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A discrete water exit pathway in the membrane
protein cytochrome c oxidase
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By using the non-redox-active Mg2+/Mn2+ site of cytochrome ¢
oxidase as a probe, water access from the outside of the enzyme
and water escape from the buried active site were studied. Water
movement was time-resolved by monitoring the magnetic inter-
action of the oxygen isotope 70 with the Mn2+ by using a rapid
freeze-quench-electron spin echo envelope modulation tech-
nique. Rapid (msec) access of water from the bulk phase to the
Mn2+ was demonstrated by mixing cytochrome ¢ oxidase with
H2'70. To determine whether a channel involving the Mn2* was
used for water exit from the active site, samples incubated in 170,
were allowed to turn over approximately five times before freez-
ing. The 70, now in the form of H,"70, was detected at the Mn2+.
The significant broadening of the Mn2* signal after the limited
number of turnovers strongly suggests that the water exits
the protein by means of one discrete pathway, not by random
diffusion.

ytochrome ¢ oxidase (CcO) is an intrinsic membrane protein

that functions as the terminal enzyme of the respiratory
electron transport chain. CcO transfers electrons from cyto-
chrome c to dioxygen, which is reduced to water, through four
redox-active metal centers: a dinuclear copper site, Cua; a heme
a; and the binuclear active site, consisting of another heme, heme
az, and copper, Cug (1). In addition to the four protons per O,
taken up from the inner side of the membrane for the oxygen
chemistry, an additional four protons are pumped across the
membrane (2). The net result is the production of an electro-
chemical gradient that is used to drive a variety of processes,
most notably ATP synthesis. Site-specific mutagenesis and high-
resolution crystal structures of bacterial and mammalian CcO
have defined two proton intake pathways (3-5), but the route for
exit of pumped protons is not yet clear (6-9).

Besides the redox-active metal centers, in all eukaryotic CcO
the region above the hemes contains a non-redox-active metal
site containing a Mg?* (Fig. 1). This region contains an intri-
cately hydrogen-bonded network of water with suggestions of
paths to the surface. The reason for this non-redox-active metal
at a site 12 A from the active site is puzzling, and its total
conservation in eukaryotes suggests that it serves an important
role.

In addition to proton and electron movement, water is gen-
erated at rates as high as 1,000 sec™!. Spatial constraints provide
a driving force for expulsion of the product water from the active
site. Although there have been a few proposals for water exit
channels (10-13), the crystal structures do not show any clear
routes from the active site (Fig. 2). Indeed, it can be argued that
no channel is necessary, because water has been shown to rapidly
exchange within proteins (14, 15). However, the function of CcO
as a proton pump suggests that access of water to random sites
within the protein is not likely. CcO requires the controlled
movement of electrons and protons, and therefore water, be-
cause the latter can serve as a pathway for the protons, prefer-
entially short-circuiting the pump (16, 17).

Previous electron spin echo envelope modulation (ESEEM)
studies of 2H,O exchange at the buried Mg?" site, substituted
with Mn?*, indicated rapid access of deuterium to the metal (18)
but could not distinguish whether it was 2H* or ?H,O that was
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Fig. 1. Overall structure of CcO. CcO is composed of three core subunits.
Subunit | contains the binuclear active site of heme a—Cug and heme a. Subunit
Il contains the dinuclear Cup site, the initial electron acceptor. Subunit Il does
not contain any redox-active metal cofactors. The Mg?* site is situated be-
tween subunits | and Il and above the binuclear active site. The D and K paths
are proton uptake pathways named for a conserved aspartate and lysine,
respectively.

reaching the site. The studies reported here, using H,'’O and
170,, make that distinction, showing that water itself can access
the Mg?*/Mn?* site from the outside bulk water and from the
interior active site.

Materials and Methods

Protein Production and Purification. To obtain Mn?* enrichment at
the Mg?™" site in the protein, the YZ300 strain of Rhodobacter
sphaeroides (19) was grown on high-Mn?>" medium to ensure
preferential incorporation of Mn?* over Mg?* (20). The protein
was purified by Ni?*-nitrilotriacetic acid affinity chromatogra-
phy (21) and further purified by DEAE ion-exchange chroma-
tography. For all experiments, the CcO was maintained in buffer
containing 50 mM KH,PO,~KOH, 0.1 mM EDTA, and 0.1%
lauryl maltoside at pH 7.4.

Rapid-Mix Freeze-Quench Exchange. Rapid kinetics were obtained
by using an Update Instruments (Madison, WI) System 1000
Chemical/Freeze—Quench apparatus (model 715 Ram Control-
ler and model 1019 Syringe Ram) with modified funnel and
syringes (18). For experiments in which there was turnover of the
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Fig.2. Active site and possible exit pathway. The binuclear active site (heme
as in green and Cug in blue) is 13 A from the Mn2* (magenta sphere) but is
hydrophobically isolated. Once water from the active site reaches the Mn2*,
it then has several possible routes to the bulk, including a proposed channel
(18) that containsresidues along the interface of subunit I (colored yellow) and
subunit Il (colored orange). The distance from the Mn2* to the solvent-
accessible surface (black line) is 13 A. The crystal structure of R. sphaeroides
CcO, which can be found in the database of Protein Data Bank (release no.
1M56), was used to generate this figure.

oxidase, samples were mixed with 2 mM prereduced cytochrome
c. Both the CcO and cytochrome ¢?* samples were degassed and
saturated with 170, at room temperature. The cytochrome ¢?*
and the CcO were mixed in the rapid freeze—quench (RFQ)
apparatus, allowing several turnovers, and frozen by being
sprayed into chilled isopentane maintained at 140 K. An incu-
bation time before freezing of 4 msec, with the freezing process
taking ~5 msec, gives an overall reaction time of <10 msec.
Starting CcO concentrations of ~100 uM resulted in an ~30 uM
final concentration of CcO, after mixing, freezing, and packing
into the EPR tube.

Paramagnetic Resonance Spectroscopy. Two- and three-pulse
ESEEM spectra were recorded at 1.8 K by using a liquid helium
immersion dewar under reduced [~10 millibar (1 millibar = 100
PA)] pressure, on a pulsed EPR spectrometer constructed at
Michigan State University (22). Processing of experimental
ESEEM data and Fourier transformations was performed with
MATLAB software from Mathworks (Natick, MA). Dead-time
reconstruction (23), spectra normalization, and peak isolation
(18) were performed as described. Continuous-wave X-band
EPR spectra were measured on a Bruker (Billerica, MA)
ESP300E equipped with either a TE112 or TE102 cavity reso-
nator. Temperature was maintained at 10 K by using an Oxford
ESR900 helium cryostat. All spectra were measured by using 2.0
mW of microwave power and a modulation amplitude of 8 G.

H,'70 with a 7O enrichment of 48% was obtained from the
Stable Isotope Resource at Los Alamos National Laboratory
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Fig.3. Line-broadening of the Mn2* spectrum after mixing with H,'70. The

broadening of the Mn2* pattern by interaction of the 5/2 nuclear spin of 170
can be seen in samples incubated in 22% labeled H,'70O for several minutes
(middle trace) and after 10 msec of incubation in 24% H,'70 (bottom trace).
The broadening effects compared with the sample with no enrichment of 170
(top trace) can best be seen where indicated by arrows. The clearest regions of
line-broadening are marked by black arrows and are evidenced by the filling
in of the peaks. The spectra were recorded at 10 K with a resonance frequency
of 9.471 GHz by using the TE102 cavity. Each trace is an average of 20 scans.

(Los Alamos, NM). 170, with an isotopic purity of 80% was from
Isotec. Lauryl maltoside was Anagrade from Anatrace
(Maumee, OH). All other chemicals were from Sigma.

Results

Exchange of Bulk Water. The ability of bulk water to access the
Mg?* /Mn?" site on a catalytically relevant time scale was tested
by mixing CcO with isotopically labeled water (24% final en-
richment in 7O) by using the RFQ system. The presence of
isotopically labeled water, H,'7O, at the Mg?*™/Mn?* site could
be assayed by line-broadening of the Mn?* EPR spectrum. By
using samples without 7O as a reference, line-broadening (as
evidenced by loss of resolution of the hyperfine structure) was
detected to an equivalent extent in samples that had been
incubated with labeled water for several minutes and RFQ
samples that had been incubated for only 10 msec (Fig. 3).
Additional evidence of 7O presence near the Mn?* could be
seen by ESEEM, which shows a peak at the Larmour frequency
of 7O (Fig. 4). Although exact quantitation is difficult, the
exchange appears to be completed within the fastest time of 10
msec, because no further broadening was observed after several
minutes of incubation. This has also been observed for deute-
rium exchange (18).

Product Water Exit. Evidence for product water interacting with
the Mn?* was obtained by RFQ-EPR studies where catalytic
turnover of the enzyme was initiated in the presence of 80%
enriched 7O, substrate. The top trace of Fig. 5 shows the Mn?*
EPR spectrum that results from mixing !7O,-saturated CcO with
17Q,-saturated buffer and is identical to the control spectrum of
Fig. 3 (top trace). However, if 170O,-saturated CcO samples are
mixed with 7Op-saturated reduced cytochrome ¢ by using the
RFQ system and allowed to turn over for 10 msec before
freezing, significant broadening of the Mn?>* EPR spectrum is
clearly observed (Fig. 5, second trace). Broadening is no longer
seen to any significant extent when samples are allowed to
complete five turnovers in ~30 sec (Fig. 5, third trace), indicating
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Fig. 4. ESEEM detection of a 7O matrix line. Three-pulse ESEEM data from
CcO incubated with 24% H,'70 for 10 msec (solid line) shows a peak at 2.2
MHz, the Larmour frequency of matrix 7O at this field. Mn2*(H,0)s in 22%
170-enriched water (dotted line) also shows a peak at the same frequency. The
large amount of noise in the CcO spectrum is caused by the small sample size
and low concentration. Experimental conditions were as follows: tempera-
ture, 2 K; field strength, 3,420 G; microwave frequency, 8.852 GHz; power, 38
dBm; 7, 280 nsec; T, 40 nsec with 10-nsec increments.

that the water produced at the active site has exchange with the
bulk phase in this amount of time. To ensure that the line-
broadening observed at 10 msec does not arise from the reduc-
tion of Cu,, a sample saturated in 10, was prepared in a similar
fashion. Although a small amount of line-broadening was ob-
served (Fig. 5, bottom trace), the level of broadening was not
significant when compared with the '7O,-turnover sample under
our 10-msec turnover condition.

Discussion

The routes for proton uptake in CcO are relatively well defined,
but there is little evidence regarding the proton/water release
pathway(s). Previous work has shown that the buried Mn?" site
is accessible to proton or water exchange on a catalytically
relevant time scale (18). However, because these studies were
done with 2H,O, it could not be stated whether the observed
exchange was of the entire water molecule or only the protons/
deuterons of those water molecules. For further clarification of
this issue, the same experiments were carried out with H,'’O. A
previous study had indicated that the Mn?* in CcO was acces-
sible to H,'7O after many hours of incubation, but the study
contained no kinetic data (24). In the present study, water
exchange was demonstrated by a 17O matrix line in the ESEEM
(Fig. 4) and line-broadening in the continuous wave-EPR spec-
trum (Fig. 3) on a catalytically relevant time scale.

Although these experiments validate the idea that a water exit
path could involve Mn?™, they do not necessarily imply that this
pathway is actually used during catalysis or that it is unique. To
test the actual use of the proposed channel during turnover, RFQ
was used to look for isotopically labeled product water at the
Mn?2* after turnover in 7O,. If the 170,, converted to H>'7O at
the active site, reaches the Mn?*, it should broaden the contin-
uous-wave EPR line shape. Surprisingly, major broadening of
the Mn?* spectrum was observed (Fig. 5), indicating that several
water molecules bound to the metal (25, 26).

It was initially puzzling that a substantial amount of product
H,'70 was observed at the Mn?*, because it seems to contradict
our previous results showing rapid exchange of water with the
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Fig. 5. Line-broadening of Mn2* spectrum after turnover with '70,. The
Mn2* spectrum of CcO incubated with 80% enriched 170, (top trace) shows no
broadening, indicating no 70, is bound at the metal. After 10 msec, which
allows for fewer than five turnovers (second trace), severe line-broadening
can be seen in all of the fine structure of the spectrum. This broadening was
no longer seen after 30 sec of incubation (third trace), indicating that turnover
had completed and the product water had escaped by this time. The spectrum
of CcO saturated with 80, and allowed to turn over for 10 msec (bottom trace)
demonstrates that the broadening in the samples incubated in 70, arises
from product H,'70, not from the reduction of any of the metal cofactors.
Experimental conditions are the same as in Fig. 3, except that the resonator
used was the TE112 cavity with a resonance frequency of 9.623 GHz.

bulk phase in the same time frame (<10 ms) (18). However,
calculations extrapolated from the number of turnovers com-
pleted in 10 msec as measured by cytochrome ¢ oxidation in
stopped-flow experiments indicate that the turnover of the
enzyme would continue until the sample was actually frozen. By
using a CcO concentration of ~50 uM and an O, concentration
of 1 mM (saturated at room temperature) and by providing
electrons as reduced cytochrome ¢ at ~1 mM, the reaction was
limited by reducing equivalents to five or fewer complete con-
versions of O, to two H,O molecules per CcO molecule (four
electrons are required to convert one O, molecule to two
H,'70O molecules). Even if all of the cytochrome ¢ is oxidized,
no more than 10 water molecules can be produced per CcO
during the reaction time. In fact, under the conditions of this
experiment, 10 is an upper limit for H,!7O production, because
the increasing levels of oxidized cytochrome ¢ compete with
reduced cytochrome ¢, causing the rate of turnover to slow down
exponentially as the reaction proceeds. Previous stopped-flow
kinetic studies, when similarly limited by substrate electrons,
suggest that only approximately two complete turnovers would
occur within the first 10 msec of the reaction (27), producing an
average of four to six water molecules per CcO and resulting in
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continued availability of reducing equivalents until the end of the
10 msec before freezing.

Because of the large discrepancy in the amount of labeled
water produced at the active site, giving a maximum of 1 mM
labeled water, as compared to the concentration of water in the
bulk (55,000:1 ratio), any labeled water that reached the bulk
phase would be so diluted that diffusion back into the Mg?*/
Mn?2" site would be negligible. This finding is validated by the
lack of line-broadening seen in samples saturated in 170, that
have been incubated with reduced cytochrome ¢ for 30 sec, which
is enough time to allow for the completion of turnover and
exchange of the produced water with the bulk. Hence, any
labeled water coupled to the Mn?* must have come directly from
the active site. Given the level of broadening and the limited
number of product water molecules produced, it is likely that
most or all of the water molecules exit by means of this route.
Thus, the appearance of water at the Mg?*/Mn?* site in only a
few turnovers argues strongly against the idea that water exits by
random diffusion from the active site of CcO. The large degree
of line broadening produced is convincing evidence that this is
not just one of several specific exit routes for water (13, 28) but
likely the exclusive route used for water exit. Were water exit to
occur in either a simultaneous or alternating fashion along other
routes that do not pass the Mg?"/Mn?" site (such as the
proposed exit through the oxygen channel; see ref. 28), such
dramatic line-broadening should not be observed. The signifi-
cant line-broadening described here requires several product
water molecules to be directly ligated to the Mn?*.

There are several species that do not have the Mg?* site in
their CcO (20), which brings into question the necessity for this
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metal site in CcO function. However, its conservation in all
eukaryotic CcO and several bacterial CcO suggests this site may
have an important role. The exit of water from the active site to
the positive external surface opens the possibility of proton
back-leak from the outside to the active site, effectively short-
circuiting the pump. The Mg?"/Mn?" could provide a mecha-
nism for preventing this back-leak of protons by electrostatic
repulsion, if the water exit/back-leak channel involves ligation to
the metal. Forms of CcO that do not have a metal at this site may
have a different proton exit pathway and/or a less well controlled
activity (29). No proton exit channel has been clearly defined in
the limited number of species for which the crystal structure of
CcO has been determined, so there is not enough evidence to
indicate whether the proton exit pathway is strictly conserved
across different species.

The results described define a major water exit pathway that
reaches the Mg?*/Mn?* from the heme a;-Cug site. From there,
it has rapid access to the bulk phase, but the exact pathway from
Mg?* to the outside has not been defined. It is conceivable that
there is no defined pathway through the remaining, more
hydrophilic region of the protein. It is also conceivable that the
water pathway is involved in proton transfer as well. The
technology that we have established will allow us to address these
questions.
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