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A single-amino-acid lid renders a gas-tight
compartment within a membrane-bound transporter
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Proteins undergo structural fluctuations between nearly isoener-
getic substates. Such fluctuations are often intimately linked with
the functional properties of proteins. However, in some cases, such
as in transmembrane ion transporters, the control of the ion
transport requires that the protein is designed to restrict the
motions in specific regions. In this study, we have investigated the
dynamics of a membrane-bound respiratory oxidase, which acts
both as an enzyme catalyzing reduction of O, to H,O and as a
transmembrane proton pump. The segment of the protein where
proton translocation is controlled (“gating” region) overlaps with
a channel through which O is delivered to the catalytic site. We
show that the replacement of an amino acid residue with a small
side chain (Gly) by one with a larger side chain (Val), in a narrow
part of this channel, completely blocks the O; access to the catalytic
site and results in formation of a compartment around the site that
is impermeable to small gas molecules. Thus, the protein motions
cannot counter the blockage introduced by the mutation. These
results indicate that the protein motions are restricted in the
proton-gating region and that rapid O, delivery to the catalytic site
requires a gas channel, which is confined within a rigid protein
body.
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M embrane-bound transport proteins such as ion pumps and
channels are highly selective and control (“gate”) the ion
flow across the membrane. These properties require the protein
matrix to be highly rigid in the selectivity and “gating” segments,
where the gating may be accomplished by means of transitions
between structurally well defined states (see, e.g., refs. 1 and 2).
Because proteins are highly flexible and dynamic structures in
general, the high degree of rigidity requires a unique design. In
this study, we have investigated the structural dynamics of a
membrane-bound proton-translocating enzyme, cytochrome c
oxidase (CcO). This enzyme catalyzes the one-electron oxida-
tion of four molecules of reduced cytochrome ¢ (cyt.c>*) and the
four-electron reduction of O, to H,O:

4cytert + O, + 4 HY — dcyter” + 2 H,0, [1]

in which the subscripts N and P denote the (relatively) negatively
and positively charged sides of the membrane, respectively. The
catalytic site where the O, reduction takes place is located in the
membrane-spanning part of the protein (see Fig. 14). The
enzyme uses the free energy provided by the exergonic electron-
transfer reactions to pump protons, from the negative to the
positive side, across the membrane (with a stoichiometry of one
proton per electron transferred to O;), maintaining a proton
electrochemical gradient that is used, for example, for synthesis
of ATP. To accomplish proton pumping, the CcO must embody
proton-transfer pathways spanning through the protein across
the membrane. However, to prevent short-circuiting of the
proton electrochemical gradient, it is crucial that there never be
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direct protonic contact between the two membrane sides (i.e.,
the proton conduction through the protein must be regulated).
Such control is generally thought to be accomplished by locally
modifying the proton-transfer rate between a proton donor and
acceptor within the protein (for e.g., through a change in the
distance or the medium between the donor and acceptor groups;
see refs. 3-7). Because large-scale structural changes associated
with proton pumping in CcO have not been observed, the control
of proton transfer is likely to be accomplished by means of subtle
changes in the position of protonatable residues and/or water
molecules in the proton-transfer pathways. To prevent unspecific
back leaks of protons, such a mechanism requires that the local
surrounding protein structure be robust.

One method that has been used to investigate the dynamics of
proteins is to monitor the transport kinetics of small gas mole-
cules through the protein matrix. For example, investigation of
the kinetics of O, or CO binding to myoglobin, combined with
theoretical studies, have been instrumental to visualization of
the functional role of the protein dynamics and transitions
between conformational substates (8-10).

In CcO, the free energy that is necessary for ion translocation
is provided by reduction of O, to H,O at a catalytic site
consisting of a heme group (heme a3) and a Cu ion (Cug) (Fig.
1). The electron donor to CcO, cytochrome c, initially transfers
an electron to a dinuclear Cu site (Cua) from where electrons are
transferred consecutively to another heme group, heme a, and to
the catalytic site. The Os-reduction reaction is initiated by O,
binding to the reduced heme a3. This heme group also binds
other small ligands, such as CO, which can be reversibly removed
by means of illumination. Both O, and CO have been shown to
bind transiently to Cug before binding to the reduced heme a;
(11, 12), which indicates the presence of a specific trajectory for
the O,/CO transfer into the catalytic site. Several specific
channels through which O, is transported into the site have been
identified in CcOs from Rhodobacter sphaeroides (13) (Fig. 1B),
bovine heart (14), Thermus thermophilus (15), and Paracoccus
denitrificans (16, 17). All of the proposed channels, which are
common to the mitochondrial and bacterial CcOs, start in the
membrane phase and merge near the catalytic site in the same
region of the protein where the proton-gating machinery is likely
to be located. Therefore, CcO is an ideal system for investigation
of the structural dynamics of a membrane-bound ion transporter
as an examination of the CO binding kinetics and can be used as
a tool to investigate the protein dynamics in segments of the
protein that are involved in the control of proton transport. In
this study, we focus on the area around a Glu residue [E(I-286)]
that acts as an internal proton donor to the catalytic site (for
review, see ref. 18) and where the proton flux is controlled by the
CcO (cytochrome aas) from R. sphaeroides (see Fig. 1). We have
investigated the kinetics of ligand (CO and O;) binding to a
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Crystal structure of CcO (cytochrome aas) from R. sphaeroides (Protein Data Bank ID code 1M56; ref. 13). (A) The catalytic site (heme a3 and Cug) and

heme a are located within the membrane-spanning part of the protein. Hemes a and az are shown in light blue, and the Cuions Cua and Cug are shown in purple.
The positions of residues E(I-286) and G(I-283) are indicated, and a proton-transfer pathway (D pathway) leading from the surface to E(I-286) is indicated by an
open arrow. The dashed open arrow indicates a possible exit route for pumped protons. Subunits (SU) I-IV are shown in different colors, as indicated. The solid
linesindicate the approximate position of the membrane. (B) Close-up view of the O, channel near the catalyticsiteillustrates how O, and protons are transferred
through the same region of the enzyme. The dark-blue shape in the middle of the picture is subunit | of CcO. Hemes a and a3, and Cug are shown together with
E(I-286) and V(I-283) in the GV(I-283) mutant CcO. The red spheres represent water molecules in the D proton-transfer pathway. In “‘top view," the O, channel
is indicated by a yellow arrow. Residues facing the O, channel are shown in brown. The position of the V(I-283) side chain (green) in the GV(I-283) mutant CcO
was determined from an energy-minimization calculation by using the program HyPERCHEM (Hypercube, Gainesville, FL). The residue G(I-283) in the wild-type (WT)
CcO is shown in blue. The atoms shown in light blue and red originate from the heme groups. As shown in the “'side view,”” a narrow segment of the O, channel

is found between residues F(I-282) and W(I-172). The drawings were prepared by using vmb software (50).

mutant of this CcO in which the O, channel was blocked by
replacement of a small residue, Gly [G(I-283)], by a larger
residue, [Val, GV(I-283)], near the entrance to a gaseous cavity
surrounding the catalytic site.

Materials and Methods

Growth of Bacteria and CcO Purification. CcO was prepared from R.
sphaeroides, which was grown aerobically in shake incubators.
The His-tagged CcO was purified by using a Ni>"-NTA agarose
column (Qiagen, Valencia, CA), as described in ref. 19, and
dissolved in Hepes (100 mM, pH 7.4) supplemented with 0.1%
n-dodecyl-B-D-maltoside (Glycon Biochemicals, Luckenwalde,
Germany). The GV(I-283) mutant CcO was prepared as de-
scribed in ref. 20. All chemicals were of the purest available
grade.

Preparation of the Fully Reduced Enzyme and CO-Binding Studies.
Detergent-solubilized CcO was diluted to a final concentration
of 4 uM in 100 mM Hepes and 0.1% n-dodecyl-B-D-maltoside
(pH 7.4). The redox mediator phenazine methosulphate was
added to a concentration of 5 uM. The sample was made
anaerobic by repetitive evacuation on a vacuum line, followed by
flushing with N, and reduction by 2 mM ascorbate. To investi-
gate binding of CO to the reduced CcO after reduction the Ny,
atmosphere in the cuvette was exchanged for CO (1 mM).
Formation of the reduced CcO-CO complex was followed by
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measuring absorbance changes by using a Cary 400 Bio UV-
Visible spectrophotometer (Varian). To study the binding of CO
on shorter time scales, reduced CcO was mixed 1:1 with a
CO-saturated buffer-detergent solution in a stopped-flow appa-
ratus, connected to a diode-array detector (Applied Photophys-
ics, Surrey, UK). In all experiments, the cuvette path length was
1.00 cm.

Measurements of CO Dissociation and Recombination. CO (1 mM)
was added to the reduced enzyme, which results in formation of
the CcO-CO complex in which CO is bound to heme a3. The CO
ligand was photolyzed by a 6-ns laser flash at 532 nm (Brilliant
B, Quantel, Santa Clara, CA), and absorbance changes were
followed with a time resolution of ~1 us by using a flash-
photolysis apparatus that was obtained from Applied Photo-
physics. For a detailed description of the equipment, see ref. 21.

Results

In CcO from R. sphaeroides, a Gly residue [G(I-283)] is found in
a narrow region of a proposed O, channel that connects the
interior of the membrane with the catalytic site (Fig. 1). The
G(I-283) residue, which does not have a side chain, was replaced
by a Val [GV(I-283) mutant CcO] with a side-chain diameter of
~5 A. The GV(I-283) mutant CcO was reduced under N,
atmosphere. To determine the oxidation rate of the mutant CcO,
O, was added by opening the cuvette, followed by shaking.
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Fig. 2. Oxidation of and CO binding to the reduced GV(I-283) CcO. Absor-

bance changes at 445 nm associated with reaction of O, with the reduced
GV(I-283) mutant CcO (i.e., oxidation of CcO, ®). The O-bidning rate is
compared with that of CO binding to the reduced CcO (<, see also Fig. 3)
observed at 430 nm under the same conditions. Here, the zero absorbance
level is defined as the absorbance of the reduced CcO before addition of CO
(see symbols at t < 0). In these experiments (® and <) reduced CcO under N,
atmosphere was mixed (1:1) with an O,- or CO-saturated buffer (~1 mM CO
or ~1.2 mM O,) by using a stopped-flow apparatus. Absorbance changes at
430 nm upon reduction of the mutant CcO after incubation of the oxidized
CcO under CO atmosphere (0.5 mM) for 40 min are shown (A). Here, the zero
absorbance level is defined as the absorbance of the same sample in the
reduced state (so that plots of & and A can be compared directly). The lines
have been added for ease of viewing. Conditions are as follows: 0.1 M Hepes,
pH 7.4/0.1% n-dodecyl-B-p-maltoside; T = 22°C; ~0.5 mM CO or ~0.6 mM O
after mixing (2, obtained at 1 mM CO). Absorbance changes have been scaled
to 1 uM reacting CcO. Negative absorbance changes are shown at 445 nm, for
clarity.

Absorbance changes at 445 nm, associated with oxidation of the
heme groups, were followed as a function of time. As shown in
Fig. 2, the mutation rendered CcO in which the reaction of the
reduced enzyme with O, was slowed from ~1 ms (in the
wild-type CcO in an air-equilibrated solution; data not shown;
see, e.g., ref. 22) to minutes.

The inert CO molecule has been used as an O, analogue to
investigate the kinetics of ligand binding to heme proteins. To
investigate the binding kinetics of CO to heme a3 in the
GV(I-283) mutant CcO, CO was added to the fully reduced CcO
and the formation of the CcO—-CO complex was monitored as an
increase in absorbance at 430 nm (Figs. 2 and 34). With the
GV(1-283) CcO, an absorbance increase with a time constant of
~30 ms (25% of the total amplitude) was followed by a biphasic
slower increase with time constants of =5 s (25%) and 2,500 s
(=50%). Thus, in the major fraction of the CcO, population
binding of CO to the GV(I-283) mutant CcO was much slower
than to the wild-type CcO (twr = 10 ms at 1 mM CO; Fig. 3).
The slower components in the CO-binding displayed approxi-
mately the same time constants as those of O, binding to the
reduced CcO (Fig. 2).

To investigate whether CO could penetrate into the catalytic
site pocket of the GV(I-283) mutant CcO without binding to
heme a3, the oxidized CcO was incubated under CO atmosphere
for 40 min (CO does not bind to the oxidized form of heme a3).
No absorbance changes were observed during this incubation
time, which shows that CO itself did not reduce the CcO. After
40 min, ascorbate and phenazine methosulphate were added and
the formation of the reduced CcO-CO complex was followed at
430 nm (Fig. 2). The data show that CO binding was accelerated
when the mutant CcO was incubated with CO before reduction,
which indicates that there is space for at least one CO molecule
in the cavity around the catalytic site.
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Fig.3. Bindingof COto GV/(I-283) mutantand wild-type CcO. (A) Absorbance

changes at 430 nm associated with binding of CO to the reduced wild-type
(line) and GV/(I-283) mutant (A) CcO, as indicated. (B) When CO had bound to
the reduced heme a3, it was photolyzed with a laser flash (decrease in
absorbance at t = 0), and the rebinding of CO is shown as an increase in
absorbance at 430 nm. Conditions were the same as in Fig. 2, except that the
CO concentration was 1 mM in B.

After the enzyme—CO complex is formed, the ligand can be
dissociated by means of illumination. Fig. 3B shows absorbance
changes at 430 nm after pulsed illumination of the wild-type
and GV(I-283) mutant CcO-CO complexes. The decrease in
absorbance at ¢ = 0, associated with dissociation of CO from
heme a3, is followed by an increase, associated with recombi-
nation of the CcO-CO complex. As shown in Fig. 3, the CO
recombination was significantly faster with the GV(I-283) [
=40 us (50%), 2 = 400 us (25%), 73 = 7 ms (25%)] than with
the wild-type CcO (7 = 10 ms). Also, whereas the CO-
recombination rate increases linearly with the CO concentra-
tion (in the range of 0-1 mM CO) (23) with the wild-type R.
sphaeroides CcO, the rate was essentially insensitive to the bulk
concentration of CO (data not shown) with the GV(I-283)
enzyme. This result indicates that after flash-induced disso-
ciation, the CO ligand does not leave the catalytic-site com-
partment of the mutant CcO.

In summary, the results shown in Figs. 2 and 3 indicate that the
introduction of a restriction in the O, channel results in a
dramatically slowed binding of CO (and O3). As soon as the CO
ligand is bound to heme a3 after flash-induced dissociation, it
does not leave the heme pocket and it recombines faster than
with the wild-type CcO.

Discussion

Analyses of the x-ray crystal structures of CcOs from different
species, together with results from experimental and theoret-
ical studies, indicate that there is a specific trajectory along
which small gas molecules bind to heme a3. This trajectory
passes through Cusg, as illustrated by results showing that, upon
flash photolysis of CO from heme a3, the ligand binds tran-
siently to Cug before being released to the bulk solution (11,
12). Transport of O, through a specific pathway was also
supported by results from molecular-dynamics simulations
(24). Wikstrom and colleagues (17, 25) investigated the O-
binding kinetics in a mutant of the P. denitrificans CcO in
which a Val residue [V(I-287)], located in a putative O,
channel near the entrance into the O,-binding cavity at the
catalytic site, was replaced by Ile. They found that, in this
mutant CcO at 1 mM Oy, the apparent first-order rate constant
for O, binding to heme a3 decreased by a factor of ~30,
indicating that a steric hindrance was introduced as a result of
the mutation (17, 25). However, in contrast to the results from
this study, when the mutation was introduced at V(I-287), CO
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could leave the catalytic site on the microsecond time scale
upon pulsed illumination and the CO recombination rate was
only slightly slower than with the wild-type CcO (17).

A hydrophobic channel starting at a V-shaped cleft formed by
subunit III has been identified in the P. denitrificans (16) and T.
thermophilus (15) x-ray structures. This channel overlaps with
one of the channels proposed for the bovine CcO (14). A
putative O channel was also identified in the structure of the R.
sphaeroides CcO on the basis of an analysis of the location of
xenon atoms in the x-ray crystal structure (13). Even though the
entrance of this channel is located in subunit I (between helices
II and III), it converges with the channels starting in subunit III
close to the catalytic site. The G(I-283) residue is located near
this merging point, ~8 A from the heme a3 iron and 6 A (toward
the catalytic site) from a narrow segment of the channel confined
between residues F(I-282) and W(I-172) (see “side view” in
Fig. 1B). The V(I-287) residue, discussed above, is located near
G(I-283) but is slightly closer to the heme as—Cug binuclear
center.

Specific substrate channels have been identified in other
systems (for review, see refs. 26 and 27). For example,
solvent-inaccessible intramolecular ammonia channels have
been found in several enzymes (28, 29), where in the carbamoyl
phosphate synthetase, the channel was suggested to be used for
tunneling of an ammonia intermediate between two active
sites separated by a distance of ~96 A (29, 30). The transfer
of ammonia between the sites could be obstructed by intro-
duction of a constriction within the tunnel (30). In the CO
dehydrogenase/acetylcoenzyme A synthase, the active sites
were found to be connected by a narrow CO-conducting
channel extending over a distance of 138 A through which the
CO transfer is controlled by minor structural changes (see ref.
31). Also, in the Ni-Fe hydrogenases, specific hydrophobic
channels were found to serve as pathways for H; delivery to the
buried catalytic site (32).

Early studies of fluorescence quenching of Trp residues in
proteins showed that O, could diffuse almost freely through the
protein matrix (33, 34). However, results from later NMR studies
indicated that small organic gas molecules reside for >1 ns in
internal protein cavities, pointing to the importance of the
internal cavities to allow for specific gas transport through
proteins (35). The appearance of such cavities and dynamics are
intimately linked and central for ligand binding, where the
fluctuations in the atomic positions are crucial for permitting
ligands to diffuse (8-10, 36). Consequently, a rigid region of a
protein structure would require a specific channel to allow gas
transport into a specific site.

The results from this study show that the GV(I-283) mutant
CcO binds CO and O; several orders of magnitude more slowly
than the wild-type CcO. When CO is bound to heme a3 at the
catalytic site, it is not released to the bulk solution after
photolysis of the heme a3-CO bond. Also, the results indicate
that there is room for at least one CO molecule in a cavity
surrounding the heme a3;—Cug center and that the connectivity
between this cavity and the O, channel is blocked in the
GV(I-283) mutant CcO (see Fig. 2). Together, the results suggest
that the protein matrix in the region around the catalytic site
maintains a high degree of structural rigidity and that small gas
molecules, such as CO and O,, cannot diffuse unspecifically
through the protein matrix.

In addition to the O, channels leading to the catalytic site
of CcO, channels for water exit have also been proposed (14,
15, 37). The results from a recent study indicate that, in the R.
sphaeroides CcO, water exits exclusively through a channel
leading toward an Mg?*/Mn2" site located “above” the hemes
(37). Even though the water chains in CcO are highly dynamic
structures (38), the results from the present study indicate that
small gas molecules cannot diffuse through the water channel
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when the O, channel is blocked, which presumably is due to a
hydrophilic character of the water channel or to the water
channel being blocked to O, passage by the H,O molecules.

In CcO from R. sphaeroides, the protons to be pumped, as
well as the protons used in the O,-reduction reaction (sub-
strate protons), are transferred through a proton-transfer
pathway (“D pathway”), which consists of structurally ordered
water molecules and protonatable and hydrophilic amino acid
residues (39-41). The pathway starts at the protein surface on
the negative side of the membrane and continues to a Glu
residue [E(I-286)] (Fig. 1) from where protons are transferred
either toward the catalytic site or to an acceptor of the pumped
protons. Because both the substrate and pumped protons are
transferred through the same pathway, the proton-transfer
reactions from the region around E(I-286) must be controlled
by the protein and distributed to different sites at specific times
during the catalytic reaction. Also, as discussed in the intro-
duction section, proton pumping requires the presence of at
least one protonatable group within the protein which binds a
proton from one side of the membrane in the “input config-
uration” and releases the proton to the other side in an “output
configuration,” a phenomenon termed gating (see refs. 42—
44). The gating machinery must be structurally robust to
provide the specificity and to prevent the back leak of protons.
As suggested from experimental studies and an analysis of the
protein structure, the gating site(s) in CcO is presumably
located in the area around E(I-286), the heme group propi-
onates, and the catalytic site (see Fig. 1) (16, 45-48). We note
that residue G(I-283) is located at a distance of ~4 A from
E(I-286) (i.e., in a segment of the protein in which the gating
of the pumped protons presumably takes place). Thus, the
structural rigidity around the G(I-283)/E(I-286) region of the
CcO is likely to be a consequence of the function of this
enzyme as a proton pump.

Réat e al. (1) proposed a similar scenario for the light-driven
proton pump bacteriorhodopsin (BR). They found that the
protein is dynamically heterogeneous, such that the segment
around the retinal is more rigid than the rest of the BR. They
concluded that these properties are essential for the specificity
of proton transfer in controlling the proton pumping. An exam-
ple of related system that must maintain a rigid structure
defining fixed distances between amino acid residues and the
transported ion is the K* channel, which conducts K* at rates of
up to 108 ions per second while excluding the smaller Na™. The
selectivity for K* is maintained because the carbonyl O, atoms
within the selectivity filter are arranged geometrically to mimic
the position of water O, atoms coordinating K* in water solution
(49). The variation in these distances must be minimized to
exclude the Na* ions while maintaining a low energy barrier for
the entrance and exit of K*.

In conclusion, the results from this study indicate that the
CcO structure is highly rigid in a domain of the protein through
which protons and O, are transferred. This rigidity is most
likely to be a consequence of the necessity to control the flux
of the substrate and pumped protons. Because the proton-
gating region is located in close proximity to the catalytic site
(i.e., near the source of the free energy used for proton
pumping), the rigidity of this region requires that the substrate
O, be transported into the catalytic site through a specific
channel rather than through conformational fluctuations of
intraprotein cavities.
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