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the proton pumping pathway, yet this proposal could not be verified by experimental data so far. We have set up
an experiment where the redox states of the two hemes in CcO can be controlled via external electrical potential.
Surface enhanced resonance Raman (SERR) spectroscopy was applied to simultaneously monitor the redox state
of the hemes and the protonation state of the heme propionates. Simulated spectra based on QM/MM calcula-
tions were used to assign the resonant enhanced CH, twisting modes of the propionates to the protonation
state of the individual heme a and heme as; propionates respectively. The comparison between calculated and
measured H,0—D,O0 difference spectra allowed a sound band assignment. In the fully reduced enzyme at least
three of the four heme propionates were found to be protonated whereas in the presence of a reduced heme a
and an oxidized heme a5 only protonation of one heme a; propionates was observed. Our data supports the pos-
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tulated scenario where the heme a; propionates are involved in the proton pathway.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Cytochrome c oxidase (CcO) is the terminal enzyme of the respirato-
ry chain that pumps protons from the N to the P side of the membrane.
The energy needed for this pumping process is gained from the catalytic
reduction of oxygen to water, which takes place in the catalytic heme
a3-Cug binuclear center (BNC). The reaction sequence of catalytic oxy-
gen splitting and transformation inside the BNC has been widely studied
in the past [1-4] and is generally accepted these days. Not yet under-
stood is, however, the coupling between the oxygen reaction and the
proton pumping process. Oxygen reduction to water requires four elec-
trons and protons that are delivered to the BNC via clearly defined path-
ways. Electrons are supplied one by one from the external redox protein
cytochrome ¢ making this process the rate limiting step of the whole
cycle. Inside CcO the electrons have to pass a Cua and a heme a cofactor
before they reach the BNC. In bacterial CcO the protons are supplied via
two proton (K and D) channels that start at the protein entrance on the
N side and end in close vicinity of the heme a-heme a3 cofactors. Uptake
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of each electron is accompanied by uptake of two protons, one being
used as chemical proton for oxygen reduction and one that ends up as
a pumped proton. Orchestration of these events requires a tight interac-
tion of the heme cofactors and their direct amino acid environment.
Even more importantly a very defined sequence of electron transfer,
proton transfer and oxygen reduction steps has to be present in
order to guarantee that pumped protons do not move backwards or
end up as chemical protons [5]. This precise sequence of events re-
quires an advanced gating mechanism, which its exact nature is
still discussed in the literature. Promising mechanistic scenarios for
the protonation dynamics in CcO have been proposed based on calcula-
tions [6-10], their experimental verification is, however, often based on
indirect measurements such as the kinetic isotope effect on the catalytic
oxygen reaction [11].

To achieve the required unidirectionality of the proton translocation,
the pumped protons have to be stored in a proton loading site (PLS) be-
fore arrival of the next electron further advances the pumping process.
The PLS has therefore to be close to the BNC such that the stored proton
can “feel” the presence of a new electron. A prominent candidate for the
PLS in bacterial CcO is the heme a3 propionate PrDas, as was suggested
based on free energy computations [6]. However, under resting condi-
tions this propionate forms a salt bridge to a nearby Arg481, rendering
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its protonation highly unlikely. Theoretical calculations on CcO from Bos
taurus have nevertheless shown that reduction of heme a is able to dis-
rupt the strong bond between PrDas and the nearby arginine, which
makes PrDas at least transiently accessible for protons [8].

The reaction sequence that includes PrDas as PLS would start with
reduction of heme a followed by proton transfer from Glu286 to
PrDas. This change in protonation triggers electron transfer from
heme a to heme a3 and a second proton transfer from Glu286 into the
catalytic binuclear heme as-Cug center. Proton 1 leaves the cofactor en-
vironment as a pumped proton possibly via the PrAas propionate while
proton 2 is used as a chemical proton in the oxygen reduction process.
Although this scenario is widely accepted nowadays, a lot of questions
remain: specifically the proton pumping pathway via the heme as pro-
pionates is still under debate as direct evidence from experiments is still
missing.

Vibrational spectroscopy is very suitable to probe protonation states
of acid groups and thus is the technique of choice to study the above
discussed reaction sequences in CcO. Specifically IR spectroscopy is
very sensitive to the CO stretching vibration of carboxylic acids; it can
however not exclusively probe the heme environment. IR difference
spectroscopy was nevertheless performed by Behr et al. [12,13] to
probe heme propionate protonation using a mutant with '3C labelled
propionates. The results indicated a protonated PrDa in the fully re-
duced enzyme.

In contrast to IR, resonance Raman (RR) spectroscopy probes specif-
ically the heme cofactors and has been widely used in the past to ana-
lyze the structure of the two hemes in its resting state [14] and under
turnover conditions [3,15,16]. Unfortunately, Raman spectroscopy is
not sensitive to the polar CO vibration of the heme propionic acids.
However, recently the corresponding vibrational modes of the proton-
ation dependent CH, bending modes have been detected by H,0
minus D,0 RR difference spectroscopy [17,18]. Contrary to the IR data
of Behr et al. these experiments showed protonation of all four heme
propionates in the fully reduced enzyme.

We have recently shown that individual reduction of the two hemes
in CcO can be controlled from the outside, when the enzyme is attached
to an electrode that introduces electrons in a well defined manner [19].
Here, the electrode was functionalized in a way that the natural electron
transfer pathway from Cus, — heme a — heme a3-Cug could be
established. In contrast to other methods, which use photosensitive
electron donors, electrons are continuously delivered and electron sup-
ply can be adjusted in a way that it matches its transfer rate in CcO
under physiological conditions. Attachment to noble metal electrodes
also has the advantage that one can apply surface enhanced resonance
Raman (SERR) spectroscopy, which allows the use of much less protein.
This technique has been used in the past for immobilized CcO [19,20]
and other heme proteins [21-24]. Here, we will apply H,O—D,0 SERR
difference spectroscopy to monitor the redox dependent protonation
state of the heme propionates. The results are compared to vibrational
spectra derived from QM/MM calculations.

2. Material and methods

The R. sphaeroides strain JS100, containing the genetic information of
subunit I of the aas-type CcO with a C-terminal 6xHis tag, was cultivated
under aerobic conditions [25] and the enzyme was purified as previous-
ly described [19,26].

Electrochemically roughened Ag electrodes were incubated in
an ethanolic solution of 3 mM 8-aminothiophenol (C8-NH,) and
1 mM 6-mercaptohexanol (C6-OH). For electrostatic immobilization of
CcO the coated electrodes were incubated in a solution containing
0.2 uM CcO, 20 mM Na-PBS (pH 8.0) and 0.1% (w/w) B3-DM. For the
D,0 experiments, the same buffer was prepared in D,0 and the pH
with DCI adjusted. The pH/pD-shift was taken into account. The CcO
coated Ag electrode was inserted as a working electrode into a

homemade electrochemical cell [27]. An Ag/AgCl reference and a PT
counter electrode were used in the measurements.

SERRS measurements were performed with the 442 nm line of a
HeCd laser (VM-TIM, HCL-100). Spectra were recorded using a confocal
Raman spectrometer (LabRam HR-800, Jobin Yvon). The laser power on
the sample was 150 UW. Accumulation time was 60 s (30 cycles) for
each spectrum. The electrode was constantly rotated to avoid photo-
reduction.

The hybrid QM/MM calculations were performed using the crystal
structure of R. sphaeroides (PDB entry: 1M56) as starting geometry.
The CcO was embedded in a lipid bilayer consisting of POPC lipid mole-
cules. In this structural model, the enzyme is in its fully reduced state
with Fe(II) for heme as and heme a, and reduced Cug. Furthermore,
the Fe of heme a3 has a hydroxyl group as axial ligand. In addition, the
Y288 is deprotonated, D407 is protonated and the D286 is protonated
in agreement with Goyal and Cui QM/MM model [7]. QM/MM geometry
optimization of heme a and heme a3 with the corresponding protein
environment was performed considering different protonation states
of their PrA and PrD propionic acids. For this purpose, two separate
QM-regions were defined: one containing the heme a (without the
farnesylethyl tail) and the two ligating histidines (His102 and
His421); and a second QM region including heme as (without the
farnesylethyl tail), the ligating His419 and the hydroxyl group bounded
to the iron. The QM fragments were described with DFT at the B3LYP/6-
31G* level of theory, whereas the MM part was treated with the empir-
ical CHARMM22 force field [28]. The coupling between the QM and MM
regions was described through the electrostatic embedding model
using the charge-shift scheme [29]. Geometry optimizations were per-
formed with the modular program package ChemShell [30] using the
limited memory quasi Newton L-BFGS algorithm working with
delocalized internal coordinates. The optimized structures of the four
structural models were taken as input for the computation of the
Raman spectra, which were performed for the unlabeled and the corre-
sponding propionic-acid-deuterium-labeled species. These calculations
were done following the procedure described in detail in Ref. [31].

3. Results

CcO from R. sphaeroides was grown, purified and immobilized on
electrodes as described previously [19]. Electrochemically roughened
Ag electrodes were firstly functionalized with a 1:3 mixed C8-NH,/C6-
OH terminated self assembled monolayer and subsequently put into a
solution containing 0.2 pM CcO for 4 h to allow for electrostatic binding
of the protein. The electrodes were then washed and inserted as a
working electrode into a special designed spectro-electrochemical cell
[27,32]. This immobilization procedure has proven to establish a good
electrical communication between the electrode and the heme
cofactors with an intact catalytic binuclear center (BNC).

SERR spectroscopic measurements were performed using the
442 nm excitation line of a HeCd laser, which is in resonance with the
reduced species of CcO. The electrochemical cell was purged with
Argon leaving only a very small amount of oxygen in the probe volume.
We will in the following correspond to this situation as the one in pres-
ence of low concentrated oxygen. The working electrode was left at
open potential and sodium dithionite in excess concentration was
added as a chemical reductant. Under this condition, the SERR spectrum
shown as trace A in Fig. 2 was recorded. The same experiment was re-
peated in the absence of dithionite but with the working electrode set
to an applied potential of —250 mV vs. Ag/AgCl, which corresponds to
an overpotential of —450 mV with respect to the redox potential of
heme a. The so recorded SERR spectrum is shown as trace B in Fig. 2.
Both spectra (A and B) show similar features that correspond to the
typical porphyrin ring vibrations of a reduced heme species but with
different intensities. Specifically the position of the most prominent
porphyrin ring vibration v4 at 1356 cm™~ ! demonstrates that the en-
zyme is in both cases at least partially reduced. Furthermore the bands
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at1518 cm~!and 1585 cm™ !, which can be clearly seen in both spectra,
have been assigned to the reduced heme a of CcO before [33]. A specific
marker band for the reduced heme a; is at 1663 cm ™' that corresponds
to the heme a; formyl stretching vibration. This band is only visible in
spectrum A but is missing in B. We thus conclude that in spectrum A
both hemes are reduced while in spectrum B heme a; remains still oxi-
dized. Using 442 nm excitation we cannot distinguish whether heme as
in spectrum B is in its Fe(III) state or in its intermediate oxoferryl state.
However, previous spectro-electrochemical investigations of CcO on
electrodes, where oxygen could not be completely eliminated [19,34],
show a similar behaviour and here the Fe(III) state was identified.

We explain the different behavior when using either a chemical or
an electrochemical reductant with the different kinetics of the electron
supply. In both cases (A and B) low amounts of oxygen are present that
are transformed to water at the heme as-Cug site leaving heme as sub-
sequently in its oxidized state. Electron supply from the electrode is
slower that the rate of oxygen binding thus we observe heme as pre-
dominantly in its oxidized Fe(III) state. Electron supply from a chemical
reductant is on the other hand much faster leading to a situation where
oxygen binding becomes rate limiting. In this case we observe a fully re-
duced enzyme.

To eliminate the influence of oxygen, the experiments were
repeated in an anaerobic box, which has been described by us in detail
before [19]. Reduction of CcO was initiated by applying a negative
overpotential at the working electrode. A SERR spectrum recorded
under completely oxygen free conditions at an applied potential of
—400 mV vs. Ag/AgCl is shown in trace C of Fig. 2. Here again the
band at 1663 cm™ ' becomes clearly visible together with a high inten-
sity of the reduced v4 band at 1356 cm ™ ! indicating that we have a fully
reduced enzyme present.

In a next step we aimed to monitor the corresponding protonation
state of the heme propionates. We recorded SERR spectra of
immobilized CcO in H,0 and D,0 buffer solution (Fig. S1). Similar to
the experiments mentioned before, CcO was either reduced chemically
by addition of dithionite or electrochemically by an external electrode
potential. The latter experiments were conducted again inside and out-
side the anaerobic box. The resulting SERR H,O—D,0 difference spectra
are presented in Fig. 3. Using dithionite as chemical reductant (trace A in
Fig. 3) negative bands at 1179 cm~!, 1218 cm~!, 1232 cm™',
1250 cm™ ' and 1310 cm ™! are visible similar to the ones obtained by
Egawa et al. [17]. Furthermore we observed two more negative bands
appear at 1149 cm™ ! and 1283 cm™ ! and most likely a negative band
at 1330 cm™ . The latter is not shown in Fig. 3 as in this region the
strongly enhanced v, vibration of the porphyrin ring is appearing
resulting in a strong error of the H/D difference spectra. In the electro-
chemically reduced enzyme and in the presence of low concentrated
oxygen (trace B in Fig. 3) all negative bands, except the band at
1250 cm™ !, disappear. In the absence of oxygen the same negative
bands, as observed by chemical reduction, could be seen again in the
H,0—D,0 difference spectrum (trace C in Fig. 3) albeit with different
relative intensities. The most prominent differences between trace A
and C belong to the relative decrease of the bands at 1232 cm™~ ! and
1250 cm~! and the shift of the bands between 1310 cm™~! and
1304 cm™ .

To assign the difference bands observed in the SERR spectra, hybrid
QM/MM calculations of Raman spectra were performed for the heme a
and heme as cofactors. Analysis of the Raman spectra was restricted to
the 1050-1350 cm™ ! window where H/D isotopic shifts of PrA and
PrD are expected. The results are shown in Fig. 4 and Table S1. For the
sake of clarity, we restricted the displayed data to the vibrations,
which show significant H/D isotopic shift or a strong increase in
Raman activity upon deuteration. The results presented in Fig. 4 were
done considering only one protonated side chain at a time since double
protonation would imply large perturbation of the heme pockets, and
thus is not very likely to occur. Test calculations with simultaneous pro-
tonation of PrAa and PrDa showed that the corresponding difference

spectrum is a superposition of the respective spectra with either a deu-
terated PrA, or a deuterated PrD (Table S2). Thus, double protonation
cannot be completely excluded from our experimental data.

Following this filtering procedure, almost all experimental bands ob-
served in the interval 1100-1350 cm ™! could be straightforwardly
assigned to CH,-deformation modes located at the propionic acids of
the hemes. The only exception is the peak at 1250 cm™ . Very close to
this position, we predict CH, deformation modes due to PrAa and
from both acids of heme as. Thus, for this band an unambiguous assign-
ment is not possible solely by comparison of calculated and experimen-
tally observed band positions. The final vibrational assignment of the
peaks in the 1100-1350 cm™ ' window obtained on the basis of the
QM/MM calculation is listed in Table 1 together with the previous find-
ings of Egawa et al. [17].

In order to prove that the observed difference bands are indeed
caused by a protonation of the propionic acid and not by protonation
of a nearby water molecule, additional Raman H/D difference calcula-
tions were performed for the latter scenario. Here no difference bands
were observable in the relevant wave number range (see Fig. S2).
Thus, we exclude that a protonated water molecule is the origin for
the observed H/D difference spectra.

4. Discussion

One of the most prominent negative bands in trace A and C of Fig. 3
occurs at 1179 cm™ !, which we assign to the protonated PrDa, in con-
trast to Egawa's work, which related this band to a CH,-deformation
mode at heme as. The present calculations assign the latter mode to a
peak detected at 1149 cm™ . A similar contradictory assignment occurs
for the band at 1215 cm™ !, detected in the SERR-spectra at slightly
higher wave numbers. The strongest negative band at 1250 cm ™'
could not be assigned to a single protonation state and might represent
either a protonated PrDas, PrAas, PrAa or a combination of all three. In-
terestingly, this unambiguous assignment of the band at 1250 cm ™!
does not contradict the experiments, since in the fully reduced enzyme
we can conclude from the occurrence of other bands that at least three
of the four propionates (PrDas, PrDa and PrAa) are transiently protonat-
ed. The forth propionate PrAas might be protonated as well, however
we do not have any additional information about it, since protonation
of PrAas does not show any significant H/D sensitivity. However, if
charge neutrality prevails only one propionate per heme should be pro-
tonated under equilibrium conditions. Therefore, we conclude that the
protons most likely hop between the different acidic groups, which
would be feasible as for both hemes the crystal structure shows a
water molecule placed between the A and D propionates, respectively
(See Fig. 1). Such a picture is in agreement with recent calculations
that show exchange of protons between all four propionic acids [35].
Furthermore our data show that H/D exchange is possible at PrAa and

Table 1

Experimental observed vibrational frequencies in the resonance Raman spectra of CcO and
their corresponding assignment to the respective protonated propionic acid stated by Ref.
[17] and this work.

Ref. [17] This work
Frequency of Protonated Frequency of Protonated heme
H,0—D,0 heme H,0—D,0 propionic acid
difference band propionic difference band
[em™'] acid [em™']
1149 PrDas
1179 PrAa; 1179 PrDa
1215 PrAa 1218 PrDas
1232 PrDas 1232 PrDas
1250 PrDa 1250 PrDas, PrAas,
(PrAa)
1283 PrAa
1306 PrXa 1304 PrDas, PrAas
1330 PrAa
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Fig. 1. Structure of the heme a and a; environment of CcO from Rhodobacter sphaeroides
(PDB 1M56).

PrDa and therefore these propionates are accessible for external pro-
tons. These findings are in agreement with the measurements of Behr
et al.[13], who observed a protonated PrDa in the fully reduced enzyme
using CcO variants with '3C modified propionic acids. However, in their
work, PRDa was considered to be the only protonated propionic acid,
whereas we observe partial protonation of at least three propionates
when both hemes are reduced. From electrostatic considerations,
heme a reduction would favor protonation of one of its own propionates
[36,37]. However, as this process would terminate further electron and
proton movement, direct proton transfer from Glu286 to PrDa must be
highly inefficient. Only in a situation, where heme as is reduced, proton-
ation of PrDa would not hinder further progression of the oxygen
reaction and the proton pumping process. This is in line with our
results: we do not see a protonated PrDa if heme as is oxidized ruling
out a sufficiently fast protonation of PrDa.

Electrochemical reduction of CcO in presence of low oxygen concen-
tration leads to the observation of reduced heme a and oxidized heme
as. The concomitant H/D measurements show that the band at
1179 cm™ ! is no more visible. Thus, under turnover conditions PrDa is
not protonated although heme a is observed in its reduced state. The
only still visible band at 1250 cm™ ! has been assigned before to either
a protonated PrAa or a protonated heme as propionate. Traces of nega-
tive bands at 1218 cm™ ' and 1304 cm ™! (now shifted to 1216 cm ™!
and 1310 cm ™~ !) might be present in trace B of Fig. 3 while the band
at 1283 cm™ ! has definitely disappeared. This observation points to a
protonation of one of the heme a3 propionates rather than PrAa but
the spectra are too noisy to draw final conclusions from them alone. It
is important to note that the intensity of the band at 1250 cm™ ! is al-
ways increased if oxygen is present (trace A and B in Fig. 3) compared
to conditions with no oxygen (trace C in Fig. 3). The presence of oxygen
should not affect PrAa, but will of course have an impact on the propio-
nates of heme as. Hence, combining these observations for oxygen con-
ditions we confidently assign the 1250 cm™ ! band to a protonated
heme a3 propionic acid. However, an alternative assignment to PrAq, al-
though very unlikely, cannot be ruled out completely. The proposed
redox and protonation states of heme a and heme as under the three
conditions discussed in this study are summarized schematically in
Fig. 5. Experimental determination of the Cug oxidation state was not
possible with the present setup. Accordingly, we cannot state explicitly
whether a chemical proton might have been transferred to the BNC
under our measured steady state conditions or not. In the computations
the Cug(I) state was assumed.

To distinguish between a protonated PrDas or PrAas is difficult and
alone from our data no final conclusion can be drawn. However, as we
have pointed out before that PrAas shows much less sensitivity to H/D
exchange than PrDas. This would favor the interpretation of a protonat-
ed PrDajs in trace B of Fig. 3. But, the situation might change under

A Heme a red
Vi Heme a, red

| I |
1400 1500 1600
Raman shift / cm™

1300

Fig. 2. SERR spectra of CcO in the high frequency region recorded under different
conditions. (A) Open circuit potential, traces of oxygen and presence of dithionite,
(B) electrode potential of —250 mV and traces of oxygen, (C) electrode potential of
—400 mV in the absence of oxygen. The peaks assigned with blue numbers are
associated with reduced heme a, whereas the peak assigned with a red number is
associated with reduced heme as. All potentials are presented vs. Ag/AgCl. Laser
excitation is 442 nm.

turnover conditions and the negative band that we observe in Fig. 3 con-
comitant to an oxidized heme as is really small. In contrast to PrDas,
PrAas; does not form a salt bridge. In the crystal structure of R.
sphaeroides, (PDB 2GSM) [38], the distance between a PrAas; oxygen
and an Asp407 oxygen is only 2.45 A. Such a short distance is only pos-
sible if the acidic groups of PrAas and Asp407 share a proton. Thus, it is
possible that PrAas is partially protonated all the time, which could ex-
plain that we cannot make a clear conclusion on the protonation state of
PrAas. Nevertheless, comparative H/D SERRS measurements at + 90 mV
under anaerobic conditions and at open circuit potential with oxygen
present - both corresponding to conditions where we observe hemes
a and as more or less in their oxidized state - do not show the presence
of aband at 1250 cm ™! (Fig. S2). This clearly indicates that detection of
this band is associated with significant heme a reduction.

In summary we do see protonation of at least one of the heme a;
propionates concomitant to a reduced heme a and an oxidized heme
as. A reasonable interpretation of this finding is only possible if heme
a reduction leads at least to transient protonation of PrDas prior to
heme a3 reduction, which would support its role as a PLS in the proton
pumping process. Whether we actually observe in the vibrational spec-
tra a protonated PrDas or PrAas does not alter this interpretation, since
in both cases the data support proton transportation via the heme as
propionates. Since PrAas is most likely not the direct proton acceptor
from Glu286 and we could show that in the fully reduced enzyme
PrDas is protonated for some time, a proton pathway via PrDas-PrAas
seems to be highly probable.

The question remains whether PrDa participates also in the proton
translocation pathway. A protonated PrDa is observed in combination
with a reduced heme as in case that oxygen and chemical reductants
are present (Fig. 3 trace A) and oxygen binding is the rate limiting
step. The presence of a protonated PrDa under these conditions
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Raman shift / cm-!

I
1150

Fig. 3. H,0 minus D,0 SERR difference spectra of CcO attached to electrodes recorded
under different conditions. (A) Open circuit potential, traces of oxygen and presence of
dithionite, (B) electrode potential of —250 mV and traces of oxygen, (C) electrode
potential of —400 mV in the absence of oxygen. All potentials are presented vs. Ag/AgCl.
Laser excitation is 442 nm.

indicates that its protonation has to occur at least on the same timescale
as oxygen binding. This observation could be explained if protonation of
PrDas initiates conformational changes of the nearby arginines that
make proton transfer to PrDa more effective. Our findings indicate
that PrDa might be more actively involved in the proton pumping pro-
cess than so far assumed. It could function as an additional proton stor-
age site under conditions where oxygen supply is low. Such a scenario
would stabilize the interplay between electron transfer and proton
translocation under varying oxygen concentrations.

107

PrDa PrAa

*-¢

a |

PrDa; PrAaj;

°°
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®

PP 9
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®-® ® ©

c | | ||
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Heme a Heme aj;

Fig. 5. Schematic representation of the proposed redox states of the hemes and the
protonation state of the respective propionic acids under different conditions. (a) Open
circuit potential, traces of oxygen and presence of dithionite, (b) electrode potential of
—250 mV and traces of oxygen, (c) electrode potential of —400 mV in the absence of
oxygen. The propionates are protonated (H), deprotonated (—) or the protonation state
could not be determined (0). The arrows indicate possible proton transfer between two
propionate chains, such that only one propionate at a time will be protonated.

5. Conclusions

SERR spectroscopy in combination with QM/MM calculations was
applied to identify the protonation states of the heme a and heme a3

1149
1179
1218

Exp (D,0)

1232

1250
1283 ‘
1304
1330

Heme a,
-- PrD
-- PrA

Heme a
PrD

PrA
T T T T T o : + - v
1.100 1.150 1.200

1L I

-
1.300

- —
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Fig. 4. Experimental vibrational frequencies of CcO in D,0 buffer in the 1100-1350 cm™ ' window (top) and calculated QM/MM vibrational frequencies of deuterated heme a; (middle)
and heme a (bottom). Only those normal modes which are Raman active and have significant contributions of PrA and PrD side chains are considered. The heights in the bar-plots
quantitatively represent the probability of detecting a vibrational mode in a H,O0—D,0 SERRs difference experiment, which is given by the change in frequency or Raman intensity

upon H/D exchange.
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propionates as a function of the individual heme redox states. The
chemically reduced CcO in presence of low concentration of oxygen
and the electrochemical reduced CcO in absence of oxygen showed
both the presence of reduced heme a and heme a3 as well as proton-
ation of the propionates PrDa, PrAa and PrDas, corresponding to heme
a and heme as, respectively. The protonation state of PrAas; was experi-
mentally not accessible. The explanation for it could be that PrAas; and
Asp407 share a proton under all considered experimental conditions.
Electrochemically reduced CcO in presence of low concentration of
oxygen reveals under steady state condition a reduced heme a and an
oxidized heme as. In this situation, only one vibrational Raman band
could be observed that we assign to one of the heme as propionic
acids. This observation can be considered as direct evidence that heme
a reduction leads at least transiently to protonation of one of the two
propionates of heme a prior to heme a3 reduction. The interpretation
of our experimental data supports a reaction mechanism in CcO where
PrDas and PrAas act as transient proton loading sites.
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