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ABSTRACT. The pH dependence of electron and proton re-equilibration upon CO photolysis from two-
electron-reduceda; oxidase was followed by time-resolved electrometry and optical spectroscopy. Optical
spectroscopy on solubRaracoccus denitrificanenzyme at alkaline pH revealed a slow (1 ms) component

of electron re-equilibration coupled to the release of protons from the catalytic site. In the wonkifBra

M., et al. (2003)Biochemistry 4213178-13184], it was proposed that this proton is released from a
water molecule in the catalytic site, located deep in the membrane dielectric. Movement of charged particles
such as protons across the dielectric should create an electric potential. However, recording of the time
course of the potential generation did not show any potential development in the millisecond time domain,
but instead, potential generation was found with an apparent time constant ©06@s. This potential

was generated upon proton release from the level of the binuclear catalytic site through the K-channel,
because mutation in this channel abolishes the potential generation altogether. The apparent inconsistency
between results from optical spectroscopy and electrometry was solved by optical experiments on the
membrane-incorporated enzyme. Reconstituting the enzyme into proteoliposomes speeds up the slow
electron redistribution process by a factor of 10 and shows the same time constant as potential generation.
The possible mechanism of such dramatic change in the rate of proton transfer is discussed.

Cytochrome ¢ oxidase, the terminal enzyme of the transfer processes coupled to them in cytochrororidase
respiratory chain in all eukaryotes and many bacteria, can be studied not only in the forward reaction of oxygen
catalyses reduction of dioxygen to water. This reaction reduction to water, but also in a more simple experimental
requires four electrons and four protons, which are taken model, electron backflow.
into the enzyme from opposite sides of the membrane and Under anaerobic conditions in the presence of CO, the
are transferred to the active site through the membranepartially reduced enzyme forms the so-called “mixed-
dielectric (1, 2). In addition, cytochrome oxidase uses the  valence” state, where the binuclear center is reduced, but
energy released in the reaction to pump four protons overthe electron donor sites (henseand Cu) are oxidized.
the whole membrane3). Altogether, eight charges are Under oxygen-free conditions, a molecule of CO binds to
transferred through the membrane during one catalytic cycle.hemeas instead of oxygen. Binding of CO increases the
These charge-transfer processes cause generation of aapparent redox midpoint potential of henag and traps
electrochemical potential across the membrane. The electronglectrons at the binuclear center. However, this binding is
are delivered one at a time from cytochromtarough Cuy rather weak and CO can be easily photolyzed away from
and hemea to the binuclear hemes;—Cus center, where  the heme by a flash of light. In a backflow experiment with
the chemistry of oxygen reduction to water takes place. two-electron-reduced mixed-valence enzyme (COMWlis-
Protons required for this reaction, as well as pumped protons,sociation of CO from hemeys leads to lowering of the
are provided by two different proton conducting pathways, apparent redox midpoint potential of hemgand redistribu-
named the D- and K-pathways after highly conserved amino tion of electrons among the redox centefs-{). Fast
acids (D124 and K354&aracoccus denitrificansumbering) electron equilibration between henag and hemea first
(4). occurs on the nanosecond time scae-10). Then, in a

Electron transfer and proton pumping during catalysis form slower process, connected with protein relaxation (most likely
a complicated overall picture of the enzyme function. It is upon carbon monoxide release fromgfiadditional electron
possible to follow partially simplified reactions of electron redistribution between the hemes occurs with a time constant
and proton transfer using equilibrium perturbation methods. of 2—3 us. The next step in the cascade of electron
The internal electron-transfer reactions and the proton-

1 Abbreviations: COMYV, “mixed-valence” (two-electron reduced)
enzyme ligated by carbon monoxide; COFR, fully reduced enzyme
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Nos. 200726 and 44895), Biocentrum Helsinki, and Sigrid Juselius positively charged side of the membrane (intermembrane space in
Foundation. mitochondria or periplasmic side in bacteria); N-side, negatively charged
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re-equilibration events happens in-380 us and includes  signals from the PMTs were digitized by a two-channel
further electron redistribution between healbemeas; and Gage85 board controlled by software written by Dr. Nikolai
Cua. In the mixed-valence enzyme, the extent of electron Belevich. Because of limitations of the light source and the
transfer to Cy is negligibly small and reaches only a few Gage digitizing board, the useful time domain of this
percent {1). At high pH, the process of electron backflow experimental setup is from 30 ns to 5 ms. The full kinetic
also includes an additional phase of electron redistribution spectra of the backflow phases in the Soret angkgions
between the redox centers in the millisecond time range. Thiswere measured using a homemade imaging spectrograph
process is coupled to proton release to the bulk medium via(Triax, Jobin Yvon Ltd.)-CCD camera (Andor Technology)
the K-pathway and includes deprotonation of a water system. Measurements at 820 nm were carried out with a
molecule to a hydroxide ion at the binuclear cenfie, (3). separate homemade setup. A photodiode was used to record
Here, using time-resolved optica| absorption Spectroscopythe absorbance as functions of time at 820 nm. A laser diode
and electrometry, we have studied the pH-dependence of theThorLabs) was used as a probe beam. In all cases, the heme
charge-transfer processes after dissociation of carbon mona—CO bond was photolyzed by a laser flash (Quantel
oxide from soluble or membrane-incorporated two-electron- BrilliantB, frequency doubled YAG, 532 nm, pulse energy

reduced cytochrome oxidase fromP. denitrificans = 50 mJ).
The Setup for Electrometric Measuremeriike electro-
MATERIALS AND METHODS metric measuring system consists of a cell which is divided

into two compartments by a phospholipid measuring mem-
brane. Vesicles with reconstituted cytochrooraxidase were
attached to the measuring membrane. Ag/AgCl electrodes
situated on different sides of the membrane measure the
electric potential generated during the enzyme reaction. The
recorded voltage is proportional to the translocation of charge
inside the enzyme and perpendicular to the membrane plane.
For details of the electrometric method and sample
preparation, see re8. It is important to mention that
proteoliposomes were fused to the measuring membrane at
pH 7.5, and then the buffer was replaced with medium of

Enzyme Preparation and Reconstitution into Phospholipid
Vesicles.Wild-type and mutants of cytochronmezoxidase
from P. denitrificanswere grown, isolated, and purified as
previously described1@) with some modifications 1(5).
Reconstitution of both isolated wild-type and mutant enzymes
into proteoliposomes was done using the Bio-Beads (Bio-
Rad Laboratories) method as earlier describ@d éxcept
that the enzyme concentration during the reconstitution was
increased to (M.

Preparation of Mixed-Valence Enzyme for Optical Spec-
troscopy All optical samples contained 0.05% dodecyt- h ; H
maltoside (w/v) and 100 mM bis-Tris propane (pH 7.0, 7.5, the desired pH.

8.0, 8.5, 9.0, 9.3, and 9.5) or CAPS (3-[cyclohexylamino]- Ptr_epslra“o” of thtega’”xeld'\t’a'e”‘t:? E”ﬁyme f‘l” Ef?‘["'
1-propanesulfonic acid, pH 10, 10.3, 10.5, 10.6, 10.8, 10.9, MEUIC Measurementsné electrometric cell was placed into

and 11.0). The concentration Bt denitrificanswild-type a gastight box and further treated similarly to the optical

cytochromec oxidase was about M. The mixed-valence sample. However, concentrations of glucose oxidase and
CO-bound complex of cytochroneoxidase was made by ferrlcya;pldle v_\ll_er$ 'r.llﬁriastid tot 3'5f mg/mL ang 5t' mM,3
placing the enzyme into an anaerobic optical cuvette followed re'\:/lsp?(;]we y. 10 Tacl Iﬂ? e the IrI? €o eggy?f ;ﬁ uc |0n|,

by exchange of the atmosphere inside the cuvette to argo orhexaammine ru emum(_ ) was added to the sample
on a vacuum line. Then, 50 mM glucose, 0.9 mg/mL glucose efore putting it into the gastight box. The pH and redox

oxidase, and 9@g/mL catalase were added to the sample. potential of t.he medium were determined during the mea-
The glu,coseglucose oxidase system lowers the redox surement with corresponding electrodes attached to the

potential En) of the medium, which leads to reduction of system. The hema;—CO bond was photolyzed by a laser

the binuclear center and binding of CO to heaaeTo trap pulse, and_the ”?e'_“bra”e potential generation by the enzyme
the enzyme in the two-electron-reduced state, ABDof after the dissociation of CO was followed as a function of

potassium ferricyanide was added to the sample prior theime-
experiment. Addition of anaerobic ferricyanide keepsEhe

of the medium at the level of two-electron-reduced enzyme
and works as a redox buffer. Formation of CO-bound mixed-  Electron Redistribution upon Photolysis of CO from

valence enzyme was done under 100% CO atmosphere angoluble COMV agOxidase at Different pHWe have used
verified by optical absorption spectroscopy at 590 nm. time-resolved optical absorption spectroscopy to study the
Time-Resaled Optical Absorption Spectroscopy Measure- electron backflow process in the mixed-valence enzyme.
ments Time-resolved single-wavelength absorption measure- Both single- and multiwavelength measurements were made
ments in thea region were made using a split-beam dual- to follow the pH dependence of the backflow phases and to
PMT spectrophotometer build in-house with a xenon flash characterize their kinetic difference spectra. The total extent
lamp (Zeiss BL40, length of stable impulse, 5 ms) as the of electron transfer between the binuclear site and the donor
probe light source. Light from the xenon lamp was passed part (Cw, hemea) of the enzyme at different pH can be
through a monochromator and then divided into two beams determined by measuring the CO recombination rate in the
by partial reflection from a glass coverslip. The transmitted mixed-valence (COMV) and fully reduced enzymes (COFR)
beam was passed through the sample compartment beforéFigure 1). In contrast tRhodobacter sphaeroidesad6),
being detected by a photomultiplier tube (PMT). The the CO recombination kinetics for COFR and COMN/
reflected beam was directed straight into the second PMT denitrificans enzymes were monophasic and can be well-
omitting the sample. Both PMTs were shielded from excita- fitted by a single exponential at any pH from 7 to 11 (Figure
tion light by slits and colored by 532 nm notch filters. The 1A). The CO recombination rate in fully reduced enzyme

RESULTS
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Ficure 1: (A) Normalized absorbance changes at 605 nm corresponding to CO recombination for fully reduced enzyme (dashed line) and
mixed-valence enzyme at different pH conditions (solid lines) as characterized by an arrow (pH values are 7, 7.5, 8, 8.5, 9, 9.5, 10.6, 10.8,
and 11). (B) The pH dependence of the CO-recombination rate in mixed-valence (circles) and fully reduced enzyme (squares). (C) The
calculated (eq 1) pH dependence of the fraction of the fully reduced binuclear center. The solid curve is a fit of the data with a Henderson
Hasselbalch one-proton titration curveK{p= 8.66, Hill coefficient 0.6, maximal extent 0.505). The dotted curve is a best fit with a
standard one-proton titration curveK(p= 8.8, Hill coefficient is 1.0). Conditions: see Materials and Methods; number of averages is 25.
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Ficure 2: (A) Absorbance changes at 605 nm during photodissociation of CO from mixed-valence and fully reduced enzyme at specified
by pH values. (B) The amplitude of the slow kinetic phase at 605 nm as a function of pH. The solid curve is a fit of the data by one-proton
titration curve (K, = 8.66, Hill coefficient 0.6). Conditions: see Materials and Methods; number of averages is 25.

did not show any pH dependence and was about44 s a total extent of electron transfer of about 100% to heme
whereas the rate in the mixed-valence enzyme slowed fromat pH 11.
20 st at pH 7 to 1 s* at pH 11 (Figure 1B). The pH The kinetic traces of absorbance changes at 605 nm upon
independence of the CO-recombination rate in fully reduced CO photolysis from COMV and COFR enzyme are shown
enzyme indicates that CO recombination as such does notin Figure 2A. The initial fast increase in absorbance in
involve protonation events. The decrease in the rate of COCOMV is due to CO dissociation from hemagand electron
recombination with pH in the mixed-valence enzyme can equilibration between hem@s and hemea with time
be explained by a decrease of the occupancy of fully reducedconstants of 1.2 ns8( 9) and about s (6—9) (see also
binuclear site after photolysis due to electron transfer from Figure 8, inset). The increase of pH induces the growth of
hemeas to hemea. Hence, the rate of CO recombination in  the slow phase of absorbance change seen on a millisecond
the mixed-valence enzyme can be described by the following time scale with a time constant of about 1.1 ms. The pH
equation: dependence of the amplitude of the slow electron transfer
phase is presented in Figure 2B. This kinetic phase appears
kedPH) = ko[ag*(pH)] (1) only at high pH values, and its amplitude increases with
increasing pH. In the COFR sample, all redox centers are
wherek. is the apparent rate constant of CO recombination reduced and the initial fast phase seen in the Figure 2A
measured at a particular pkiis the CO-recombination rate  corresponds to optical changes due to CO dissociation only.
constant in fully reduced enzyme; areb'fd is the fraction To assign the microsecond and millisecond phases of
of fully reduced binuclear center, which can be approximated absorbance changes following dissociation of CO from
by the amount of reduced heragdefined by the equilibrium  mixed-valence enzyme (at pH 9.5), we recorded the surface
constant of electron transfer between hemeaadas (Figure of optical changes in the wavelength range between 350 and
1C). The fraction of the fully reduced binuclear center varied 700 nm with a frequency of 1 spectrums/ Figure 3A
from about 50% at pH 7 to almost 0 at pH 11. This indicates presents the surface of absorbance changes as a function of
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0 S N Conditions: see Materials and Methods; number of averages is 5.
! attributed the additional features in the kinetic spectrum seen
-0.05 : in the millisecond phase to binding of a hydroxide ligand to
: x3 ferric hemeag, and our finding supports this conclusion. A
0.1 =00 500 * 500 700 shift of the typical charge-transfer band of oxidized enzyme
wavelength, nm from 660 to 635 nm is noteworthy here, as it may be a

, , specific signature of a state of the binuclear center where
Ficure 3: (A) Absorbance-time-wavelength surface of optical

changes after CO dissociation from mixed-valence enzyme at pH Cue is reduced and ferric hem}?‘ IS Ilgateq by hydroxide. .
9.5. The direction of signal development in time is indicated by  Proton movement from the binuclear site located deep in

arrows. (B) Kinetic difference spectra of theu8 phase (dashed = the dielectric of the membrane via the K-pathway out in the
line) and the millisecond phase (solid line). (C) The difference medium should create an electric potentialy( with a
i‘z’eclt;“m tbea"’ee” the ?‘é"o klngtlocsﬁ/pe&;a Toga”?\; Eéi;gd('“ans polarity opposite to that created during enzyme turnover. To
uM cytochromec oxiaase, 0. 0 , m p . . - .
10.2), and 100% CO: number of averages is 75. check this assignment of the millisecond phase, we studied
the backflow reaction from the COMV state of the enzyme

time in this wavelength range. The recorded three-dimen- In Phospholipid vesicles by an electrometric approach.
sional absorbance-time-wavelength surface was decomposed YPical electrometric responses for the electron backflow

into kinetic spectral components according to the following reaction measured at dlifferent pH values are shown.in Figure
4A. As shown before with the bovine enzyme, there is almost

equation: 10! ‘
no Ay generation in the backflow reaction at the COMV at
2 neutral pH (1), and a similar picture is indeed seen for the
AA, = Zelie_kit +C, (2) enzyme fromP. denitrificans At neutral pH, the amplitude
= of the electrometric response is very small, reaching only

about 0.25 mV. But with increasing pH, the amplitude of

where AA, is the absorbance change at a particular wave- Ay after CO photodissociation from the COMV state starts
length,€'; is the extinction (including concentration factor) to develop and reaches 8.2 mV at pH 10. The sign of this
of theith component at that wavelengthijs the rate constant Ay generation is opposite to th&y development in the
of theith componentt is time, andCy is the constant term  forward reaction of reduced enzyme with oxygen, indicating
characterizing the final spectrum of the product of the either electron transfer from the N- toward the P-side of the
reaction. membrane, proton transfer in the opposite direction, or both.

Figure 3B shows the result of such decomposition. The 3  Surprisingly, and in contrast with the optical results, the
us phase, shown as a dashed line, corresponds to theslectrometric response develops in microseconds and has no
difference in the spectra of hemesand a; and reflects detectable component in the millisecond time domain. The
electron transfer from the latter to the former. The kinetic response can be fitted as a one-exponential process with a
difference spectrum of the millisecond phase, shown as apH-dependent rate. At pH range from 7 to 8.5, the rate of
solid line, has features similar to theu3 electron transfer Ay generation is pH-independeit{ 18 000 s?), but upon
phase, but with some differences. The millisecond phase hadurther movement toward the alkaline region, the rate starts
been previously assigned to electron transfer from hame to decrease and reaches 4000 a pH 10.5 (Figure 5).
to hemea in a process which is coupled to proton release  The time constant of the electrogenic phasey50n the
via the K-pathway to the bulk solutiorl, 17). Figure 3C pH range 7-8.5) is very close to the rate of electron transfer
presents the difference between the spectra of the 8nd from the two hemes to the Glcenter, and such a reaction
millisecond phases. This difference spectrum resembles theshould be electrogenic. In previous workl}, we showed
spectrum of cyanide binding to ferric herag including a that at neutral pH this reaction is negligible in the two-
change from high to low spin. Bnalen and co-workers1(Q) electron-reduced enzyme and can be clearly seen only in the
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) . . ) Ficure 7: Potential generation during the electron backflow
FiIGURES: The rate of potential generation after CO photolysis from aaction in the COMV state at pH 9.5 for wild-type (WT) and proton
the COMV enzyme. Inset: normalized to the total amplitude traces channel mutants: K354M and D124N. Conditions: see Materials
of the electrometrical response at specified pH values. Conditions: gnq Methods; number of averages is 5.

see Materials and Methods; number of averages is 5.
3 backflow from the hemes to Gu This 50us component
corresponds te-10% of Cu, reduction. The absence of such
phase in the mixed-valence enzyme confirms the finding that
the extent of backflow to Guis very low at that redox level,
even at alkaline pH. Hence, electron transfer to thg Sle
cannot explain the electrometric response in the mixed-
valence enzyme. The two heme centers ang &a located
at about the same depth within the membrane dielectric, so
electron transfer between them cannot produce an electric
potential either. Therefore, the only remaining possibility to
explain the 56-100us phase of potential generation is that
it derives from electron-coupled proton transfer from the P-
: - - . - - toward the N-side of the membrane.
0 05 1 1.5 2 25 3 " : ; .
time, ms Additional support for this conclusion comes from experi-
FiIGURE 6: Absorbance changes at 820 nm corresponding to CO ments with mutant_enzymes. We Checkleaﬂ generation in
dissociation from mixed-valence, three-electron-reduced, and fully the backflow reaction at alkaline pH in two mutants, where
reduced enzymes at pH 9.5. The zero time is the moment of the €ither the D- or the K-channel of proton transfer was blocked.
laser flash. Conditions: see Materials and Methods; number of The results show a clear difference between these two mutant
averages is 50. enzymes (Figure 7)Ay generation in the D124N mutant
(with the block in the D-channel) is very similar to that of
three-electron-reduced state. To check the possibility thatthe wild-type enzyme. It has about the same maximal
electron transfer to Guin the COMV might start to appear  amplitude and the same rate of potential generation in
at alkaline pH, we measured the redox changes of Cu galkaline conditions. In contrast, in the K354M mutant (with
directly by optical spectroscopy. block of the K-channel), CO photolysis from the 2educed
Time-resolved optical absorption measurements were doneenzyme is not coupled to any charge translocation across
at alkaline pH at 820 nm, where ghas a major contribution ~ the membrane. This agrees with previous time-resolved
(Figure 6 ). First, a fast increase in the absorbance due tooptical absorbance measurements on the K-channel mutant
photolysis of CO was seen in all cases. In the mixed-valencein R. sphaeroidesvhere the millisecond electron-transfer
2e enzyme, the CO dissociation phase was followed by an phase was also reported to be absé&8s}.(A redox titration
increase in absorbance with a time constant of about 1.5 ms.of the backflow reaction in the K354M mutant from the two-
This phase is very similar to the one detected in the to the four-electron-reduced state shows no electrogenic
experiment at 605 nm (Figure 2) and is most likely caused phase atE, = 440-280 mV versus NHE, but in the range
by electron transfer from hensg to hemea. Its direction is of redox potentials lower than 280 mV (appearance of 3e
opposite to the one expected from reduction ofaCu state)Ay starts to develop with rate constant of 24 000 s
However, no fast~50 us decrease in absorbance corre- (not shown), corresponding to electron transfer from heme
sponding to such reduction was observed. In the fully reduceda to Cu,, similar to the case in the wild-type enzyme at the
enzyme, the increase of absorbance due to CO dissociatiorsame potentials at neutral pH. This result shows that the
is followed by a slow CO recombination phase only, because electron backflow reaction is present in the K354M mutant
all redox centers are reduced and no electron transfer takeenzyme, but that it is not linked to proton transfer. We
place. At the 3e reduced level, a decrease in absorbance therefore conclude that the backflow electron transfer reaction
begins to appear after the initial phase, with a rate constantin the alkaline COMV is coupled to proton transfer through
of about 50us, and this phase can be assigned to electronthe K-channel. We thus arrive at the apparently contradictory

x1q'

-1




Electron Backflow Reactions iRaracoccus denitrificans aa Biochemistry, Vol. 45, No. 12, 20061005

CO-dissociation from the mixed-valende®. sphaeroides
enzyme and concluded that the millisecond phase is not
1.5t | connected to electron transfer between the hemes. They also
' soluble claimed that the extent of electron backflow is 100% already
during the 3us phase at pH 7. We observed a pH dependence
of the total extent of electron transfer in the CO-recombina-
17 1 tion experiments with th€. denitrificansenzyme. The extent
of the total electron transfer increases from 50% at pH 7 to
100% at pH 11. Our analysis of the kinetic difference spectra
0.5} 05 of the phases supports the conclusion that the absorbance
changes in the millisecond phase are connected to pH-
dependent electron transfer, whereas the extent of the
nanosecond and &s electron-transfer phases are pH-

reconstituted

AAeos’ relative units

0 ¢

0 0.01 0.02 independent. We used the Henderséfasselbalch one-
0 02 0.4 06 0.8 proton titration curve to model the pH dependence of the
time, ms fraction of reduced hemas after CO-photolysis (the solid

Ficure 8: Comparison of absorbance changes at 605 nm after CO curve in, Figurg ]:C)' The fit results in &Kpvalue of 8.66
dissociation from reconstituted and soluble mixed-valence cyto- and a Hill coefficient of 0.6 with the extent of fully reduced

chromec oxidase at pH 9.5. Inset: early part of the optical response binuclear site after the fast phase being 0.505. If the pH

at 605 nm in soluble mixed-valence enzyme. The response consistglependence of the extent of electron transfer were assigned

gf gAtl)sorbz:chhchanges .(tj#et.to Co ph?to|ty3|3fa;1dzelectr%gtrgnsfegmew to the millisecond time scale electron transfer, the
etween the hemes with time constants of 1.2 ns ands : - ,

Conditions: see Materials and Methods; number of averages is 55value of the_ inflection point W°‘.J'd reflect thekp of the

for reconstituted and 25 for soluble enzyme. group donating the proton, that is, the water molecule near

hemeas. The dotted curve in Figure 1C presents the best fit

conclusion that proton release via the K-pathway, coupled t0 @ standard Henderseiiasselbalch one-proton titration
to electron re-equilibration, happens with a time constant of curve. The fit with a Hill coefficient of unity produced a
50-100us, whereas electron re-equilibration itself happens PKa value of 8.8. However, the quality of this fit is much
at 1 ms, which is also the time constant at which protons Worse than in the case of a nonunity Hill coefficient. A Hill
have been seen to be ejected from the enzyh® (The cqeﬁlment less than unity indicates negative cooperativity
main difference between the two types of measurement isWith several other titratable groups. It is important to stress
the enzyme surroundings. The electron-transfer reaction (andhat such groups should be located far from the titratable
proton release) was measured with detergent-solubilized"Vater molecule in the binuclear site, rather than being groupd
enzyme 13), whereas the electric potential measurements near that site, because in the latter case we would explicitly

were performed with the enzyme reconstituted into phos- expect a split of the titration curve reflecting direct inter-
pholipid vesicles. To check the possibility that the enzyme actions instead of a decrease in the Hill coefficient. The same

surroundings might cause such a dramatic effect on the rateccmCIUSIOn can be made, independently, from the absence

of proton release and electron re-equilibration, we measuredg];gngy EHhies%ingfegl(éit?;rﬂ?aﬁrsr:‘glrltﬁfe?Ir:gseena::sseesciﬂi
the electron backflow reaction by optical spectroscopy in S P ) phases,

: . - , enzyme reaches a state where the electrons are equilibrated
enzyme incorporated in phospholipid vesicles.

Figure 8 presents kinetic traces at 605 nm with reconsti- in a ratio of about 50:50 between the two heme groups. This

state is expected to be extremely sensitive to the charge
tuted and soluble enzyme. The rate of the second electron P y g

LT i surroundings. If anyone of the closely located groups, such
transfer backflow phase is significantly slower in the soluble g Y A grouip

han in th - Uted h as the heme propionates, tyrosine-288, or histidines, are
enzyme than in the reconstituted enzyme at the same pH.c5nap1e of changing their protonation state in the tested pH

Corresponding rates for soluble and reconstituted enzymes;ange  the changes in charge should significantly influence
were 1.1 ms and about 156s (at pH 9.5). This finding the equilibrium constant of electron transfer between two
explains the fact that the rate of proton release in reconsti- names and alter the amplitude of the fast electron-transfer
tuted enzyme, as measured electrometrically, is significantly processes. However, in the experiments, we do not see any
higher than the rate of electron transfer coupled to that protonchanges in the amplitude of the nanosecond @s Bhases,
release in soluble enzyme. The difference in rates apparentlyang we therefore conclude that none of the groups (except a
reflects the.difference in the equi!ibrium properties of the \yater molecule at the catalytic site) relevant to the pump
K-pathway in soluble and reconstituted enzyme. mechanism change their protonation state in the pH range
DISCUSSION from 7 to 10 in the r'nixed—valence' enzyme. The pH
Upon photolysis of CO at alkaline pH from the soluble dependence of the amplitude of the millisecond absorbance

enzyme in the mixed-valence state, fast (nanosecond toShanges at 605 nm presented in Figure 2B was also well-
microsecond) electron transfer from hemgeto hemea is fitted with the.sam.e parametersk(pand H|I.I coefficient)
followed by proton release from the enzyme through the @S the data in Figure 1C. On the basis of these two
K-pathway to the bulk medium, and concurrent further independent approaches, we con_clude that the soluble
electron backflow in the millisecond time regime. At the €nzyme has alf, value of 8.7 attributable to the water
same time, a water molecule at the active site deprotonategnolecule bound to ferric heme.

to form a hydroxide anion, which binds to ferric herag We observed an electrogenic phase of membrane potential
Branden and co-workersl@) compared the kinetic difference  generation with a time constant of about 1&9(at alkaline
spectra of the 3its phase and the millisecond phase upon pH) after dissociation of CO from the mixed-valence enzyme.
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No further electrogenic phase was present in the time scaleREFERENCES

of milliseconds. The pH dependence of the amplitude of this
phase implies a connection to proton transfer. Time-resolved

measurements of absorbance changes at 820 nm showed no 5.

electron transfer to Gu(Figure 6). This verifies that the

observed electrometric phase is connected to proton release 3.

to the N-side of the membrane rather than electron transfer
to Cua.

In the K354M mutant in the mixed-valence state, this
phase of membrane potential generation was absent, which
suggests that proton release occurs via the K-pathway. The
redox titration of the electrometric response in the K354M
mutant mixed-valence enzyme showed ~Ag generation;
at the same time, electric potential in the three-electron-
reduced state due to electron transfer tq @as observed.
This finding shows that the mutant enzyme is capable of
performing the electron backflow reaction, but this reaction
is not coupled to proton release. On the other hand, the
D-pathway mutation (D124N) had almost no effect on the

proton release in the mixed-valence state. These results are g,

consistent with the findings that the uptake of the first and
second proton during the catalytic cycle starting from
oxidized enzyme takes place through the K-pathwiay 19).

When the electrometric measurements are used, it is
possible to estimate the distance of proton translocation in
the backflow reaction. ThAy generation in the reaction of
the fully reduced cytochrome oxidase with oxygen at
neutral pH obtained on the same sample gives an amplitude
of around 105 mV (data not shown). In this reaction, the
enzyme goes from the R state via A, P, and F intermediates
to the fully oxidized state, and this process corresponds to
an overall movement of 3.7 charges across the phospholipid
membraneZ0). Therefore, overall movement of one charge
across the membrane would correspond to 28.4 mV. Taking
the thickness of the membrane as 30 A and the maximum
Ay of the backflow process from the fit of the experimental
data as 9.84 mV, it is possible to estimate the distance of
proton translocation coupled to the slow phase of electron
backflow. The maximal amplitude of the slow phase corre-
sponds to the translocation of 0.505 electrons from the
binuclear site to the heme Thus, the distance of a proton
translocation can be estimated as (9.84 m\30 A/28.4
mV x 0.505)= 20.6 A per charge equivalent. This value
(2/3 of the membrane depth from the N-side) is in very good
agreement with our previous estimate of the binuclear site
location at 1/3 of the membrane dielectric from the P-side
(20).

The slow phase of backflow observed in soluble enzyme
at high pH indicates electron transfer from heagéo heme

ain the millisecond time range. However, the corresponding 17.

proton release in the reconstituted enzyme is much faster
and occurs on the microsecond time scale. This indicates

that the interactions of the protonatable groups involved in ;g

proton translocation through the K-pathway with other
charged groups differ in the soluble and reconstituted

enzymes. There are at least two possible explanations of how 1°-

enzyme reconstitution might affect the rate of proton transfer
through the K-pathway. Either incorporation of the enzyme

into vesicles significantly changes the conductivity of the 20.

K-pathway or the large negatively charged surface of the
membrane may serve as a proton acceptor pool increasing
the rate of proton release.
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