negdyi charged counterparts, including natural
partner proteins, model membranes and SAMs, invelgetrostatic interactions through the ring

of positively charged lysine residues in the swefatCyt that surround the partially exposed

26



heme edge, and that includes the putative sixéimtig in the alkaline conformation
Lys73/79.[22,61] Notably, the electrostatic adsomptoes not slow down the ligand exchange

reactions as one might anticipate but, in contrasylts in a 2-fold increase kfand a much

more significant 300-fold increase kyf that lead to a 10-fold increasekd . In an attempt to
rationalize the experimental rise of bétlandk,, one can describe the ligand exchange step in
terms of a reaction coordinate that connects th#H¥eand Lys/His conformations via a
pentacoordinated activated complex, as previouslpgsed.[28] Within this model, and
assuming that the energy of the activated compgléxrgely insensitive to adsorption, the
experimentally obtained results might reflect th@kne conformation being destabilized by the
specific electrostatic interactions and local eledtelds to a greater extent than the native Cyt
conformation. Consistent with this hypothesis, pyas experimental and computational studies
show that the energy and structure of the nativdormation is only slightly affected under the
current experimental conditions[25,43] and, furthere, the pentacoordinated species is less

destabilized than the Met/His hexacoordinated f{28j.

Adsorption of NQ-Cyt also results in an upshift of the ﬂKNith respect to the same protein
in solution, but the underlying basis for this effappear to be somewhat different than for WT
Cyt. Upon adsorption both protein variants shovinerease ok, with respect to WT Cyt in
solution, but the incremental factor for MGyt is only 80. In contrask; values measured for
both proteins are essentially identical WT withkperimental error These results suggest that
the alkaline conformation of NECyt is significantly less destabilized by electate
interactions than the same coordination stateeiMT protein. This effect, which tends to
increase the pi&( value, is overcompensated by a significantly namidic triggering group with

pKy = 8.8.
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3.3 On the nature and functioning of the triggering group. The stationary and kinetic
results presented above show that the minimaliogaotechanism originally proposed for the
alkaline transition of WT Cyt free in solution alapplies when the protein is forming an

electrostatic complex with a negatively charged SAMe electrostatic interactions, however,

can shift the p@" of the transition either through modulation of te&ative stabilities of the
Met/His and Lys/His conformers, or by affecting #mdity of the triggering group. Moreover,
these variables may be affected by post-translaltimodifications of Cyt, such as nitration of
Tyr residues. The identity of the triggering grobipwever, remains a matter of debate as
comprehensively discussed by Bowler and coworke32D,48,49] The experimentally
determined pK of about 11 for WT Cyt both in solution and adsatton SAMs argues in favor
of a solvent exposed Lys residue in agreement pveéthiious proposals,[13,21,31,40,62] most
likely one of the three located in the 70-85 loiog, residues 72, 73 or 79. Based on similar
arguments, the solvent exposed Tyr74 residue ithanbkely candidate. Other proposals
include a buried heme propionate,[63] a crystadphic water molecule,[64] the proximal
ligand of the heme iron His18,[30] the buried Ty{6%3] and deprotonation within a hydrogen
bonded unit that link&-loops 40-57and 71-85.[66] Unequivocal identifioatof the triggering
group has proven rather elusive, but some of thessibilities can be pondered at the light of
new experimental and computational evidence. Taingng to assess the possible involvement
of Tyr residues as triggers, we generated andddrthe Tyr74Phe and Tyr67Phe mutants. For
the Tyr74Phe variant the Qi'f(values obtained for the protein free in solutiod adsorbed are
8.9 and 9.9, respectively, i.e. only slightly lowlean for WT Cyt under, otherwise, identical
conditions (Figure S12). Thus, in agreement wigitevious proposal,[27] Tyr74 is unlikely to

be the triggering amino acid in the alkaline tréosiof WT Cyt, even though nitration of this
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residue produces a drastic change in the experaihedetermined pgk and pk;j values. In

contrast, plg”‘ values determined for the Tyr67Phe mutant in smi{@7] and adsorbed are 11.0
and 10.2 (Figure S13), respectively. This upshifiyever, does not necessarily imply the
involvement of Tyr67 as triggering group and, iastemay simply reflect the key role that this
residue plays in modulating the protein structure dynamics.[67] Thus, to get a deeper insight,
we estimated the the gkf all titrable amino acids of WT Cyt by meanshodlecular dynamics
simulations, as described in the experimental @eclihese calculations yield pk 12.5 and
pKa > 14, for the solvent exposed Tyr74 and the bufig®7, respectively (Figures S14). Both
values are significantly higher than the experirmyntetermined pk, thus making very

unlikely the involvement of these Tyr residuesraggering groups. On the other hand, MD
simulations yield pK= 10.6 for Lys73 and 10.0 both for Lys72 and Lyg§Fi@ure S15). Thus,

all the solvent exposed Lys residues belongingéo/0-85 loop have plalues very close to

the pk; of free Lys in solution and to the pof WT Cyt, thereby, constituting likely candidates
to act as triggering group, with Lys73 showing iest match. A close inspection of the effect of
Lys deprotonation on the extended H-bonding netvadi®yt provides some additional
arguments to select the most likely triggering grothus, we performed 50 ns long MD
simulations of WT Cyt with all Lys residues prottedand repeated the simulations with one of
the three residues of loop 70-85 deprotonated (g2, dp-Lys73 and dp-Lys79, respectively).
To quantify the effect of deprotonation, we detemed the fraction of time along the simulations
that individual H-bonds in th@ loops 40-57 and 70-85 remain formed, accordingéccriteria
defined in the experimental section. The resukssammarized in Table S1. The calculations
indicate that protonated Lys72 is only H-bondeds$a70 during a small fraction of time. Aside

from interrupting the Lys72-Asn70 H-bond, deprotiima of Lys72 has a significant weakening
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effect on the Lys73-Asn70, Lys73-Glu66 and Lys384zl interactions. Deprotonation of Lys79
disrupts the Lys79-Thr47 and weakens the Lys39-Binteractions, but affects only slightly
other H-bonds from the network. Protonated Lysi3adntrast, is engaged in four lasting H-
bonding interactions, two of them with Asn70 and tither two with Glu66 and Glu69.
Deprotonation of Lys73 results in complete disroptof these four interactions and of the H-
bond Tyr48-Ala43, as well as significant weakenifidd-bonds Lys39-GIn42, GIn42-Lys53 and
Lys72-Asn70, in addition to other more subtle @tens of the H-bonding network. Thus, while
the acid-base equilibria of all three Lys residinem loop 70-85 exert some impact on the
structural details of loops 40-57 and 70-85, depration of Lys73 appears to trigger the largest
rearrangement of both loops (Figure S16), includioigplete disruption or substantial
weakening of the H-bonding interactions of the passible distal ligands of the alkaline
conformation, i.e. Lys73 and Lys79, as a possibéeqquisite for the subsequent ligand

exchange step.

Nitration of Tyr74 results in a significant downfilof both p@"‘ and pk; for the alkaline
transition of NQ-Cyt with respect to WT Cyt (Table 1), therefore timated the nitrated Tyr74
residue (N@-Tyr74) in NQ-Cyt/SAM complexes by stationary SERR employing A&8laser
excitation to selectively enhance the vibratiommdrum of the deprotonated MNDyr74
residue. The results shown in Figure S17 vield"'BK™"*= 8.3, which is 1.2 units above the
value previously determined for the same proteisoitition.[28] The proximity of the piKand
pK,'9? 4 values determined for the N@yt/SAM complexes suggest a change of triggering
group from Lys73 in WT Cyt to Tyr74 in NECyt. The pK values for the remaining titrable

residues of N@Cyt were estimated by MD simulations, both for pinetonated and

deprotonated forms of the NOyr74 residue (p-N@Cyt and dp-NG-Cyt, respectively). The
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calculations predict that for Glu66, an acidic des that is in close proximity to Tyr74, the pK
in the dp-NQ-Cyt form is upshifted by 1 unit with respect to WZiyt (Figure S19), thus
indicating that the computational method is capablessessing the effect of electrostatic
charges on neighboring amino acids. However, nbtigearesidues that, due to their intrinsic
pKa values in solution are likely candidates to perf@s triggering group, exhibits significant
changes upon nitration of Tyr74. For example, tkg\mlues of lysines 72, 73 and 79 shift less
than 0.3 units when comparing their values in WT, @yNO,-Cyt and dp-NG-Cyt. These
results are consistent with NQyr74 acting as the triggering group. Interesyn@iD
simulations predict that nitration of Tyr74 exegtsalitatively the same effect on the H-bonding
network of loops 40-57 and 70-85 as deprotonatidrys73 in WT Cyt, and this disruption
effect is further enhanced upon deprotonation eNID-Tyr74 residue (Table S1 and Figure
S18). The most significant changes refer to H-bdhdsinvolve Lys73 as the donor. As
schematically shown in Figure 7, in the fully proéded WT protein the pairs of residues Lys73-
Glu66 and Lys73-Glu69 remain at H-bonding distab@&® and 26 % of the simulation time,
respectively, while 7 % of the time Lys73 is H-beddo both residues simultaneously, thus the
number of H-bonds of Lys73 varies between 0 anlb2gathe MD simulation. Either
deprotonation of Lys73 or nitration plus deprotéaorabf Tyr74 affect the time evolution of the
H-bonds of residue 73 in very similar fashion. Speally, the p-NGQ-Cyt and dp-NG-Cyt

forms, both containing protonated Lys73, show alsosplete disruption of the Lys73-Glu66
H-bond and a significantly reduced persistencéefitys73-Glu69 H-bond (Figure 7 and Table
S1). Deprotonation of the NEX'yr residue, in turn, is associated to a furtheekening of the
Lys73-Glu69 H-bond. Note that nitration of Tyr74she# significant effect on the H-bonding of

Lys79 (Table S1).
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Based on these data we propose that the triggdepgptonation event in the alkaline
transition mechanism disrupts the hydrogen bondorétthat involves the tw@-loops, in
agreement with a recent finding by Deacon and ckerst[66] More specifically, the present
data point out the disruption of the Glu66-Lys73+&3 H-bonding network as a crucial step for
the subsequent Met/Lys ligand exchange that maghme\either Lys73 or Lys79. For the WT
protein the evidence points out Lys73 as the nikslyl triggering group, while for the nitrated
protein the results are consistent with a qualigdyi similar two steps minimal mechanism,
except that in this case the reaction is triggénethe early deprotonation of the NOyr74

residue.
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Figure 7. Upper panel: selected snapshot of the MD simuladfioWT Cyt displaying a detail of
the Glu66-Lys73-Glu69 H-bonds. Lower panel: numiffdd-bond contacts of Lys73 established
along MD simulations for WT Cyt with protonated A& (WT-Cyt), WT cyt with deprotonated
Lys73 (dp-Lys73) and the nitrated forms p-NCyt and dp-N@-Cyt, both with residue Lys73 in
the protonated state.

4. CONCLUSIONS
Electrostatic adsorption of WT Cyt and MOyt onto a negatively charged model surface

results in a similar downshift of the apparent redotential of both proteins with respect to
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solution that is not paralleled by changes in thmé pocket structure and, therefore is ascribed
to: (i) differences in the binding constants of tegic versus ferrous proteins and (ii) to the
potential drop across the complex electrode/SAM&indbulk interface. In their ferric states,
both proteins adsorbed on SAM-coated electrodesngodalkaline transitions that, according to
the kinetic studies reported here, follow a mecsramgualitatively similar to WT Cyt in solution.
The equilibrium constant for this conformationaugiprium in the reduced state is negligibly
small (10">-10""), which explains that the reduced form of the Hysfisomer cannot be

detected in stationary experiments.

Based on spectroelectrochemical studies and MDlatmns, we assign Lys73 as the most
likely triggering group for the alkaline transitiah WT Cyt. Similar studies reveal a change of
triggering group from Lys73 to Tyr74 in N€Cyt, which results in an early alkaline transition
with ng"‘ = 7.1, i.e. within the range of the physiologip&l of the mitochondrial
intermembrane space.[68] The Pivalues of both protein variants are upshifted tyua 1-1.6
units with respect to solution when adsorbed on S&udted electrodes. In contrast, theymf
the triggering group of WT Cyt is not affected gsarption. This contrasting behavior ofgﬂ‘K
and pky suggests that the differences between adsorbedissalved proteins cannot be
rationalized in terms of a locally different pHthe interface with respect to the bulk solution.
Instead, the pZ{k value reflects the interplay between the thermadyioKy parameter and the
dynamics of the ligand exchange step expresseddhrthe rate constantsandk,. The TR-
SERR experiments reveal thats largely insensitive to adsorption. In contrégsincreases
more than two orders of magnitude for the immobdiproteins with respect to WT Cyt in

solution. These results can be rationalized in seshpreferential electrostatic destabilization of
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the alkaline conformer compared to the native conédion and the pentacoordinated activated

complex.

Thus, in summary, post-translational nitration gf €sults in an early alkaline transition at
physiological pH which, therefore, might be of loigical significance, probably related to an
increase of peroxidatic activity as previously alied.[27,28] Electrostatic interactions of WT

Cyt and NQ-Cyt with a model SAM-coated substrate have theatif preventing the alkaline

transition at physiologically relevant pH due te tipshift of the pEﬂk by more than 1 unit.
Blockage of the alkaline transition at physiologjjchl as a consequence of electrostatic
interactions is a result that one might anticipatehe basis that adsorption to SAM-coated
electrodes involves the Lys residues belongintpnédX-loop 70-85, which then might lose
degrees of freedom required for undergoing thentigexchange reaction. The present results
reveal the counterintuitive fact that the Met/Hisys/His is not slowed down upon adsorption
via the loop 70-85. Instead, the upshift of the piKéhe adsorbed state is explained by a drastic

acceleration of the back ligand exchange reactimiHis—Met/His.

Certainly, the SAM/Cyt electrostatic complexes sireplified model systems that are unable
to capture the specific interactions and mobilityeal electrostatic partners of Cyt and,
therefore, conclusions extracted in the presenkwannot be directly extrapolated to in vivo
conditions. However, the physicochemical concegt prerturbations such as post-translational
chemical modifications and electrostatic interausionay modulate g in either direction
through the relative magnitudeskf, ki andk, appears to be general, thereby anticipating the
possibility of Cyt attaining alternative conforn@ts in vivo, depending on the specific cellular

conditions and subcellular localization.
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