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ABSTRACT: Cytochrome ¢ oxidase (CytcO) is a membrane-
bound enzyme that links electron transfer from cytochrome ¢
to O, to proton pumping across the membrane. Protons are
transferred through specific pathways that connect the protein
surface with the catalytic site as well as the proton input with
the proton output sides. Results from earlier studies have
shown that one site within the so-called D proton pathway,
Asn139, located ~10 A from the protein surface, is particularly
sensitive to mutations that uncouple the O, reduction reaction
from the proton pumping activity. For example, none of the
Asn139Asp (charged) or Asn139Thr (neutral) mutant CytcOs
pump protons, although the proton-uptake rates are

unaffected. Here, we have investigated the Asn139Cys and Asn139Cys/Asp132Asn mutant CytcOs. In contrast to other
structural variants investigated to date, the Cys side chain may be either neutral or negatively charged in the experimentally
accessible pH range. The data show that the Asn139Cys and Asn139Asp mutations result in the same changes of the kinetic and
thermodynamic parameters associated with the proton transfer. The similarity is not due to introduction of charge at position
139, but rather introduction of a protonatable group that modulates the proton connectivity around this position. These results
illuminate the mechanism by which CytcO couples electron transfer to proton pumping.

he aas-type cytochrome ¢ oxidase (CytcO) belongs to a

superfamily of membrane-bound enzyme complexes that
catalyze the reduction of molecular oxygen to water in aerobic
organisms. Most members of this family couple the oxygen
reduction reaction to proton pumping across the membrane,
thereby contributing to the maintenance of an electrochemical
proton gradient (for reviews on the structure and function of
CytcOs, see, e.g, refs 1-9). The CytcO from Rhodobacter
sphaeroides receives electrons from a water-soluble cytochrome
¢, which binds on the more positive (p) side of the membrane.
Initially, the primary acceptor Cu, is reduced, which is followed
in time by the transfer of an electron to a heme group (heme a)
and the catalytic site, composed of another heme group (heme
a;) and a copper site (Cug). The protons needed for oxygen
reduction are transferred to the catalytic site from the more
negative (1) side of the membrane, via two proton pathways
(denoted D and K), which consist of water molecules and
protonatable amino acid residues. The D pathway, which is the
focus of this paper, is also used for the transfer of protons that
are translocated (pumped) from the n to p side of the
membrane. This pathway starts at an aspartate residue
(Asp132),” near the n side surface, and ends at a glutamate
residue (Glu286) ~25 A from Aspl32, between the heme
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cofactors (Figure 1a).'”'! Glu286 is an internal proton
donor'" and the branching point from which protons are
transferred either to the catalytic site or toward a “pump site”
from where they are translocated to the p side of the
membrane. It is also likely that the Glu286 side chain may
adopt different orientations and that changes between these
different positions modulate proton-transfer rates to the
catalytic site and the pump site, respectively.'*">* In other
words, the Glu286 residue is an important functional
component of the CytcO. The structural components involved
in gating of the pumped protons are most likely located at a
different site.”®

Proton-transfer reactions through the D pathway can be
studied by monitoring the kinetics of specific reaction steps
during the reaction of the reduced CytcO with O,. In this
experiment, the CytcO is reduced by four electrons when one
electron is added to each of the four redox sites, Cu,, heme g,
heme a3, and Cug. The reduced CytcO is incubated under an
atmosphere of carbon monoxide, which leads to binding of the
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Figure 1. (a) Structure of cytochrome ¢ oxidase from R. sphaeroides (PDB entry 1MS6). The four redox cofactors are Cu,, heme g, and catalytic site
consisting of heme a; and Cug. The electron donor, cytochrome ¢ (not shown), binds at the surface near the Cu, site. The D proton pathway starts
at Asp132, near the CytcO surface, and leads via Asn139 and ~10 water molecules to Glu286. The other, K proton pathway is not shown. This figure
was prepared using MacPymol.*” (b) Schematic illustration of the reaction studied in this work. The redox-active cofactors Cu, and heme a are
shown as circles, and the heme a;—Cuy catalytic site is shown as a square. The filled and empty symbols represent reduced and oxidized sites,
respectively. The reaction is initiated from a state in which all four redox sites are reduced (R? where the superscript indicates the number of
electrons at the catalytic site). When O, binds to heme as, state A” is formed. It is followed in time by the transfer of an electron from heme a to the
catalytic site forming state P* with a time constant of 30—50 us. The P> — F reaction with a time constant of ~100 s (at pH <9) does not involve
the further electron transfer to the catalytic site, but it is linked in time to the uptake of a proton to the catalytic site, proton pumping, and fractional
electron transfer from Cu, to heme a (indicated as half-filled circles). Finally, during the F> — O* reaction, the electron from the Cu,—heme a
equilibrium is transferred to the catalytic site (with a time constant of ~1 ms at pH 7), accompanied by the uptake of a proton to the catalytic site
and proton pumping across the membrane.

CO ligand to the reduced heme a;. The reduced CytcO—CO pumping of protons across the membrane. The proton transfer
complex is mixed with an O,-saturated solution, after which the during the P> — F° reaction displays pH-dependent kinetics,
blocking CO ligand is removed by means of a short laser flash where in a detergent solution the rate is proportional to the
(this technique and recent results from studies using this protonation state of a residue with a pK, of 9.4, previously
approach are described, for example, in reviews 8, 26, and 27). attributed to Glu286'>'>?* (see also ref 29). In the final step of
We denote the reduced state of the CytcO as R? where the the reaction, the fourth electron is transferred to the catalytic
superscript signifies the number of electrons at the catalytic site site, linked to proton uptake through the D pathway, forming
(when the enzyme is fully reduced, there are two additional the oxidized CytcO, and proton pumping with a time constant
electrons at heme a and Cu,). After O, binds to heme a3, an of ~1 ms (at pH 7). Also, this reaction displays pH-dependent
electron is transferred from heme a to the catalytic site, which is kinetics. However, the pH dependence profile is more complex
associated with breaking of the O—O bond and the formation as the reaction involves a coupled electron—proton transfer and
of state P* with a time constant of 30—50 us (Figure 1b). Over presumably both processes display pH-dependent kinetics. Two
this time scale, the transfer of the electron leaves the catalytic pK, values are observed, where one of these pK, values, <6.3,
site with an excess negative charge. Consequently, formation of was attributed to titration of a group that interacts with the
the P? reaction intermediate is followed in time by proton heme groups (the protonation state affects the electron-transfer
uptake, through the D pathway, to the catalytic site with a time rate to the catalytic site), while the other pK, of ~9 was
constant of ~100 ps (at pH 7.5), resulting in the formation of attributed to Glu286 (cf. proton transfer equivalent to that
the F3 state. The P?> — F° reaction is also associated with the during the P* — F? reaction).*
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Data from earlier studies have shown that mutation of
Aspl132 to its nonprotonatable analogue, Asn (Aspl32Asn
mutant CytcO), resulted in slowing the proton-uptake kinetics
through the D pathway by a factor of ~5000 to 2 s™' (7 = 0.5
5).">*" Even though with the Asp132Asn mutant CytcO, no
proton uptake over the time scale of the P> — F? reaction is
observed, the F? state is formed with a time constant of ~100
s because the proton required for F? formation is transferred
internally from Glu286,'” which is then left in the transiently
unprotonated state in the time range of ~100 ys to 0.5 s.'>*°
Replacement of Asn139, further up the D pathway (see Figure
la), with several different amino acid residues resulted in
uncoupling of proton pumping from O, reduction.’'™* In
some cases, such as for the Asnl39Asp and Asn139Thr
mutations, the maximal rate of uptake of protons via the D
pathway was not affected and the maximal O, reduction rate
was the same as with wild-type CytcO.*”***> The uncoupling
of proton pumping from O, reduction was suggested to be
related to a pK, shift of Glu286, which was >1.6 and —1.8 units
for the Asn139Asp34 and Asnl139Thr*® mutant CytcOs,
respectively. Analysis of the pH dependence of the proton-
transfer kinetics through the D pathway in these mutant
CytcOs, as well as in many other structural variants in which D
pathway residues were modified, allowed for detailed
theoretical analyses of proton-transfer mechanisms and proton
gating in CytcO,*"**3*7* yet a detailed molecular explanation
for a link between structural alterations ~20 A from the proton
gating region (around Glu286) and complete elimination of the
pumping activity is still lacking.

In this study we have investigated the transfer of protons
through the D pathway in the Asn139Cys structural variant,
which does not pump protons.>**" This mutant CytcO was
engineered and studied to answer the functional questions
mentioned above. As for the Thr, the Cys side chain is
essentially uncharged at neutral pH in water. However, the Cys
side chain may lose its proton in the experimentally accessible
pH range, yielding a negatively charged site, ie., a situation
similar to that with the Asn139Asp mutant CytcO, but with a
pK, difference of ~4 units between the Cys (~8) and Asp (~4)
side chains. A comparison of the kinetic and thermodynamic
parameters for the different Asn139X (X = Asp, Thr, or Cys)
mutants shows that the behavior of the Asn139Cys mutant
CytcO is similar to that of Asnl39Asp. The similarity is
presumably not due to the introduction of charge at position
139, but rather a protonatable group.

B MATERIALS AND METHODS

Expression and Purification. The expression of the CytcO
structural variants was performed as previously described.*>*
Purification of the His-tagged CytcO variants was performed
using immobilized metal jon affinity chromatography (IMAC)
on a Ni-NTA resin (Qiagen), as previously described.” After
purification, the solution for the enzyme was exchanged for
buffer containing 100 mM HEPES (pH 7.5) and 0.05% DDM
(n-dodecyl f-maltoside). The enzyme was rapidly frozen in
liquid N, and stored in —80 °C until it was used.

Preparation of Fully Reduced and CO-Bound CytcO
for Flow-Flash Measurements. For measurements of the pH
dependence, the enzyme buffer was exchanged for 1 mM
HEPES (pH 7.5) and 0.05% DDM by concentration and
redilution using filter tubes with a 100 kDa cutoff (Amicon
Ultra, Millipore). Finally, the CytcO was diluted to a final
concentration of 10 yuM. For control experiments at pH 7.5 and
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10.0, the enzyme was kept in buffers containing 100 mM
HEPES (pH 7.5) or exchanged for 100 mM CAPS (pH 10.0)
(0.05% DDM). The enzyme solution was transferred to an
anaerobic cuvette, and the air in the cuvette was exchanged for
N,. To reduce the enzyme, ascorbate and hexaamineruthenium
chloride were added (final concentrations of 2 mM and 1 uM,
respectively) to the anaerobic CytcO solution. The redox state
of the enzyme was checked using UV—vis spectroscopy, and
upon full reduction, the N, atmosphere was replaced with CO.
The formation of the fully reduced CO complex was verified
from the absorption spectrum.

Flow-Flash Measurements. The fully reduced CO-bound
enzyme was rapidly mixed at a 1:5 ratio with oxygen-saturated
buffer in a stopped-flow apparatus (Applied Photophysics). The
O, buffer contained 100 mM MES [2-(N-morpholino)-
ethanesulfonic acid] (pH 6.0—6.5), 100 mM HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid] (pH 7.0—7.5 or
8.0), 100 mM Tris (pH 8.5), 100 mM CHES [2-(N-
cyclohexylamino )ethanesulfonic acid] (pH 9.0—9.5), or 100
mM CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) (pH
10.0—10.5) and 0.05% DDM. Approximately 200 ms after the
samples had been mixed a short laser flash (Quantel Brilliant
Nd:YAG laser, 532 nm) was used to dissociate the CytcO—CO
complex to allow oxygen to bind to the catalytic site. The
reaction between CytcO and oxygen was then monitored at
specific wavelengths with a time resolution of ~100 ns. Kinetic
data analysis was performed using Pro-K (Applied Photo-
physics).

Preparations of CytcO for Proton-Uptake Measure-
ments. The buffer for the enzyme solution was exchanged for a
solution containing 100 mM KCI (pH 7.8) and 0.05% DDM.
The pH-sensitive dye phenol red was added to a final
concentration of 40 uM, and the enzyme solution was
transferred to an anaerobic cuvette. After that, the sample
preparation was as described above for the flow-flash
measurements, and the experiments were performed as
described above. Absorbance changes of the pH dye, associated
with proton uptake, were monitored at 560 nm.

Molecular Dynamics (MD) Simulations. The MD
simulations of CytcO were conducted in two steps. In the
first step, the structure of CytcO (PDB entry 1m$6'") was
inserted into a hydrated POPC bilayer patch oriented in the x—
y plane. Lipid and water molecules that overlapped with protein
atoms were deleted, and ions were added to neutralize the
system. The resulting system was placed in a triclinic box,
which resulted in a system with ~199000 atoms that was
simulated using GROMACS version 4.5.3.** The protein was
modeled with the OPLSAA force field;* POPC interactions
were described with the Berger force field parameters,*® and
water molecules were described using the TIP3P model.*” After
a short energy minimization, the membrane and water were
equilibrated for 10 ns while the protein atoms were restrained
to their initial positions (1000 kJ mol™ nm™2).

In the second step, a snapshot of CytcO from the first
simulation was used as starting coordinates for unrestrained
simulations in a spherical system with a radius of 28 A centered
on Asn139. The unrestrained MD simulations were performed
with the Q software package*® using the OPLS all-atom force
field,* Berger lipids,46 and TIP3P waters.*” The simulations
were conducted in a 28 A sphere centered on Asn139. The
atoms of the heme group that were part of the spherical system,
i.e, the hydroxyfarnesylethyl group, were parametrized on the
basis of the OPLS all-atom force field* The SHAKE
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Figure 2. Absorbance changes associated with reaction of the four-electron reduced wild-type and Asn139Cys CytcOs with O,. (a) Absorbance
changes at 445 nm report primarily oxidation of the heme groups heme a and a;. (b) At 580 nm, the initial decrease in absorbance with a time
constant of ~50 us is associated with the transfer of an electron from heme a to the catalytic site and formation of the P? state. The increase in
absorbance with a time constant of ~110 s is associated with the P> — F> reaction. The final decrease in absorbance with a time constant of ~1 ms
is associated with the F> — O reaction. (c) Absorbance changes at 830 nm are primarily associated with oxidation of Cu, (absorbance increase)
during the P> - F* (7 = 110 us) and F* - O* (7 = 1 ms) transitions. (d) Absorbance changes at 560 nm of the pH-sensitive dye phenol red in the
absence of buffer. An increase in absorbance is associated with net proton uptake, which occurs over the same time scales as the P* - F*> and F* —
O* reactions. Experimental conditions: ~2 yM reacting enzyme in 100 mM HEPES (pH 7.5) and 0.05% DDM, [O,] = 1 mM, T = 22 °C. The
traces have been normalized to 1 M reacting enzyme. For the data in panel d, the buffer was replaced with 100 mM KClI and 40 M phenol red was

added (pH 7.8).

algorithm®” was applied to all solvent molecules, and waters at
the sphere surface were subjected to radial and polarization
restraints.***® A nonbonded cutoff of 10 A was used, and long-
range electrostatic interactions were treated with the local
reaction field (LRF) multipole expansion method.”" All atoms
outside the simulation sphere were highly restrained to their
initial coordinates and excluded from all nonbonded
interactions. The time step was set to 1 fs, and nonbonded
pair lists were updated every 25 steps. All Asp, Glu, Arg, and
Lys residues within 24 A of the sphere center were set to their
charged states, unless noted otherwise. All other ionizable
residues in the system were set to their neutral state. The
protonation states for the His residues were set by manual
inspection of the structure around the side chain. In the D
pathway, Glu286 was protonated and His26 and Asp132 were
both ionized in all simulations. In the simulation of the
Asn139Cys mutant CytcO, the Cys139 residue was protonated.
The mutant structures Asn139Cys and Asn139Cys/Asp132Asn
were prepared manually on the basis of the wild-type structure.
Each system (wild type, Asnl39Cys, and Asn139Cys/
Asp132Asn) was first equilibrated by being slowly heated to
300 K while strong restraints on the solute atoms to their initial
coordinates were gradually released, and this was followed by a
2—6 ns unrestrained simulation.

pK, Calculations. Calculations of equilibrium pK, values in
the D pathway were based on the CytcO crystal structure (PDB
entry 1m56)'" and 20 MD simulation snapshots. The
calculations were conducted for the wild type, Asn139Cys,
and Asn139Cys/Asp132Asn. Calculations of pK, values were
conducted using both the PROPKA®* and multiconformation
continuum electrostatic (MCCE)*>* methods. PROPKA is an
empirical structure-based method for predicting pK, values of
ionizable residues, and PROPKA version 3.1, which includes
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the effect of ligands and cofactors, was used in the calculations.
The MCCE method is based on continuum electrostatics
calculations and allows a residue to have multiple conforma-
tional states and includes optimization of hydrogen bonds.
Default settings, where the protein and solvent dielectric
constants were set to 4 and 80, respectively, were used in all
calculations, and side chain sampling was conducted in 120°
increments. The continuum electrostatics calculations were
conducted in Delphi.** All amino acids within 4 A of Asp132,
Asnl139, and Glu286 were defined as “hot spots”, which
increased the level of conformational sampling in the residues
in the D pathway. The heme group was represented by
parameters available in MCCE version 2.4. All solvent
molecules were removed from the MD snapshots, and the
POPC lipid atoms were treated as neutral. For the crystal
structures, a 30 A slab of neutral atoms was added in the
MCCE calculation, but no membrane was present in the
PROPKA calculations.

B RESULTS

The overall oxygen-reduction activities of the Asn139Cys and
Asn139Cys/Asp132Asn CytcOs have previously been deter-
mined to be at least ~90% and 12—15%, respectively, of that
found with the wild-type R. sphaeroides CytcO.>**° In the
Asn139Cys structural variant, oxygen reduction was uncoupled
from proton pumping (the proton pumping stoichiometry was
<5% of that of the wild-type CytcO).*> The Asnl31Cys
mutation in the Paracoccus denitrificans CytcO (corresponds to
the Asn139Cys mutation in the R. sphaeroides CytcO) also
resulted in impaired proton pumping, and the activity was
~86% of that of the wild-type CytcO.*'
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Electron- and proton-transfer reactions associated with
oxidation of the reduced CytcO were monitored by measuring
absorbance changes at specific wavelengths after flash-induced
dissociation of the CO ligand from heme a;. We focus on the
P? - F? and F? - O* reactions because in the wild-type CytcO
these reactions are linked to the uptake of protons from
solution and proton pumping.

Reaction of the Reduced CytcO with O,. At 445 nm
(Figure 2a), oxygen binding (7 2 8 us at 1 mM O,) and the
oxidation of the heme groups (7 = 1 ms) are both seen as a
decrease in absorbance. The P* — F* and F* — O* reactions
are observed at 580 nm (Figure 2b). Here, the rapid, small
decrease in absorbance after the laser flash at time zero is
associated with the transfer of an electron from heme a to the
catalytic site and formation of state P*> with a time constant of
~50 us. The increase in absorbance with a time constant of
~110 ps (k = 8900 + 800 s™') is in part due to formation of the
F? state, which is associated with the transfer of a proton to the
catalytic site. This increase in absorbance also contains a
contribution from fractional electron transfer from Cu, to
heme a (ie, reduction of heme a). Oxidation of Cu, in this
reaction is seen as an increase in absorbance at 830 nm (Figure
2¢c) (~50% oxidation of the copper site with a time constant of
~100 us). The subsequent absorbance decrease at 580 nm and
increase at 830 nm are associated with the transfer of an
electron from the Cuy—heme a equilibrium, linked to proton
transfer, to the catalytic site, forming the oxidized CytcO (state
0*) with a time constant of ~1.2 ms (k = 860 + 30 s™").

With the Asn139Cys mutant CytcO, the time constant of the
P3 — F° reaction was ~130 ps (k = 7550 + 740 s™") at pH7.S
(Figure 2a), i.e., approximately the same as that for the wild-
type CytcO. The F> — O* reaction was slightly faster with the
mutant than with the wild-type CytcO; at pH 7.5, we observed
a time constant of ~770 us (k = 1300 + 53 s7*).

Proton uptake during the oxidation reaction (through the D
pathway) was investigated by measuring absorbance changes of
the pH-sensitive dye phenol red at 560 nm. For the Asn139Cys
CytcO variant, two proton-uptake phases were observed
(Figure 2d). The first phase displayed a time constant of
~100 us (53% of the total amplitude), while the second phase
displayed a time constant of ~700 us (47% of the total
amplitude). Thus, as with the wild-type CytcO, these two
components overlapped in time with the P* - F*> and F* — O*
reactions, respectively.

The pH dependencies of the kinetics of the P* — F* and F?
— O* reactions were studied by allowing the reduced CytcO to
react with O, at different pH values in the range of 6—10.5. As
already mentioned above and seen in Figure 3a, the P* — F3
reaction rate with the wild-type CytcO displays a titration curve
with an apparent pK, of 9.4.>° With the Asn139Cys mutant
CytcO, the reaction rate was essentially pH-independent (on
average ~1 X 10* s™; 7 2 100 us) in the measured pH range,
with only a slight decrease at the highest pH value of 10.5.
Thus, the apparent pK, in the pH dependence was shifted from
9.4 to higher values (see Discussion). Similarly, the rate of the
F* — O reaction in the Asn139Cys variant (Figure 3b) was
only weakly pH-dependent, displaying on average rates higher
than those observed with the wild-type CytcO.

For the Asn139Cys/Asp132Asn structural variant, after the
absorbance changes associated with O, binding and formation
of state P3, the oxidation time constant was ~330 ms at pH 7.5
(Figure 4a), ie., a factor of ~300 or ~400 slower than that
observed with the wild-type or Asnl139Cys mutant CytcO,
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Figure 3. pH dependence of the P* » F* (a) and F* — 0* (b)
reactions in the wild-type and Asn139Cys CytcOs. The rates were
extracted from measurements at 445 and 580 nm. Experimental
conditions: 1—2 uM reacting enzyme, 100 mM MES, HEPES, Tris-
HCI, CHES, or CAPS, depending on the pH, 0.05% DDM, [O,] = 1
mM, T = 22 °C.

respectively (1.2 ms or 770 s, respectively). In contrast to the
results obtained with the Aspl132Asn mutant CytcO, with the
Asn139Cys/Asp132Asn structural variant we observed a
fractional rapid proton uptake with a time constant of ~250
us and an amplitude of ~30% of that observed with the wild-
type CytcO. The maximal pH dye absorbance change was
reached with a time constant that was the same as that of O*
formation (i.e, 330 ms) with the Asn139Cys/Asp132Asn
CytcO (not shown). The Cu, site [absorbance changes at 830
nm (Figure 4c)] was oxidized by ~40% with a time constant of
~250 ps, while the remaining part was oxidized with a time
constant of ~330 ms. The 250 us fractional proton uptake and
the accompanying oxidation of Cu, would indicate that the F?
state is formed with this time constant in 30—40% of the CytcO
population. A small increase in absorbance was observed at 580
nm (Figure 4b). However, it was difficult to determine the time
constant of this absorbance change as it was smaller than that
observed with the wild-type CytcO (on the basis of the data
described above for the proton uptake and Cu, oxidation, we
would expect to see 30—40% of the 580 nm absorbance
change) and partly masked by a decrease in absorbance
associated with the formation of the P? state.

Theoretical Calculations. Two theoretical approaches
were used to estimate the protonation states of Cys139 in
the Asnl139Cys and Asnl39Cys/Aspl32Asn mutant CytcOs
and the potential effects of these mutations on the Glu286 pK,.
Results from both experimental and theoretical studies indicate
that the pK, value of Glu286 in the wild-type C;TCO is elevated
by several units compared to the solution value,”*>"*¢~® which
is also confirmed by the calculations in this study for the wild
type and the two mutant CytcOs (see Table 1). The use of the
PROPKA method predicted a Glu286 pK, value of ~9 for both
the crystal structure and the MD snapshots, whereas the
MCCE method predicted a fully protonated side chain over the
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Figure 4. Absorbance changes associated with reaction of the four-electron reduced wild-type and Asn139Cys/Asp132Asn CytcOs with O,. See
Figure 2 for a description of the reactions at the different wavelengths and experimental conditions.

Table 1. pK, Values Calculated from the Crystal Structure
and Molecular Dynamics Snapshots Using the PROPKA and
MCCE Methods

MCCE PROPKA
amino X-ray MD X-ray MD
mutant acid structures®  snapshots”  structures®  snapshots”
WT E268 >14 >14 8.8 8.7
N139C C139 >14 >13 12.8 13.0
E268 >14 >14 8.8 9.0
N139C/ C139 >14 >14 122 12.4
DI132N
E268 >14 >14 8.8 9.1

“Average over chain A and chain B of the crystal structure. bCalculated
as an average over 20 snapshots from an MD simulation.

titrated pH range (pK, > 14). The Cys in the Asnl39Cys
mutant CytcO also had a pK, value elevated by ~4 units in the
PROPKA calculation, and values of >13 were obtained using
the MCCE method.

The conformations of amino acid residues in the protein
segment around position 139 were analyzed on the basis of MD
simulations, and representative snapshots are shown in Figure
S. As seen in Figure 5B, the Asnl21 side chain moves down
toward Asn139 and a water molecule, found in the X-ray crystal
structure, is displaced. Upon replacement of Asn139 with Cys
in the Asnl139Cys and Asnl139Cys/Aspl32Asn mutants, the
Asnl21 side chain samples both the crystal structure
conformation and the one observed in the MD simulation of
wild-type CytcO. The side chain of Cys139 in these two
mutants also explored two main conformations, in which the
SG atom pointed either into the D pathway or toward residue
132 (Figure 5).

B DISCUSSION

In this work, we have studied reactions linked to the transfer of
a proton through the D pathway of CytcO during O, reduction.
As discussed above, results from earlier studies have shown that
the P* — F? reaction rate displays a pH dependence that could
be described by a Henderson—Hasselbalch equation with a pK,
of 9.4.”® We have previously attributed this pK, to Glu286 (but

832

see more detailed discussion below). The model holds that
there is a rapid (>10* s™") proton equilibrium between solution
and Glu286, and the rate of transfer of a proton from Glu286 to
the catalytic site is 1 X 10* s™'. Consequently, when pH < pK,,
Glu286 is fully protonated and the observed proton-uptake rate
constant is 1 X 10* s™. When pH > pK, the fraction of
protonated Glu286 decreases with increasing pH, and there-
fore, the observed rate also decreases (see also ref 29 for an
alternative explanation of our data). This scenario is described
by the following equation, where kpg is the observed P* — F?
rate, pK, is that of Glu286, and ky is the rate of transfer of a
proton from Glu286 to the catalytic site (10* s™"):

— ki
boe = g

If the pK, of Glu286 would increase as a result of a mutation
(as observed for the Asn139Cys mutant CytcO), according to
this model the observed rate at high pH would increase. Such
an increase would be observed without any changes to the rates
of transfer of protons from solution to Glu286 or from Glu286
to the catalytic site. This description is, of course, simplified in
part because the pK, is determined from the pH dependence of
the kinetics of a proton-transfer reaction (during the P* - F3
reaction step) and not a direct titration of the residue.
Consequently, the observed pK, must not necessarily be the
true pK, of the residue. Because Glu286 can adopt different
orientations'*'>'”** and the transfer of a proton from the Glu
residue may take place only in one of these conformations, the
measured pK, value may also involve the free energy
contribution from reorientation of the Glu286 side chain
upon proton transfer (refs 21, 27, and 36 and also 59). Here,
we call this pK, value pK, pp to emphasize the fact that it is
determined from studies of a specific reaction. As already
discussed above, results from earlier studies have shown that
the pK, pg value could be shifted up or down upon mutation of
residues within the D pathway, for example, at position Asn139.
These pK, shifts were suggested to be linked to changes in the
proton pumping stoichiometry”"?” because they would
modulate the relative rate of transfer of protons to the pump
and catalytic sites.
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D132

N139C

N139C/D132N d&@k N132 -

Figure S. Crystal structure of CytcO (A, PDB entry ImS6) and representative snapshots from molecular dynamics simulations of the wild type (B),
Asn139Cys (C), and Asn139Cys/Asp132Asn (D). CytcO is displayed as a cartoon, and selected amino acid residues in the D pathway are shown as
sticks. In panels c and d, two different configurations of the Cys139 side chain are shown (see the text). In panels B and C, the amino acid side chain
conformations for Asn121, Asnl39, and Asp132 in the crystal structure are shown as black lines.

Results from experimental and theoretical studies indicate
that the Asn139 site is important for controlling the transfer of
protons through the D pathway, and structural changes at this
site possibly also affect proton transfer further up the pathway.
For example, calculations on the crystal structure of the
oxidized CytcO from R. sphaeroides indicate that the D pathway
is in a closed state at Asn139.** This result is consistent with
our MD simulations (Figure SB), although with a different
configuration of Asn139. Transient changes in the Asn139 side
chain conformation result in opening of the pathway.** These
structural changes may also be linked to changes around
Glu286 as evidenced from FTIR expelriments,32 which indicate
that there is a structural link between these two sites. This
conclusion is also supported by an analysis of the structure of
the Asn139Asp mutant CytcO from P. denitrificans.*'

In the Asn139Cys mutant CytcO studied here, the value of
pK, pr increased to >11, and it has been observed previously®®
that the mutant CytcO does not pump protons. When
discussing the reason for this uncoupling, we think it is
relevant to consider whether the Cys side chain is charged. It
has been shown that without subunit III the Cys139 residue
may be transiently deprotonated during turnover.’® Results
from earlier studies have shown that introduction of a purely
structural alteration at the Asn139 site (Asn139Thr mutant
CytcO) results in a relatively large change in the pK,pg; the
value decreased by 1.8 units, from 9.4 to 7.6.> Introduction of a
charged residue also resulted in a large shift in the pK,pp
However, in this case, the pK,pr instead increased by at least
1.6 units to >11.>* Also, the question of whether the sign and
magnitude of the pK,pg shift are related to the charge at
position 139 arises.

When addressing the charge issue, we start with a discussion
of effects of mutations at another, nearby site, Asp132. As
mentioned above, replacement of Aspl32 with its non-
protonatable analogue Asn, resulted in slowing the proton-
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uptake rate by a factor of S000 (7 = 0.5 s) compared to that of
the wild-type CytcO.'>'*3*% Introduction of an aspartate at
position 139 in the Aspl32Asn mutant CytcO (Aspl32Asn/
Asn139Asp double-mutant CytcO) resulted in acceleration of
the steady-state activity as compared to that with the
Asp132Asn single-mutant CytcO*>®' and acceleration of the
proton-uptake rate by a factor of ~17, to ~30 ms.®" This effect
is qualitatively the same as that observed earlier in similar
experiments with, for example, the Escherichia coli cytochrome
bos quinol oxidase®* and photosynthetic reaction centers.”> In
these systems, slowing in a proton-uptake rate upon removal of
a carboxylate near the surface could be partly compensated for
by introduction of another carboxylate at nearby locations. This
effect was attributed to the removal and reintroduction of
negative charge near an entry site of a proton pathway. The
same explanation may be offered for the behavior of the
Asp132Asn/Asn139Asp double-mutant CytcO; i.e., removal of
negative charge at Asp132 would result in slowing the proton
uptake, and addition of a negative charge at Asp139 (in the
Asp132Asn/Asn139Asp double mutant) would result in partial
restoration of the proton-uptake rate. The restoration is
suggested to be only partial because position 139 is farther
from the protein surface than position 132, or position 139 may
not be fully deprotonated. However, more important than
charge compensation may be introduction of an alternative
proton acceptor or donor at position 139 when Aspl32 is
replaced with a nonprotonatable residue.’® Here, removal of
SUNI from the Aspl32Asn/Asnl39Asp or Aspl32Asn/
Asn139Cys double-mutant CytcO was shown to yield CytcO
with steady-state activities similar to that of the wild-type
CytcO (without SUIII). Also with SUIII, a protonatable residue
at position 139 would be able to shuttle protons into the D
pathway, but with a slower rate due to steric obstruction by
SUIL*
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In the Asn139Cys/Asp132Asn double mutant studied here,
we also observed a fractional (~'/;) rapid proton uptake and
electron transfer from Cu, to heme a. Thus, in ~30% of the
population, proton uptake was slowed only to a small extent
(by a factor of 2.5) compared to that of the wild-type CytcO,
while in the major population of the CytcO (~70%), proton
uptake was dramatically slowed to 330 ms; ie., the proton-
uptake rate was similar to that observed with the Asp132Asn
single-mutant CytcO. Considering only charge—charge inter-
actions and the data described above for the Aspl32Asn/
Asn139Asp double-mutant CytcO, this observation would
imply that the Cys139 residue in 70% of the Asnl39Cys/
Asp132Asn double-mutant CytcO is in the neutral state. If so,
then in the Asn139Cys single mutant the Cys139 residue would
be primarily in the uncharged state at neutral pH because here
Asp132 presumably carries a negative charge [refs 58, 59, and
64 and Table 1 (results with the X-ray crystal structure)], which
would further stabilize the protonated state of the Cys139
residue (compared to the Asnl139Cys/Asp132Asn double-
mutant CytcO). This conclusion is also consistent with results
from other experimental studies,>>®° results from the electro-
static calculations presented in Table 1, and results obtained
earlier for a residue equivalent to Cys139 in the P. denitrificans
Cytc0.>

The 30% rapid proton uptake in the Asn139Cys/Asp132Asn
double-mutant CytcO could be explained by a 30%
deprotonated fraction (ie., negatively charged) Cys139 or,
perhaps more likely, in terms of a 30—70% equilibrium of two
configurations of the Cys139 side chain such that in one state
the D pathway would be open (7 2 250 us) while in the other
it would be closed [z = 330 ms (see above and ref 40)]. This
conclusion is also supported by the results from the MD
simulations, which show that the Cys139 and Asnl2l side
chains explore two conformations in both the Asn139Cys single
mutant and the Asn139Cys/Asp132Asn double mutant, which
would indicate that Cys139 may facilitate proton uptake also in
the absence of Asp132.

It is also possible that the Asp132Asn mutation influences
the protonation state of surrounding residues. One such
candidate is His26, which is in close contact with the side chain
carboxylate of Aspl32. A strong hydrogen bond between
(ionized) His26 and Asp132 is formed in the MD simulations
of wild-type CytcO. Upon mutation to an Asn at position 132,
our simulations suggest that the interaction between the
residues becomes weaker and the distance between the side
chains increases, which may lead to deprotonation of His26.
This is also supported by the PROPKA method, which suggests
that the pK, of His26 is ~6 in the wild type and Asn139Cys
mutant but decreases to ~3 in the Asn139Cys/Aspl132Asn
double mutant. The results from the MCCE method were not
conclusive in this case. The protonation states predicted for
Asp132 and His26 were very sensitive to the choice of snapshot
from the MD simulation, often ranging from fully protonated to
deprotonated at pH 7. This result is consistent with the
observation that these residues sample a much larger number of
conformations in the MD simulations than the more confined
residues such as Glu286.

The conclusions outlined above would suggest that the effect
of the Asn139Cys single mutation on the pK,pr of Glu286 is
not due to introduction of negative charge at position 139. In
other words, the similarity between the pK, p effects observed
with the Asn139Asp and Asn139Cys mutant CytcOs (where in
both cases the Glu286 pK, pr. is increased compared to that of
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the wild-type CytcO) would be due to structural alterations and
not due to introduction of charge at position 139. In this
context, we note that charge—charge interactions must always
be taken into account and a negative charge at position 139
would certainly result in an increase in the Glu286 pK, pr, even
though different magnitudes have been calculated ranging from
insignificant™ to significant.”® More recent data indicate that
the position of the Asp139 side chain may be crucial for the
charge—charge interactions with Glu286,> which would explain
the different pK, pr values observed with the Asn139Asp and
Asn139Asp/Asp132Asn mutant CytcOs.’" Nevertheless, the
data from this work suggest that the structural effects are more
dominant than the charge—charge interactions.

The results from the MD simulations indicate that the
Glu286 side chain does not move upon replacement of Asn139
with Cys (not shown). However, as already indicated above,
results from structural studies of the Asn131Asp mutant CytcO
from P. denitrificans (corresponds to Asnl39Asp in the R.
sphaeroides CytcO)*" and FTIR experiments®” suggest that the
side chain position and hydrogen bonding pattern of Glu278
(Glu286 in R. sphaeroides CytcO) may be modified upon
modification of residue 139. Even though these structural
changes are presumably relatively small, they may result in a
change in the equilibrium constant between the two positions
of Glu286 (see above). Because the free energy difference for
the two positions (one of which is only transiently populated
during the proton transfer) determines the apparent pK, pr, this
value could be altered in the mutant CytcOs, which is proposed
to result in uncoupling of the proton pump.2!273641,59
Alternatively, it has been proposed that structural changes
around position 139 may result in slowed reprotonation of
Glu286, which would also result in uncoupling of the proton
pump.”®*® However, irrespective of the assignment of pKp,
the experimentally observed proton-transfer rate at pH <9 is
not slower, and at pH >9, it is faster with the Asn139Cys
mutant CytcO than with the wild-type CytcO (Figure 3). Even
though at pH <9 the transfer of a proton from solution to
Glu286 is not rate-limiting for the overall proton transfer to the
catalytic site,”* the acceleration in the observed proton transfer
at high pH in the Asn139Cys mutant CytcO indicates that
proton transfer through the D pathway, via Cys139, to Glu286
is not slowed in the mutant CytcO. Instead, the most plausible
explanation is that the amino acid replacement does alter the
structure around Glu286, which results in impaired proton
pumping, also reflected as a change in the Glu286 pK, pr
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