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ABSTRACT: Cytochromec oxidase is the terminal electron acceptor in the respiratory chains of aerobic
organisms and energetically couples the reduction of oxygen to water to proton pumping across the
membrane. The mechanisms of proton uptake, gating, and pumping have yet to be completely elucidated
at the molecular level for these enzymes. ForRhodobacter sphaeroidesCytcO (cytochromeaa3), it appears
as though the E286 side chain of subunit I is a branching point from which protons are shuttled either to
the catalytic site for O2 reduction or to the acceptor site for pumped protons. Amide hydrogen-deuterium
exchange mass spectrometry was used to investigate how mutation of this key branching residue to histidine
(E286H) affects the structures and dynamics of four redox intermediate states. A functional characterization
of this mutant reveals that E286H CytcO retains∼1% steady-state activity that is uncoupled from proton
pumping and that proton transfer from H286 is significantly slowed. Backbone amide H-D exchange
kinetics indicates that specific regions of CytcO, perturbed by the E286H mutation, are likely to be involved
in proton gating and in the exit pathway for pumped protons. The results indicate that redox-dependent
conformational changes around E286 are essential for internal proton transfer. E286H CytcO, however,
is incapable of these specific conformational changes and therefore is insensitive to the redox state of the
enzyme. These data support a model where the side chain conformation of E286 controls proton
translocation in CytcO through its interactions with the proton gate, which directs the flow of protons
either to the active site or to the exit pathway. In the E286H mutant, the proton gate does not function
properly and the exit channel is unresponsive. These results provide new insight into the structure and
mechanism of proton translocation by CytcO.

Redox-coupled proton pumps such as cytochromec
oxidase (CytcO)1 are important enzymes for aerobic energy
metabolism (1-3). CytcO is a complex, membrane-spanning
enzyme that utilizes the free energy released from the
reduction of O2 to transport protons across a membrane. The
net result is an electrochemical gradient that is utilized, for
example, by ATP synthase to generate the energy source
ATP. Four electrons are donated sequentially from cyto-
chromec to the CytcO dinuclear CuA center, from where
they are transferred to hemea, and further to the binuclear
CuB/hemea3 active site where O2 is reduced to H2O (Figure
1). This process is coupled to the translocation of eight

protons taken from the negative side of the membrane (4).
Four of these protons are consumed in the reduction of O2

(substrate protons), and an additional four are pumped across
the membrane (pumped protons).

A simplified catalytic reaction scheme for the reduction
of O2 by bacterial CytcO is shown in Figure 1C. During
CytcO turnover, the oxidized binuclear center (O) is reduced
with two electrons and two protons to form the reduced state
(R). When O2 binds to ferrous hemea3 (A), four electrons
and one proton are required to break the O-O bond to form
PM (5, 6). Three of these electrons are supplied by the
binuclear center with an additional electron and proton
transferred internally from Y2882 (6). If the initial state of
the enzyme is fully reduced (i.e., CuA and hemea are also
reduced), the fourth electron is transferred from hemea
instead of Y288 to form thePR state (7). The PM and PR

states are presumably the same, although thePR intermediate
has an additional electron at the binuclear center (8). After
formation of PM, an electron and a proton are transferred,
leading to the ferryl intermediate (F). TheF state can also
be formed from thePR intermediate, but it is only associated
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with proton transfer. TheO state is regenerated with transfer
of an additional electron and proton. During enzyme
turnover, thePM/RfF, FfO, and possiblyOfR transitions
are linked to proton pumping across the membrane (4, 9,
10). The actual mechanism by which CytcO and other proton
pumps control proton uptake and translocation remains at
the forefront of current experimental efforts.

Structural and biochemical analyses of the oxidase en-
zymes, such as CytcO from Rhodobacter sphaeroides, have
identified two spatially distinct proton uptake pathways
originating at either the bacterial cell membrane or mito-
chondrial inner membrane (11-14). Both the K- and
D-pathways contain a series of hydrophilic/polar residues
and crystallographically observed water molecules to pre-
sumably form hydrogen-bonded chains for proton translo-
cation (Figure 1B). Protons required to reduce the oxidized
binuclear center prior to the binding of O2 are supplied by
the K-pathway, which is named for the key residue K362
(15, 16). Alternatively, the D-pathway, which begins at or
near D132, is unique in that it provides both substrate and
pumped protons (17-19).

The last identified proton acceptor of the D-pathway is
E286. The side chain of E286 or its equivalent in other CytcO
enzymes is a crucial component of this pathway since
substitution of this residue by nonprotonatable residues
(E286Q) or (E286A) resulted in significantly impaired proton
transfer (18, 20-22). In the case of theR. sphaeroidesCytcO
E286Q mutant, the catalytic cycle was blocked after forma-
tion of the “peroxy” (P) intermediate state, due to impaired
proton transfer to the binuclear center via the 286 residue
(18). Replacement of E286 by the protonatable residue
aspartate (E286D) resulted in only a slight decrease in the
turnover rate (∼50%), and proton pumping was maintained
(23, 24).

It is generally agreed that the E286 side chain is a
branching point from which protons are shuttled either to
the catalytic site or to the acceptor site for pumped protons
(reviewed in ref25). However, the proton acceptor(s) from
E286 for protons to be pumped is unclear. Recent studies

indicate that a hemea3 propionate is one potential acceptor
(26-28). E286 resides in a hydrophobic cavity below hemes
a anda3 (Figure 1B), which may contain water molecules.
Several theoretical studies indicate that these water molecules
could form transient, hydrogen-bonded networks that traverse
this cavity and are dependent on the protonation state of E286
(27, 29-33). To date, the presence of water chains that
connect the E286 side chain to the binuclear center or to the
proposed exit pathway have yet to be observed at the
molecular level.

It is thought that conformational changes in CytcO may
play a role in regulating proton translocation (11, 34). To
address this issue, amide H-D exchange followed by mass
spectrometry was previously used to probe structural changes
coupled to the redox intermediate states ofR. sphaeroides
CytcO (Subunits I-III) ( 35). These experiments revealed that
backbone amide hydrogens in the vicinity of the hydrophobic
cavity rapidly exchanged with deuterium. In order for rapid
deuterium exchange to occur, external D2O (or OD-) must
have access to the interior of the protein (36, 37). This
suggests that water molecules in the cavity and those in bulk
solution readily equilibrate. In addition, a redox-dependent
proton gate that directs the flow of protons was proposed to
reside within a section of the protein (residues 169-175)
located directly above E286 in the hydrophobic cavity. A
section of the putative proton exit channel was also identified
through redox-dependent changes in solvent accessibility and
protein dynamics. This region, composed of residues 320-
340, lies at the subunit I-II interface and contains two
histidine ligands to CuB. Therefore, this region is a prime
candidate for the transmittal of redox-dependent conforma-
tional changes that control proton movement through CytcO.

The aim of the present study is to provide more definitive
identification of regions that are linked to proton uptake/
transfer through the D-pathway using amide H-D exchange
mass spectrometry. To do this, it is important to have a
functional, but impaired, mutant enzyme so that the effect

FIGURE 1: R. sphaeroidescytochromec oxidase proton-transfer pathways and a simplified reaction scheme. (A) The overall structure of
R. sphaeroidesCytcO (PDB 1M56) is shown with subunit I in orange, subunit II in purple, and subunit III in green. (B) Residues involved
in proton-transfer pathways are shown in stick format, with the D- and K-pathways indicated: CuA and CuB (green); hemea (yellow);
hemea3 (cyan); Mg2+ (magenta). The subunit I and II backbone atoms are colored as in panel A. The E286 residue is labeled in red. (C)
A simplified version of the reduction of oxygen to water by CytcO. The oxidized (O) catalytic site is reduced to form (R). After O2 binds
(A), the enzyme forms the “peroxy” intermediate (PM) with one electron taken presumably from Tyr288 leaving a tyrosyl radical (Y•O).
If CytcO is fully reduced, then thePR intermediate is formed where one additional electron (as compared toPM) is transferred to the
catalytic site. The structures ofPM andPR are presumably the same although thePR intermediate has an additional electron at the binuclear
center. After formation of theP intermediate, electron transfer and proton transfer via the D-pathway lead to theF intermediate state.
Finally, the last electron is transferred to the binuclear center with associated proton uptake through the D-pathway to reform the oxidized
protein (O). One proton is pumped during both thePMfF andFfO transitions, and possibly two protons for theOfR transition.
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on individual redox intermediate states can be resolved. In
this paper we report the effects of the E286H mutation on
the activity and structure of CytcO as assessed by amide
H-D exchange mass spectrometry. The E286H mutant of
R. sphaeroidesCytcO displays approximately 1% steady state
activity of the wild-type enzyme, but does not pump protons.
The H-D exchange results expose structural perturbations
near the site of the mutation that correlate with the severe
reduction in steady state activity. It appears that proton
uptake/transfer through the D-pathway is linked structurally
and functionally to a proposed gating region and exit channel
for pumped protons. It is apparent that mutation of E286
perturbs the redox-based linkage and that structural/dynamic
changes around E286 are required for proper signaling of
proton uptake, gating, and pumping.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis and Purification of E286H
CytcO.Site-directed mutagenesis (E286H) of theR. sphaeroi-
descytochromeaa3 CytcO was performed as described in
ref 16 (see also ref38). Bacteria were grown aerobically,
and the histidine-tagged enzyme was purified using Ni2+-
NTA affinity chromatography, as described in ref39.

ActiVity Measurements of CytcO.The turnover activity of
native and E286H CytcO was determined from the initial
oxidation rate of reduced cytochromec (30µM) upon mixing
with the oxidized enzyme (10 nM) in the presence of O2 in
a 50 mM phosphate buffer with 0.1% n-dodecylâ-D-
maltoside (DDM) at pH 6.5. Absorbance changes associated
with cytochromec oxidation were recorded at 550 nm.

To prepare the fully reduced (with four electrons) CytcO,
frozen stock solutions of CytcO were solubilized in 0.1%
DDM and diluted to a concentration of 10-15 µM in 100
mM HEPES at pH 7.4. The redox mediator phenazine
methosulfate (PMS) was added at a concentration of 1µM.
The solution was transferred to an anaerobic cuvette after
which the atmosphere was evacuated on a vacuum line and
flushed with N2 several times. In the next step, ascorbate
(final concentration 2 mM) was added to the anaerobic CytcO
solution, and the nitrogen was replaced by CO. Formation
of the reduced CytcO-CO complex was confirmed by
inspection of the optical absorbance spectrum.

The flow-flash technique was used to investigate the
reaction of the reduced CytcO with O2 using a modified
custom-built combined stopped-flow/flash-photolysis ap-
paratus (LK.60 FF-60, Applied Photophysics Ltd., Surrey,
UK) (see ref 15 for a more detailed description). The
anaerobic CytcO-CO complex was mixed with an O2-
saturated solution at a ratio of 1:5 (enzyme:O2 solution).
About 100 ms after mixing, the CO ligand was photodisso-
ciated with a 5 nslaser flash (Quantel Brilliant Nd:YAG
laser at 532 nm). To monitor the reaction, absorbance
changes at single wavelengths were measured with a time
resolution of∼1 µs. The amount of reacting enzyme was
determined from the CO-dissociation absorbance change at
445 nm.

Proton-Pumping Measurements.CytcO-containing vesicles
were prepared as described in Lee et al. (40). The vesicle-
incorporated enzyme was diluted to 0.5µM in 50 µM
HEPES-KOH, 45 mM KCl, 44 mM sucrose, 1 mM EDTA,
100µM phenol red at pH 7.5, and the reaction was initiated

upon mixing the CytcO solution with reduced cytochromec
(16 µM, in the same solution as above) in a stopped-flow
apparatus (Applied Photophysics) at a 1:1 ratio. Proton
pumping was measured in the presence of 2µM valinomycin
and proton uptake from the inside of the vesicles in the
presence of 2µM valinomycin and 5µM FCCP. The
absorbance changes of phenol red were recorded at 556.5
nm, which is an isosbestic point for cytochromec oxidation.

Amide Hydrogen-Deuterium Exchange Mass Spectrom-
etry. The mass spectrometry-based sequence identification
of peptides generated from a pepsin digest of wild-type
CytcO subunits I-III was reported in Busenlehner et al. (35).
All peptides identified for wild-type CytcO were also
observed for E286H CytcO. Additionally, the peptide cor-
responding to residues 282-292 with the E286H mutation
was confirmed by tandem MS-MS sequencing techniques
and contains the H284-Y288 covalent cross-link.

The kinetics of H-D exchange of four redox intermediate
states of E286H CytcO (O, R, PM, F), was followed by
electrospray ionization mass spectrometry as previously
described (35). The oxidized state (O) refers to the “as-
isolated” protein state. The reduced state (R) is the four
electron-reduced protein and was formed by incubation with
excess sodium dithionite. ThePM intermediate state was
formed by purging anaerobic CytcO with CO gas prior to
exposure to air. The “ferryl” orF-intermediate was prepared
by adding excess hydrogen peroxide. Formation of each
intermediate state was verified by UV-visible spectroscopy
as a function of time (data not shown). H-D exchange
measurements were recorded within the time regimes
indicated by kinetic stabilities of the intermediate states (35).

The procedure for hydrogen/deuterium exchange has been
described and was followed without exception (35). In
general, deuterium incorporation was initiated by the addition
of D2O (99.9% at. D) to 110µM E286H CytcO. After the
appropriate incubation period, in-exchange of deuterium was
quenched with aqueous 0.1 M potassium phosphate, pH 2.3.
The protein sample was digested with pepsin (5 equivw/w)
for 8 min on ice then applied to a 1× 50 mm microbore
C18 reversed-phase HPLC column (Phenomenex; Torrence,
CA). Peptides were eluted with a linear gradient of increasing
acetonitrile, and mass spectra were recorded on a Ther-
moFinnigan TSQ Quantum triple-quadrupole mass spec-
trometer using positive ion electrospray ionization. Data were
processed using ThermoFinnigan Xcalibur software and
MagTran (41). The appropriate control samples that correct
for loss of deuterium label during HPLC separation (m100%)
and for gain of deuterium during protease digestion (m0%)
were also included with each data set acquired (35, 37).

The total amount of deuterium incorporated (D) as a
function of time (t) was determined from eq 1, whereN is
the total number of exchangeable amide hydrogens for that
peptide, andmt is the centroid of the isotope envelope at
time t. Plots of deuterium incorporation as a function of time
(average of three independent determinations) were fit either
to single-, double-, or triple-exponential equations as indi-
cated by goodness-of-fit values. The amplitudes and rate
constants including errors for the fits are given in Tables
S1-S6 (Supporting Information) provide an evaluation of
the quality of the kinetic data reported.

D ) N[(mt - m0%)/(m100%- m0%)] (1)
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RESULTS

Functional Characterization of E286H CytcO. In this
report, we investigated the structural and functional effects
of altering the local environment within the D-pathway of
R. sphaeroidesCytcO. For this purpose, the branching point
for D-pathway protons, E286, was replaced with the proto-
natable residue, histidine. A basic functional characterization
of the mutant was required prior to structural studies to ensure
the enzyme retained activity. The steady-state turnover
activity of the mutant CytcO was determined from the
oxidation rate of reduced cytochromec and was found to be
∼1% of that of the wild-type enzyme (data not shown). This
activity is higher than that of the E286Q mutant investigated
previously but significantly lower than that of the E286D
mutant, which also carries a protonatable residue at position
286 of subunit I (18, 23, 24). The optical absorption spectrum
for oxidized E286H is essentially the same as that observed
with the wild-type CytcO (data not shown). This indicates
that the redox metal centers are not significantly affected
by the mutation. Furthermore, the structural integrity of the
binuclear center was assessed by measuring the CO-
recombination rate after flash-induced dissociation of CO
from the fully reduced, anaerobic CytcO-CO complex. The
E286H mutant displays the same rate of recombination as
that observed with the wild-type CytcO (data not shown)
(41). The E286H mutant, when reconstituted into vesicles,
exhibited no significant proton pumping activity in the
presence of the ionophore, valinomycin (Figure S1, Sup-
porting Information).

To determine if the E286H mutation influenced internal
electron-transfer reactions, we first examined flash-induced
electron transfer after dissociation of a CO ligand from the
two-electron reduced (mixed-valence) CytcO in the absence
of oxygen (42). Laser-flash induced dissociation of CO from
reduced hemea3 leads to a drop in the reduction potential
and therefore to rapid internal electron transfer from heme
a3 to hemea, and slower transfer from hemea to CuA. For
the E286H mutant, both the rates of electron transfer between
hemea3 and hemea and between hemea and CuA are
comparable to wild-type CytcO (data not shown) (42).
However, after preparation of the CO-mixed-valence E286H
CytcO a fraction (∼50%) of hemea is also reduced, which
indicates that the midpoint potential of the heme has
increased. Similar results have been observed in other
experiments where the local environment around E286 has
been modified (43, 44).

To investigate the effect of the mutation on internal proton-
transfer events, we studied the reaction of the fully reduced,
CO-bound CytcO with O2 [reviewed in (25)]. The rate of
binding of O2 is limited by the off-rate of CO. After rapid
photodissociation of the CO ligand, the subsequent binding
of O2 and its stepwise reduction can be followed using time-
resolved spectroscopic techniques to provide information
about CytcO intermediate states and the rate of the transitions
between them.

With wild-type CytcO at pH 7.4, four kinetic phases are
observed. After an unresolved absorbance change associated
with dissociation of the CO ligand (seet ) 0, Figure 2A),
the binding of O2 results in a decrease in absorbance at 445
nm (τ = 10 µs, not resolved on the time scale shown in
Figure 2A), followed by a further decrease associated with

formation of thePR state with a time constant of∼50 µs,
also seen as a decrease in absorbance at 580 nm (Figure 2B).
Next, theF state is formed with a time constant of∼100
µs, most clearly seen as an absorbance increase at 580 nm
(Figure 2B). Concomitantly with the proton uptake upon
formation of theF state, an electron at CuA equilibrates with
hemea, which results in fractional oxidation of CuA and
therefore increased absorbance at 830 nm (Figure 2C).
Finally, the oxidized CytcO is formed with a time constant
of ∼1 ms, observed as a decrease in absorbance at 445 nm
(Figure 2A) and an increase in absorbance at 830 nm (Figure
2C) due to oxidation of the remaining fraction of reduced
CuA.

Flash-induced dissociation of CO from E286H CytcO
results in the binding of O2 to the reduced catalytic site with
the same time constant (∼10 µs) as that observed with wild-
type CytcO (Figure 2A). ThePR state is formed but with a
slightly larger time constant (τ ∼ 80µs) and to a lesser extent
than with the wild-type CytcO. The decrease in the formation

FIGURE 2: Absorbance changes during the reaction of the fully
reduced, CO-bound wild-type and E286H CytcO with O2. Shown
is the stepwise reduction of O2 after photodissociation of the CO
ligand from wild-type (black) and E286H (red) CytcO. The
anaerobic CytcO-CO complex was mixed with an O2-saturated
solution, and then the CO ligand was photodissociated with a 5 ns
laser flash. The reaction was monitored by time-resolved absorbance
measurements at (A) 445 nm, (B) 580 nm, and (C) 830 nm.
Experimental conditions were 2µM reacting enzyme (all traces
have been normalized to 1µM reacting enzyme, 0.1 M HEPES
buffer, (pH 7.4), 0.1% dodecyl-â-D-maltoside, 1 mM O2, 22 °C.
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of PR (oxidation of hemea) is also consistent with an increase
in the midpoint potential of hemea (see above). Both the
formation of theF state and oxidation of CuA are slowed by
a factor of ∼100 to approximately 10 ms in the E286H
mutant CytcO. In addition, formation of the oxidized CytcO
is slowed dramatically and is observed with a main compo-
nent time constant of∼1.2 s. There is also a small component
with a time constant of∼25 ms [cf. slow component of the
FfO transition discussed in (15)]. These results demonstrate
that the mutant can form the same intermediate states as wild-
type CytcO, but that the rates of the transitions that involve
proton transfer from residue 286 are dramatically slowed.

Amide H-D Exchange Mass Spectrometry.Backbone
amide H-D exchange mass spectrometry is a structural
technique that has been recently applied to membrane-
spanning proteins includingR. sphaeroidesCytcO (35, 45).
These kinetic experiments exploit the unique exchange
behavior of amide protons in folded proteins (reviewed in
ref 37). Spatial resolution along the backbone is achieved
by digestion with pepsin or other acid proteases; therefore,
the rate of deuterium incorporation is localized to specific
peptide segments of the full-length protein. In general, the
amount of deuterium exchanging within 15 s is referred to
as the “fast” phase (kex > 4 min-1) and primarily reflects
the solvent accessibility of those amide protons to D2O or
OD-. Amides that exchange in the intermediate time regime
are facilitated by dynamic motions that allow for transient
exposure of the backbone to deuterium. Thus, amide H-D
exchange mass spectrometry supplies information on both
structure and dynamics of a protein (37).

In general, amide H-D exchange kinetic profiles for
subunits II and III in the oxidized (O), fully reduced (R),
“peroxy” (PM), and ferryl (F) intermediate states of the
E286H mutant CytcO are similar to those for the wild-type
enzyme published previously (35). The only differences in
the kinetics of exchange occur for peptides in subunit I,
which contains the E286H mutation, hemea, and the heme
a3/CuB binuclear center. Out of 80 pepsin-generated peptides,
only eight display altered deuterium exchange behavior for
one or more intermediate states of E286H CytcO, when
compared to wild-type. These peptides are mapped to the
structure of subunit I as shown in Figure 3. Three of these
peptides (residues 69-72, 78-84, and 254-263), located
far from the E286H mutation, show very small differences
in exchange compared to wild-type (see Figure S2 and Tables
S1 and S2, Supporting Information). The small changes
probably do not reflect significant structural perturbations
of the protein.

On the other hand, the remaining five peptides with altered
backbone H-D exchange kinetics in the mutant are generally
located near the site of the mutation (Figure 3). This includes
the peptide that contains the E286H mutation (residues 282-
292) but also the K-pathway residue Y288 and the CuB ligand
H284. Mass spectrometry-based sequencing reveals that the
Y288-H284 covalent cross-link observed for wild-type
CytcO is indeed present in the mutant (data not shown) (35,
46, 47).

Overall, amide hydrogens within peptide 282-292 in the
four redox states are not very solvent accessible as judged
by the very low amplitude of the fast-exchange phase (<15
s) (Figures 4A and 4B). This characteristic is maintained in
the mutant CytcO, as well. The E286H mutation does,

however, influence the deuterium exchange rates for the
intermediate time regime. The redox intermediate states
affected include theO, PM, and F states, which are all
characterized by significantly decreased deuterium incorpora-
tion compared to wild-type CytcO (Figures 4A and 4B). This
is consistent with a loss of conformational flexibility or
dynamics in this region in the E286H mutant. TheR state
does not appear to be influenced by the mutation. These
results suggest that the mutation does not affect the solvent
accessibility of residues around position 286 but does result
in more constrained dynamic motions that might limit
transfer of D-pathway protons during the oxidative half of
the catalytic cycle. No other peptides that contain residues
in the D-pathway exhibit alterations in H-D exchange
behavior in the four intermediate states when compared to
wild-type CytcO.

A peptide adjacent to 282-292 is also affected by the
mutation of E286 (Figure 3). Peptide 275-281 (275YQHIL-
WF281) is a highly hydrophobic peptide with anR-helical
conformation that has multiple hydrogen-bonding interactions
to residues in peptides around the active site (320-340, 282-
292, and 160-175). Most amides within peptide 275-281
of the wild-type enzyme exhibit restricted solvent access in
all of the intermediate states (Figure 4C) (35). However, it
is clear that this region undergoes redox-dependent, dynamic
fluctuations based on the distribution of intermediate time
regime exchange rates (i.e.,O exchanges faster thanR).
However in the mutant, all redox states have similar rate
profiles (Figure 4D). This clearly suggests that redox-specific
changes in conformational dynamics observed with wild-
type CytcO are more restricted in the E286H mutant. These
data are consistent with results obtained for residues 282-
292, which also show decreased dynamics in the mutant
CytcO.

FIGURE 3: Peptides with altered H-D exchange kinetics in E286H
CytcO. Peptides in the E286H mutant that exhibit differences in
the rate profiles for deuterium incorporation as compared to wild-
type CytcO and are colored as follows: 69-72 (salmon), 78-84
(teal), 160-175 (red), 254-263 (olive green), 275-281 (purple),
282-292 (blue), 320-340 (orange), and 354-366 (green). Hemes
a anda3 are in yellow and cyan, respectively. The site of the E286H
mutation is indicated in stick format.
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Peptide 354-366, which contains three residues involved
in proton translocation through the K-pathway, is also
affected by the E286H mutation (Figures 4E and 4F). For
wild-type CytcO (Figure 4E), peptide 354-366 undergoes
a specific conformational change in theR state that increases
the solvent accessibility of amides in the K-pathway. The
increase in deuterium incorporation has been interpreted to
be due to opening of the K-pathway (35), allowing water to
participate in proton translocation in the reductive half of
the cycle (OfR). The kinetic profiles for H-D exchange
in the O andR states of E286H CytcO are essentially the
same as those observed in the wild-type enzyme (Figure 4E
and 4F). In contrast, thePM andF intermediate states have
clearly altered kinetic profiles. It appears that backbone amide
groups in the K-pathway have more restricted access to
solvent in these redox states.

Previous H-D exchange experiments indicated that the
loop containing W172 (residues 160-175) may be a
significant region for CytcO proton gating (35). Residues
160-175 form a loop directly above E286 (Figure 3) and
reside in a hydrophobic yet solvent accessible region of the
protein as shown by the high level of deuterium incorporation
in the fast phase (<15 s) for theO, R, andPM intermediates

(Figure 5A). TheF intermediate for 160-175 is unique in
that it displays a considerable decrease in H2O/D2O access
concomitant with anincreasein deuterium exchange for
residues 320-340 in the putative exit channel (Figure 5C).
Taken together, the H-D exchange results indicate that the
160-175 loop could act as a proton/water gate between E286
and the exit pathway in the wild-type enzyme (see refs35
and48 for a more detailed discussion). The only peptide in
the F intermediate that is clearly affected by the E286
mutation is peptide 160-175 (Figure 5B). Basically, the
mutant enzyme does not change conformation or solvent
accessibility in theF intermediate as was observed in the
wild-type enzyme. Inasmuch as proton pumping occurs both
before and after formation of theF state (PMfF andFfO),
this “trapped” intermediate represents a specific conformation
of CytcO that is poised for subsequent proton translocation
reactions. This conformational state is altered in E286H
CytcO and may correlate with the striking decrease in proton-
transfer rates exhibited by the mutant.

The H-D exchange behavior of peptide 160-175 (the
proton gate) is coupled to residues 320-340 in wild-type
CytcO (35). As shown in Figure 3, peptide 320-340 is part
of an unusual, distorted transmembraneR-helix containing

FIGURE 4: Kinetic profiles for key peptides exhibiting changes in H-D exchange in the E286H mutant. The kinetic traces for three peptides
of subunit I are shown: residues 282-292 (panels A and B), 275-281 (panels C and D), and 354-366 (panels E and F). The total number
(left axis) and the percentage (right axis) of deuterium incorporated are plotted as a function of time. The solid lines indicate single- or
double-exponential fits to the data with the amplitudes, rate constants, and errors for the fits given in Tables S3 and S4 (Supporting Information).
Each redox intermediate state is represented by a separate trace:O (red),R (black),PM (blue),F (green). Wild-type CytcO H-D exchange
kinetic traces (left column) have been published previously (35) and are shown for purposes of comparison to those of E286H CytcO (right
column).
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two histidine ligands to CuB (Figure 1B). A portion of this
peptide lines a water channel that has been implicated in
the proton exit route (31, 49). In the wild-type CytcO,
residues 320-340 are generally accessible to deuterium in
all intermediate states. TheF state, however, specifically
shows enhanced deuterium incorporation over the full time
course (Figure 5C). Unlike wild-type CytcO, the E286H
mutant exhibits a large decrease in the level of deuterium
label forall intermediate states compared to their wild-type
counterparts (Figure 5D). For example, the amount of
deuterium incorporated in the fast phase (i.e., by 15 s) for
the oxidized enzymes decreases from 65% for wild-type to
5% for E286H CytcO. In other words, these amide protons
are more protected from solvent in the mutant compared to
wild-type, demonstrating a significant change in conforma-
tion or environment. Given that two of the CuB ligands are
located within this stretch of backbone, it is important to
note that the metal centers at the active site do not appear to
be perturbed based on the absorption spectrum of the mutant.

DISCUSSION

E286H Mutation Results in Altered Proton Transfer.We
have investigated the catalytic and structural effects resulting
from mutation of a key residue in proton uptake and transfer
within the D-pathway, E286. In general, mutation of E286
results in perturbed proton delivery to the catalytic site and
the output side, while some mutations completely impair
function (e.g. E286Q) (18, 20-22). The mutation chosen
for this work, E286H, is still capable of side chain proto-
nation and does not appear to disturb the environment around
the redox metal centers in CytcO. However, the steady state
activity of E286H CytcO is significantly lowered (1% of the

wild-type enzyme) and is no longer coupled to proton
pumping.

The E286H mutant enzyme is capable of forming each
redox intermediate state as followed by flow-flash techniques
with O2 (Figure 2) and can be fully oxidized. The time
constants for the preliminary steps in the reaction cycle
(RfAfPR) are similar to those for the wild-type enzyme.
However, the rates of thePRfF andFfO transitions are
reduced in the mutant 100- and 1000-fold, respectively.
Results from earlier studies have shown that formation of
theF state is linked to proton uptake through the D-pathway,
which also determines the rate of thePRfF transition. The
proton-transfer takes place in two steps: the proton needed
for formation of theF state is first taken internally from E286
and transferred to the binuclear center, followed by repro-
tonation via the D-pathway (50, 51). Because formation of
theF state is slowed in the E286H mutant CytcO, the results
indicate that proton transfer from H286 to the catalytic site
is affected. TheFfO transition also involves proton uptake
through the D-pathway. In this case, however, the rate of
uptake is also determined by internal electron transfer to the
catalytic site (28). Thus, the dramatically slowedFfO
transition for E286H CytcO is consistent with slowed proton
transfer since electron-transfer events do not seem to be
perturbed in the mutant. Given that the E286H mutant does
not pump protons (Figure S1, Supporting Information), the
protons provided by the D-pathway must be used as substrate
protons for the reduction of O2 to H2O.

The orientation and hydrogen-bonding of the E286 car-
boxylate side chain has been proposed to be involved in
determining the rate of proton-transfer events (52), which
presumably could also affect the rates of thePfF andFfO

FIGURE 5: Gating and putative proton exit regions display changes in H-D exchange kinetics for E286H CytcO. The kinetic traces for two
peptides of subunit I are shown: residues 160-175 (panels A and B) and 320-340 (panels C and D). The total number (left axis) or the
percentage (right axis) of deuterium incorporated are plotted as a function of time. The solid lines indicate single- or double-exponential
fits to the data with the amplitudes, rate constants, and errors for the fits given in Tables S5 and S6 (Supporting Information). Each redox
intermediate state is represented by a separate trace:O (red), R (black), PM (blue), F (green). Wild-type CytcO H-D exchange kinetic
traces (left column) have been published previously (35) and are shown for purposes of comparison to those of E286H CytcO (right
column).
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transitions. Given the significant reduction in the time
constants for these transitions in the E286H mutant and the
lack of proton pumping, the histidine mutation is obviously
deleterious to proton transfer. Mutation of E286 to another
protonatable side chain, namely the more conservative
E286D mutation, does not inhibit CytcO proton-transfer
events to the same extent as in E286H. In fact, the rates of
thePRfF andFfO transitions for E286D CytcO are only
decreased 5-fold and 1.5-fold, respectively (23). Inasmuch
as proton-transfer events that may be linked to structural
changes around residue 286 are altered, E286H CytcO is a
prime candidate for structural studies using backbone amide
hydrogen-deuterium exchange mass spectrometry.

E286H Affects the ConnectiVity between E286 and the
Binuclear Center.Previous amide H-D exchange experi-
ments with wild-type CytcO indicated that water molecules
in the D-pathway may form a kinetically stable, hydrogen-
bonded proton conducting “wire” (35). The conformation
of several D-pathway spanning peptides were clearly not
affected by the redox-state, with the exception of peptide
282-292 (Figure 4A) (35). This was not entirely unexpected
since several lines of evidence indicate that E286 alters its
conformation with the redox state of the enzyme, thus
controlling proton transfer (27, 29, 30, 32). Yet, it is still
unclear what structural changes are required for proton
transfer from E286. Identification of regions that may be
functionally or structurally interacting with the region around
E286 (peptide 282-292) may provide some clues into this
process.

The results from amide H-D exchange experiments with
the E286H mutant reveal that for all intermediate states, the
282-292 peptide is now more dynamically constrained (i.e.,
slower rates of deuterium incorporation) than the corre-
sponding peptide from the wild-type enzyme (Figure 4A and
4B). The H-D exchange results with peptide 275-281
indicate that the restriction of backbone dynamics in the
mutant extends beyond residues 282-292 to an adjacent
peptide segment (Figure 4C and 4D). The diminished
dynamic motions deduced in the E286H mutant may signify
that the larger side chain of histidine compared to glutamate
might prevent H286 from changing its conformation during
turnover or that additional hydrogen bonds have been
established. Regardless, the region around the E286H muta-
tion does not change conformation in response to the redox
state of the binuclear center, a result that suggests E286H
CytcO cannot “sense” the redox state of the enzyme to the
same extent as the native enzyme. One explanation of this
behavior is that a structural connectivity to the CuB/hemea3

binuclear center has been disrupted by mutation of E286.
This disruption may partially account for the decreased time
constants for steps requiring proton transfer from residue 286
(PMfF andFfO).

Proton Gate and Exit Channel Conformations are Func-
tionally and Structurally Linked.Comparison of the H-D
exchange behavior of E286H and wild-type CytcO also
reveals possible connections between the region around E286
and other areas likely to be involved in proton pumping (35).
These data support the hypothesis that the orientation of the
E286 side chain may be intimately coupled to opening and
closing of the proton exit channel (9, 53). The H-D
exchange results presented here and in an earlier study
indicate that the proposed gating region (residues 160-175)

may modulate these conformational changes (35). Unfortu-
nately, the crystallographic structures have not confirmed
such behavior, but one must consider that these structures
only provide a static view of CytcO. The H-D exchange
kinetic results report on the structure of CytcO in solution
as a function of redox state, which is missing in the X-ray
crystallographic analysis of the enzyme structure.

From an earlier study with native CytcO (also shown in
Figure 5A and 5C), we found that theF intermediate
conformational state is characterized by decreased solvent
accessibility for the proposed gating region (160-175),
which is associated with opening of the proton exit channel
(320-340) (35). Unlike the wild-type CytcO, the 160-175
peptide of E286H CytcO does not exhibit decreased deute-
rium incorporation in theF intermediate but instead remains
in its solvent accessible conformation (Figure 5B). In terms
of structure, the trappedF intermediate state may be unique
in that proton pumping occurs before and after its formation
(Figure 1C); therefore, this enzyme conformation is likely
optimized for efficient D-pathway proton uptake and transfer.
In this state, the exit channel is water-accessible and the
D-pathway is primed for proton uptake (35). Functionally,
the 160-175 gate is proposed to prevent a “short-circuit”
by blocking water/proton connectivity across the membrane.

The results shown in Figure 5 indicate that with the E286H
mutant, the 160-175 gate is not functioning properly since
it remains solvent-accessible in theF intermediate state. As
a consequence, the exit channel as defined by residues 320-
340 fails to open appropriately and remains virtually closed
to water in all redox intermediate states (Figure 5D). This
result is very much different from that observed for the wild-
type enzyme (35). The perturbation to the H-D exchange
behavior of residues 320-340 by the E286H mutation is
striking. The reason why this region is highly and specifically
affected by the mutation of E286 is unknown but can best
be described by a model where the side chain of E286 and
the exit channel are connected through space, possibly via a
hydrogen-bonding network. H-D exchange mass spectrom-
etry provides evidence that structural/dynamic changes
around E286 are required for proper signaling of proton
uptake, gating, and pumping. In other words, the mutation
is not simply influencing the rate of proton transfer from
H286 but also a specific CytcO “proton transfer” conforma-
tion that is linked to the redox state of the enzyme. These
results are important to understanding CytcO function
because crystallography has yet to reveal significant redox-
dependent conformational changes.

Potential Conduit for Proton Exit.The question as to how
E286 is connected to the exit pathway for pumped protons
remains to be answered. The crystal structures of the wild-
type and the E286Q CytcO enzymes are useful in this regard.
In the wild-type structure (Figure 6), the side chain of E286
is hydrogen-bonded to the carbonyl oxygen of M107 (11).
Based on the E286Q CytcO structure, when E286 is
deprotonated (simulated by the E286Q mutation), this
hydrogen bond is broken. In addition, both a postulated
gating residue W172 and a hemea3 propionate change
conformation along with a reallocation of waters in the
hydrophobic cavity. This presumably connects E286 to the
pumping element through a hydrogen-bonded water chain
(11). The highly conserved residue W172 (located in peptide
160-175) is also in van der Waals contact with M107.
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Therefore, changes in the orientation of the side chain of
E286 can affect hydrogen bonding with M107, and further
to W172 in the gating region. W172 is hydrogen-bonded to
the hemea3 ∆-propionate that is thought to be involved in
the exit route for pumped protons (26-28, 48). The inability
of peptide 160-175 to respond to the redox state in the
mutant CytcO correlates with the inability of E286H CytcO
to pump protons. On the basis of the structure of CytcO, it
seems likely that W172 could be involved in gating protons
in the wild-type enzyme through redox-associated confor-
mational changes.

Several residues line a hydrophobic tunnel formed by
residues W172, V173, L174, P176, L279, W280, F282, and
G283 in wild-type CytcO. Molecular dynamics simulations
have indicated that this conduit may provide linkage between
E286 and the∆-propionate of hemea3 through water chain
formation from W172 to W280 (27). The amide H-D
exchange behavior of E286H CytcO identifies peptides lining
this conduit (160-175, 275-281, 282-292) through altered
deuterium incorporation kinetics. The E286H mutation
clearly perturbs the structure and dynamics of this channel.
As a result, the conduit may not support the water chain
formation that would allow for proton pumping across the
membrane. Again, gating residues 160-175 may be involved
in organizing the appropriate pumping conformation.

Implications for the Mechanism of Proton Gating.It is
interesting to note that the E286H mutation is located below
the hemes, yet most of the conformational differences

between wild-type and mutant CytcO are localized above
the hemes with no spectroscopic indication of any perturba-
tions of the redox centers. Therefore, it appears that solvent
access to residues on the output side (exit channel) is altered
even though the blockage is on the input side (E286H). This
observation would suggest that solvent access to the output
side is “controlled” by a region of the protein located at or
below the hemes and may involve hydrogen-bonding inter-
actions mediated by the configuration of the 160-175 gating
loop. Functional work on the W164F mutant ofP. denitri-
ficansCytcO (W172F inR. sphaeroides) provides support
for its involvement in proton-transfer reactions due to the
reduced steady state activity (40% of wild-type) and de-
creased proton pumping efficiency (43). Moreover, the time
constants for thePRfF andFfO transitions are significantly
lowered to values similar to those forR. sphaeroidesE286H
CytcO. The authors conclude that the W172F mutation
probably affects the side chain orientation of E286. This
constitutes another line of evidence that the structure of the
gating loop, particularly W172, is connected to the structure/
dynamics of the branching residue E286, which are both
dependent on the redox state of the enzyme.

Conclusions. The amide H-D exchange mass spectrom-
etry experiments presented here highlight some of the
structural requirements for proton uptake, gating, and pump-
ing in R. sphaeroidesCytcO. We propose that redox-
dependent conformational changes around E286 are critical
for directing proton transfer through interaction(s) with the
gating loop (residues 160-175). The conformation of the
gating loop is also linked to the opening and closing of the
proton exit channel (residues 320-340). Here, we show that
the linkage is broken (uncoupled) by replacement of E286,
which is a central element in controlling transfer of pumped
protons. These results are consistent with a functional model
where deprotonation of E286 is linked to a structural change,
which provides access to the proton exit pathway. Such
structural changes likely control proton transfer across the
membrane. It is interesting to note that residues within the
regions affected by the E286H mutation are well conserved
in various cytochromec oxidases. Therefore, the mechanistic
insight provided here through amide H-D exchange mass
spectrometry should be applicable to other oxidase enzymes.

SUPPORTING INFORMATION AVAILABLE

Figure S1 illustrating the lack of proton pumping by
E286H, Figure S2 and Tables S1 and S2 comparing the
kinetic profiles, amplitudes, and rate constants for H-D
exchange in peptides 69-72, 78-84, and 254-263 for the
wild-type and the E286H mutant CytcO in all four interme-
diate states and Tables S3-S6 comparing the amplitudes and
rate constants for H-D exchange in peptides 160-175, 275-
281, 282-292, 320-340, 354-366 for the wild-type and
E286H mutant CytcO in all four intermediate states. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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