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Cytochrome ¢ oxidase: the presumptive channel holds at least
four water molecules
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The catalstic ovele of estochrome osidase requires that different intermediates be differentially hydrated. The movement of
water. into and out of the enzyme. is essential for but is not directly linked to clectron transfer. For this reason it is felt that the
water eyele tepresents an aspect of the energy transduction process. We show that a minimum of four waters can be trapped in

the oxidase during arrested turnover.

Cytochrome ¢ oxidase. a protein of the mitochon-
drial membrane. transfers clectrons from cytochrome ¢
to oxygen. This is chemiosmotically coupled to the
pumping of protons across the membrane. thereby
generating an clectrochemical proton gradient. In the
purified membranc-free state. the oxidase can still
turnover but it can not store energy: there is no mem-
brane. Do the pumping reactions of the oxidase occur
when the soluble, membrance free enzvme turns over?
Thie data relating to this question are equivocal [1-5).

We previously showed that the oxidase itselt has
some characteristics of an osmotically active system.
the exterior of the protein acting as a semipermeable
membrane [6] vis & vis the interior space. Experiments
using hydrostatic pressure and osmotic pressure indi-
cated that there is a water channel in the evtochrome ¢
oxidase and that there are steps in the catalytic mecha-
nism which involve ¢ntry or exit of water (see Scheme
D [6]. We have inferred that a minimum of 10 water
molecules must pass through the oxidase during cach
turnover. These water molecules enter at step 2 of the
abbreviated catalytic cycle. A minimum of five waters
are thought to exit at step 3 and all must have exited
betore the eyele can begin once more I the water in
the channcl is sequestered from the bulk water and it it
can enter or exit only at specific steps in the catalytic
cycle, two predictions follow: (1) altering the activity of
water should affect catalysis [7]. and (2) it should be
possible to trap solvent in the channel. We describe
here experiments that confirm both predictions.
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The use of osmolytes to alter the activity of water
and the use of osmotic pressure to perturb the struc-
tures of biologically important structures has been de-
scribed [8-11]. In figure 1 we show that the reaction
catalyzed by the oxidase is inhibited by high concentra-
tions of glycerol: In k. the ratc constant of the enzy-
matic reaction. scales as a linear function of the os-
motic pressure of the solution (Fig. 1, top). For this
experiment AVY. the activation volume, is 25 ml/mol;
it is a complex function of severai pressure sensitive
terms in the rate equation [12.13]. Although we cannot
corrclate this AV'* with a single physical step in the
enzymatic mechanism, it is clear from comparing the
results in hydrogen containing solutions (Fig. 1, top)
with those in deuterium containing solutions (Fig. 1,
bottom) that osmotic pressure is probing steps that
include the making and breaking of bonds in which
hydrogen is involved {14]. A1YT is smaller in H,0 than
in D.O (25 vs. 56 ml/mol). This causes the kinetic
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Schume | An abbreviated catalytic cyele for cytochrome oxidase
G CuAIDCUBADA Y showing the steps at which water movement is
thought to occur. Py ois hyvdrostatic pressure, P, is osmotic pressure.



isotope effect to increase with increasing osmotic pres-
sure, from LS1 at | bar to 1.95 at 200 bar. The
implication of these data is that hydrogen bond making
and breaking becomes increasingly difficult as the os-
motic pressure is increased.

We sought a direct method to test whether water
was implicated in the catalytic mechanism. If there is a
channel and if it is closed during the resting state, then
it might be possible to “trap™ *H,0O in this compart-
ment. The major problem associated with this type of
quest is to distinguish specific trapping from non-
specific binding or exchange. The basic outline of the
experiment follows (sce Table 1)

1. Non-specific exchange. The resting protein was
incubated with radioactive water for 5 minutes. bound
to a Q-Sepharose column. and washed for 60 min with
buffer containing no *H,0. During this wash. *H cx-
changed out of the protein. The protein was then
cluted with high salt and the radioactivity in the oxi-
dase containing fractions was determined. This sample
gave a baseline value for nonspecific radioactive up-
take.

2. Trapping. The oxidase was allowed to cycle cata-
lytically for 5 min in the presence of radioactive water.
Turnover was stopped. The enzyme was then absorbed.
washed and eluted as in Expt. 1. This sample gave a
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value for how much radioactivity was taken up both
non-specifically and by the presumptive channel.

3. Trapping plus catalvtic washour. The oxidase was
allowed to cyele catalytically with radioactive water
present. The reaction was stopped: the protein was
absorbed and washed as in Expt. 2. Reductants were
then added so that the Q-Sepharose bound enzvme
could undergo further turnover in the presence of
non-radioactive water. Any radioactive water trapped
during the first period of turnover should be replaced
by non-radioactive water during the second. The ra-
dioactivity washed out of the protein and that clutcd
with the protein were determined. These two values
should represent the water that was trapped within the
oxidase during turnover and that non-specifically taken
up by the protein. The two numbers that come from
Expt. 3 should sum to the total in Expt. 2. In addition.
the non-specific labelling of Expt. | should be the same
as that seen in Expt. 3.

The data from the three experiments are shown in
Table 1. They indicate that the oxidase contains at least
two types of sites thao will exchange with radiosctive
water. The first is that which exchanges independontly
of turpover [15]. The second and more interesting of
the two sites is that associated with winover. When
catalysis begins. the site becomes accessible. and when

In experiments of type 1. 0.2 ml of oxidase (170 M aa+. purified and dialysed as described in the legend 1o Fig. 1hwas diluted into 0.2 ml 'H -0

(0 pCi). The mixaure was incubated for 5.0 min and then diluted into 15 m' of 13 mM FDTA.

LS mM Tris. 177 Tween 80 (pH 7.00 The

diluted material was applied to a 10 ml Q-Sepharose column and allowed 10 absorb to the resin. The column was washed with three 10 mi
aliquots of the diluting buffer over a period of 60 min. The oxidase was finally eluted trom the column with the same diluting butter contanimg
0.5 M KCl. The oxidase cluted as a single sharp band: the radioactive counts in the oxidase-contaming samples were 3-times the counts contaned
in the adjacent. non-oxidase- iming. samples. In experiments of type 2. 0.2 mb of oxidase (170 g M wa .. puntied and dialysed as deseribed
the legend to Fig. 1) was diluted into 0.2 ml 'H.O (10 2 Ci) containing 2.5 mM ascorbate. .25 mM TMPD and 9 1M avtockrome ¢ The
ascorbate was exhausted after less than 3 min. but the incubation was allowed to continue for the full 360~ T was then diluted into 13 mbof 1.5
mM EDTA. 1.5 mM Tris. 177 Tween R0 (pH 7.01 and processed exactly as in Expt. 1. Onee again. the oxedase cluted as o sharp band and the
counting precision was high. Experiments of type 3 were identical to type 2 through the binding of protein 10 Q-Sepharose and the 37 10 ml
buffer wash. The column was then washed with 20 ml of the same buffer containing 0 3 mM ascorbate. 0.8 mM TMPD and 3.6 g M evtochrome .
This latter solution allowed the oxidase te exele on the column but did not elute the oxidase. The columa was washed witn another 10 ml aliquot
of buffer before the final elntion with 0.5 M KClin butfer. The counts in the samples confaming “turnover wash” Giscorbate, | MPD. evtochrome
) were only LS-times thuse in the adjacent samples mk the precmion and accuracy of the tntiated water contamed m these fractions was low
The oxidase. as in the other experiments. cluted s a single sharp band: the counting accuracy was agan high. The entire series of experiments
was performed 'wice: portions of the series - oxpl. s, expt. 2o espl. 2 vs eapl 3oaapt 3 dione - were performed two or three times in order to
establish trends. The numbers i the table represent the means and sbsolute himats of @il the determinations.

Water bound to oxidase
as exchanged "Hor
as trapped xH..l)

Additions and conditions

Expt. 1 oxidase + ‘H.O RE TR
Expt. 2 oxidase + “H:() + ascorbate. TMPD and ovtochrome @
trnover followed by complete onidation of the reductanis B

axidase = 'H L0+ ascorbate. TMPD and o tochrome
turnover folfowed by complete ondation of the reductants;
witler washed out duning 200 mi of turnoser wash
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Frg. b Ovtochrome ossdase actnety s direct function of water
activity 336 nmnd theme ) of evtochrome ovidase was purificd as
previoush deserbed [IS] foflowing the tinad column it was precipt
tated with 3177 satd. ammonium sultate and centrifuged tor 20 min
at BO00 rpm. The peliet was dissolved in 1 mb of 10mM EDTA 0
mA Tric. 270 Taeen S pH 700 and dialysed against teo chasiecs of
the same budter. The resaltant protein solubion was opticadly clear at
wconeentration of TO M ovdise (10 M Benie o) Activities were
measared oo Chrk tvpe ovvgen vlectrode thermostated at 37 €
The final sotutions in the cleetrode contaned HE mM EDTAL 6.6
mM Trs, 0170 Iweea 800 2 mM ecorbate. 0.2 mM TMPD
CANN N tetramethyIpheny lenediamine ) 40 g M ovtochrome ¢ and
34 nM atochrome ¢ ovidase. In the absence of gheerol the mea-
sared pHoof the solunon was 6.5 in protium bufters 5.7 in
deuterium buttor pP of the atter was 7.1 The concentration of
gheerol in cach protium ~olution was deternnned by pienometn. The
o3 of the measurements wis better than one part in 107, The
vafues were verified when possihle by monitoring the treezing point
depression of the solutions. In the deuterinm-contaming solutions,
devierated gheerob CHIY O MSD Baotopes) replaced gheesol and sl
solutions were prepared i deuterated water, The actuad concentris-
tion. the osmolalitv. of the <olutions was determined by freesing
point depression taking the molal freesmg pant depression of DO
as 2000 deg mol [19] and the freczng |, ot of D.O av 32 {201
S was evaloated from Geh ol - = A0 KT where 1 s os-
motic pressure. 317 s a linear functien of osmotic pressure only
over o smal! range. 357 s also dependent on e hidden viscosy term
which can be ignored below relitive viscomitics o1 3. which s the case

here

it stops. the contents are sequestered trom the bulk of
the solvent. Reinstating turnove s allows the contents of
the site to once again cquilibrate witiv the bulk of the
solvent.

Four waters (Table 1 3.2+ 2) are ossoctated with
the sequestered site of cytochrome ¢ oxidase: they
have the characteristics that we would have predicted
for waters located in the presumptive channel of the
protein. Rousseau and co-workers [16] have shown that
there are at least two water molecules that are associ-
ated with the heme of the oxidase. This water is
present both during turnover and during the resting
state. We previously thought [6] that Rousseau’s water
and ours could not be the same. The water discussed
here gains entrance during turnover and is trapped in

the resting state. Accordingly, it is quite possible that
ot the four waters discussed in this work, two could be
the same as seen by Sascaroli et al. [16]. 1t is interesting
to note that Papadopoulos ci al. [17]. working with a
diffcrent proton pump. that of the purple membrane.
have evidenee for four waters iightly bound in the
region of the retinal chromophore. They, just as we.
feel that there is reason to believe that the waters are
part of the proton pumping mechanism. In our case.
the channel is open only during catalysis and its open-
ing and closing appears to be obligatory for ¢lectron
transport to occur. It is for this reason that we feel that
the four waters may be tightly associated with the
proton channcl of the oxidase. If this turns out to be
worrect. we have identified one of the few auxiliary
characteristics of a proton pump of the mitochondrion.

We wish to thank NSERC (Canada) for gencrous
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