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ABSTRACT. The mechanisms of internal electron transfer and oxygen reduction were investigated in
cytochromec oxidase fromRhodobacter sphaeroidésytochromeaas) using site-directed mutagenesis

in combination with time-resolved optical absorption spectroscopy. Electron-transfer reactions in the
absence of @were studied after flash photolysis of CO from the partly-reduced enzyme and the reaction
of the fully-reduced enzyme with Qvas studied using the so-called flevifash technique. Results from
studies of the wild-type and mutant enzyme in which phenylalanine-391 of subunit | was replaced by
glutamine (FQ(I-391)) were compared. The turnover activity of the mutant enzyme 2#as(~30 s1)

of that of the wild-type enzyme. After flash photolysis of CO from the partly-reduced mutant enzyme
~80% of Cu, was reduced, which is a much larger fraction than in the wild-type enzyme, and the rate
of this electron transfer was 3.2 13 s™1, which is significantly slower than in the wild-type enzyme.
The redox potentials of hemasandas in the mutant enzyme were found to be shifted by abe8® and

—70 mV, respectively, as compared to the wild-type enzyme. During the reaction of the fully-reduced
FQ(I-391) mutant enzyme with £a rapid kinetic phase with a rate constant of £.20° s™1, presumably
associated with @binding, was followed by formation of the P intermediate with electrons from heme
az and Cy with a rate of~4 x 10® s71, and oxidation of the enzyme with a rate o80 s1. The
dramatically slower electron transfer between the hemes durimgddction in the mutant enzyme is not
only due to the slower intrinsic electron transfer, but also due to the altered redox potentials. In addition,
the results show that the reduced overall activity of the mutant enzyme is due to the slower electron
transfer from hemea to the binuclear center during.@eduction. The relation between the intrinsic
hemea/hemeag electron-transfer rate and equilibrium constant, and the electron-transfer rate from heme
a to the binuclear center during,®@eduction is discussed.

During the catalytic cycle of cytochrome oxidase, been studied in different states of the enzyme using various
electrons from cytochrome are first transferred to copper  spectroscopic techniques. For example, rapid internal electron-
A (Cu,),! followed by transfer to hema and then to the  transfer reactions in the absence off@ve been studied in
binuclear center, consisting of copper B €fand hemeas. the partly reduced enzyme after flash photolysis of carbon
The enzyme fromRhodobacter sphaeroidés structurally monoxide bound to the binuclear center (Boelens et al., 1982;
and functionally very similar to the mitochondrial enzyme Brzezinski & Malmstion, 1987; Adelroth et al., 1995, 1996).
(Hosler et al., 1992; Calhoun et al., 1994) but is composed |n the two-electron reduced (mixed valence) CO-bound
only of three protein subunits instead of 13. Recently, the enzyme the electrons are found at hemg€us. After CO
structures of both the bovine (Tsukihara et al., 1995, 1996) dissociation in thér. sphaeroidesnzyme there is a fractional
andParacoccus denitrificanwata et al., 1995) cytochrome  glectron transfer from hema to hemea with an observed
c oxidases were determined to atomic resolution [for a recent yate constant of 3.% 10 s followed by slower equilibra-
review on structure and function of cytochrornexidase tion with Cus with a rate constant of 2.8 10* s (Adelroth
see Ferguson-Miller and Babcock (1996)]. etal., 1995). In the three-electron reduced CO-bound bovine

To elucidate the mechanisms of electron and proton enzyme the additional electron is mainly found at heane
transfer in cytochrome oxidase these reactions have earlier g4 after CO photolysis it equilibrates with Cwith a rate

constant of about-2 x 10* s™* (Morgan et al., 1989).
T Supported by grants to P.B. from the Swedish Natural Science x ( 9 )

Research Council, Carl Trygger's Foundation, and The Magne Bergvall  The reaction of the fully-reduced enzyme with dioxygen
Foundation and to R.B.G. from the National Institutes of Health. has been studied using the so-called fleflash technique

E_m’gﬁ:dﬁ;éfgéii’;?g&gg?e to this author. FAXA6 31773 3910. Gihson & Greenwood, 1963). Fully reduced €6yto-
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! Abbreviations: Ci, copper A: Cy, copper B: A, ferrous.oxy  TXiNG results in dissociation of CO which allows the
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peroxy intermediate (P(E¥) and P(F¢*") when formed with electrons ~ combined with different spectroscopic techniques, has pro-

from hemes/as, and heme/Cue, respectively); F, ferryl intermediate. ~ yjided information about the intermediate steps during O
Nomenclature of the mutant enzymes: for example, replacement of

phenylalanine-391 of subunit | with glutamine is denoted FQ(I-391); reduction [reViewed_ in Babcock and WIkSImO (1992),
WT, wild type. Babcock and Varotsis (1993), Ferguson-Miller and Babcock
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(1996)]. For example, when used in combination with time- T p16 1: Rate Constants and Extents of Electron Transfer for
resolved optical absorption spectroscopy, at 445 nm, four partly- and Fully-Reduced Wild-Type and FQ(I-391) Mutant
kinetic phases are observed in the mitochondrial enzyme.Enzyme
First, G binds to reduced hensg with an observed rate of wild type FQ(1-391)
about 16 s at 1 mM O (Oliveberg et al., 1989; e extent  rate
Verkhovsky et al., 1994; Sucheta et al., 1997), forming the s (%) (sY) extent
ferrous-oxy intermediate (Varotsis et al., 1989; Han et al., — —
1990a; Ogura et al., 1990). It is followed by electron transfer L“;ﬂﬁ,vfgéjéggs‘is; zlf’?%s 40P 3? _
from hemea to the binuclear center and formation of the partly reduceds/a— Cun 2.8x 10 1* 3.2x 10* 80
peroxy intermediate (P) with a rate constant ok 3.0* s 1 flowflash, Qbinding 1wy g5  1.2x 10 40
(Hill & Greenwood, 1984; Oliveberg et al., 1989; Han et ]E:OW I:asﬂ'for.’é‘at.'on of P 610 35 304>< 10° S%jég
al., 1990b; Morgan et al., 1996) leaving £reduced. The ow flash, oxidation _ x
same P intermediate is also formed when the two-electron , *Partly reduced wild-type and FQ(I-391) enzymes are two- and
- . three-electron reduced, respectivélifhis phase contains contributions
reduced enzyme (_hemdcu‘\ oxidized anc_l the binuclear of both G binding (~1(° s2) and P-intermediate formatiofFraction
center reduced, mixed-valence) reacts with(Morgan et of the total (reducedoxidized) absorbance change at 445 nm.
al., 1996). At room temperature the rate constant for P
formation from the mixed-valence state is{(5) x 10° s*
(Hill & Greenwood, 1983; Oliveberg et al., 1989; Han et
al., 1990b). In the fully-reduced enzyme, the ferryl inter-
mediate (F) is formed and the electron ataGquilibrates
with hemea with a rate of about 1x 10* st (Hill &
Greenwood, 1984; Hill, 1991; Morgan et al., 1996). The
Cus-to-hemea electron transfer is most likely gated by
proton uptake associated with thePF transition (Halle
& Nilsson, 1992; Halle & Brzezinski, 1994; Svensson Ek
& Brzezinski, 1997). Finally, the electron at hem€u, is
transferred to the binuclear center with a rate of about 600
s™1, yielding the fully-oxidized enzyme (O) (Hill & Green-
wood, 1984; Oliveberg et al., 1989; Hill, 1991).
The studies described above have shown that different rate
of internal electron transfer are observed in different states \ATERIALS AND METHODS
of the enzyme. For example, the apparent electron-transfer
rate between hemes and a; varies by several orders of Enzyme Preparatian The enzyme was prepared as
magnitude in different states of the enzyme ranging from described (Mitchell & Gennis, 1995), and the stock solution
<100 s when reducing the oxidized enzyme (Antalis & Wwas stored in liquid nitrogen until used. The turnover activity
Palmer, 1982; Sarti et al., 1990) tel(®® s* in the mixed- of the FQ(I1-391) enzyme was measured as described (Mitch-
valence enzyme (Oliveberg & Malmstrp 1991; Adelroth ell & Gennis, 1995) and was found to be about 2% of that
et al., 1995). During dioxygen reduction, the transfers of of the wild-type enzyme (see Table 1). The b\Msible
the third and fourth electrons to the binuclear center from absorbance spectra of the oxidized, fully-reduced, and fully-
hemea differ in rate by a factor of~40, which shows that ~ reduced-CO FQ(I-391) enzyme were about the same as
different mechanisms control these rates. those of the wild-type enzyme, and the binuclear center was
In order to understand the overall mechanism by which intact (Mitchell, 1996). Mutagenesis was performed as
electron- and proton-transfer reactions are coupled duringdescribed (Mitchell, 1996).
the catalytic cycle of cytochrome oxidase it is important Potentiometric Titration The potentiometric titration of
to understand factors that control rates of these reactions inhemea was carried out in the presence of KCN which binds
different states of the enzyme. Therefore, in this study we to the binuclear center and locks it in the oxidized state [at
have investigated a mutantBf sphaeroidesytochromec a saturating concentration of 4 mM for both the wild-type
oxidase in which phenlylalanine 1-391, a highly conserved and FQ(I-391) mutant enzymes]. Hemeas first oxidized
residue, was replaced by glutamine (FQ(I-391)). In this using potassium ferricyanide at a concentration of50
mutant oxidase redox potentials and rates of internal electron-It was then gradually reduced by additions of aliquots of
transfer reactions are altered. The aim of the present studypotassium ferrocyanide. Finally, the fully reduced state was
is not to understand the role of F(I-391) but to use the FQ- attained by addition of an excess of dithionite. Bnvalue
(1-391) mutant enzyme as a tool to investigate the relation of 430 mV was used for the ferrocyanide/ferricyanide couple.
between electron-transfer rates in different states of the The procedure was performed aerobically in an open cuvette.
enzyme. The fraction reduced hermeewas determined from absor-
The overall turnover activity of the FQ(I-391) mutant bance changes in the band, relative to the fully reduced
oxidase was about 2% of that in the wild-type enzyme. In state. After each addition of ferrocyanide, about 5 min was
the FQ(I-391) mutant oxidase a dramatic effect on internal allowed for equilibration.
electron transfer in the partly-reduced state was observed. Preparation of Partly-Reduced Enzym@&he partly re-
Following CO dissociation only one kinetic phase was duced enzyme was prepared as described previously (Brzez-
observed, consistent with about 80% electron transfer frominski & Malmstrom, 1985). Briefly, the oxidized enzyme
hemeaz to Cu,y with a rate of 3.2x 10 s7%, indicating a was diluted in 0.1 M Hepes-KOH (pH 7.0) and 0.1% dodecyl
shift of the hemea/a;z equilibrium towards hema. p-b-maltoside to a concentration of5 uM in a cuvette,

The reaction of the fully-reduced FQ(I-391) mutant
enzyme with Q@ was initially similar to that observed in the
mixed-valence (bovine) enzyme; a rapid change in absor-
bance k = 1.2 x 10° s71) associated with ©binding was
followed by a slower changek(= 4 + 2 x 1 s,
presumably associated with oxidation of heragCus
forming the peroxy intermediate. Electron transfer from
hemea was much slower than in the wild-type enzyme, and
the enzyme was oxidized with a rate of 30.s This shows
that the smaller overall activity of the mutant enzyme is due
to a slower electron transfer from herado the binuclear
center during @reduction, which is directly related to the
sshift of the hemea/a; equilibrium constant.
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Ficure 1: Redox titration of hema with ferri/ferrocyanide. The g/
initial concentration of potassium ferricyanide was /&0, after RN
which aliquots of potassium ferrocyanide were added to alter the -0.08

potential to a maximum ratio of100 (ferrocyanide/ferricyanide).
Reduction levels of hema at each step of the titration were
determined from the absorbance spectrum indheegion. The
enzyme concentration was2 uM. Buffer conditions were as
follows: 100 mM Tris, pH 7.5, 0.1% dodecytp-maltoside, 0.1
mM EDTA, 10ug/mL polylysine, 4 mM KCN. The titrations were
carried out at 25C.

0 20 40 60 80 100 120 140
time (ms)
Ficure 2: Absorbance changes at 445 nm associated with the
reaction of the fully-reduced wild-type and FQ(I-391) mutant
enzymes with @ The CO fully-reduced enzyme was mixed rapidly

(in ~1 ms) with an @-containing buffer. About 100 ms after
which was then evacuated on a vacuum line and flushed with mixing, CO was flashed off (d4t= 0). Note the different time scales

CO at 1x 1(° Pa (~1 mM concentration). The enzyme in panels A and B. Conditions after mixing: AM reacting
was progressively reduced during CO incubation, and the %;ﬁ‘;';{ggm ox'f'isﬁq'doo mM Hepes, pH 7.4, 0.1% dodefbyl-
2—3-electron reduced state was formed after—&5h Q= '

incubation time (see Results). RESULTS

Preparation of Fully-Reduced Enzyme for Flow-Flash  pgtentiometric Titrations The redox potential of hen
Experiments The enzyme stock was diluted as described a5 found to be 410 mV in the FQ(I-391) mutant enzyme,

above but to a concentration of10 uM. It was first e = about 30 mV higher than in the wild-type enzyme
incubated under Natmosphere for about 10 hin 2 MM (Figyre 1).

sodium ascorbate as a reducing agent apd/iSphenazine Reaction of the Fully-Reduced Enzyme with Gigure
methosulfate as a mediator. After formation of the fully- 2aAB shows absorbance changes at 445 nm after flash
reduced enzyme, Nwas replaced with CO at & 10° Pa.  photolysis of CO from the fully reduced cytochronoe
Flow—Flash Experiments and Data Analysi$he enzyme oxidase-CO complex in the presence of dioxygen. The
solution was mixed with an &saturated buffer in a locally  rapid increase in absorbance at the flash is associated with
modified stopped-flow apparatus (Applied Photophysics) at dissociation of CO. In the FQ(I-391) mutant enzyme it is
a ratio of 1:5. After mixing, the enzyme and, €oncentra- followed by a decrease in absorbance with a rate ofx1.2
tions were~2 uM and ~1 mM, respectively. About 100 10°s. The kinetic difference spectrum of this phase (Figure
ms after mixing, CO was flashed off with a 10 rs100 mJ 3A) is consistent with that of ©binding to hemeag
laser flash at 532 nm (Nd:YAG laser from Spectra Physics) (formation of the A intermediate) (Verkhovsky et al., 1994).
and the reaction between the fully-reduced enzyme and O The absorbance then decreases further with a rate &f (4
was followed at various wavelengths. The cuvette path 2) x 10° s and an amplitude at 445 nm of about 10% of
length was 1.00 cm. Typically, 60 000 data points were the first phase. This decrease is presumably associated with
collected and the data set was then reduced tc-3000 oxidation of hemeag/Cug forming the peroxy intermediate,
points by averaging over a progressively increasing numbersimilarly to what is observed in the mixed-valence bovine
of points (logarithmic time scale). Rate constants were enzyme (see introduction). Itis followed by a much slower
determined using a nonlinear fitting algorithm on a personal further decrease in absorbance with a rate of about 30 s
computer. associated with full oxidation of the enzyme (Figure 2B). In
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FicUre 3: (A) Kinetic difference spectra of the 1:210° s~1 phase
in the FQ(I-391) mutant&) and the 4x 10* s~1in the wild-type
enzyme M). (B) Kinetic difference spectra of the FQ(I-391) mutant
(a) and wild-type enzymedM) calculated from the difference in
absorbance at the end of the reactiéyft€c) and immediately

after CO dissociationA(t=0)). Conditions were the same as in
Figure 2.

the wild-type enzyme three major kinetic phases were
observed in the Soret region with rate constants af #0°,

8 x 1% and 6 x 1(? s%, respectively (Figure 2AB). In
thea region a kinetic phase associated withliinding with

a rate constant of 1. 1 s! was also observed (not
shown). Thus the first phase in the Soret region most likely
contains contributions both from ;(binding to hemeas
(formation of the A intermediate) and oxidation of henaes
and a; forming the P intermediate. The kinetic difference
spectrum of this phase is shown in Figure 3A. The secon

and third phases are presumably associated with the peroxy

to-ferryl and ferryl-to-oxidized transitions, respectively (see
introduction).

The concentration of active enzyme was calculated from

Adelroth et al.
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Ficure 4. Difference spectra during incubation of the fully oxidized
wild-type (at pH 8.0) (A) and FQ(I-391) mutant (at pH 7.0) (B)
enzymes with CO. (A) Spectrum 1: difference of the spectra
recorded 15 mim after and before addition of CO. The 590-nm
peak is characteristic of the C&hemeag?" species. Spectrum 2:
Difference of the spectra recodi& h and 15 min after CO addition.
The shoulder at 605 nm is indicative of fractional reduction of heme
a. Spectrum 3: Difference of the spectra recatdeh and 1 h
after CO addition. Only hema&was further reduced after one hour
of CO incubation. (B) Difference of the spectra recorded 30 and
15 min after CO addition to the FQ(I-391) mutant enzyme.
Immediately after CO addition a peak at 605 nm was observed.
The peak at 590 nm developed during-1® min after CO addition
and then the peak at 605 nm increased again. After 30 min of CO
incubation (shown spectrum) the maximueg—CO relative to
reduced heme was observed. Different pHs were used for the
wild-type and FQ(I-391) mutant enzymes because the heme
a-reduction rate increases with increasing pH. At pH 7.0 heme

is reduced much slower than at pH 8.0 in the wild-type enzyme
and at pH 7.0 essentially only an increase in absorbance at 590 nm
is observed during the first hour of incubation. ConditionszNb
cytochromec oxidase, 0.1% dodecyp-maltoside, [COE 1 mM,

and 100 mM Hepes (at pH 7.0) or 100 mM Tris (at pH 8.0).

Electron-Transfer Reactions in Partly Reduced Enzyme
The partly reduced enzyme was prepared by incubation of

OIthe fully-oxidized enzyme under CO atmosphere (see

Materials and Methods). In the wild-type enzyme this
initially resulted in formation of the so-called mixed-valence
state with oxidized hemea/Cus and reduced hemas/Cug

with CO bound to hemeg, characterized by an absorbance

peak at 590 nm. Prolonged incubation resulted in a gradual

the CO dissociation absorbance Change. The absorbanceeduction of hemea_, forming the three-electron reduced

immediately after the flash corresponds to the fully reduced

enzyme, observed as an increase of the absorbance at 605

enzyme whereas the absorbance at “infinite time”, i.e. after nm (Figure 4A). The reduction rate and the fraction three-

completition of the reaction corresponds to the fully oxidized
enzyme. A kinetic difference spectrum obtained from a
difference of the absorbances at “infinite time” and im-

mediately after the flash is shown in Figure 3B; they show
that both the wild-type and the FQ(I-391) mutant enzymes
were fully oxidized (cf. also Figure 2B).

electron reduced enzyme increased with increasing pH [cf.
Brzezinski and Malmstim (1985)], which is the reason why

pH 8.0 was used with the wild-type enzyme. Figure 5A
shows absorbance changes at 445 nm associated with electron
transfer following dissociation of CO from the wild-type
enzyme reduced to different degrees. In the mixed-valence
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Ficure 5: (A) Absorbance changes at 445 nm following flash &
photolysis of CO from wild-type cytochroneoxidase reduced to :5
different degrees. The oxidized enzyme was incubated under CO 2y
atmosphere for 15 min or 6 h. The traces are normalized to the CO
dissociation absorbance changes. The faster ¥310° s™1) and
slower (2.8x 10* s71) components correspond to electron transfer . .
from hemeas to hemea and from hemes/az to Cu,, respectively -3 0 ) )

(there is also a contribution from CO recombination with a rate of
about 50 s1). The CO ligand was flashed off at= 0. The data
shown are averages of five traces. (B) Relative amplitudes
(intensities)) of the faster and slower phases in A as a function of FIGURE 6: Absorbance changes after flash photolysis of CO from
the reduction level of hema. The kinetic-phase amplitudes are partly reduced FQ(I-391) mutant enzyme (except one trace in A,
given in percent of the CO dissociation change. The reduction level WT, which is the same trace as in Figure 5A after 15 min CO
of hemea is given as the ratio of the absorbance at 605 nm and incubation) at 445 nm (A), 605 nm (B), and 830 nm (C). In panel
the total reduced-minus-oxidized difference at 605 nm. The data (A) is also shown a trace recorded at low CO concentratieb 1
corresponding to the point with the largest degree of reduction was mM). Absorbance changes in the fully-reduced enzyme (A) were
collected after abdu8 h of COincubation. The enzyme was not recorded after addition of dithionite-(LO times molar excess). The
reduced further after an additional 24 h incubation time. Conditions CO ligand was flashed off at= 0. The small rapid component at
are the same as Figure 4, pH 8.0. 445 nm after CO photolysis is probably due to a small fraction of
the enzyme which is not fully reduced. Conditions: M
enzyme a rapid increase in absorbance, associated with CQytochromec oxidase, 100 mM Hepes, pH 8.0, 0.1% dodeggyl-
dissociation was followed by a decrease in absorbance withmaltoside, [COk= 1 mM (except for the low-[CO] trace in panel
an observed rate constant of 3«71 s™%, associated with
fractional electron transfer from henae to hemea, and a Flash-induced absorbance changes associated with electron
slower decrease in absorbance with a rate constant of 2.8 transfer following dissociation of carbon monoxide in the
10* s1, associated with electron transfer from heragand FQ(I-391) mutant enzyme were investigated at three different
a to Cuy. Further reduction of the two-electron reduced wavelengths: 445, 605, and 830 nm (Figure 6). At all three
enzyme resulted in a decrease of the 8.71.0° s phase wavelengths the CO dissociation absorbance change was
amplitude and an increase of the 2.8 10* s phase followed by a monoexponential decrease in absorbance with
amplitude (Figure 5B), as has been observed previously ina rate constant of 3.2 10° s'1. The absorbance changes
the mitochondrial enzyme (Morgan et al., 1989; Oliveberg at 445 and 605 nm were consistent with-aB0% oxidation
& Malmstrom, 1991). of hemeas, and the absorbance change at 830 nm was
In the FQ(I-391) mutant oxidase hengewas reduced  consistent with the same fraction reduceds Cé\t 445 nm
already after a short CO-incubation time (Figure 4B), even the rate constant of this phase did not change upon decrease
at relatively low pH. This is most likely a consequence of of the CO partial pressure by a factor o0 (Figure 6A),
the higher redox potential of henagelative to that of heme  which shows that the reaction associated with this absorbance
az in the mutant compared to the wild-type enzyme. change was independent of the CO-recombination rate. The

time (ms)
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: - ™ equilibrium constants are altered and we discuss these effects

WT A in terms of the functionality of the enzyme. The Phe(1-391)

residue is highly conserved. The corresponding residue in

the bovine enzyme (Phe(l-348)) is abb&@A “below” the

hemeag iron, 12 A below Cg and 17 A from the hema

iron (Tsukihara et al., 1995, 1996).

partly reduced Electron-Transfer Reactions in Partly-Reduced Enzyme

In the wild-type two-electron reduced (mixed-valence)
fully enzyme following CO dissociation there is first a rapid

reduced kinetic phase at 445 nm, associated with electron equilibra-

00 -t 1 tion between hemeas anda which results in an about 50%

‘ oxidation of hemens (Adelroth et al., 1995). Théorward

0.0 0.1 0.2 0.3 0.4 (hemea to ag) rate constant was deconvoluted and was found

— . to be~2 x 10° s The electron then equilibrates with
FQ(1-391) B Cu, with a rate constant of 2.& 10* s™1, observed as a

second kinetic phase corresponding to at most 10% electron

transfer to Cy.

Upon further reduction of the enzyme primarily heme
partly reduced (430 nm) becomes reduced (Figure 4). As a result, following pulsed
multiplied by -1 i ilumination, the amplitude of the rapid phase decreases
whereas that of the slower phase increases (see Figure 5).
In the three-electron reduced enzyme the kinetics become
essentially monophasic and the absorbance changes cor-
respond to oxidation of hemes and az and reduction of

1.0}

relative AA*?
o
W

relative AA
o
wn
T

fully reduced
(445 nm)

oo b c— ] Cua [see also results from experiments on the bovine enzyme
! N S (Morgan et al., 1989)].
0.0 0.5 1.0 In the FQ(I-391) mutant oxidase only one kinetic phase,
) associated with electron transfer from heado Cua, was
time (s) observed following CO dissociation also from enzyme

FIGURE 7: Absorbance changes associated with dissociatioh (at incubated a short time~15 min) under CO atmosphere.

= 0) and recombination of CO in partly- and fully-reduced wild-  Since in the wild-type enzyme this is indicative of the three-
type (A) and FQ(I-391) mutant (B) enzymes. The FQ(I-391) partly- gjactron reduced enzyme, one possibility to explain the
reduced trace was recorded at 430 nm because in the mutantenzymﬁ.ﬂE t behavi f th ' tant is that h
at this wavelength the CO recombination absorbance change had &' €r€nt behavior of theé mutant enzyme 1S thal heme

much larger contribution than at 445 nm, where electron transfer beécomes reduced in parallel with the binuclear center during
dominates (cf. Figure 6). For easier comparison, all traces were incubation of the oxidized enzyme with CO and a dominating
normalized and the 430 nm trace was multipliedHd. Conditions fraction of the partly-reduced FQ(I-391) enzyme is always
were the same as in Figure 6. three-electron reduced. This is supported by the presence
. of a peak at 605 nm in the optical difference absorption
3.2 x 10° s absorbance change was not observed in the spect?um of the partly-reduced n?utant enzyme already : short
fully-reduced FQ(I-391) enzyme (Flgu.re 6A). .. time after CO addition (Figure 4). In the mutant enzyme

Absorbance changes associated with CO recombinationihe hemea redox potential is higher and that of hemgis
are shown in Figure 7. The rate consténtere 50+ 5 presumably lower (see below) than in the wild-type enzyme.
and 15+ 3 s™* in the wild-type fully reduced and mixed-  Therefore, it is likely that the three-electron reduced enzyme
valence enzymes, respectively. In the FQ(I-391) mutant js formed more easily than in the wild-type enzyme. There
enzyme the corresponding rates werei28 and 6+ 1 s, is also a possibility that partly-reduced enzyme with hemes
respectively. The relatively slower recombination rate in the 4 and as reduced and Guoxidized is formed. However,
partly-reduced FQ(I-391) mutant enzyme is consistent with s \would not change the main conclusions of this work
the larger extent of electron transfer from hesdecause  pecause Gudoes not participate in the redox reactions after
the observed recombination rate is determined by the fractionc photolysis from the partly-reduced enzyme (the same
reduced hemes times the recombination rate in the fully-  f.5ction hemeas was oxidized as Gureduced, see below).
reduced enzyme (Verkhovsky et al., 1992). From measurements at 445, 605, and 830 nm, we
concluded that the extent of electron transfer from hege
DISCUSSION to Cuy was~80%, which is significantly larger than in the

In this study we address the mechanisms of electron- andwild-type enzyme even in the three-electron reduced state
proton-transfer reactions in different states of cytochrame (Oliveberg et al., 1991). The redox titration shows that the
oxidase. We have studied electron-transfer reactions in theredox potential of hema is about 30 mV higher in the FQ-
presence and absence of i@ the wild-type and the Phe(l-  (I-391) mutant than in the wild-type enzyme. Consequently,
391) — GIn (FQ(I-391)) mutant of cytochrome oxidase to account for the larger extent of electron transfer either
from R. sphaeroides In the mutant enzyme both rates and the redox potential of Gumust be higher or that of heme

az must be lower in the mutant than in the wild-type enzyme.
2| o Itis unlikely that the Cy redox potential is affected because
n the partly-reduced enzymes the recombination kinetics were . . S .

biphasic [see Aelroth et al. (1995)]. The rate constants of the main the mutation is far away from this site (Tsukihara, 1995,
components are given. 1996; lwata et al., 1995). We therefore assume that the heme
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FiGure 8: Electron-transfer reactions in partly-reduced wild-type and FQ(I-391) mutant cytoclirowidase in the absence o, Orhe
energy levels and rate constants are calculated in Appendices 1 and 2. It is assumeg stay<Oneduced during the experiment (see text).

Rate constants are given inls

a; redox potential is lower in the FQ(I-391) mutant than in
the wild-type oxidase. The following scheme is used to
model the electron transfer in the mutant enzyme:

Cu,a a3«ECuAaa3<E Cua a 4 1)

where a “-" sigh symbolizes a reduced site akgdare rate
constants. The initial states immediately after CO dissocia-
tion are those with hemes reduced. Using the above

described assumptions and the model outlined in eq 1 we
calculated the redox potential differences between the redox
centers in the partly reduced enzymes from the extents of

electron transfer in the wild-type and mutant enzymes
(Appendix 1, Figure 8). In the mutant enzyme, in addition
to the 30 mV higher redox potential of heragthe redox
potential of heme; was estimated to be about 70 mV lower

than in the wild-type enzyme. This corresponds to an about

50 times smaller equilibrium constant for electron transfer
from hemea to ag, i.e., k; YK3 = 1/50 as compared tol
in the wild-type enzyme (delroth et al., 1995).

type enzyme using a model discussed recently (Brzezinski,
1996). Assuming the same electron-transfer distance and
reorganization energy in the wild-type and FQ(I-391) mutant
enzymes, for a driving force about 100 mV smaller than in
the wild-type enzyme we obtaik? =~ 2 x 10* s and
K9=1x 1P s2.

The rates and equilibrium constants in the wild-type and
FQ(I-391) enzymes discussed above are summarized in the
energy diagram in Figure 8.

Reaction of the Fully-Reduced Enzyme with Q\fter
photolysis of CO from the fully-reduced enzyme in the
presence of~1 mM dioxygen (flow—flash method) in the
wild-type enzyme three major kinetic phases were observed
in the Soret region with rate constants ok410% 8 x 1(°,
and 6 x 10 s1, respectively. The same method in
combination with various spectroscopic techniques has been
used extensively to investigate the reaction of the mitochon-
drial fully reduced enzyme with ©(see introduction). In
this enzyme @binding to hemeag with a rate of about 10
s 'is followed by three kinetic phases at 445 nm with rate

In the FQ(I-391) mutant enzyme only one kinetic phase constants of 3« 10° s (AA%S5 < 0), 1 x 10° st (AAMS >
was observed. Consequently, all four rate constants in eq 10) and 1x 1C° 571 (AAMS < Q) réspectively (at-1 mM

could not be uniquely determined from a fit of the model to
the experimental data. Since in the mutant enzyme
KEUKE? = 1/50, i.e. K9 > K[ and in the wild-type enzyme
kK'T =K' =2 x 10F s (Adelroth et al., 1995), it is likely
thatk™Qis at least 2x 1P s (if K9=2 x 1P s, K=
4 x 10° s%, see Figure 8). Using this assumption, a fit of
the model to the experimental data gives: 3.6 x 10*s?!
andk_, = 2.6 x 10® s! (Appendix 2). Note that these
va(lgues ofk, andk_, are obtained for ani"9 > K- KS,
ko<,

It is interesting to note that an increase of the driving force
for electron transfer from Guo hemea by ~30 meV results
in an increased electron-transfer rate (%610* st in
FQ(I-391) and 2.5¢< 10* s in WT, Appendix 2), which is
consistent with a Marcus equation [for a review see Marcus
and Sutin (1985)] based model (Brzezinski, 1996).

Values ofk® and k'S were estimated from the driving-
force dependencies-AG) of these rate constants in the wild-

O,, see introduction). The first phase is an absorbance
decrease which is associated with electron transfer from heme
a to the binuclear center and formation of the peroxy
intermediate (P). This is then followed by an increase in
absorbance associated with fractional electron transfer from
Cur to hemea and concomitant formation of the ferryl
intermediate (F). The slowest phase corresponds to transfer
of the fourth electron to the binuclear center fromaGieme
aforming the fully-oxidized enzyme (O). The bacterial wild-
type enzyme displayed the same type of kinetic character-
istics even though the intermediate phase was not observed
at 445 nm because its amplitude is smaller than in the bovine
enzyme (it is observed, e.g., at 430 nm and indhegion;
Adelroth et al., unpublished). In the FQ(I-391) mutant
enzyme the first kinetic phase had a rate of £.2%° s

Its kinetic difference spectrum (Figure 3) was similar to that
of the hemea; ferrous-oxy intermediate observed in the
bovine enzyme (Verkhovsky et al., 1994), which indicates
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that G is bound to the same extent in the FQ(I-391) mutant
enzyme as in the bovine enzyme. In the wild-type enzyme
the & binding is followed and obscured by oxidation of
hemesa and a; concomitant with formation of the P
intermediate. Hema oxidation was much slower (309

in the mutant enzyme and the P intermediate was most likely
formed with electrons from herag and Cy. This is similar

to the situation observed in the mixed-valence bovine enzyme
where a stable P intermediate is formed with a rate of about
6 x 10° st (Hill & Greenwood, 1983; Oliveberg et al.,
1989). In other words the difference between the mecha-
nisms of P-intermediate formation in the wild-type and FQ-
(I-391) mutant enzymes is the source from which the second
electron is taken (hema or Cus).

In the mutant enzyme the electron-transfer rate from heme
a to hemeag is presumably reduced by only a factor of 10
(even ifk"$ would have the same value as in the wild-type
enzyme (2x 10° s7%), the forward ratek?, would be 4x
1 s %), which cannot alone account for the dramatically
slowed electron-transfer rate from heraeduring oxygen
reduction. Therefore, most likely the slower oxidation rate
of hemea is also due to the 100 meV smaller driving force
for the electron transfer from henzeto hemeas.

The mechanism of the P-intermediate formation in the

fully-reduced enzyme has been discussed by Verkhovsky et

al. (1994) who suggested that during the early steps.of O
reduction the different intermediates up to P are at equilib-
rium and that the P state is unfavorable until it is stabilized
by transfer of the third electron to the binuclear center. The
model cannot fully explain the results obtained with the
FQ(I-391) mutant enzyme because after B{Pes formed

(P with electrons from the binuclear center, hemremains
reduced) with a rate of about» 1¢° s, electron transfer
from hemea to the binuclear center (forming P(£€))
should procede with a (faster) rate of about 20*s™ (i.e.,

the intrinsic electron-transfer rate, see Figure 8). Conse-
quently, the apparent rate of P¢f8 formation would be
about 4x 10° s,

During oxidation of the bovine fully-reduced enzyme the
A — P(Fg3") transition (3x 10* s'! phase, formation of
the P intermediate with electrons from henaesndag) has

Adelroth et al.

FQ(I-391)
>
%0 Fe,”*Cu,*
=} 3+ 2+
) Fe, "Cuy WT
~ 5 Fe,""Cu,”
+
P(Fe, ") Fey ""Cuy”
622.
P(Fe,™) o

Ficure 9: Model for the reactions following formation of the P
intermediate in the FQ(I-391) mutant and wild-type enzymes. The
P intermediate is formed with electrons from hengesind as
(P(F&3")) or from the binuclear center (P(E¢)) with rates of

40 000 and 400078, respectively. In the FQ(I-391) mutant enzyme
the altered redox potential difference between the hemes makes
electron transfer from hengeunfavorable in the state P(2&) and

the concentration of P(§¥&) is small; the overall reaction is driven
by the following steps, i.e., the P(§&) — F — O transitions [only

the P(Fg") — O step is shown]. The apparent rate is slow (30
s71) because the fraction P(¢&) is small. Proton uptake is not
shown explicitly.

meV (i.e.,AG = 60 meV) because no electron transfer is
detected (assuming a 10% detection limit for electron transfer
from hemea). Assuming that the driving force for electron
transfer from heme to the binuclear center is 100 meV
smaller in the FQ(I-391) mutant than in the wild-type enzyme
(see above) the driving force in the wild-type enzyme must
be <40 meV. It should not be smaller than about 30 meV
because substantial electron transfer from herte the
binuclear center is observed in the wild-type enzyme (30
meV corresponds to about 75% electron transfer). The
relatively small loss of energy up to formation of the RfFe
intermediate with three electrons at the binuclear center is
consistent with the observation that this state can be
photolyzed to regenerate the fully-reduced state (Varotsis &
Babcock, 1995).

been suggested to be coupled to an internal proton transfer It is interesting to note that the rate of the slowest phase

stabilizing the P(F£") intermediate (Halle & Nilsson
1992). Hence, it is likely that an internal proton-transfer

during oxidation of the fully-reduced enzyme is about the
same as the overall turnover rate, which indicates that the

reaction (e.g., to a group nearby the binuclear center) is ratelower activity of the mutant enzyme is due to inhibition of

limiting for formation of the P intermediate. In the fully-
reduced wild-type enzyme this is followed by electron
transfer from heme to the binuclear center with a rate
constant larger than 8 10* st and P(Fg*") with only two
electrons at the binuclear center is not detected. In the
FQ(I-391) mutant enzyme a stable PA=gintermediate with
both electrons from the binuclear center is found because
the electron equilibrium is shifted away from the binuclear
center and electron transfer from heai€u, (oxidation of

the enzyme) is driven by the following reaction steps
(P(Fe?") — P(Fg3") — F— O) (Figure 9), which is a slow
process because the fraction PfFeis very small. In other
words, the apparent rate of the reaction (3 & determined

by the fraction P(F€*) formed and the rate of the following
step(s). From this follows that in the FQ(I-391) mutant
enzyme the driving force for electron transfer from hemne

to the binuclear center in the P(#€) state must bes —60

electron transfer from hem&Cu, to the binuclear center.

CONCLUSIONS

The results from this work show that the reduced overall
activity of the FQ(I-391) mutant enzyme is due to slower
electron transfer from hema (and Cw) to the binuclear
center during @reduction. In addition, the results indicate
that there is a direct relation between the redox potential
difference between hemes and a; (as determined from
redox titrations and studies of electron-transfer reactions in
the partly-reduced enzyme) and the kinetics of electron
transfer to the binuclear center during f@duction.

APPENDICES

Results from the calculations in Appendices 1 and 2 are
summarized in Figure 8.
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Appendix 1. Redox Potential Differences between the
Redox Centers

Two-Electron Reduced Wild-Type Enzyme
The following model is used (Gus omitted for clarity):

KJAE, K,/AE;

Cuy,aa;7=—— Cu,a a7 Cu,aa; (2)

whereK; andK; are equilibrium constants amlE; = E,,
— EsandAE; = E; — Ec,, are the redox potential differences

between the redox sites indicated by the indexes. Before

CO photolysis only state Ga &, is populated because CO
stabilizes the electron at henag After CO photolysis an

equilibrium is established between all three states. The

fractions reduced Gy hemea, and hemeas are

[Cul =1+ K, + KKyt ©)
[a]=K, (14K, +KK)™ 4)
[a3] = KK, (L + K, + Kle)il (5)
E, — E,
K,= ex;{ aI;T/F ) (6)
Ea— ECuA
K2 = ex4w) (7)

In the wild-type enzyme we uﬁ:,’\a” — EX'T = 0 (Adelroth
et al., 1995), i.e.K}'" = 1 and the degree of reduction of
Cua in the wild-type enzyme, [CUYT, is ~0.1, which
together with eq 3 gives

— [Cu 1"

KWT — -
[Cu™™ (14K

(8)

From eq 7 we obtaifE,”" — Ef; = 40 mV.

Three-Electron Reduced FQ(I-391) Mutant Enzyme

Biochemistry, Vol. 36, No. 39, 19971795

Before CO photolysis the electron is stabilized on reduced
hemeas (states Ciaa; and Cua a;). SinceK:? = 14
the population of state Gaa; is only about 6%. There-
fore, we assume that state L2oa; is the initial state prior
to CO photolysis, i.e., the reduction level of Cis ~0 prior
to CO dissociation.

The reduction level of Cuafter CO dissociation is

(Cu;] Fo 1+ KEQ 12)
u =
M 1K KRRKR

K'Q is calculated using eq 12 witi;° =~ 14 and
[Cu,lF?= 0.8 as

— [Cu]™®
KR=—— [ A]F =0.018  (13)
[Cul L+ K —1

which gives

En’— E%=—100mV

Thus, in the FQ(I-391) mutant oxidase the redox potential
of hemea is 30 mV higher than in the wild-type enzyme
and that of hemeg is 70 mV lower.

Appendix 2. Kinetics

The following general model will be used for both the
two-electron reduced wild-type and the three-electron re-
duced FQ(I-391) mutant enzymes:

As discussed in the discussion section the partly reduced

FQ(I-391) mutant enzyme accommodates three electrons, i.e.,

an additional electron is found at herafCua:

Ky/Eq

KJE, -
Cu,a a;7=—=Cuyag;=—=Cu,a a 4 9
The redox potential of hema in the FQ(I-391) mutant
enzyme is about 30 mV higher than that in the wild-type
enzyme, whereas that of gis the same (see Discussion):

EF?=EVT + OE, (10)
Equations 7 and 10 together wik)'" = 4.5 (eq 8) and
O0E;, = 30 mV give

FQ_ EEQ - ECuA _
K = —gyr |~

EZ?’T—ECU) p(AE) p((SE)
I al _ wr
eXp( rRE [OARTF =K OARye/ =14

(11

koo K
A—’ B<— C [Cl(t=0)=1 (14
1 1 —K1t 1 — Kot
[A]—kk( + e "+ ez)
Niaky Kyl — Kp) KoKy — Kq)
(15)
[B] = k_ii(L kl L gt i\ 2 e'(zt)
Kiky  kqy(ky — Kp) KoKy — Kq)
(16)
[Cl=1-(A] +[B]) 17)
where
(K+K.+k +k ..)
(k + ki + Kk — Kk )
N/ ' =k — ki — Kok (18)
Two-Electron Reduced Wild-Type Enzyme
To begin,k = ky'"; ki = kK'Y; ki = kI'"; andk_ij =
K.
KT T
CuAaa3 CuAa == o Cu,aa 4 (19)
The equilibrium constant&}'" = k;'"/kK¥"; andK}'" =

ke'T/KY] are 1 and 4.5, respectively (see Appendix 1) and
thusky'" = kY. In addition, k}'", K" > k', K] (see
Results). Equation 18 then simplifies to
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2k, + K,
Ky o= k|1 % ===
2k, + k_
k|1 + 1—1/22k—2)) (20)
1

iy = 2Ky, 10y = (2K, + K_») (21)
(Indexes “WT” are omitted for clarity.)

The observed rate constants are<3L(P and 2.8x 10
s 1, which givesk; = k-3 = 1.5 x 10° s** andk, = 25 000
st k., =5600 s™

Three-Electron Reduced FQ(I-391) Mutant Enzyme
To begin,k = K2 ki = K$, ki = K andk_i; = K.

kiR kEQ
Cua Cohyy CuAaa3 CuAa a g (22)
KT® = K99 and K52 = KEUKS are 0.018 and 14,
respectively (see Appendix 1), akd > K<, K5 k™9 (see

Discussion). Equation 18 then simplifies to

K Kk, + K k)
K1’2=72 1:|:\/1 4“k2—12)_
—1

~

_ k.k, + k_.k_
71 14122 172 (23)
Ky
(Indexes “FQ” are omitted for clarity.)
FQ FQ
Q= K KO = kFQ +K3=KRK+ K3 (24)

The value ofk’S was estimated to be about®18? (see
Discussion). Sincf$ > K9 K K3 and thus«[® >
152 the concentration of [B] (eq 14) is0 during the course

Adelroth et al.
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