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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. Rbodobacter sphaeroidé€y/tcO (cytochromeaag), it appears

as though the E286 side chain of subunit | is a branching point from which protons are shuttled either to
the catalytic site for @reduction or to the acceptor site for pumped protons. Amide hydrodeaterium
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 €@ retains~1% steady-state activity that is uncoupled from proton
pumping and that proton transfer from H286 is significantly slowed. Backbone amid® ékchange
kinetics indicates that specific regions of @9t 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. E288M Gywvever,

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 CydO 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 ©®t

Redox-coupled proton pumps such as cytochrome protons taken from the negative side of the membraie (
oxidase (CytO)! are important enzymes for aerobic energy Four of these protons are consumed in the reduction,of O
metabolism {—3). CytcO is a complex, membrane-spanning (substrate protons), and an additional four are pumped across
enzyme that utilizes the free energy released from thethe membrane (pumped protons).
reduction of Q to transport protons across a membrane. The A simplified catalytic reaction scheme for the reduction
net result is an electrochemical gradient that is utilized, for of O, by bacterial CytO is shown in Figure 1C. During
example, by ATP synthase to generate the energy sourceCytcO turnover, the oxidized binuclear cent&)(is reduced
ATP. Four electrons are donated sequentially from cyto- with two electrons and two protons to form the reduced state
chromec to the CytO dinuclear Cy center, from where  (R). When Q binds to ferrous hemas (A), four electrons
they are transferred to henag and further to the binuclear and one proton are required to break the@bond to form
Cus/hemeas active site where @is reduced to KO (Figure Pu (5, 6). Three of these electrons are supplied by the
1). This process is coupled to the translocation of eight binuclear center with an additional electron and proton
transferred internally from Y2886). If the initial state of
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Ficure 1: R. sphaeroidesytochromec oxidase proton-transfer pathways and a simplified reaction scheme. (A) The overall structure of
R. sphaeroide€ytcO (PDB 1M56) is shown with subunit | in orange, subunit Il in purple, and subunit Ill in green. (B) Residues involved

in proton-transfer pathways are shown in stick format, with the D- and K-pathways indicatedan@uCy (green); heme (yellow);

hemeas (cyan); Mg™ (magenta). The subunit | and Il 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 89t The oxidized Q) catalytic site is reduced to fornRj. After O, binds

(A), the enzyme forms the “peroxy” intermediay() with one electron taken presumably from Tyr288 leaving a tyrosyl radiceD}Y

If CytcO is fully reduced, then th®g intermediate is formed where one additional electron (as compar®g)tas transferred to the
catalytic site. The structures Bf, andPg are presumably the same although Bgantermediate has an additional electron at the binuclear
center. After formation of thé€ intermediate, electron transfer and proton transfer via the D-pathway lead f itttermediate state.
Finally, the last electron is transferred to the binuclear center with associated proton uptake through the D-pathway to reform the oxidized
protein ©). One proton is pumped during both tRg—F andF—O transitions, and possibly two protons for t@e~R transition.

with proton transfer. Th® state is regenerated with transfer indicate that a hemas propionate is one potential acceptor
of an additional electron and proton. During enzyme (26—28). E286 resides in a hydrophobic cavity below hemes
turnover, thePyr—F, F—~0O, and possiblfO—R transitions  a andag (Figure 1B), which may contain water molecules.
are linked to proton pumping across the membrahed(  Several theoretical studies indicate that these water molecules
10). The actual mechanism by which €@ and other proton  could form transient, hydrogen-bonded networks that traverse
pumps control proton uptake and translocation remains atthjs cavity and are dependent on the protonation state of E286
the forefront of current experimental efforts. _ (27, 29-33). To date, the presence of water chains that
Structural and biochemical analyses of the oxidase en-connect the E286 side chain to the binuclear center or to the

zymes, such as Cg0 from Rhodobacter sphaeroidesave  hqn65ed exit pathway have yet to be observed at the
identified two spatially distinct proton uptake pathways molecular level.

originating at either the bacterial cell membrane or mito- , ) )
chondrial inner membranel{—14). Both the K- and It is thought that cqnformatlonal changgs in @ytmay
D-pathways contain a series of hydrophilic/polar residues Play @ role in regulating proton translocatiohl{ 34). To
and crystallographically observed water molecules to pre- address this issue, amide+# exchange followed by mass
sumably form hydrogen-bonded chains for proton translo- SPectrometry was previously used to probe structural changes
cation (Figure 1B). Protons required to reduce the oxidized coupled to the redox intermediate statesRofsphaeroides
binuclear center prior to the binding of,@re supplied by ~ CytcO (Subunits +111) (35). These experiments revealed that
the K-pathway, which is named for the key residue K362 backbone amide hydrogens in the vicinity of the hydrophobic
(15, 16). Alternatively, the D-pathway, which begins at or cavity rapidly exchanged with deuterium. In order for rapid
near D132, is unique in that it provides both substrate and deuterium exchange to occur, externalCD(or OD") must
pumped protonsl(7—19). have access to the interior of the prote6,(37). This

The last identified proton acceptor of the D-pathway is suggests that water molecules in the cavity and those in bulk
E286. The side chain of E286 or its equivalent in othercOyt  solution readily equilibrate. In addition, a redox-dependent
enzymes is a crucial component of this pathway since proton gate that directs the flow of protons was proposed to
substitution of this residue by nonprotonatable residues reside within a section of the protein (residues 1695)
(E286Q) or (E286A) resulted in significantlyimpaired proton |gcated directly above E286 in the hydrophobic cavity. A
transfer (8, 20-22). In the case of th&. sphaeroide€ytcO section of the putative proton exit channel was also identified
E286Q mutant, the catalytic cycle was blocked after forma- yr4,gh redox-dependent changes in solvent accessibility and

tion of the “pferoxy”rf) L)qternlﬁedlate state, duﬁ t%égpalr%d protein dynamics. This region, composed of residues-320
proton transfer to the binuclear center via the residu€ 340 Jies at the subunit-ll interface and contains two

(18). Replacement of E286 by the protonatable residue histidine i : L .
. : ; stidine ligands to Cgi Therefore, this region is a prime
aspartate (E286D) resulted in only a slight decrease in thecandidate for the transmittal of redox-dependent conforma-

. . e
E;;noz\:gr rate £:50%), and proton pumping was maintained tional changes that control proton movement througltOyt

It is generally agreed that the E286 side chain is a The aim of the present study is to provide more definitive
branching point from which protons are shuttled either to identification of regions that are linked to proton uptake/
the catalytic site or to the acceptor site for pumped protons transfer through the D-pathway using amide Bl exchange
(reviewed in ref25). However, the proton acceptor(s) from mass spectrometry. To do this, it is important to have a
E286 for protons to be pumped is unclear. Recent studiesfunctional, but impaired, mutant enzyme so that the effect
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on individual redox intermediate states can be resolved. In upon mixing the CytO solution with reduced cytochronee

this paper we report the effects of the E286H mutation on (16 uM, in the same solution as above) in a stopped-flow
the activity and structure of Cg® as assessed by amide apparatus (Applied Photophysics) at a 1:1 ratio. Proton
H—D exchange mass spectrometry. The E286H mutant of pumping was measured in the presence @fRvalinomycin

R. sphaeroide€ytcO displays approximately 1% steady state and proton uptake from the inside of the vesicles in the
activity of the wild-type enzyme, but does not pump protons. presence of 2uM valinomycin and 5uM FCCP. The
The H-D exchange results expose structural perturbations absorbance changes of phenol red were recorded at 556.5
near the site of the mutation that correlate with the severe nm, which is an isosbestic point for cytochromexidation.
reduction in steady state activity. It appears that proton Amide HydrogerDeuterium Exchange Mass Spectrom-
uptake/transfer through the D-pathway is linked structurally etry. The mass spectrometry-based sequence identification
and functionally to a proposed gating region and exit channel of peptides generated from a pepsin digest of wild-type

for pumped protons. It is apparent that mutation of E286

CytcO subunits +I1l was reported in Busenlehner et 835.

perturbs the redox-based linkage and that structural/dynamicAll peptides identified for wild-type CylO were also
changes around E286 are required for proper signaling of observed for E286H CygO. Additionally, the peptide cor-

proton uptake, gating, and pumping.
EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis and Purification of E286H
CytcO.Site-directed mutagenesis (E286H) of Resphaeroi-
descytochromeaas CytcO was performed as described in
ref 16 (see also ref38). Bacteria were grown aerobically,
and the histidine-tagged enzyme was purified usingNi
NTA affinity chromatography, as described in 129.

Activity Measurements of Cytche turnover activity of
native and E286H CgOD was determined from the initial
oxidation rate of reduced cytochroro€30 M) upon mixing
with the oxidized enzyme (10 nM) in the presence ofil®
a 50 mM phosphate buffer with 0.1% n-dodeg¥ip-

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) €yt
frozen stock solutions of CgO were solubilized in 0.1%
DDM and diluted to a concentration of 305 uM in 100
mM HEPES at pH 7.4. The redox mediator phenazine
methosulfate (PMS) was added at a concentrationg a1l

responding to residues 28292 with the E286H mutation
was confirmed by tandem MSMS sequencing techniques
and contains the H284Y288 covalent cross-link.

The kinetics of H-D exchange of four redox intermediate
states of E286H Cg¢OD (O, R, Pw, F), was followed by
electrospray ionization mass spectrometry as previously
described 35). The oxidized state() refers to the “as-
isolated” protein state. The reduced stal® (s the four
electron-reduced protein and was formed by incubation with
excess sodium dithionite. Thiegy intermediate state was
formed by purging anaerobic Gy with CO gas prior to
exposure to air. The “ferryl” oF-intermediate was prepared
by adding excess hydrogen peroxide. Formation of each
intermediate state was verified by B\Wisible spectroscopy
as a function of time (data not shown).— exchange
measurements were recorded within the time regimes
indicated by kinetic stabilities of the intermediate sta8.(

The procedure for hydrogen/deuterium exchange has been
described and was followed without exceptioB5) In
general, deuterium incorporation was initiated by the addition
of D20 (99.9% atD) to 110uM E286H CytO. After the
appropriate incubation period, in-exchange of deuterium was

The solution was transferred to an anaerobic cuvette afterquenched with aqueous 0.1 M potassium phosphate, pH 2.3.
which the atmosphere was evacuated on a vacuum line andrhe protein sample was digested with pepsin (5 equiiv)

flushed with N several times. In the next step, ascorbate
(final concentration 2 mM) was added to the anaerobicGyt

for 8 min on ice then applied to a £ 50 mm microbore
C18 reversed-phase HPLC column (Phenomenex; Torrence,

solution, and the nitrogen was replaced by CO. Formation cA). Peptides were eluted with a linear gradient of increasing

of the reduced CyO—CO complex was confirmed by
inspection of the optical absorbance spectrum.

The flow-flash technique was used to investigate the
reaction of the reduced Gy® with O, using a modified
custom-built combined stopped-flow/flash-photolysis ap-
paratus (LK.60 FF-60, Applied Photophysics Ltd., Surrey,
UK) (see ref15 for a more detailed description). The
anaerobic CydtO—CO complex was mixed with an ©
saturated solution at a ratio of 1.5 (enzymg$alution).
About 100 ms after mixing, the CO ligand was photodisso-
ciated with a 5 nslaser flash (Quantel Brilliant Nd:YAG

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 @é1). The appropriate control samples that correct
for loss of deuterium label during HPLC separatiom d)
and for gain of deuterium during protease digestingy
were also included with each data set acquil@s 87).

The total amount of deuterium incorporateD)(as a
function of time ) was determined from eq 1, whekeis
the total number of exchangeable amide hydrogens for that

laser at 532 nm). To monitor the reaction, absorbance peptide, andn is the centroid of the isotope envelope at
changes at single wavelengths were measured with a timetimet. Plots of deuterium incorporation as a function of time
resolution of~1 us. The amount of reacting enzyme was (average of three independent determinations) were fit either
determined from the CO-dissociation absorbance change ato single-, double-, or triple-exponential equations as indi-
445 nm. cated by goodness-of-fit values. The amplitudes and rate
Proton-Pumping Measuremen@ytcO-containing vesicles  constants including errors for the fits are given in Tables
were prepared as described in Lee et 40)(The vesicle- S1-S6 (Supporting Information) provide an evaluation of
incorporated enzyme was diluted to Q1 in 50 uM the quality of the kinetic data reported.
HEPES-KOH, 45 mM KCI, 44 mM sucrose, 1 mM EDTA,
100uM phenol red at pH 7.5, and the reaction was initiated

D = NI(M, — Myoe)/ (M09 = M)l 1)
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RESULTS

Functional Characterization of E286H CytcOn this A
report, we investigated the structural and functional effects
of altering the local environment within the D-pathway of
R. sphaeroide€ytcO. 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 0 5 10 10002000
activity of the mutant CydO was determined from the time (ms)
oxidation rate of reduced cytochromend 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 | {8, 23, 24). The optical absorption spectrum
for oxidized E286H is essentially the same as that observed
with the wild-type CytO (data not shown). This indicates
that the redox metal centers are not significantly affected

QA445 x 1000

(s

AASBO x 1000

by the mutation. Furthermore, the structural integrity of the 6 0 2 4 K ;_;0 40

binuclear center was assessed by measuring the CO- time (ms)
recombination rate after flash-induced dissociation of CO 3, i "

E286H

AA830 x 1000

from the fully reduced, anaerobic @A@—CO complex. The . C
E286H mutant displays the same rate of recombination as

that observed with the wild-type Gy® (data not shown) | m.r

(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). 0 Vr’/\‘lﬁ

To determine if the E286H mutation influenced internal . _— . .
electron-transfer reactions, we first examined flash-induced 0 20 40 10002000
electron transfer after dissociation of a CO ligand from the time (ms)
two-electron reduced (le(_ed-vaIenC_e) CQ_t'n_ the absence FiIGURE 2: Absorbance changes during the reaction of the fully
of oxygen @2). Laser-flash induced dissociation of CO from  reduced, CO-bound wild-type and E286H 69twith O,. Shown
reduced hemeg leads to a drop in the reduction potential is the stepwise reduction of Qfter photodissociation of the CO
and therefore to rapid internal electron transfer from heme ligand from wild-type (black) and E286H (red) CytcO. The
as to hemea, and slower transfer from hengeto Cu.. For anaerobic Cytc©CO complex was mixed with an £aturated

solution, and then the CO ligand was photodissociateld & ns
the E286H mutant, both the rates of electron transfer betweenj;ger fiash, The reaction was monitored by time-resolved absorbance
hemeag and hemea and between hema and Cu are measurements at (A) 445 nm, (B) 580 nm, and (C) 830 nm.
comparable to wild-type CgO (data not shown)4Q). Experimental conditions were 2M reacting enzyme (all traces
However, after preparation of the CO-mixed-valence E286H have been normalized to M reacting enzyme, 0.1 M HEPES
CytcO a fraction (-50%) of hemea is also reduced, which ~ Puffer. (pH 7.4), 0.1% dodecyi-o-maltoside, 1 mM @ 22 °C.
indicates that the midpoint potential of the heme has formation of thePx state with a time constant 650 us,
increased. Similar results have been observed in othergjsg seen as a decrease in absorbance at 580 nm (Figure 2B).
experiments where the local environment around E286 hasnext, theF state is formed with a time constant 100
been modified 43, 44). us, most clearly seen as an absorbance increase at 580 nm

To investigate the effect of the mutation on internal proton- (Figure 2B). Concomitantly with the proton uptake upon
transfer events, we studied the reaction of the fully reduced, formation of theF state, an electron at Gequilibrates with
CO-bound CywtO with O, [reviewed in @5)]. The rate of  hemea, which results in fractional oxidation of Guand
binding of G is limited by the off-rate of CO. After rapid  therefore increased absorbance at 830 nm (Figure 2C).
photodissociation of the CO ligand, the subsequent binding Finally, the oxidized CytO is formed with a time constant
of O, and its stepwise reduction can be followed using time- of ~1 ms, observed as a decrease in absorbance at 445 nm
resolved spectroscopic techniques to provide information (Figure 2A) and an increase in absorbance at 830 nm (Figure
about CytO intermediate states and the rate of the transitions 2C) due to oxidation of the remaining fraction of reduced
between them. Cua.

With wild-type CytcO at pH 7.4, four kinetic phases are Flash-induced dissociation of CO from E286H CytcO
observed. After an unresolved absorbance change associategbsults in the binding of @to the reduced catalytic site with
with dissociation of the CO ligand (seée= 0, Figure 2A), the same time constant(0us) as that observed with wild-
the binding of Q results in a decrease in absorbance at 445 type CytO (Figure 2A). ThePy state is formed but with a
nm (¢ = 10 us, not resolved on the time scale shown in slightly larger time constant (~ 80 us) and to a lesser extent
Figure 2A), followed by a further decrease associated with than with the wild-type CyO. The decrease in the formation
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of Pr (oxidation of hema) is also consistent with an increase
in the midpoint potential of hema (see above). Both the
formation of theF state and oxidation of Guare slowed by
a factor of ~100 to approximately 10 ms in the E286H
mutant CytO. In addition, formation of the oxidized Gy® 69-72
is slowed dramatically and is observed with a main compo-
nent time constant of1.2 s. There is also a small component
with a time constant of~25 ms Ef. slow component of the
F—O transition discussed irif)]. These results demonstrate
that the mutant can form the same intermediate states as wild-
type CytO, but that the rates of the transitions that involve
proton transfer from residue 286 are dramatically slowed.
Amide H-D Exchange Mass Spectrometigackbone
amide H-D exchange mass spectrometry is a structural
technique that has been recently applied to membrane-
spanning proteins including. sphaeroide€ytcO (35, 45).
These kinetic experiments exploit the unique exchange
behavior of amide protons in folded proteins (reviewed in -~ (L
ref 37). Spatial resolution along the backbone is achieved i L %\;’y (0
by digestion with pepsin or other acid proteases; therefore, — \’\
the r_ate of deuterium incorporation is Ioc_allzed to specific Ficure 3: Peptides with altered HD exchange kinetics in E286H
peptide segments of the full-length protein. In general, the cytcO. Peptides in the E286H mutant that exhibit differences in
amount of deuterium exchanging within 15 s is referred to the rate profiles for deuterium incorporation as compared to wild-
as the “fast” phasekg > 4 min™) and primarily reflects type CytO and are colored as follows: 692 (salmon), 7884

e ; (teal), 166G-175 (red), 254263 (olive green), 275281 (purple),
the solvent accessibility of those amide protons @ r 282292 (blue), 320 340 (orange), and 354366 (green). Hemes

OD". Amides that exchange in the intermediate time regime 5 4nda, are in yellow and cyan, respectively. The site of the E286H
are facilitated by dynamic motions that allow for transient mutation is indicated in stick format.

exposure of the backbone to deuterium. Thus, amiedH
exchange mass spectrometry supplies information on bothhowever, influence the deuterium exchange rates for the

254-263 & (275281

160-175

structure and dynamics of a proteidi7j. intermediate time regime. The redox intermediate states
In general, amide HD exchange kinetic profiles for affected include theD, Py, and F states, which are all
subunits Il and Il in the oxidized@), fully reduced R), characterized by significantly decreased deuterium incorpora-

“peroxy” (Pwm), and ferryl €) intermediate states of the tion compared to wild-type CgO (Figures 4A and 4B). This
E286H mutant CyO are similar to those for the wild-type is consistent with a loss of conformational flexibility or
enzyme published previousl3%). The only differences in  dynamics in this region in the E286H mutant. TRestate
the kinetics of exchange occur for peptides in subunit I, does not appear to be influenced by the mutation. These
which contains the E286H mutation, hemeand the heme  results suggest that the mutation does not affect the solvent
ag/Cug binuclear center. Out of 80 pepsin-generated peptides,accessibility of residues around position 286 but does result
only eight display altered deuterium exchange behavior for in more constrained dynamic motions that might limit
one or more intermediate states of E286H aOyt when transfer of D-pathway protons during the oxidative half of
compared to wild-type. These peptides are mapped to thethe catalytic cycle. No other peptides that contain residues
structure of subunit | as shown in Figure 3. Three of these in the D-pathway exhibit alterations in -HD exchange
peptides (residues 692, 78-84, and 254-263), located behavior in the four intermediate states when compared to
far from the E286H mutation, show very small differences wild-type CytcO.
in exchange compared to wild-type (see Figure S2 and Tables A peptide adjacent to 28292 is also affected by the
S1 and S2, Supporting Information). The small changes mutation of E286 (Figure 3). Peptide 27881 ¢7SYQHIL-
probably do not reflect significant structural perturbations WF?81) is a highly hydrophobic peptide with am-helical
of the protein. conformation that has multiple hydrogen-bonding interactions
On the other hand, the remaining five peptides with altered to residues in peptides around the active site (324D, 282-
backbone H-D exchange kinetics in the mutant are generally 292, and 166-175). Most amides within peptide 27281
located near the site of the mutation (Figure 3). This includes of the wild-type enzyme exhibit restricted solvent access in
the peptide that contains the E286H mutation (residues-282 all of the intermediate states (Figure 4@p). However, it
292) but also the K-pathway residue Y288 and the ligiand is clear that this region undergoes redox-dependent, dynamic
H284. Mass spectrometry-based sequencing reveals that théuctuations based on the distribution of intermediate time
Y288—H284 covalent cross-link observed for wild-type regime exchange rates (i.€, exchanges faster thaR).
CytcO is indeed present in the mutant (data not showsB) (  However in the mutant, all redox states have similar rate
46, 47). profiles (Figure 4D). This clearly suggests that redox-specific
Overall, amide hydrogens within peptide 28292 in the changes in conformational dynamics observed with wild-
four redox states are not very solvent accessible as judgedype CytO are more restricted in the E286H mutant. These
by the very low amplitude of the fast-exchange phasg&y data are consistent with results obtained for residues-282
s) (Figures 4A and 4B). This characteristic is maintained in 292, which also show decreased dynamics in the mutant
the mutant CytO, as well. The E286H mutation does, CytcO.
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Ficure 4: Kinetic profiles for key peptides exhibiting changes ir-Bl exchange in the E286H mutant. The kinetic traces for three peptides

of subunit | are shown: residues 28292 (panels A and B), 275281 (panels C and D), and 35866 (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 @doed),R (black),Py (blue),F (green). Wild-type CytO H—D exchange

kinetic traces (left column) have been published previoudby &nd are shown for purposes of comparison to those of E286EOyight

column).

Peptide 354366, which contains three residues involved (Figure 5A). TheF intermediate for 166175 is unique in
in proton translocation through the K-pathway, is also that it displays a considerable decrease ¥HD,O access
affected by the E286H mutation (Figures 4E and 4F). For concomitant with anncreasein deuterium exchange for
wild-type CytcO (Figure 4E), peptide 354366 undergoes  residues 326340 in the putative exit channel (Figure 5C).
a specific conformational change in tRestate that increases  Taken together, the HD exchange results indicate that the
the solvent accessibility of amides in the K-pathway. The 160-175 loop could act as a proton/water gate between E286
increase in deuterium incorporation has been interpreted toand the exit pathway in the wild-type enzyme (see BSs
be due to opening of the K-pathway5), allowing water to and48 for a more detailed discussion). The only peptide in
participate in proton translocation in the reductive half of the F intermediate that is clearly affected by the E286
the cycle O—R). The kinetic profiles for H-D exchange mutation is peptide 160175 (Figure 5B). Basically, the
in the O andR states of E286H CygD are essentially the  mutant enzyme does not change conformation or solvent
same as those observed in the wild-type enzyme (Figure 4Eaccessibility in theF intermediate as was observed in the
and 4F). In contrast, thBy andF intermediate states have wild-type enzyme. Inasmuch as proton pumping occurs both
clearly altered kinetic profiles. It appears that backbone amide before and after formation of tHestate Py—F andF—0),
groups in the K-pathway have more restricted access tothis “trapped” intermediate represents a specific conformation
solvent in these redox states. of CytcO that is poised for subsequent proton translocation
Previous H-D exchange experiments indicated that the reactions. This conformational state is altered in E286H
loop containing W172 (residues 16Q75) may be a  CytcO and may correlate with the striking decrease in proton-
significant region for CytO proton gating §5). Residues  transfer rates exhibited by the mutant.
160-175 form a loop directly above E286 (Figure 3) and  The H-D exchange behavior of peptide 16075 (the
reside in a hydrophobic yet solvent accessible region of the proton gate) is coupled to residues 320 in wild-type
protein as shown by the high level of deuterium incorporation CytcO (35). As shown in Figure 3, peptide 32340 is part
in the fast phase<15 s) for theO, R, andPy intermediates  of an unusual, distorted transmembranéelix containing
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two histidine ligands to Gu(Figure 1B). A portion of this wild-type enzyme) and is no longer coupled to proton
peptide lines a water channel that has been implicated inpumping.

the proton exit route J1, 49). In the wild-type Cy¢O,  The E286H mutant enzyme is capable of forming each
residues 326340 are generally accessible to deuterium in eqox intermediate state as followed by flow-flash techniques
all intermediate states. The state, however, specifically  \yith 0, (Figure 2) and can be fully oxidized. The time
shows enhanced deuterigm in_corporation over the full time ~ynstants for the preliminary steps in the reaction cycle
course (Figure 5C). Unlike wild-type GyD, the E286H  (R—.A—pg) are similar to those for the wild-type enzyme.
mutant exhibits a large decrease in the level of deuterium yowever the rates of thex—F and F—O transitions are
label forall intermediate states compared to their wild-type oquced in the mutant 100- and 1000-fold respectively.
counterparts (Figure SD). For example, the amount of pegyits from earlier studies have shown that formation of

deuterium incorporated in the fast phase (i.e., by 15 s) for \heF state is linked to proton uptake through the D-pathway,
the oxidized enzymes decreases from 65% for wild-type 0 \hich also determines the rate of tRe—F transition. The

5% for E286H CytO. In other words, these amide protons  ,40n-transfer takes place in two steps: the proton needed
are more protected from solvent in the mutant compared 10 o tormation of ther state is first taken internally from E286
wild-type, demonstrating a significant change in conforma- 54 transferred to the binuclear center, followed by repro-
tion or environment. Given that two of the gligands are tonation via the D-pathway50, 51). Because formation of
located within this stretch of backbone, it is important to theF state is slowed in the E2§6H mutant €9t the results

note that the metal centers at the active site do not appear (e ate that proton transfer from H286 to the catalytic site
be perturbed based on the absorption spectrum of the mutants offected. Th&E—O 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

E286H Mutation Results in Altered Proton Transfére catalytic site £8). Thus, the dramatically slowe&#—0
have investigated the catalytic and structural effects resultingtransition for E286H CydO is consistent with slowed proton

from mutation of a key residue in proton uptake and transfer transfer since electron-transfer events do not seem to be
within the D-pathway, E286. In general, mutation of E286 perturbed in the mutant. Given that the E286H mutant does

results in perturbed proton delivery to the catalytic site and N0t Pump protons (Figure S1, Supporting Information), the
the output side, while some mutations completely impair protons provided by th(_a D-pathway must be used as substrate
function (e.g. E286Q)18, 20—22). The mutation chosen Protons for the reduction of {10 H,O.

for this work, E286H, is still capable of side chain proto- The orientation and hydrogen-bonding of the E286 car-
nation and does not appear to disturb the environment aroundboxylate side chain has been proposed to be involved in
the redox metal centers in @@. However, the steady state determining the rate of proton-transfer everig)( which
activity of E286H CytO is significantly lowered (1% of the  presumably could also affect the rates of reF andF—O

DISCUSSION
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transitions. Given the significant reduction in the time
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may modulate these conformational chands.(Unfortu-

constants for these transitions in the E286H mutant and thenately, the crystallographic structures have not confirmed

lack of proton pumping, the histidine mutation is obviously

such behavior, but one must consider that these structures

deleterious to proton transfer. Mutation of E286 to another only provide a static view of CgOD. The H-D exchange
protonatable side chain, namely the more conservative kinetic results report on the structure of @@tin solution

E286D mutation, does not inhibit Gy® proton-transfer

as a function of redox state, which is missing in the X-ray

events to the same extent as in E286H. In fact, the rates ofcrystallographic analysis of the enzyme structure.

the Pr—F andF—O transitions for E286D Cy¢O are only
decreased 5-fold and 1.5-fold, respectivedg)( Inasmuch

From an earlier study with native G (also shown in
Figure 5A and 5C), we found that thE intermediate

as proton-transfer events that may be linked to structural conformational state is characterized by decreased solvent

changes around residue 286 are altered, E2861dCTCig a

accessibility for the proposed gating region (3605),

prime candidate for structural studies using backbone amidewhich is associated with opening of the proton exit channel

hydrogen-deuterium exchange mass spectrometry.
E286H Affects the Conneciy between E286 and the
Binuclear CenterPrevious amide HD exchange experi-
ments with wild-type CytO indicated that water molecules
in the D-pathway may form a kinetically stable, hydrogen-
bonded proton conducting “wire”3g). The conformation

(320—-340) 35). Unlike the wild-type CytO, the 166-175
peptide of E286H CyfO does not exhibit decreased deute-
rium incorporation in thé- intermediate but instead remains
in its solvent accessible conformation (Figure 5B). In terms
of structure, the trappele intermediate state may be unique
in that proton pumping occurs before and after its formation

of several D-pathway spanning peptides were clearly not (Figure 1C); therefore, this enzyme conformation is likely
affected by the redox-state, with the exception of peptide optimized for efficient D-pathway proton uptake and transfer.

282—292 (Figure 4A) 85). This was not entirely unexpected

In this state, the exit channel is water-accessible and the

since several lines of evidence indicate that E286 alters itsD-pathway is primed for proton uptak&%5). Functionally,
conformation with the redox state of the enzyme, thus the 16G-175 gate is proposed to prevent a “short-circuit”

controlling proton transfer2(7, 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 282292) may provide some clues into this
process.

The results from amide HD exchange experiments with

by blocking water/proton connectivity across the membrane.
The results shown in Figure 5 indicate that with the E286H

mutant, the 166175 gate is not functioning properly since

it remains solvent-accessible in tRéntermediate 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

the E286H mutant reveal that for all intermediate states, theresult is very much different from that observed for the wild-

282—292 peptide is now more dynamically constrained (i.e.,
slower rates of deuterium incorporation) than the corre-

type enzyme 35). The perturbation to the HD exchange
behavior of residues 32840 by the E286H mutation is

sponding peptide from the wild-type enzyme (Figure 4A and striking. The reason why this region is highly and specifically

4B). The H-D exchange results with peptide 27881

affected by the mutation of E286 is unknown but can best

indicate that the restriction of backbone dynamics in the be described by a model where the side chain of E286 and

mutant extends beyond residues 282 to an adjacent

the exit channel are connected through space, possibly via a

peptide segment (Figure 4C and 4D). The diminished hydrogen-bonding network. HD exchange mass spectrom-
dynamic motions deduced in the E286H mutant may signify etry provides evidence that structural/dynamic changes
that the larger side chain of histidine compared to glutamate around E286 are required for proper signaling of proton

might prevent H286 from changing its conformation during

uptake, gating, and pumping. In other words, the mutation

turnover or that additional hydrogen bonds have been is not simply influencing the rate of proton transfer from
established. Regardless, the region around the E286H mutaH286 but also a specific Cg® “proton transfer” conforma-
tion does not change conformation in response to the redoxtion that is linked to the redox state of the enzyme. These
state of the binuclear center, a result that suggests E286Hresults are important to understanding €Yt function
CytcO cannot “sense” the redox state of the enzyme to the because crystallography has yet to reveal significant redox-
same extent as the native enzyme. One explanation of thisdependent conformational changes.

behavior is that a structural connectivity to thegiemeas

Potential Conduit for Proton ExifThe question as to how

binuclear center has been disrupted by mutation of E286.E286 is connected to the exit pathway for pumped protons
This disruption may partially account for the decreased time remains to be answered. The crystal structures of the wild-
constants for steps requiring proton transfer from residue 286type and the E286Q Cg® enzymes are useful in this regard.

(Pm—F and F—O0).

Proton Gate and Exit Channel Conformations are Func-
tionally and Structurally LinkedComparison of the HD
exchange behavior of E286H and wild-type G9talso

In the wild-type structure (Figure 6), the side chain of E286
is hydrogen-bonded to the carbonyl oxygen of M1QT)(
Based on the E286Q @ structure, when E286 is
deprotonated (simulated by the E286Q mutation), this

reveals possible connections between the region around E28&ydrogen bond is broken. In addition, both a postulated

and other areas likely to be involved in proton pumpifg)(

gating residue W172 and a henag propionate change

These data support the hypothesis that the orientation of theconformation along with a reallocation of waters in the
E286 side chain may be intimately coupled to opening and hydrophobic cavity. This presumably connects E286 to the

closing of the proton exit channel,(53). The H-D

pumping element through a hydrogen-bonded water chain

exchange results presented here and in an earlier study(11). The highly conserved residue W172 (located in peptide

indicate that the proposed gating region (residues-161)

160-175) is also in van der Waals contact with M107.
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Y275 between wild-type and mutant @@ are localized above
the hemes with no spectroscopic indication of any perturba-
H334 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-
W331 actions mediated by the configuration of the #4705 gating
loop. Functional work on the W164F mutant Bf denitri-
ficans CytcO (W172F inR. sphaeroidésprovides support
for its involvement in proton-transfer reactions due to the
reduced steady state activity (40% of wild-type) and de-
creased proton pumping efficienc§3). Moreover, the time
constants for th€g—F andF—O transitions are significantly
lowered to values similar to those fB: sphaeroide&E286H
CytcO. The authors conclude that the W172F mutation
probably affects the side chain orientation of E286. This

o ey = 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.

ConclusionsThe amide H-D exchange mass spectrom-

Ficure 6: Potential interactions linking proton uptake, gating, and etry experiments presented here highlight some of the

exit pathways. Several potential hydrogen-bonding interactions Structural requirements for proton uptake, gating, and pump-
(dashed lines) are indicated on the structure of subunit | of wild- ing in R. sphaeroidesCytcO. We propose that redox-

type R. sphaeroidesCytcO. Specific residues from peptides dependent conformational changes around E286 are critical

exhibiting changes in amide+D exchange kinetics are shown in ; ; ; ; ;
stick format along with the hydrogen-bonding partners and are for directing proton transfer through interaction(s) with the

color-coded as in Figure 3: 1675 (red), 275281 (purple), gat!ng loop .(residugs 16aL75). The qonformation of the
282-292 (blue), and 326340 (orange). Other potential hydrogen —gating loop is also linked to the opening and closing of the
bonds in these regions were observed but were omitted for clarity. proton exit channel (residues 32840). Here, we show that

In addition, there are several hydrophobic interactions connecting the linkage is broken (uncoupled) by replacement of E286,
these regions, as well. 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 cytochrome oxidases. Therefore, the mechanistic
insight provided here through amide+) exchange mass
spectrometry should be applicable to other oxidase enzymes.

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 hemeag A-propionate that is thought to be involved in
the exit route for pumped proton2&—28, 48). The inability
of peptide 166-175 to respond to the redox state in the
mutant CytO correlates with the inability of E286H Gy
to pump protons. On the basis of the structure ofcOytit
seems likely that W172 could be involved in gating protons
in the wild-type enzyme through redox-associated confor- syppPORTING INFORMATION AVAILABLE
mational changes. . _ . .
Several residues line a hydrophobic tunnel formed by Figure _Sl lllustrating the lack of proton pumping by
residues W172, V173, L174, P176, L279, W280, F282, and E286H, Figure S2 and Tables S1 and S2 comparing the
G283 in wild-type CytO. Molecular dynamics simulations kinetic profiles, amplitudes, and rate constants forH

have indicated that this conduit may provide linkage between €Xchange in peptides 692, 78-84, and 254-263 for the
E286 and theA-propionate of heme through water chain wild-type and the E286H mutant CytcO in all four interme-

formation from W172 to W28027). The amide HD diate states and Tables-SS6 comparing the amplitudes and

exchange behavior of E286H @ identifies peptides lining ~ at€ constants for HD exchange in peptides 16475, 275-

this conduit (166-175, 275-281, 282-292) through altered ~ 281, 282-292, 320-340, 354-366 for the wild-type and
deuterium incorporation kinetics. The E286H mutation E286H mutant CytcO in all four intermediate states. This

clearly perturbs the structure and dynamics of this channel. material is available free of charge via the Internet at http://

As a result, the conduit may not support the water chain PUPs-acs.org.

formation that would allow for proton pumping across the

membrane. Again, gating residues 805 may be involved REFERENCES

in organizing the appropriate pumping conformation. 1. Hosler, J. P., Ferguson-Miller, S., and Mills, D. A. (2006) Energy

P . S transduction: proton transfer through the respiratory complexes,
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interesting to note that the E286H mutation is located below 5 Gennis, R. B. (2004) Coupled proton and electron transfer reactions
the hemes, yet most of the conformational differences in cytochrome oxidasesront. Biosci. 9 581-591.



82

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Biochemistry, Vol. 47, No. 1, 2008

. Brzezinski, P. (2004) Redox-driven membrane-bound proton

pumps,Trends Biochem. Sci. 28380—-387.

. Wikstram, M. (1989) Identification of the electron transfers in

cytochrome oxidase that are coupled to proton-pumpitadure
338 776-778.

. lwaki, M., Puustinen, A., Wikstm, M., and Rich, P. R. (2003)

ATR-FTIR spectroscopy of theyPand F intermediates of bovine
andParacoccus denitrificansytochromec oxidase Biochemistry
42, 8809-8817.

. Proshlyakov, D. A., Pressler, M. A., DeMaso, C., Leykam, J. F.,

DeWitt, D. L., and Babcock, G. T. (2000) Oxygen activation and
reduction in respiration: involvement of redox-active tyrosine 244,
Science 2901588-1591.

. Adelroth, P., Ek, M., and Brzezinski, P. (1998) Factors determining

electron-transfer rates in cytochrormexidase: investigation of
the oxygen reaction in th&®. sphaeroidesenzyme,Biochim.
Biophys. Acta 1367107—117.

Morgan, J. E., Verkhovsky, M. I., and Wikstmp M. (1996)
Observation and assignment of peroxy and ferryl intermediates
in the reduction of dioxygen to water by cytochromexidase,
Biochemistry 3512235-12240.

. Faxe, K., Gilderson, G., Alelroth, P., and Brzezinski, P. (2005)

A mechanistic principle for proton pumping by cytochrome
oxidase,Nature 437 286—289.

Bloch, D., Belevich, |., Jasaitis, A., Ribacka, C., Puustinen, A.,
Verkhovsky, M. I., and Wikstim, M. (2004) The catalytic cycle

of cytochromec oxidase is not the sum of its two halvé&oc.
Natl. Acad. Sci. U.S.A. 10529-533.

Svensson-Ek, M., Abramson, J., Larsson, G.rniah, S.,
Brzezinski, P., and lwata, S. (2002) The X-ray crystal structures
of wild-type and EQ(I-286) mutant cytochroneeoxidases from
Rhodobacter sphaeroided. Mol. Biol. 321 329-339.

Ilwata, S., Ostermeier, C., Ludwig, B., and Michel, H. (1995)
Structure at 2.8 A resolution of cytochronteoxidase from
Paracoccus denitrificansNature 376 660-669.

Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T., Yamagu-
chi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono, R., and
Yoshikawa, S. (1996) The whole structure of the 13-subunit
oxidized cytochrome ¢ oxidase at 2.8 $gience 2721136-1144.
Wikstram, M., Jasaitis, A., Backgren, C., Puustinen, A., and
Verkhovsky, M. I. (2000) The role of the D- and K-pathways of
proton transfer in the function of the haem-copper oxidases,
Biochim. Biophys. Acta 145%14—520.

Branden, M., Sigurdson, H., Namslauer, A., Gennis, R. B.,
Adelroth, P., and Brzezinski, P. (2001) On the role of the K-proton
transfer pathway in cytochronteoxidase Proc. Natl. Acad. Sci.
U.S.A. 985013-5018.

Hosler, J. P., Shapleigh, J. P., Mitchell, D. M., Kim, Y., Pressler,
M. A., Georgiou, C., Babcock, G. T., Alben, J. O., Ferguson-
Miller, S., and Gennis, R. B. (1996) Polar residues in helix VI
of subunit | of cytochrome oxidase influence the activity and
the structure of the active sitBjochemistry 3510776-10783.
Hosler, J. P., Ferguson-Miller, S., Calhoun, M. W., Thomas, J.
W., Hill, J., Lemieux, L., Ma, J., Georgiou, C., Fetter, J.,
Shapleigh, J., and et al. (1993) Insight into the active-site structure
and function of cytochrome oxidase by analysis of site-directed
mutants of bacterial cytochromaas and cytochromebo, J.
Bioenerg. Biomembr. 25121-136.

Adelroth, P., EK, M. S., Mitchell, D. M., Gennis, R. B., and
Brzezinski, P. (1997) Glutamate 286 in cytochrome from
Rhodobacter sphaeroidésinvolved in proton uptake during the
reaction of the fully-reduced enzyme with dioxyg@&ipchemistry

36, 13824-13829.

Konstantinov, A. A., Siletsky, S., Mitchell, D., Kaulen, A., and
Gennis, R. B. (1997) The roles of the two proton input channels
in cytochromec oxidase fromRhodobacter sphaeroidgsobed

by the effects of site-directed mutations on time-resolved elec-
trogenic intraprotein proton transfétroc. Natl. Acad. Sci. U.S.A.
94, 9085-9090.

Verkhovskaya, M. L., GaratHorsman, A., Puustinen, A., Rigaud,
J. L., Morgan, J. E., Verkhovsky, M. I., and Wikstno M. (1997)
Glutamic acid 286 in subunit | of cytochron; is involved in
proton translocationProc. Natl. Acad. Sci. U.S.A. 940128~
10131.

Tsubaki, M., Hori, H., and Mogi, T. (1997) Glutamate-286 mutants
of cytochromebo-type ubiquinol oxidase fronEscherichia coti
influence of mutations on the binuclear center structure revealed
by FT-IR and EPR spectroscopidsBS Lett. 416247—-250.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Busenlehner et al.

Svensson-Ek, M., Thomas, J. W., Gennis, R. B., Nilsson, T., and
Brzezinski, P. (1996) Kinetics of electron and proton transfer
during the reaction of wild type and helix VI mutants of
cytochromebo; with oxygen,Biochemistry 3513673-13680.
Adelroth, P., Karpefors, M., Gilderson, G., Tomson, F. L., Gennis,
R. B., and Brzezinski, P. (2000) Proton transfer from glutamate
286 determines the transition rates between oxygen intermediates
in cytochromec oxidase,Biochim. Biophys. Acta 145%33—

539.

Jwnemann, S., Meunier, B., Fisher, N., and Rich, P. R. (1999)
Effects of mutation of the conserved glutamic acid-286 in subunit
| of cytochrome c oxidase from Rhodobacter sphaeroides
Biochemistry 385248-5255.

Branden, G., Gennis, R. B., and Brzezinski, P. (2006) Transmem-
brane proton translocation by cytochroroexidase,Biochim.
Biophys. Acta 17571052-1063.

Puustinen, A., and Wikstno, M. (1999) Proton exit from the
heme-copper oxidase &scherichia coli Proc. Natl. Acad. Sci.
U.S.A. 96 35-37.

Seibold, S. A., Mills, D. A., Ferguson-Miller, S., and Cukier, R.
I. (2005) Water Chain Formation and Possible Proton Pumping
Routes inRhodobacter sphaeroidégSytochromec Oxidase: A
Molecular Dynamics Comparison of the Wild Type and R481K
Mutant, Biochemistry 4410475-10485.

Branden, G., Branden, M., Schmidt, B., Mills, D. A., Ferguson-
Miller, S., and Brzezinski, P. (2005) The protonation state of a
heme propionate controls electron transfer in cytochrame
oxidase,Biochemistry 4410466-10474.

Riistama, S., Hummer, G., Puustinen, A., Dyer, R. B., Woodruff,
W. H., and Wikstion, M. (1997) Bound water in the proton
translocation mechanism of the haem-copper oxid&£B8S Lett.
414, 275-280.

Zheng, X., Medvedev, D. M., Swanson, J., and Stuchebrukhov,
A. A. (2003) Computer simulation of water in cytochrorge
oxidase,Biochim. Biophys. Acta 15589-107.

Wikstram, M., Verkhovsky, M. I., and Hummer, G. (2003) Water-
gated mechanism of proton translocation by cytochromedase,
Biochim. Biophys. Acta 160461—65.

Cukier, R. 1. (2004) Quantum molecular dynamics simulation of
proton transfer in cytochromeoxidase Biochim. Biophys. Acta
1656 189-202.

Tashiro, M., and Stuchebrukhov, A. A. (2005) Thermodynamic
properties of internal water molecules in the hydrophobic cavity
around the catalytic center of cytochrorneoxidase,J. Phys.
Chem. B 1091015-1022.

Mills, D. A., and Ferguson-Miller, S. (2003) Understanding the
mechanism of proton movement linked to oxygen reduction in
cytochromec oxidase: lessons from other proteif€EBS Lett.
545 47-51.

Busenlehner, L. S., Salomonsson, L., Brzezinski, P., and Arm-
strong, R. N. (2006) Mapping protein dynamics in catalytic
intermediates of the redox-driven proton pump cytochrame
oxidase.Proc. Natl. Acad. Sci. U.S.A. 1035398-15403.

Smith, D. L., Deng, Y., and Zhang, Z. (1997) Probing the non-
covalent structure of proteins by amide hydrogen exchange and
mass spectrometryl. Mass. Spectrom. 3235-146.

Busenlehner, L. S., and Armstrong, R. N. (2005) Insights into
enzyme structure and dynamics elucidated by amide H/D exchange
mass spectrometrnArch. Biochem. Biophys. 4334—46.

Aagaard, A., Gilderson, G., Mills, D. A., Ferguson-Miller, S., and
Brzezinski, P. (2000) Redesign of the proton-pumping machinery
of cytochromec oxidase: proton pumping does not require Glu-
(1-286), Biochemistry 3915847-15850.

Mitchell, D. M., and Gennis, R. B. (1995) Rapid purification of
wildtype and mutant cytochrome oxidase fromRhodobacter
sphaeroidedy Ni(>")-NTA affinity chromatographyFEBS Lett.
368 148-150.

Lee, H. M., Das, T. K., Rousseau, D. L., Mills, D., Ferguson-
Miller, S., and Gennis, R. B. (2000) Mutations in the Putative
H-Channel in the Cytochrome Oxidase fromRhodobacter
sphaeroidesShow That This Channel Is Not Important for Proton
Conduction but Reveal Modulation of the Properties of Heme
Biochemistry 392989-2996.

Zhang, Z., and Marshall, A. G. (1998) A universal algorithm for
fast and automated charge state deconvolution of electrospray
mass-to-charge ratio spectfaAm. Soc. Mass Spectrom 225—

233.



Proton Translocation by CytochroneeOxidase

42.

43.

44.

45.

46.

47.

Adelroth, P., Brzezinski, P., and MalmigimoB. G. (1995) Internal
electron transfer in cytochrome oxidase fromRhodobacter
sphaeroidesBiochemistry 342844-2849.

Ribacka, C., Verkhovsky, M. I., Belevich, I., Bloch, D. A.,
Puustinen, A., and Wikstro, M. (2005) An Elementary Reaction
Step of the Proton Pump Is Revealed by Mutation of Tryptophan-
164 to Phenylalanine in CytochroreéOxidase fromParacoccus
denitrificans Biochemistry 4416502-16512.

Namslauer, A., Lepp, H., Bnden, M., Jasaitis, A., Verkhovsky,

M. 1., and Brzezinski, P. (2007) Plasticity of proton pathway
structure and water coordination in cytochroomxidaseJ. Biol.
Chem. 28215148-15158.

Busenlehner, L. S., Codreanu, S. G., Holm, P. J., Bhakat, P.,
Hebert, H., Morgenstern, R., and Armstrong, R. N. (2004) Stress
sensor triggers conformational response of the integral membrane
protein MGST1,Biochemistry 4311145-11152.

Qin, L., Hiser, C., Mulichak, A., Garavito, R. M., and Ferguson-
Miller, S. (2006) lIdentification of conserved lipid/detergent-
binding sites in a high-resolution structure of the membrane protein
cytochromec oxidase Proc. Natl. Acad. Sci. U.S.A. 1086117
16122.

Rauhamaki, V., Baumann, M., Soliymani, R., Puustinen, A., and
Wikstrom, M. (2006) Identification of a histidine-tyrosine cross-
link in the active site of thebhs-type cytochrome oxidase from

48.

50.

)]

53.

1.

Biochemistry, Vol. 47, No. 1, 20083

Rhodobacter sphaeroide®roc. Natl. Acad. Sci. U.S.A. 103
16135-16140.

Wikstram, M., Ribacka, C., Molin, M., Laakkonen, L., Verkhovsky,
M., and Puustinen, A. (2005) Gating of proton and water transfer
in the respiratory enzyme cytochromexidase Proc. Natl. Acad.
Sci. U.S.A. 10210478-10481.

. Popovi¢ D. M., and Stuchebrukhov, A. A. (2005) Proton Exit

Channels in Bovine Cytochrome Oxidase,J. Phys. Chem. B
109, 1999-2006.

Namslauer, A., Aagaard, A., Katsonouri, A., and Brzezinski, P.
(2003) Intramolecular proton-transfer reactions in a membrane-
bound proton pump: the effect of pH on the peroxy to ferryl
transition in cytochrome oxidase Biochemistry 421488-1498.
Smirnova, |. A., Alelroth, P., Gennis, R. B., and Brzezinski, P.
(1999) Aspartate-132 in cytochrorme®xidase fromRhodobacter
sphaeroidess involved in a two-step proton transfer during oxo-
ferryl formation, Biochemistry 386826-6833.

. Pomes, R., and Roux, B. (1998) Free energy profiles for H

conduction along hydrogen-bonded chains of water molecules,
Biophys. J. 7533—40.

Brzezinski, P., and Larsson, G. (2003) Redox-driven proton
pumping by heme-copper oxidas&spchim. Biophys. Acta 1605
1-13.

BI701643A



