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ABSTRACT: Absorbance changes following CO dissociation by flash photolysis from mixed-valence aas
cytochrome oxidase from Rhodobacter sphaeroides have been followed in the Soret and o regions. They
reflect internal electron transfer in the partially reduced enzyme, and the kinetics of the reactions has
been determined. As with the bovine enzyme, three kinetic phases are found with relaxation time constants
at neutral pH of about 3 us, 35 us, and 1 ms. The first reaction phase represents electron transfer from
cytochrome a; to cytochrome g, and the extent of this reaction is about 3 times larger compared to the
bovine enzyme. The energetics of the reaction has been analyzed on the basis of measurements of its
temperature dependence. The reorganization energy is close to 120 kJ mol~!, and it is suggested that this
rather high value is the result of changes in solvation at the cytochrome as;-Cug site. The subsequent
electron transfer between cytochrome a and Cua, with a time constant of 35 us, is almost activationless
and has a very low reorganization energy. The final phase, with a time constant close to 1 ms at neutral
pH, represents a further shift in the equilibrium between cytochrome a3 and cytochrome a, and it is limited
by proton-transfer reactions. The pK, values of the groups involved are significantly shifted in the bacterial
oxidase compared to the bovine one. The total extent of electron transfer in the three backflow reactions
has also been determined by a comparison of the CO-recombination rates in the mixed-valence and fully
reduced enzymes. The difference between these two rates is larger in the bacterial compared to the bovine

oxidase, consistent with the greater extent of electron transfer.

Cytochrome ¢ oxidase is a redox-linked proton pump [for
a review, see Malmstrom (1993)]. One approach to the
elucidation of the mechanism for the coupling between
electron transfer and proton translocation is to study the
kinetics of internal electron transfer in different redox and
protonation states of the oxidase. This can be done by
dissociation by flash photolysis of CO bound to the reduced
cytochrome a;3-Cug site in the partially reduced enzyme.
Since CO binds exclusively to reduced cytochrome as, its
dissociation leads to a drop in the apparent reduction potential
of this site. This, in turn, results in a backflow of electrons
from cytochrome a; to other redox sites (Boelens et al., 1982;
Brzezinski & Malmstrom, 1987).

With the bovine oxidase it has been well established that
the electron backflow on CO photolysis of the partially
reduced enzyme involves at least three kinetic phases with
time constants at neutral pH of around 3 us, 35 us, and 1
ms, respectively (Oliveberg & Malmstrém, 1991; Hallén et
al., 1994). The two fastest phases represent electron transfer
from cytochrome a; to cytochrome a and from cytochrome
a to Cuy [see also Morgan et al. (1989)). Recently it has
been shown that the millisecond phase involves electron
transfer between cytochrome a; and cytochrome a as well,
but that the rate is limited by a proton-transfer reaction
(Hallén et al., 1994).

To illuminate the internal electron- and proton-transfer
reactions further, we have initiated investigations of mutant
forms of the aa; cytochrome oxidase from Rhodobacter
sphaeroides (Hosler et al., 1993). As a first step in this
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direction, we here report studies of these reactions in the
wild-type bacterial enzyme. We found that the fastest phase
in electron backflow experiments has an amplitude which is
3 times larger than that observed in the bovine enzyme, but
the relaxation rate, which is the sum of the rate constants
for the forward and reverse reactions! in the electron-transfer
equilibrium between cytochrome a and cytochrome aj, is
approximately the same. There are major differences in the
pH dependence of the millisecond phase compared to the
bovine oxidase, showing that the pK, values of the proton-
transfer groups are different in the two enzymes.

MATERIALS AND METHODS

Cytoplasmic membranes from Rhodobacter sphaeroides
CY91 were prepared by the procedure of Hosler et al. (1992).
Cytochrome oxidase was solubilized and isolated from the
membranes by a modification of the method of Hosler et al.
(1992). The hydroxyapatite chromatography was eliminated,
and the purification by FPLC was performed by two runs
on a RESOURCE Q 6-mL column (Pharmacia LKB Bio-
technology). Peak fractions were collected and stored at —80
°C. The optical and EPR spectra of the isolated enzyme
were identical with those described by Hosler et al. (1992),
except for the fact that the contribution from Mn(Il) in the
EPR spectrum was smaller.

Bovine cytochrome oxidase was purified by the method
of Brandt et al. (1989).

Mixed-valence bovine and bacterial oxidase were prepared
as described by Brzezinski and Malmstrém (1985). Optical
absorption spectra were recorded on a Cary 4 spectropho-

1 Here and in the following, “forward” and “reverse” (or “back™)
refer to the normal physiological directions of electron transfer.
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Figure 1: Kinetics of CO recombination at pH 7.2 and 22 °C,
monitored at 445 nm, in mixed-valence and fully reduced cyto-
chrome oxidase from Rhodobacter sphaeroides (A) or bovine heart
(B). The buffer was 100 mM Hepes—KOH with 0.1% dodecyl
D-maltoside. The enzyme and CO concentrations were 10 4M and
1 mM, respectively.

tometer (Varian). The buffers used in the study of the pH
dependence of the electron-transfer kinetics were the same
as those used by Hallén et al. (1994).

The excitation laser and observation equipment have been
described in detail earlier (Hallén & Brzezinski, 1994).
Amplitudes and time constants of the exponential compo-
nents in the kinetic traces were determined by the use of a
curve-fitting program, based on the Levenberg-Marquardt
algorithm, written by Dr. Orjan Hansson at this Department.

RESULTS

The absorbance changes associated with CO dissociation
and recombination in mixed-valence and fully reduced
bacterial and bovine cytochrome oxidase are compared in
Figure 1. Upon CO dissociation from the mixed-valence
oxidase, electrons are transferred from cytochrome a; to
cytochrome a and Cu,, and the CO recombination rate is
determined by the fraction of the oxidase having reduced
cytochrome a3 during the CO recombination [see Verkhovsky
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FIiGURE 2: Comparison of the amplitude of the 3-us phase in mixed-
valence bacterial and bovine cytochrome oxidase, monitored at 445
nm. The experimental conditions were as in Figure 1.

et al. (1992)]:

-3+ .2+ 1CO 9y
Xoay T XAy T xa CO D
In eq 1, x is cytochrome a, Cua, or both, and the minus
superscript represents a reduced site. The observed recom-
bination rate is

k. =k bxay ] @)
O + et

The parameter kco in eq 2 is the CO recombination rate in
molecules with cytochrome a; reduced. It can be determined
from fully reduced oxidase, in which cytochrome a; stays
reduced after CO dissociation, and consequently ko = kco.
With the fully reduced enzymes, the recombination kinetics
is monophasic, and it has rates of 50 and 80 s~', respectively,
in the bacterial and bovine oxidases. Due to internal electron
transfer from cytochrome a; to cytochrome a and Cu,, the
recombination becomes slower in the mixed-valence forms,
with rates of 15 and 50 s™!, respectively, in the bacterial
and bovine enzymes. With the bacterial oxidase, however,
the kinetics becomes biphasic with a small, slower compo-
nent. The rate of the main component in the bacterial
enzyme is only 30% of the rate with the fully reduced
enzyme, whereas in the bovine enzyme the rate is 63% of
the rate obtained on full reduction. This demonstrates that
there is a greater extent of electron transfer in the bacterial
oxidase.

The larger degree of electron transfer in the bacterial
oxidase compared to the bovine enzyme is also demonstrated
more directly in Figure 2, which compares the absorbance
changes at 445 nm associated with electron transfer on a
shorter time scale. The absorbance at 445 nm decreases on
oxidation of both cytochromes, but more for cytochrome a;
compared to cytochrome a (Vanneste, 1966). Thus, electron
transfer from cytochrome a; to cytochrome a, or from
cytochrome a to Cu,, results in a net decrease in absorbance.
In the first phase with the bacterial oxidase at pH 7.2, about
45% of cytochrome a is reduced with an observed time
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FIGURE 3: Temperature dependence of the observed rate constant
of the 3- and 35-us phases in the bacterial oxidase at pH 6.5,
monitored at 445 nm, and of the forward rate constant for the fast
phase. Due to some reduction past the mixed-valence level at higher
temperatures, these data were not used in the calculations of the
forward rate constant. The buffer used was 100 mM Mes—KOH
with 0.1% dodecyl D-maltoside.

constant of 3 us. The rate and amplitude of this phase are
not significantly dependent on pH. The reduction of Cua
in the second phase, with an observed time constant of 35
us, is at most 10%, assuming that the changes in molar
absorption coefficients (A¢) on electron transfer are the same
in the bacterial as in the bovine enzyme (Vanneste, 1966).
At this pH, maximally 1% electron transfer from cytochrome
a3 occurs in the slowest phase with a time constant of about
1 ms (not shown in Figure 2).

Figure 3 gives the temperature dependence of the rates
for the two fastest phases in the bacterial enzyme. To assure
that only the mixed-valence form (defined by its optical
absorption spectrum) of cytochrome oxidase was present,
experiments were performed at low pH (6.5) and started at
short times after addition of CO [cf. Brzezinski and Malm-
strom (1985)]. The temperature dependence of the forward
rate for the first phase was calculated from the temperature
dependences of the observed rate (ko) and amplitude
(A5

kgpe = ke T+ Ky 3)

ky
445 _ 445 b
AABys €a3—’a CMka + kb (4)

where ks and k, are the forward and backward rates,
respectively, eZ“f.a is the absorption coefficient for the
electron transfer from cytochrome a; to cytochrome a at 445
nm, and Cyv is the concentration of mixed-valence cyto-
chrome oxidase (determined from the CO-dissociation ab-
sorbance change) in a 1-cm cuvette.

Table 1 summarizes the values calculated from the
experimental data for the forward rate constant (kg), the
activation energy (E,), and the free energy (AG®) and enthalpy
changes (AH?®) for the electron transfer from cytochrome a
to cytochrome a;. The amplitude of the second phase was
not easily determined because it is small and strongly
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Table 1: Kinetic and Thermodynamic Parameters for the Electron
Transfer between Cytochrome a and Cytochrome a3 at pH 6.5 and
25 °Ce

E, AG® AH®
enzyme kx 1073(s™)  (kJmol™!)  (kJmol™") (k] mol™")
bacterial 1.2 £0.1 25+2 —001£1 —15+2
bovine 20+0.2 20+ 2 —42+4£02 —-33+05

2 The errors are standard deviations based on 5—9 measurements.
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FIGURE 4: Millisecond phase of the bacterial oxidase at pH 7.9
and 22 °C, monitored at 598 nm. The buffer used was 100 mM
Tris-HCI with 0.1% dodecyl D-maltoside. The enzyme and CO
concentrations were as in Figure 1.

dependent on the reduction level of the enzyme; hence its
temperature dependence could not be determined. However,
since only a small fraction (<10%) of Cu, is reduced in
this phase, the observed rate and its temperature dependence
are approximately equal to those of the forward rate from
Cua to cytochrome a (cf. eqs 3 and 4). With this ap-
proximation, the rate constant for electron transfer from Cua
to cytochrome a in the bacterial enzyme was found to be
2.5 x 10* s7' and the activation energy, 5.2 kJ mol .

The slowest of the three reaction phases, representing a
further shift in the electron equilibrium between cytochrome
a3 and cytochrome a, is illustrated in Figure 4. The reaction
was here monitored at 598 nm, where an absorbance increase
is mainly due to cytochrome a reduction. In addition, this
wavelength is isosbestic for the CO recombination reaction,
so that this does not interfere with the rate determination.
As in the bovine enzyme (Hallén et al., 1994), both the rate
and the amplitude of the slow phase are strongly dependent
on pH, which is shown in Figure 5. There are, however,
significant differences between the oxidases from the two
species. In the bovine oxidase, the amplitude at high pH
(~10) corresponds to almost complete oxidation of cyto-
chrome a3, whereas in the bacterial enzyme the amplitude
indicates 12% oxidation only; this corresponds to ap-
proximately 25% of the electrons remaining on cytochrome
as after the first two reaction phases. In addition, the
amplitude does not reach a plateau at high pH.

DISCUSSION

Following pulsed illumination of the mixed-valence cy-
tochrome oxidase—CO complex, electrons are transferred
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FIGURE 5: pH dependence of the rate (A) and fraction of electron
transfer (B) calculated from the amplitude of the millisecond phase
in bacterial cytochrome oxidase at 22 °C. The solid line in panel
A is a least-square fit of eq 10 to the experimental data, using ko,
= 2000 s~ kogr = 150 571, and pK, = 8.7. The value of k could
not be determined uniquely, but an upper limit was found to be
150 s~!. The solid/dashed line in panel B is a least-square fit of eq
16 to the experimental data, using pKa§+ = 10.3 and PKag+ =9.1.

rapidly from cytochrome a; to cytochrome a/Cus. From the
measured recombination rate the fraction of electrons which
have been removed from cytochrome a; was calculated (see
Results). This fraction is 0.7 for the bacterial oxidase
compared to 0.4 for the bovine enzyme. These values are
approximately 30% larger than those obtained from the
amplitudes of the kinetic phases (Figure 2). This discrepancy
could be due to uncertainties in the values of Ae associated
with the electron-transfer reactions, but these are unlikely
to be as large as 30%. Two more probable possibilities are
that the CO recombination is limited by another step than
the binding to reduced cytochrome a; or that site interactions
lead to different conformations of the bimetallic site in the
mixed-valence compared to the fully reduced enzyme. It is
still quite clear, however, that the difference in reduction
potential between the two cytochromes must be smaller in
the bacterial oxidase compared to the bovine one.

Despite the smaller driving force for electron transfer from
cytochrome a to cytochrome a;, the observed rates are nearly
the same in the two oxidases. This means that the sum of
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Table 2: Marcus Parameters for the Electron Transfer between
Cytochrome a and Cytochrome a3 at pH 6.5 and 25 °C?

AG* A d(A)
enzyme (kJmol™!) (kKJmol™)) B=14A" B=10A"1
bacterial 30 2 119+ 6 841 10+1
bovine 1742 76 £ 8 1+1 14+1

@ The only significant contribution to the errors in A, AG*, and d is
from the error in E,.

the rate constants for the forward and back reactions is
unchanged. Since we find that the forward rate constant is
1.2 x 10° 57! in the bacterial oxidase compared t0 2.0 x 10
s7! in the bovine enzyme (Table 1), the rate of the back
reaction must be larger in the bacterial than in the bovine
enzyme. With the thermodynamic parameters also listed in
Table 1, it is possible to analyze the energetics of the
electron-transfer reactions in greater detail.

According to Marcus theory [reviewed in Marcus and
Sutin (1985)], the rate constant for electron transfer, kgr, is
the product of a nuclear frequency factor, v,, an electronic
factor, I, and an exponential factor containing the free energy
of activation, AG*:

kgr = v, I exp(—AG*/RT) (5)

where R is the gas constant and T is the absolute temperature.
The frequency factor is generally taken to be 10'3 577, and
the electronic factor falls off exponentially with the distance,
d, between the electron donor and acceptor corrected by the
van der Waals distance, dy:

I' = exp[—f(d — dy)] (6)
The free energy of activation, AG*, depends on the driving

force for the reaction, —AG®, and the reorganization energy,
A

aGr =51+ 85

AT ™

The Arrhenius activation energy, E,, is approximately equal
to the enthalpy of activation (AH*):

(1+

AH°(, | AG? _ (AGY
> 12 ) 4A ®)
With eqs 5—8, using do =3 A and 8 = 1.4 A~ or 1.0

A1, we have calculated the values of AG", 4, and d for the

two enzymes, as listed in Table 2. According to this analysis,

it is not only the decreased driving force that causes the
decrease in kgr for the intraprotein electron transfer from
cytochrome a to cytochrome a; in the bacterial oxidase but
also an increase in A. The value for A may seem unusually
high for electron transfer between two natural partners. For
example, in the electron transfer between cytochrome ¢ and
Cua, A has been estimated to be 55 kJ mol™! (Brzezinski et
al., 1995). In this case, however, both redox sites are buried
inside the proteins in the electrostatic complex between the
oxidase and cytochrome ¢, whereas cytochrome as;-Cup is
known to communicate with the solvent. This is necessary
for the uptake of the scalar protons involved in dioxygen
reduction, and there is also evidence for a proton channel
connecting an acid—base group close to this site with the
solvent (Hallén et al., 1994). Thus, the high A that we

EagAH*=%+
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observe may be related to changes in solvation or other
structural changes at cytochrome a3-Cug.

According to Moser et al. (1992), 8 in eq 4 should be 1.4
A1, but the use of this value with our data gives too short
a distance between the two cytochromes in the bacterial
oxidase (Table 2). EPR measurements (Ohnishi et al., 1982;
Brudvig et al., 1984; Goodman & Leigh, 1987) have put
the distance between 12 and 20 A, and the shorter of these
values agrees with a current structural model (Hosler et al.,
1993). Earlier, Woodruff (1993), using 8 = 1.4 A~!, had
found a good agreement between the distance in the model
and our measured rate with the bovine enzyme (Oliveberg
& Malmstrom, 1991), but his calculation assumed that the
reaction is activationless, whereas we find a substantial
temperature dependence of this electron transfer (Figure 3).
There is evidence that § for long-distance electron transfer
in proteins can be smaller than 1.4 A~!. For example,
theoretical calculations show that in a very tightly coupled
system A may be as small as 0.7 A (Broo & Larsson, 1990).
Work with cytochrome ¢ (Wuttke et al., 1992), on the other
hand, indicates a less tight coupling with a 8 of 1.0 A~
and applying this value to our data gives distances of 14
and 10 A for the bovine and bacterial enzymes, respectively.
The apparent discrepancy may be due to different proteins
having different average 8 values (Beratan et al., 1992).

The 35-us phase has a very low activation energy (Tables
1 and 2). With the bovine enzyme, the value of A has
recently been estimated to be 11.5 kJ mol™! (Winkler et al.,
1994). As the reaction is almost activationless also in the
bacterial enzyme (Tables 1 and 2), and the rates in the two
enzymes are rather close, a similar A value should apply in
this case. Thus, there is probably very little structural change
around cytochrome a and Cu, on electron transfer between
these redox centers, which is in agreement with the rack
mechanism for electron-transfer metalloproteins (Gray &
Malmstrom, 1983; Malmstrom, 1994).

Even if the turnover rate of the bacterial oxidase is faster
than that of the bovine enzyme (Hosler et al.,, 1992), the
rate constants for the two fastest phases are both too high
for these internal electron-transfer steps to be rate-determin-
ing. The slowest phase, on the other hand, does have a rate
constant close to the turnover number of the enzyme. The
pH dependence of the rate of the millisecond phase (Figure
5A) has recently been interpreted in terms of an acid—base
group associated with a proton channel (Hallén et al., 1994).
The pK, of this channel can be estimated from the following
equations:

_ 1
T @
kobs = o‘kon + koff (10)

where o is the degree of saturation of the proton channel,
and kon and ko are the proton-transfer rates to and from the
group. The curve in Figure 5A is calculated with pK, =
8.7. This value is 1 pH unit higher than that found with the
bovine enzyme (Hallén et al., 1994). The maximal rate is
about the same in both oxidases (about 2 x 10° s~!), and
since this is close to the maximum turnover of the enzyme,
it is possible that proton transfer to this group is rate-limiting.
This would agree with ‘the fact that k.. increases with
decreasing pH (Wilms et al., 1980; Thornstrom et al., 1984;
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FIGURE 6: Scheme for the shift in the pK, value of a group L,
close to cytochrome a3, on oxidation or reduction of the cytochrome.

(H*) represents protonated L (LH), and Efj; = E& + AB; .y (see
text). ’

Gregory & Ferguson-Miller, 1988) in the same pH range as
the rate of the millisecond phase.

The amplitude changes of the millisecond phase (Figure
5B) are due to a group close to cytochrome a3, whose pK,
decreases when the cytochrome becomes oxidized, as il-
lustrated in Figure 6. This leads to a shift in equilibrium by
electrostatic interactions, which results in further electron
transfer from cytochrome as to cytochrome a. Qualitatively,
the bacterial and the bovine enzyme behave in the same way,
but there are marked quantitative differences. In particular,
the maximum amplitude in the bacterial oxidase corresponds
to about 20% oxidation of cytochrome a; (Figure 5B),
whereas there is almost complete oxidation in the bovine
enzyme (Hallén et al., 1994). To explain this behavior, we
have to assume that the shift in pK, in the scheme in Figure

6 (PK 2+ — pKa§+) is smaller in the bacterial compared to the
bovine oxidase, as demonstrated by the following detailed
model.

The interaction energy between cytochrome as and L is
given by eq 11:

RT In(10)
AE, gy = F _(PKa§+ - PKag*) (11

where AE; .y is the change in the cytochrome a3 reduction

potential when the protonation state of L changes from fully

unprotonated to fully protonated; pK .+ and pK g+ are the
3 3

pK. values of L in the presence of reduced and oxidized
cytochrome as, respectively; and F is the Faraday constant.

With CO bound to cytochrome a§+, its apparent reduc-
tion potential increases by 200—400 mV (Boelens et al.,
1982). Consequently, assuming that with CO bound cyto-
chrome as stays reduced independently of the protonation
state of L, and that the reduction potential of cytochrome a;
is proportional to the fraction of protonated L, the apparent
reduction potential of cytochrome as, E,,(pH), is given by:

1

Ea3(pH) = E?13 + AE'CO + 1+ IO(pH_pKa?—)

AE 4 (12)
where E23 is the reduction potential of cytochrome a3 in the
absence of CO and AEco is the change in its reduction
potential upon binding of CO.

After CO dissociation, at times <1 ms, i.e., much shorter
than the time constant for equilibration of L with protons,
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the reduction potential of cytochrome a3 is given by:

E, \(pH) =E, (pH) — AEco = E23 +
1
1+ 10(PH_PK¢1§+)

After L has equilibrated with protons, at times much
shorter than the CO recombination time constant, the
reduction potential of cytochrome aj is given by:

AE,_;, (13)

E o =21 la"(H) + (a3 ] =Ry, ),
a,,2 - - = ™
: Fo\leHD + (@ F \a*
PKa§+_PH pKaz‘*'—pH
RT 10K3+_H+1 - LRT 10K;_H+1
Foo\10P% 1 + 1 PF 1P 4

(14)

The equilibrium constants for electron transfer between
cytochrome a and cytochrome a; before and after the
millisecond phase are K;(pH) and K»>(pH):

(E,,,(pH) — Eg) B
——R_T/7— K,(pH) =
(E,,2(pH) — Ea)) |

e"p( RIIF

where E, is the reduction potential of cytochrome a. We
assume that it is independent of pH in the range studied (see
Results).

The change in the reduction level of cytochrome a in the
millisecond phase, Aa?*(pH), is calculated from the differ-
ence in the fraction of reduced cytochrome a before and after
the millisecond phase:

K, (pH) = exp(

1 _ 1 —
1+ K,(pH) 1+ K,(pH)
K (pH) — K,(pH)
(1 + K, (pH))(1 + K,(pH))

Aa2+(pH) =

(16)

At pH < pK»+ pK s+ the potentials E,, ,(pH) = E,,,(pH)
3’ 3 : >

are both pH independent. In this pH region we found the
difference in the reduction potentials of cytochrome a and
cytochrome a3 to be 10 mV. From a least-square fit of the
experimental data in Figure 5B to eq 16, we obtained

pK+ = 10.3 andpK s+ = 9.1. The lower value is close to
3 3

that in the bovine oxidase (8.7), whereas the value with
reduced cytochrome a3 is much lower. This has the result
that the amplitude should decrease again at high pH, whereas
a plateau is reached in the experimentally available pH range
with the bovine enzyme. Unfortunately, it has not been
possible to verify this decrease directly for experimental
reasons (precipitation of the enzyme around pH 11).

The changed pK, value with reduced cytochrome a; in
the bacterial enzyme may be related to the particular
conditions under which the chemiosmotic mechanism has
to operate in the natural habitat of the bacterium, since we
have earlier argued that the proton-transfer reactions associ-
ated with the slow electron transfer involve the uptake of
either scalar or vectorial protons (Hallén et al., 1994). We
are currently testing this idea further by investigating internal
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electron transfers and their pH dependence in mutant forms,
in which potential proton-transfer groups have been modified.
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