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Abstract

Cytochrome ¢ oxidase (CcO), the terminal oxidase of cellular respiration, reduces molecular oxygen to
water. The mechanism of proton pumping as well as the coupling of proton and electron transfer is
still not understood in this redox-linked proton pump. Eleven residues at the aqueous-exposed surfaces
of CcO from Paracoccus denitrificans have been exchanged to cysteines in a two-subunit base variant
to yield single reactive cysteine variants. These variants are designed to provide unique labeling sites
for probes to be used in spectroscopic experiments investigating the mechanism of proton pumping in
CcO.

To this end we have shown that all cysteine variants are enzymatically active. Cysteine positions at the
negative (N-) side of the membrane are located close to the entrance of the D- and K-proton transfer
pathways that connect the N-side with the catalytic oxygen reduction site. Labeling of the pH-
indicator dye fluorescein to these sites allowed us to determine the surface potential at the cytoplasmic
CcO surface, which corresponds to a surface charge density of -0.5 elementary charge/1000 A®. In
addition, acid-base titrations revealed site-specific values of buffer capacity at the surface. Polarity
measurements of the label environment at the N-side provided (i) site-specific values indicative of a
hydrophilic and a more hydrophobic environment dependent on the label position, and (ii) information
on a global change to a more apolar environment upon reduction of the enzyme. Thus, the redox state
of the copper and heme centers inside the hydrophobic interior of CcO affect the properties at the

cytoplasmic surface.
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1. Introduction

Cytochrome c¢ oxidase (CcO), the terminal enzyme of the respiratory chain of mitochondria and many
aerobic prokaryotes, catalyzes the reduction of molecular oxygen to water. This redox reaction,
consuming four “substrate” protons, is coupled to the translocation of additional four “pumped”
protons across the membrane to further increase the electrochemical proton gradient, which is the
driving force for ATP synthesis by the ATP-synthase. Two separate proton pathways have been
suggested for the bacterial CcO, leading from the N- (negative) side (cytoplasmic side) of the
membrane towards the heme-copper site (Fig. 1): the so-called D- and K-pathways [1-5]. The
K-pathway, named after the conserved amino acid K354 (Paracoccus denitrificans CcO amino acid
numbering), is located close to the protein/lipid interface (Fig. 2C) and leads straight to the active site.
This pathway may be involved in the delivery of the first one or two protons during the reduction of
the oxidized enzyme. The D-pathway starts at D124 directly at the cytoplasmic surface of CcO
(Fig. 2B) and leads to another highly conserved residues, E278 (Fig. 1). It appears to be the only
pathway required when the fully reduced CcO reacts with molecular oxygen [6-9]. Since the
D-pathway is likely to be involved in the uptake of all “pumped” protons as well as of two or three of
the “substrate” protons, E278 is considered to be the branching point beyond which a proton is either
transported to the binuclear center for O, reduction to water or translocated (proton pumping) to the
opposite side of the membrane via an yet unidentified route. In this route, a proton loading (or pump)
site is postulated [10], which alternates proton affinity depending on the redox state of the active site
and serves as an acceptor for protons waiting to be pumped [11]. The pumping itself appears to be
caused by electrostatic repulsion from another proton which enters the binuclear site and is consumed
there in the chemical reaction, in accordance with the “principle of electroneutrality” [12]. A protein
conformational change, however, could also be responsible for the coupling and is the subject of
controversy [13-15]. Small conformational changes between oxidized and reduced crystal structures
have been reported for bovine oxidase (for a review see [16]) and recently also for the bacterial
oxidase from Rhodobacter sphaeroides [13]. The latter result suggests a conformational control of
alternate opening of the D- and K-pathways that fits with the hypothesis that the K-pathway is closed
in the oxidative phase [17]. Little is known about the exit pathway to the P- (positive) side of the
membrane where multiple exit routes appear to exist [4].

The assignment of proton uptake and proton pumping to the individual steps of the catalytic cycle of
CcO is still a matter of debate [6, 18-28]. Proton uptake and release kinetics using soluble pH indicator
dyes and time-resolved absorption spectroscopy were measured in the different steps of the catalytic
cycle. Photo-injection of single electrons into different intermediate states [18, 29] or flow-flash
measurements to trigger the reaction of fully reduced CcO with O, were employed [15, 30-33]. The
latter type of experiments revealed a high sensitivity to kinetic isotope effects in those steps that are

associated with proton transfer to the internal proton acceptor (pump) site [15], suggesting the



involvement of a conformational change. A similarity to the proton pump bacteriorhodopsin was noted
[28], where large kinetic isotope effects exist in the L—»M transition [34] which involves proton
transfer from the retinal Schiff base to the internal proton acceptor D85. Also in bacteriorhodopsin,
transient deprotonation of the internal proton donor and proton uptake were found to be connected to
conformational and surface potential changes at the cytoplasmic surface [34-37].

In a recent study about proton transfer reactions in the O—E transition of P. denitrificans CcO we
reported that both H'-uptake and release steps during single-electron injection into oxidized CcO
precede net H -uptake [18]. Initial H -uptake coincides with electron input into Cuy, at the opposite
membrane side. This suggests efficient H' -uptake mechanisms, such as proton collecting antennae [38,
39] switched on by electron injection [18]. Proton-collecting antennae are negative surface patches to
concentrate protons at the membrane surface and to funnel these protons into the orifice of a proton
pathway. They appear to consist of several carboxylates (glutamic or aspartic acids) within hydrogen-
bonded networks, histidine residues as buffering molecules and threonines as microswitches (Fig. 2 B,
C) [38-40].

To further understand the mechanism of proton pumping, as well as the involvement of proton
collecting antennae and conformational changes in bacterial CcO we have constructed single reactive
cysteine CcO variants to explore the CcO surface and the entrance of the proton pathways. These
cysteine residues provide selective binding sites for various reporter molecules, such as fluorescence
labels for conformational changes, pH indicator dyes for protonation reactions, or polarity probes for
sensing the local environment [35, 36, 41-44]. We have constructed eleven single cysteine CcO
variants. Three positions at the P-side, and eight positions at the N-side, close to the entrance of the
D- and K-pathways, were exchanged to cysteine. All cysteine variants exhibit wild-type like oxidase
activity. The different positions at the surface were tested for labeling with the pH-sensitive dye
fluorescein. Spectroscopic characterization revealed a distinct polarity and surface buffering capacity
pattern at the entrance of both the D— and K—proton pathways. Polarity changes upon reduction of the
enzyme were observed, indicating different surface properties in the oxidized and reduced forms of
CcO. This observed change suggests a redox-linked control of surface properties at the N-side of CcO,

presumably mediated by subtle conformational changes.



2. Materials and Methods

2.1 Materials

n-Dodecyl-B-D-maltoside was from GLYCON Biochemicals GmbH (Luckenwalde, Germany).
5-iodoacetamidofluorescein was from Invitrogen/Molecular probes. All other chemicals were of the
highest grade available. The expression vector pKH160 and the strain ORI14 were grateful gifts from
K. Hoffmeier and O. Richter from Prof. B. Ludwig’s group, Frankfurt a. M., Germany.

2.2 Construction of cysteine CcO variants

Amino acids to be exchanged to cysteine were selected for mutagenesis on the basis of the crystal
structure of the Paracoccus cytochrome c oxidase [3, 45]. Site-directed mutagenesis was performed
according to the ‘“quickchange” protocol of Stratagene (Heidelberg, Germany). All mutations
introduced into the ctaDII gene encoding subunit I and the ctaC gene encoding subunit II were
confirmed by DNA sequencing.

To perform site-directed mutagenesis in subunits [ and Il of P. denitrificans CcO the Xbal-Ndel-
fragment containing the ctaDII- and the ctaC-gene of the expression vector pKH160 containing genes
for subunit I, IT and III was subcloned into the Xbal-Ndel-cleaved pUCI18 vector [46] yielding the
vector pKK1 with a reduced plasmid size of ~ 5k base pairs compared to ~ 13k base pairs of pKH160.
In a first the step, a quasi cysteine-less base variant (CS) of subunits I and II was constructed. Surface
exposed cysteines in position 44, and 140 in subunit I were mutated into serines. Essential cysteines,
such as C216 and C220 which serve as ligands for Cu,, and the pair C66/C80 which forms a disulfide
bridge as well as cysteines in the protein core (in position 50 and 56 of subunit II) were not changed.
In a second step, amino acids in eleven different positions were replaced by cysteines within the
plasmid pKK1-CS to yield CS-T26C, CS-N27C, CS-P123C, CS-P128C, CS-S295C, CS-K299C, CS-
P301C, CS-P302C in subunit I, and CS-H'"29C, CS-D"30C, and CS-R"130C in subunit II. After the
successful exchange of the desired base pairs, the respective Xbal-Ndel-fragment was cloned back

into the cleaved expression vector pKH160.

2.3 Expression and purification of CcO.

The expression vector pKH160 with the Xbal-Ndel-fragment containing the respective cysteine
mutations was conjugated into the Paracoccus recipient strain ORI14 (MR31-derivative, ActaDI::Kmr
ActaDII::Tetr Acta-operon::Gmr), lacking the genes for subunit I, II and III. Cells were grown on
succinate medium [47], supplemented with 25ug/ml streptomycin sulfate and 25 pg/ml kanamycin at
32°C. Enzyme preparation of core subunits I and II and variants was performed as described [48],
followed by the addition of 0.1% LDAO to detach the core subunits from subunit III and IV.
Separation and detergent exchange was done on a Q-Sepharose FF ion exchange column.

For complete reduction of CcO 2 mM sodium dithionite was added to the solution.



2.4 Spectroscopic methods
UV/Vis absorption spectra were recorded with a Shimadzu UV2450 spectrophotometer.

2.5 Determination of enzymatic activities of isolated CcO.

Cytochrome ¢ oxidase activity was determined as described previously [49]. Reduced horse heart
cytochrome ¢ was used at a concentration of 50 uM in 10 mM potassium phosphate buffer pH 7.4, 40
mM KCI, 1 mM EDTA and 0.05 % LM at room temperature. The rate of cytochrome ¢ oxidation was

measured by following the change in absorbance at 550 nm.

2.6 Labeling with 5-iodoacteamidofluorescein

For the labeling of CcO with IAF to a solution of 50 pM CcO in 10 mM potassium phosphate buffer
pH 7.5, 50 mM KCI and 0.05% LM a tenfold molar excess of 5-IAF over CcO was added. The
mixture was allowed to react for 1h at room temperature in the dark. Unbound label was removed via
gel filtration. The labeling stoichiometry was calculated spectroscopically from the absorbance at 425

nm of CcO and the absorbance change of fluorescein at 495nm:

[F]  AAdass g425(CcO)
[CcO]  Adars Agsos(F) (1)

with

AAaos = AAaos( pHO.5) — AAaos( pHS.5) )

The extinction coefficients are Aggos ;m = 36 000 M cm’! (calculated from the value for the alkaline
form of fluorescein given by Molecular Probes) and €455 ny = 158 mM! em™ for CcO. Covalent

labeling was checked via SDS polyacrylamide gel electrophoresis.

2.7 Determination of buffer capacity at the enzyme surface

To identify the buffer capacity of CcO at a given pH value, the absorbance changes of the CcO-bound
pH indicator dye fluorescein in response to a small perturbation of the titrant (acid/base) was
determined. In this way, absorbance changes of fluorescein relate to pH changes that will depend on
the buffer capacity at the pH value concerned. The changes in absorbance AA were followed at 495
nm (fluorescein) and normalized to the changes in proton concentration Acy. yielding AA/Acy.. This
ratio is inverse proportional to the buffer capacity. The higher the amount of buffer molecules (fixed or
mobile) the smaller is the AA/Acy, value. The absorbance of fluorescein was titrated in a solution
containing 5 uM CcO with a defined small amount of 10 mM potassium hydroxide and hydrochloric
acid in alternating steps at a given pH value (pH 7.3).



2.8 Determination of surface charge density

The salt dependence of the apparent pK, of the covalently bound pH indicator dye was used to
determine the surface charge density. Fluorescein-labeled CcO was titrated in different salt
concentrations and the spectra were recorded. Analysis of titration experiments was performed as
described [50]. To obtain the apparent pK,, the measured absorbance changes AA of fluorescein at 495
nm were fitted with the Henderson-Hasselbalch equation:

AA

max

- 14 10" K2 (3)
with AAn.x the maximum of the difference in absorbance between the alkaline (dianionic) and the
monoanionic form of fluorescein, » the number of protons involved in the transition, and pK the
midpoint of the titration curve. From the difference between the apparent pK, (pK,,,) at a given salt
concentration and the intrinsic (true) pK, (pK,), the surface potential @ can be determined using the
Boltzmann equation:

pK, —pK,,,=ep/2.3kT
“4)

The surface charge density G is then calculated from the surface potential ¢ using the Gouy-Chapman

172
o= sinh| £2
B 2kT (5)

c is the salt concentration of the symmetric, monovalent electrolyte (KCI). B [B =( 8gggNAkT)

equation:

1/2
]

equals 134.6 M'/? assuming a dielectric constant € of 78.5 at 22°C, &, is the permittivity of free space,
N, is the Avogadro constant and % is the Boltzmann constant. The pK; was calculated by extrapolation

of pK,p, to infinite salt concentration with a transformed Gouy-Chapman equation [51]:

10" = (=2Bo107%/)10""* C7? +107%
(6)
From Eq. (6), the surface charge density ¢ and the true pK; can be determined from the slope and the

intercept of the ordinate, respectively.



3. Results

3.1 Biochemical and spectroscopic characterization of cysteine CcO variants.

Eleven single reactive cysteine CcO variants in the CS background were prepared. Residues at three
positions at the P-side (in subunit II: H29, D30, R130), and at eight positions at the N-side (T25, N27,
P123, P128, S293, K299, P301, 1302), close to the entrance of the D- and K-pathways, were replaced
by cysteines (Fig. 2). The single reactive cysteine variants have absorption spectra which are very
similar to those of wild type (Fig. 3). A comparison of absorption spectra from oxidized (red) and
reduced (cyan) samples of the CS variant and wild-type CcO (black dotted lines) is presented in Fig. 3
showing virtually identical spectra. The kinetics of cytochrome ¢ oxidation after addition of the
respective cysteine CcO variant was measured by following the change in absorbance at 550 nm (Fig.
3 CS inset). The respective turnover numbers were calculated and found to be similar to wild type

(Tab.1).

3.2 Attachment of fluorescein to cysteine residues in CcO.

The purified CcO cysteine variants were modified with fluorescein (IAF) according to the reaction
conditions described in Materials and Methods yielding samples with fluorescein covalently bound to
the single reactive cysteine residue (C-AF). In the CS base variant no incorporation of fluorescein was
detected under these conditions (Tab. 2, Fig. 4B lane 3). Figure 4A shows the absorption spectra of
labeled and unlabeled CS-1302. Position 302 is located in subunit I in close vicinity to the entrance of
the K-pathway. The absorption band of fluorescein is marked with an arrow. Covalent binding of
fluorescein was verified by the fluorescence of the subunit I band following SDS-PAGE (Fig. 4B).
The incorporation of fluorescein varied with the labeling position and the labeling stoichiometries are
listed in Table 2. CcO variants with cysteines at the P-side could not be labeled with fluorescein under
the reported labeling conditions, presumably due to the lack of accessibility of their sulfhydryl groups
to the bulky fluorescein or unfavorable local surface pH conditions. At the N-side labeling
stoichiometries between 0.25 and 0.92 mol AF per mol CcO were achieved, except for position 27.
Labeling with fluorescein did not affect function as shown by the absorption spectra of oxidized and

reduces samples (Fig. 4C) that resemble those of wild type (Fig. 3).

3.3 Surface charge density at the N-side

Fluorescein has a pH-sensitive absorption spectrum with the maximum at ~490 nm in the alkaline
form. A typical set of absorption spectra at various pH values and the absorption spectra of
CS-1302C-AF at pH 9 is shown in Figure 5 A and B, respectively. In addition to the dye absorbance
changes, a transition may occur in the CcO absorption. As a control, the pH dependent spectra of
CS-1302C not labeled with fluorescein are presented in Figure 5C. These spectra are characterized by

minor changes in absorbance around 470 nm and 540 nm and an isosbestic point at 496 nm. Compared



to the absorbance changes of fluorescein around 500 nm, the absorbance differences due to CcO in this
wavelength region are negligible.

When fluorescein was bound to CcO, its pK,p, in 150 mM KCI was 7.1, clearly higher than the pK, of
6.3 determined for unbound IAF [50]. Moreover, the pK,,, of bound fluorescein was highly salt
dependent. Figure 6A demonstrates, as an example, pH titration curves for CS-1302C-AF at various
salt concentrations. The pK,,, decreased with increasing salt concentration from pK,,, = 7.54+0.06 at
10 mM KCl to 7.11£0.07 at 0.15 M KCI. For all titration curves the number of protons involved in the
transition was n = 1£0.05, indicating that in the pH range from 6.5 to 9 the protonation/deprotonation
reaction of the dye is not affected by the deprotonation of other groups in the CcO-micelle. The
surface charge density appears to be constant in this pH range. The salt dependence of the apparent pK
was used to calculate the surface charge density according to the equations described under Materials
and Methods (Fig. 6). The charge density on the cytoplasmic side, determined in position 302 is 0.5 ¢
/1000 A’. According to X-ray structural models [4] this residue is located directly at the surface
(Fig. 2) and the surface charge density can be regarded as a representative value. The true pK of
fluorescein bound at position 302, i.e the pK in the absence of surface potential at infinitive high salt

concentrations, was determined with pK; =7.0 (Fig. 6B).

3.4 Local buffer capacity

Protonable groups at protein and membrane surfaces can act as immobile buffer molecules [52]. They
contribute to the local buffer capacity at the protein surface. Under equilibrium conditions the
absorbance change of the bound pH indicator dye fluorescein in response to defined changes in proton
concentration in the absence of any mobile buffer molecules yields a normalized dye protonation value
AA/Acy; for evaluating the buffer capacity of the enzyme. The smaller the AA/Acy. value the higher is
the buffer capacity. The AA/Acy, values for fluorescein attachment sites in the vicinity of the D- and
K-pathway entrance are summarized in Table 3. The values are similar within the given errors and
yield a mean value of 0.2+ 0.1 mOD/uM in the oxidized state of the enzyme. From the similarity of
the AA/Acy. values at the various sites we conclude that all enzyme-bound fluoresceins are accessible
for proton binding. Since the values were determined in CcO micelles, the contribution of detergent
and protein surface was tested by adding soluble fluorescein to CcO micelles and empty detergent
micelles. We found a higher buffer capacity in the presence of CcO compared to the situation when
only detergent micelles are present (Tab. 3). The data indicate that the high buffer capacity results
from the fixed buffer molecules at the enzyme surface. The AA/Acy, values found here for CcO (1.1
mOD/pM) are smaller than those measured for bacteriorhodopsin-CHAPS micelles (U. Alexiev,
unpublished results), i.e. the buffer capacity is higher for CcO, and were reproduced in

bacteriorhodopsin-LM micelles with 3.7 mOD/uM (Tab. 3).



3.5 Polarity of label environment and polarity changes upon CcO reduction

A shift of the A, of fluorescein absorption from 490 nm in the unbound form to 502 nm upon binding
to cysteine in position 302 is clearly visible in Figure 5, indicating an environmental effect. The
absorption maximum of fluorescein is dependent on the polarity of the solvent and shifts to higher
wavelength when the solvent becomes more apolar [43] (Fig. 7C). A dependence of the dye absorption
maximum on the label position could thus provide information on the polarity of its environment.

In Figure 7 D and E the absorption maxima of fluorescein determined in the different label positions at
the N-side of oxidized CcO are summarized. A dependence of the absorption maximum on the label
position is apparent. Roughly two classes of fluorescein positions could be distinguished. At the
entrance of the D-pathway (Fig. 7D) the dye at position 26, 123 and 128 exhibits A,,-values between
497 and 498 nm, indicative of an orientation of the label towards a more hydrophilic environment,
compared to the 502 nm value found in position 302. Variations in A.,,—Vvalues were found at the
entrance of the K-pathway (Fig. 7E). The A.x—values are 501-502.5 nm for fluorescein in position 295,
299, and 302, while a value of 497 nm was obtained in position 301.

To determine the A, of fluorescein absorption in the reduced state of the enzyme, we also have to
take the transition in CcO absorption into account that may occur at the wavelengths of the fluorescein
absorption band. As a control, the difference spectrum of oxidized and reduced CcO is shown in Fig. 7
A. At about 500 nm only marginal changes in absorbance are visible (arrow in Fig. 7A), in comparison
to the large absorbance values of the fluorescein (Fig. 4 A,C). Using CS-T26C-AF as an example, we
show the fluorescein difference spectra by subtracting the spectrum of the respective unlabeled sample
in Figure 7B. A clear shift of the absorption maximum of bound fluorescein to longer wavelengths
upon reduction of the enzyme is visible. The positive shift of the A,,,—values seems to be independent
of the labeling position (Fig. 7 D,E). The data indicate a global change at the N-side of CcO, which

probably results in a more apolar environment at the protein surface.
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4. Discussion

Cysteine variants, in particular of membrane proteins, have been used widely as labeling sites for
various reporter groups to investigate surface conformation, surface protonation, surface potential or
polarity of the local environment (e.g. [35, 36, 41, 43, 44]). Here, we designed 11 cysteine variants to
be used as labeling sites to explore the entrance of the D- and K-pathway at the N-side of CcO as well
as the region of proton exit at the P-side of the membrane. At the N-side we have selected the
positions to be exchanged for cysteine such that they are located around the orifice of the D- and
K-pathway. Care was taken not to interfere with a putative proton collecting antenna, no carboxylate
or histidine was exchanged at this side. All cysteine variants exhibit wild-type-like behavior. Labeling
with the pH indicator dye fluorescein also did not affect the integrity of the enzyme as judged from the
absorption spectra of the oxidized and reduced forms of the enzyme.

The pH indicator dye fluorescein can be used amongst others to characterize proton release and uptake
kinetics at the surface of a proton pump [41, 43, 44], surface potential and surface potential changes
[36, 50], protein conformational changes or apparent protonation exchange rates of a single fluorescein
attached to the surface [53]. In this report we used the attached fluorescein to investigate the surface
charge density, local buffer capacity and polarity of the environment at the cytoplasmic side of CcO.
We determined the surface charge density directly at the desired membrane surface, based on the
dependence of the apparent pK, of a surface-bound pH indicator dye on the salt concentration. The
validity of this method was tested in detail with bacteriorhodopsin [36]. In accordance with the
localisation of position 302 at the cytoplasmic surface of CcO micelles, i.e. the N-side of the
membrane, a negative surface charge density was determined for the protein surface that contributes to
the negative potential at this side of the membrane.

The buffer capacity measured here for the redox-linked proton pump CcO is much higher than for the
proton pump bacteriorhodopsin. Since in our measurements the buffer capacity originates from fixed
buffer sites at the protein, we have to compare the amino acid composition at the surface of CcO and
bacteriorhodopsin. It is evident that in contrast to CcO the aqueous exposed surfaces of
bacteriorhodopsin do not contain histidines. Histidines are supposed to play an important role as buffer
residues in the proposed proton collecting antennae [54]. Three histidines were found close to the
entrance of the D-pathway (Fig. 2B), one histidine close to the entrance of the K-pathway, and several
more distributed across the cytoplasmic surface of CcO (Fig. 2C). It is therefore not surprising that the
buffer capacity of CcO exceeds the values found for bacteriorhodopsin (Tab. 3).

Furthermore, the different absorption maxima of the attached fluorescein indicate different
environments for the orientation of the label. For fluorescein bound to bacteriorhodopsin in the DE-
loop a clear dependence on the orientation of the label was observed in an earlier report [43]. The
absorption maximum of fluorescein oriented towards the detergent shell was at 502 nm, while the A,

values of fluorescein oriented towards the proton channel were at ~498 nm. Using these values as
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reference, fluorescein in position 26, 123 and 128 at the entrance of the D-pathway is in contact with a
hydrophilic environment. At the entrance of the K-pathway fluorescein bound to position 301 is in
contact with a hydrophilic environment, while the dye in position 295, 299, and 302 experiences a
more hydrophobic environment. Information about localization of the bound pH indicator dye is
important for future experiments on protonation rates in these sites. Independent of the labeling site we
found a shift in the dye absorption spectrum upon reduction of the enzyme, indicating that the whole
cytoplasmic surface becomes more apolar. The data point to a global change that is related to the

redox state of the enzyme, however, the molecular basis of this effect is not clear.
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5. Conclusion

Single reactive cysteine variants of CcO in positions at both the N- and P-side were successfully
constructed. Labeling of the CS-base variant and the cysteine variants of CcO with the pH indicator
dye fluorescein shows that unique labeling positions were introduced into the enzyme. Neither the
mutations in the CS base variant nor the additional introduction of single cysteine residues at the sites
selected here affect the function of the enzyme. Similarly, the modification with fluorescein at the
N-side of CcO did not interfere with the function of CcO. Thus, the described cysteine variants are
well suited as labeling sites for further studies investigating the mechanism of proton pumping in CcO.
First spectroscopic analysis using the bound pH indicator dye fluorescein revealed a negative surface
charge of the cytoplasmic surface of CcO in detergent micelles, indicating that the CcO surface
contributes to the negative charge at the N-side of the membrane. In addition, the buffer capacity at the
cytoplasmic CcO surface is very high, higher than at the surface of the proton pump bacteriorhodopsin.
The polarity of the environment at the cytoplasmic CcO surface depends on the redox state of the

enzyme and it is higher in the oxidized state.
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Figure Legends

Fig. 1. (A) Overall architecture of the two core subunits of CcO embedded in a lipid bilayer. Subunit [
is shown in green, subunit Il in cyan. Cu,, Cug, heme @, heme a3 and the residues D124 and K354 are

indicated. B) D- and K-proton pathways (pdb: 3HB3). The figure was prepared with VMD [55].

Fig. 2. Position of amino acids in CcO exchanged to cysteine. (A) Side view. Light grey: subunit I,
dark grey: subunit II. The arrows indicate the two proton uptake pathways to the hemes starting at
D124 (red, “D-pathway”) and at K354 (orange, “K-pathway”), respectively and possible proton exit
pathways (blue). (B) and (C) View from the cytoplasmic side. Acidic amino acids are colored in red
and histidines in blue. (B) Amino acids exchanged to cysteine at the entrance of the D-pathway are
marked in green, D124 is indicated in cyan. (C) Amino acids exchanged to cysteine at the entrance of

the K-pathway are marked in green, K354 is indicated in cyan.

Fig. 3. Absorption spectra of single-reactive cysteine variants (red) in comparison to wild type (black).
Comparison of the absorption spectra from the ,,cysteine-less* base variant CS (red-oxidized, cyan-
reduced) and wild type (black dotted). Inset: Reduction of cytochrome ¢ by CS and wild type
monitored by 550 nm. The calculated turnover number is 500 s™'. Conditions: 10 mM potassium

phosphate buffer pH 7.4, 40 mM KCl, 1 mM EDTA, 0.05% LM, RT.

Fig. 4. (A) Absorption spectra of CS-P302C unlabeled (dashed line) and labeled (solid line) with IAF.
T