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ABSTRACT: In the reaction cycle of cytochromec oxidase fromRhodobacter sphaeroides, one of the steps
that are coupled to proton pumping, the oxo-ferryl-to-oxidized transition (Ff O), displays a large kinetic
deuterium isotope effect of about 7. In this study we have investigated in detail the dependence of the
kinetics of this reaction step [kFO(ø)] on the fraction (ø) D2O in the enzyme solution (proton-inventory
technique). According to a simplified version of the Gross-Butler equation, from the shape of the graph
describingkFO(ø)/kFO(0), conclusions can be drawn concerning the number of protonatable sites involved
in the rate-limiting proton-transfer reaction step. Even though the proton-transfer reaction during the Ff
O transition takes place over a distance of at least 30 Å and involves a large number of protonatable sites,
the proton-inventory analysis displayed a linear dependence, which indicates that the entire deuterium
isotope effect of 7 is associated with a single protonatable site. On the basis of experiments with site-
directed mutants of cytochromec oxidase, this localized proton-transfer rate control is proposed to be
associated with glutamate (I-286) in the D-pathway. Consequently, the results indicate that proton transfer
from the glutamate controls the rate of all events during the Ff O reaction step. The proton-inventory
analysis of the overall enzyme turnover reveals a nonlinear plot characteristic of at least two protonatable
sites involved in the rate-limiting step in the transition state, which indicates that this step does not involve
proton transfer through the same pathway (or through the same mechanism) as during the Ff O transition.

Cytochromesaa3 from Rhodobacter sphaeroidesand from
bovine heart belong to a family of proton-pumping terminal
oxidases displaying a large degree of homology in the
structures of subunits I-III. Both enzymes catalyze the
oxidation of four cytochromec molecules and the four-
electron reduction of dioxygen to water. Electrons from
cytochromec are transferred sequentially from cytochrome
c to CuA,1 bound in subunit II, and then to hemea and the
heme a3-CuB binuclear center, all bound in subunit I.
Molecular oxygen binds to the reduced hemea3-CuB center,
where it is reduced to water. The protons needed in this
reaction are taken up specifically from the matrix in

mitochondria or from the cytosol in the bacteria, defined as
the input side. In addition, the free energy released in the
O2-reduction reaction is used to pump approximately one
proton per electron from the input to the output side [for
review, see (1)].

During catalysis, partially reduced oxygen intermediates
are built-up to detectable concentrations, allowing observa-
tion of the transitions between these intermediates using the
flow-flash technique [for review, see (2); for details of the
reaction ofR. sphaeroideswith O2, see (3)]. Upon reaction
of the reduced enzyme with dioxygen, binding of O2 to
reduced hemea3 is followed by oxidation of the two hemes
forming the so-called peroxy intermediate (P) with a time
constant of 30-50 µs. This reaction is then followed by
formation of oxo-ferryl intermediate (F) with a time constant
of ∼100µs. Finally, the oxidized (O) enzyme is formed with
a time constant of∼1 ms (Ff O transition). During enzyme
turnover, proton pumping is coupled to the Pf F and Ff
O transitions, and most likely also to reduction of the
oxidized enzyme [see (4)].

With the detergent-solubilized enzyme, on average a net
of four protons are taken up for each catalytic cycle. During
reaction of the fully reduced enzyme with O2, i.e., oxidation
of the reduced enzyme, about two protons are taken up from
solution (3), which implies that about two protons are taken
up upon reduction of the oxidized enzyme [see also (5)]. In
the flow-flash experiments outlined above, there is no proton
uptake up to formation of the P intermediate, and the Pf
F and Ff O transitions are associated with the uptake of
about one proton each (3).
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In the X-ray crystal structures of the bovine andP.
denitrificans cytochromec oxidases, two proton-transfer
pathways have been identified leading from the proton-input
side toward the binuclear center (6-8). One of these
pathways is called the D-pathway because it “starts” with a
highly conserved aspartate [D(I-132)], near the surface on
the input side. The pathway consists of a number of polar/
protonatable residues and water molecules, and it leads to
another highly conserved residue, a glutamate [E(I-286)],
which has been shown to play a central role in proton transfer
to the binuclear center [for review, see (9)]. From E(I-286),
the protons may be either transferred toward the binuclear
center through a cavity which presumably contains several
water molecules, or transferred toward the hemea3 propi-
onates, which are in contact with the proton-output side of
the enzyme (7, 10-12). Consequently, it has been proposed
that E(I-286) may be a proton gate playing a central role in
the regulation of the transfer rates of substrate protons, used
for the O2 chemistry, and of the pumped protons.

The D-pathway is the only pathway used during reaction
of the fully reduced enzyme with dioxygen [for review, see
(9)], and it is presumably used for the transfer of both
substrate and pumped protons [the K-pathway is presumably
used for proton uptake upon reduction of the oxidized
enzyme and immediately after oxidation of the reduced
enzyme; see (4, 9, 13)]. In the flow-flash experiment, the F
f O transition, which involves the transfer of the fourth
electron to the (three-electron-reduced) binuclear center, is
one of the reaction steps coupled to proton pumping (4, 14).
We have previously shown that in the flow-flash experiment
this electron transfer displays kinetic solvent deuterium
isotope effects of∼4 and ∼7 in the bovine andR.
sphaeroidesenzymes [(15, 16); see also (17)], respectively.

In this study, we have extended the investigation of the
kinetic deuterium isotope effect of the Ff O transition by
application of the proton-inventory technique (18-20). This
technique has been used previously to provide information
about the details of the rate-limiting steps of specific proton-
transfer reactions, and it has been shown to be a valuable
tool in investigations of the molecular mechanisms of
enzymatic proton transfer (18, 19, 21-23).

Our results show that a plot of the Ff O transition rate
[kFO(ø)/kFO(0)] as a function of the fraction D2O (ø) is linear,
which indicates that a single protonatable group is involved
in the rate-limiting step in the transition state for the proton
transfer through the D-pathway. Since the D-pathway spans
over a distance of about 30 Å and involves a large number
of protonatable residues and water molecules, the observation
indicates that there is a single site in the pathway which
controls the proton-transfer rate. Other experiments indicate
that the most likely candidate for this site is glutamate (I-
286) [see also (15)].

MATERIALS AND METHODS

Sample Preparation. The R. sphaeroidesbacteria were
grown aerobically in a 20 L fermentor. The enzyme was
purified as described by Mitchell and Gennis [(24); see also
(3)]. The bovine enzyme was prepared using the method of
Brandt et al. (25). The concentration of cytochromec oxidase
was determined from the absorbance-difference spectrum of

the dithionite-reduced minus ferricyanide-oxidized enzyme
using an absorption coefficientε604 - ε630 ) 24 mM-1 cm-1

(26).
The oxidized enzyme was washed repetitively using

Centricon-50 tubes (Amicon Inc.) with a H2O or D2O buffer
consisting of 0.1 M Hepes, pH 7.5, 0.05% dodecyl-â-D-
maltoside, and then diluted to the desired fraction of D2O
using different ratios of H2O and D2O (Sigma, 99.9%). After
being washed, the solution was transferred to a modified
anaerobic cuvette and made anaerobic by flushing pure N2

that was saturated with “water” with the appropriate fraction
of D2O. The enzyme was reduced by sodium ascorbate at 5
mM using 5 µM PMS (phenazine methosulfate) as a
mediator. To equilibrate the internal protonatable sites
involved in proton transfer, the enzyme was “turned over”
in a well-defined H2O/D2O mixture by addition of an air-
saturated buffer solution, which contained a final concentra-
tion of O2 that allowed about 10 full enzyme turnovers.
After consumption of all oxygen, i.e., when the enzyme was
again fully reduced (overnight incubation), the cuvette was
flushed with “water”-saturated (cf. above) CO. All samples,
also those containing 100% H2O, were treated in the same
way.

Measurements of the Kinetics of Electron and Proton
Transfer. Measurements of absorbance changes associated
with the reaction of the fully reduced enzyme with O2 were
done as described previously (3, 27).

The experiments in H2O, in D2O, and in different mole
fractions of D2O, ø, were done at the same pH-meter reading
(pHobs). Due to the deuterium isotope effect on the pH-glass
electrode, pL (the equivalent of pH in a mixture of H2O and
D2O) is [see (28)]

i.e., in pure D2O (at ø ) 1), pL ≡ pD = pHobs + 0.4.
The deuterium isotope effect on the pKa of a titratable

group has a similar magnitude (i.e., pKaD = pKaH + 0.4).
Assuming that this is also valid at intermediate fractions D2O
(ø), at the same pH-meter reading in differentø, the
“protonation” state of the group is approximately the same.
Assuming that the same applies to the protonatable groups
within a protein, at the same pH-meter reading the “proto-
nation” state of the protein should be the same in D2O as in
H2O. However, it is important to note that the concentrations
of protons in H2O or deuterons in D2O are different at the
same pH-meter reading. Therefore, the experiments were
done at a pHobs ) 7.5 at which the pH dependence of the F
f O rate is small for both theR. sphaeroides(Ädelroth,
unpublished) and bovine (29) enzymes. Thus, at this pHobs

the rate depends very little on the concentration of free
protons/deuterons, and the rate is essentially insensitive to
changes in the pKa of protonatable groups.

Solutions with different mole fractions,ø, of D2O were
prepared by mixing the corresponding volume fractions D2O/
H2O. By doing so, the error inø is <1% since the larger
molecular mass of D2O (20.028) as compared to H2O
(18.015) is compensated for by the higher density of liquid
D2O (1.1044 g/cm3 at 25 °C) as compared to liquid H2O
(0.99701 g/cm3 at 25°C).

Measurements of the Catalytic ActiVity. The catalytic
activity of the enzyme was measured as the rate of oxidation

pL = pHobs+ 0.076ø2 + 0.3314ø (1)
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of reduced horse-heart cytochromec (type VI, Sigma).
Cytochromec was reduced to more than 95% by hydrogen
gas using platinum black (Aldrich, WI) as a catalyst (30)
and stored under liquid nitrogen until use. The rate of
oxidation was determined from the initial change in absor-
bance at 550 nm upon mixing the reduced cytochromec with
cytochromec oxidase. The experiments were performed in
50 mM MES, pHobs 6.5, with 0.05% dodecylâ-D-maltoside
and different mole fractions of D2O. The pHobs of 6.5 (i.e.,
different from that used for the Ff O transition) was chosen
for the turnover-activity measurements because around pHobs

6.5 the turnover activity displayed a small pH dependence
(not shown).

RESULTS

Proton-InVentory Analysis of the Ff O Transition. Figure
1A shows absorbance changes at 445 nm on the millisecond
time scale following flash photolysis of CO from the fully
reducedRhodobacter sphaeroidescytochromec oxidase in
the presence of∼1 mM oxygen. The decrease in absorbance
is associated with the decay of the oxo-ferryl (F) intermediate
forming the oxidized (O) enzyme. The initial kinetic phases,
discussed in the introduction [τ e 100µs; see also (3)], are
not observed on this time scale. The experiments were done
at different mole fractions D2O (ø) and for eachø at five

different wavelengths (410, 442, 445, 580, and 605 nm). The
data obtained at all five wavelengths were fitted simulta-
neously with an exponential-decay function. In 100% H2O,
the rate constant was found to be 770 s-1. As seen in Figure
1A, the F f O transition rate decreased with increasing
fraction D2O. The ratios of the Ff O rates measured with
different fractions D2O and in pure H2O [kFO(ø)/kFO(0)], as
a function of the fraction of D2O (ø), are plotted in Figure
1B. The maximum deuterium isotope effect, measured in
100% D2O [kFO(0)/kFO(1)], was found to be 7.1( 0.6 (SD
of measurements with 3 samples).

The same experiments as those described above were also
done with the bovine cytochromec oxidase. With this
enzyme, the absorbance changes associated with the Ff O
transition cannot be fitted with a single-exponential function
at 445 nm (3), which complicates the data evaluation.
Therefore, we measured the transients at 580 nm (Figure
2A), where these changes can more easily be fitted with a
single-exponential function. As seen in Figure 2A, also with
the bovine enzyme the rate decreases with increasing fraction
D2O. However, the maximum kinetic deuterium isotope
effect was smaller, 4( 1.2

2 The deuterium isotope effect with the bovine enzyme reported here
is larger than that reported previously (∼2.5) by Hallen and Nilsson
(31). A deuterium isotope effect of 4.3 was observed after injection of
one electron to the F state (formed by incubation in H2O2) of
cytochromec oxidase (17).

FIGURE 1: (A) Absorbance changes at 445 nm following flash
photolysis of CO from the fully reducedR. sphaeroidescytochrome
c oxidase in the presence of O2. Prior to the experiment, the enzyme
was incubated and turned over in a buffer containing a mixture of
H2O and D2O with fractions of D2O, ø, of 0, 0.2, 0.4, 0.6, 0.8, and
1.0. Conditions: 22°C, 0.1 M Hepes, pHobs 7.5, 0.05% dodecyl-
â-D-maltoside, 0.3-0.7µM reacting enzyme, 1 mM O2. All traces
have been scaled to the same enzyme concentration of 1µM. (B)
Ratio of the Ff O transition rate [see (A)] measured with different
solution fractions,ø, of D2O, kFO(ø)/kFO(0), as a function ofø. The
solid lines show fits of eq 4 (φRS ) 1) with {n ) 1, σ ) 0.14} (“1
H+”), {n ) 2, σ1 ) σ2 ) 0.37} (“2 H+”), and {n ) 3, σ1 ) σ2 )
σ3 ) 0.52} (“3 H+”).

FIGURE 2: (A) Absorbance changes at 580 nm following flash
photolysis of CO from the fully reduced bovine cytochromec
oxidase in the presence of O2 at different fractions of D2O as
indicated in the figure. Conditions were the same as in Figure 1
except that the amount of reacting enzyme was 1.3-2.0 µM. All
traces have been scaled to the same enzyme concentration of 1
µM. (B) Ratio of the Ff O transition rate [see (A)] measured
with different solution fractions,ø, of D2O as a function ofø. The
solid lines are fits of eq 4 (φRS ) 1) with {n ) 1, σ ) 0.29} (“1
H+”) and {n ) 3, σ1 ) σ2 ) σ3 ) 0.66} (“3 H+”).
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Proton-InVentory Analysis of the Catalytic ActiVity. The
maximum turnover rates (O2/s) of theR. sphaeroidesand
bovine enzymes were determined from the initial oxidation
rates of horse heart cytochromec at a pH-meter reading (see
Materials and Methods) of 6.5 with different fractions of
D2O. A pHobs of 6.5 was chosen because around this pH the
activity is essentially independent of pH, which minimizes
effects of pKa changes of protein protonatable groups due
to the isotopic exchange (see Materials and Methods). Figure
3 shows the dependence of the ratios of the turnover rates
measured in different fractions D2O and with 100% H2O.
With both the R. sphaeroidesand bovine enzymes (not
shown), the turnover rates decrease with increasing fraction
D2O. The maximum deuterium isotope effects, DIETNR(1),
were found to be 4.5( 0.8 and 2.7( 0.5 (SD of 6 and 3
measurements, respectively) for theR. sphaeroidesand
bovine enzymes, respectively, i.e., smaller than those for the
F f O transition during single-turnover oxidation of the
reduced enzymes (see also Table 1).

Temperature Dependence of the Ff O Rate. The
temperature dependence of the Ff O transition rate was
measured with theR. sphaeroidesenzyme in 100% H2O and
100% D2O, respectively (not shown). The activation energies
with H2O and D2O were 44 and 55 kJ/mol, respectively.
Thus, the kinetic deuterium isotope effect displays an
apparent activation energy of 11 kJ/mol.

DISCUSSION

A proton-transfer reaction involving a simple reorienta-
tion or breakage of a hydrogen bond leads to a deuterium
isotope effect ofx2 [see, e.g., (32)]. Reactions with larger
deuterium isotope effects may involve several rate-limiting
proton-transfer steps and/or “proton hopping” between two
nearby protonatable sites (28, 32, 33). Alternatively, the
proton transfer may be rate-limited by a structural rearrange-
ment (see below). A useful approach for discriminating
between the different possibilities is the use of the proton-
inventory technique (18, 19). When using this technique, the
ratio of the rate of a proton-transfer reaction measured atø
D2O, k(ø), and in pure H2O, k(0), is assumed to depend on

ø as shown in eq 2:

Hereφi andφj are the isotopic fractionation factors, which
are measures of the isotopic enrichment of sitesi and j, in
the protein relative to the deuterium preference of an average
water molecule in the bulk solution, and TS and RS refer to
the transition and reactant states, respectively. In other words,
the properties of the reactant and transition states are treated
independently.

A somewhat different formalism, which is independent
of the mechanism of proton transfer and includes proton
tunneling, was used by Krishtalik (23):

whereσi is the ratio of the rate constants,ki(1)/ki(0), at each
reacting site. This gives formally the same expression as eq
2 above, but does not include a transition-state fractionation
factor.

Experimentally,φRS for H3O+ is 0.69 (34). Theoretically,
this value is determined by the difference in the zero-point
energies of H3O+ and H2O, ∆E0, whereE0 is an essentially
linear function of the O-H bond energy, i.e., of the pKa of
the donor (20). Since the pKa of H3O+ is -1.7 and that of
H2O is 15.7, andφRS ) 1 for H2O, the value ofφRS for a
group with a known pKa can be estimated.

To discuss the general characteristics of the proton-
inventory diagrams, we first assume for simplicity thatφi

RS

) 1, which means that at equilibrium the protein groups
involved in the rate-limiting proton-transfer step have the
same isotopic enrichment as a water molecule in the bulk
solution [(18); see also (21, 35)]. This assumption simplifies
eq 3 to eq 4:

If the entire deuterium isotope effect is associated with a
single site (n ) 1), k(ø)/k(0) displays a linear dependence:

whereσ ) k(1)/k(0), i.e., the inverse of the deuterium isotope
effect at 100% D2O.

A nonlinear dependence arises if two or more proton sites
contribute to the rate-limiting step of the proton-transfer

FIGURE 3: Ratios of the catalytic activity of theR. sphaeroides
enzyme measured with different fractions D2O and in 100% H2O
[kTNR(ø)/kTNR(0)] are plotted as a function of the fraction D2O. The
solid lines are fits of eq 4 (φRS ) 1) with {n ) 1, σ ) 0.22} (linear
dependence, one site) and{n ) 2, σ1 ) σ2 ) 0.47} (two sites).
Conditions: 22°C, 0.05 M MES, pHobs 6.5, 0.05% dodecyl-â-D-
maltoside, 60µM reduced cytochromec. The enzyme concentration
was 0.1 nM.
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reaction; a rate-limiting proton-transfer step including two
sites would result in a quadratic dependence, three sites in a
cubic dependence, etc., while an infinite number of sites is
characterized by an exponential dependence.

The experimental data in Figures 1B and 2B were fitted
with eq 4 (solid lines). With theR. sphaeroidesoxidase, the
data were significantly better fitted usingn ) 1 (see eq 5)
than withn g 2 (see Figure 1B). With the bovine enzyme,
due to the experimental error and the smaller DIE(1) (see
Figure 2B), we were not able to distinguish betweenn ) 1
andn g 2.

For theR. sphaeroidesenzyme, the linear fit of thekFO-
(ø)/kFO(0) graph indicates that there is a single, rate-limiting
proton-transfer reaction in the transition state withσ ) 0.14
( 0.01, i.e., a solvent deuterium isotope effect [DIE(1)] of
about 7. The linear dependence may at first seem unexpected
in light of the fact that during the Ff O transition protons
are transferred from the bulk solution to the binuclear center
through the D-pathway, a distance of more than 30 Å,
involving at least 10 water molecules (11, 12) and protona-
table amino acid side chains. As discussed below, this
behavior is most likely a consequence of cytochromec
oxidase being a redox-driven proton pump.

A likely requirement for efficient function of a redox-
driven proton pump is that internal electron-transfer rates
are controlled by proton transfer (1, 2, 36), which is the case
during the Pf F and Ff O transitions (15, 27, 37, 38). In
a recent study, we found that during the Pf F (τ = 100µs)
transition, proton transfer from a protonatable group in the
D-pathway, presumably being E(I-286), to the binuclear
center is rate-limiting for the overall Pf F transition rate
(15, 38). The central role of E(I-286) in regulating the proton-
transfer rate through the D-pathway has also been suggested
earlier on the basis of theoretical calculations, which indicate
that the side chain of this residue may adopt different
positions: one position in which it is in contact with the
proton-input side and one position in which it is in contact
with the binuclear center or the proton-output side (7, 10,
11). Thus, the observation of a linear dependence ofkFO(ø)/
kFO(0) is likely to be due to the fact that a single group [E(I-
286)] is involved in the rate-limiting step of the proton
transfer through the D-pathway. The relatively large DIE(1)
of ∼7 indicates that the rate-limiting proton transfer involves
proton hopping between two sites. As indicated above, the
control of the proton-transfer rate by E(I-286) may be
accomplished by a structural change of the E(I-286) side
chain. Consequently, an alternative interpretation of the
linear proton-inventory plot of the Ff O transition is
that the rate-determining step is not the proton transfer

itself, but rather the structural change of the side chain of
E(I-286).

The difference in the apparent activation energies of the
F f O transition in H2O and D2O, respectively, of 11 kJ/
mol, gives a ratio of the Arrhenius factors of∼80:

To obtain a DIE(1) of∼7, AD = 12AH; i.e., the preexpo-
nential factor is larger for deuterium than for protium.
Because the tunneling probability of deuterium should be
smaller than that of protium, the largerAD thanAH implies
that the mechanism does not involve a simple proton
tunneling between two spatially fixed sites. This situation
can be explained in terms of an approach of the proton donor
and acceptor to obtain an optimum tunneling distance [for
review, see (20)]. As the tunneling of deuterium is less likely
than that of protium, the deuterium must approach closer to
the acceptor and hence the larger apparent activation energy
for deuterium (in addition, the optimum distance may also
be temperature dependent). In conclusion, collectively, these
results indicate that the side chain of E(I-286) must approach
the proton acceptor in order to facilitate the proton transfer
(Figure 4).

Assuming that E(I-286) is the proton-donating group in
the rate-limiting proton transfer during the Ff O transition,
the valueφRS can be estimated from the pKa of the group,
i.e., from the pKa determined from the pH dependence of
the Ff O transition rate. For theR. sphaeroidesenzyme,
this pKa was found to be∼8.5 (Katsonouri and Aagaard,
unpublished results), which implies thatφRS = 0.87 [inter-
polated value between 0.69 (pKa ) -1.7) and 1 (pKa ) 15.7);
see above]. The use ofφRS = 0.87 in eq 3 does not greatly
change the shape of the fitted curve (see Figure 1).

At all fractions D2O, ø, the kinetic phase associated with
the Ff O transition in theR. sphaeroidesenzyme could be
satisfactorily fitted with a single-exponential phase (the
residuals, i.e., the difference between the experimental data
and the fit, were<5% of the total absorbance change), but
not with a biexponential function with the rates fixed at
values corresponding to those in pure H2O and pure D2O,
respectively. The latter case reflects a situation in which there
are two enzyme populations, one in which the protonatable
site involved in the rate-limiting step (see below) is deuter-
ated and one in which it is protonated. This result indicates
that at the different fractions D2O, during the Ff O
transition, on the time scale of the measurements, the

Table 1: Overall Turnover Activities and Rates of the Ff O Transition in H2O and D2O, Respectively

catalytic activitya F f O transition

enzyme kTNR(0) (O2/s) DIETNR(1) H+ steps kFfO(0) (s-1) DIEFfO(1) H+ steps

R. sphaeroides 300 4.5( 0.8 g2 770 7.1( 0.6 1
bovine 125 2.7( 0.5 (c) ∼1 × 103 s-1 b 4 ( 1 (c)

a In the flow-flash experiment, after completion of the reaction, four electrons have been transferred to O2. Consequently, when comparing the
activity of the enzyme with the rate of the slowest component of the flow-flash experiment (Ff O), the O2/s activity and not the e-/s activity
should be considered (45). For conditions, see figure legends. Note that the turnover activity and the Ff O transition rate were measured at pH
6.5 and 7.5, respectively (see explanation in the text). The Ff O transition rate is essentially pH independent below pH 7.5, while the turnover
activity is e20% lower at pH 7.5 as compared to pH 6.5 [i.e., the difference betweenkTNR(0) andkFfO(0) is greater at pHobs ) 7.5 as compared
to pHobs ) 6.5]. b Major phase [see (3)]. c Due to the relatively small deuterium isotope effects, we were not able to determine the number of
protonatable sites involved in the rate-limiting step of the proton-transfer reaction.

k(0)

k(1)
)

AHe-EaH/RT

ADe-EaD/RT
= 80

AH

AD
(6)
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protonatable site was in rapid (i.e., much faster than the F
f O transition) equilibrium with a pool of “water” molecules
reflecting the same fraction D2O as in the bulk solution
(either the bulk solution itself or water molecules within the
protein, around the protonatable site).

A relatively large DIE(1) was also found for the M-
intermediate formation step in the photocycle of bacterior-
hodopsin (35, 39). In this step, which involves proton transfer
from the Schiff base to Asp85 in the extracellular region,
curved proton-inventory plots were found (35), indicating
at least two protonatable sites involved in the reaction.

The proton-inventory analysis of the overall turnover rate
of the R. sphaeroidesenzyme shows that the data were
significantly better described usingn g 2 thann ) 1 in eq
4 (see Figure 3). For example, withn ) 2, i.e., two sites
involved in the rate-limiting proton-transfer step, eq 4
simplifies to

A fit of the data with theR. sphaeroidesenzyme in Figure
3 using eq 7 withσ1 ) σ2 ) σ givesσ ) 0.47; i.e., for each
site, the “deuterium-isotope effect” is∼2.2 and the total
deuterium-isotope effect, DIE(1), is (0.47‚0.47)-1 = 4.5.
With the bovine enzyme, we were not able to determine the
value ofn due to the smaller DIE(1).

The rate of the slowest electron-transfer step during single-
turnover oxidation of the reduced enzyme (Ff O) was faster
than the overall turnover rate in both theR. sphaeroidesand
bovine enzymes (see Table 1), which shows that the rate-
limiting step for the overall turnover reaction is not the Ff
O transition [this conclusion is different from our earlier
interpretation of the data (3); see footnotea in Table 1]. In
addition, the smaller DIE(1) of the turnover activity as

compared to that of the Ff O transition and the different
shapes of the proton-inventory curves with theR. sphaeroides
enzyme indicate that the rate-limiting step of the turnover
does not involve proton transfer through the D-pathway or
involves a different mechanism.

With both enzymes, we have previously observed a slower
proton-uptake phase with a time constant of∼5 ms (3), after
oxidation of the reduced enzyme. In addition, electrogenic
events with a similar time constant were observed (40, 41).
Since the rate constant of this slower component compares
to the overall turnover rate of theR. sphaeroidescytochrome
c oxidase (see Table 1), for this enzyme, this kinetic phase
may be associated with events that are rate-limiting for the
overall cycle. In a recent study, Verkhovsky et al. (4)
suggested that after oxidation of the fully reduced cytochrome
c oxidase, the enzyme is in a higher energy state as compared
to the resting enzyme. The reduction of the enzyme in this
state results in pumping of protons, and this step may be
rate-limiting for the overall enzyme turnover [see also (2,
40, 42)]. The reductive phase of the cytochromec oxidase
reaction cycle involves proton uptake through the K-pathway
(43, 44), and it is likely that the same pathway is also used
for proton uptake during the second reduction cycle following
immediately after oxidation of reduced enzyme. If this is
the case, the nonlinear proton-inventory curve may reflect
proton transfer through the K-pathway.

CONCLUSIONS

In conclusion, the results with theR. sphaeroidescyto-
chromec oxidase presented in this paper show that the Ff
O reaction step, one of the transitions associated with proton
pumping, displays a solvent kinetic deuterium isotope effect
of ∼7 (in 100% D2O). The rate-limiting step of the Ff O
transition is proton transfer through the D-pathway, and the
entire solvent-isotope effect is attributed to a single proto-
natable site in this pathway, E(I-286) (Figure 4).
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