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ABSTRACT. The reaction of cytochrome oxidase with dioxygen has been studied by means of time-
resolved measurements of electrical membrane potentit) (Microsecond time resolution was achieved

by starting with the CO-inhibited enzyme, which was photolyzed after addition of oxygen. The time
course of the reaction could be fitted by using a five-step sequential reaction as a model. The first two
phases of the reaction, which correspond in time to binding of oxygen followed by formation of the P
(peroxy) intermediate, as observed spectroscopically, are not associated with net charge displacement
across the membrane. After this la§¥ develops in three phases, which correspond in time to the
conversion of P to the F (ferryl) intermediate, in a single phase, and conversion of F to O (the fully
oxidized enzyme), in two phases. The amplitudé&df was approximately equal for theP F and F—

O portions of the reaction. When the oxygen reaction is started with incompletely reduced enzyme, it will
halt at the P or F state. When the reaction was allowed to proceed to the F state, but no further, only the
fast phase oAW formation was observed, whereas AW was generated if the reaction was halted at P.

This finding places the assignments of phases in the electrometric data on a firmerthagiare no

longer based solely on temporal correspondence with phases in the spectroscopic data. To define the
number of charges transferred across the membrane during the reaction, some kind of calibration is needed.
For this purpose, another type of reactieglectron transfer following CO photolysis in the absence of
oxygen (“backflow”y—-was studied. Parallel spectroscopic and electrometric measurements showed that
the fast electron transfer from the low-spin heme tq @uthe backflow process results in approximately

11 times smaller amplitude &W as compared withW generated in the reaction of the reduced enzyme

with oxygen (the polarity is also reversed). If it is assumed that transfer of an electron from the low-spin
heme to Cy amounts to movement of a unit charge across half of the membrane dielectric, charge
translocation in the reaction of the reduced enzyme with oxygen amounts to approximately 5.5 unit
charges-the value predicted if all four protons pumped during the catalytic cycle are translocated during
the oxidative part of the reaction.

Cytochromec oxidase is a biological energy transducer. the outer side of the membrane, while the four protons are
The enzyme catalyzes the reduction of molecular oxygen totaken from the inner side. In this way, reduction of one
produce water, consuming four electrons and four protons molecule of oxygen to two water molecules has an effect
in the process. However, the most important product is the equivalent to moving four electrical charges all the way
free energy released in the reaction, which is used to createacross the membrane dielectric. In addition, the enzyme is
and maintain an electrochemical proton gradieft;(-)* an electrogenic proton pump; for every molecule of oxygen
across the inner mitochondrial membrane. This membranereduced to water, an additional four protons are translocated
gradient drives the formation of ATP, which ultimately from the inner side of the membrane to the outer sRje (
supplies most of the energy needs of the cell. The general structure of the enzymeelix topology and

There are two aspects to the process by which cytochromethe assignment of metal ligandw/as determined by bio-
c oxidase generates this electrochemical proton gradient. Halfchemical and site-directed mutagenesis studied)( This
of the energy conservation is a direct consequence of the — —
1 Abbreviations: A, ferrous-oxy compound of FeBTP, Bis-tris

way that the chemistry of oxygen reduqtlon IS arranQEd.m propanep, interaction between redox centers; DCPIP, dichlorophenol-
the membrane. The four electrons required for the reactioningophenoldyy, the “Hinkle—Mitchell” parameter, effective depth of

are donated by cytochron® and enter the enzyme from Fe, in membrane dielectric (see Discussionyy+, electrochemical
membrane proton gradiensW, electrical membrane potentia,
redox potentialEy,, midpoint redox potential; NHE, normal hydrogen
T Supported by grants from The Academy of Finland, The University electrode; F, ferryl intermediate; Fdow-spin heme; Fg, oxygen-
of Helsinki, Biocentrum Helsinki, and the Center for International binding hemek, rate constant; O, fully oxidized form of binuclear
Mobility. oxygen reduction site; P, “peroxy” intermediate; R, unliganded, fully
*On leave from the Vytautas Magnus University, Daukanto 28, 3000 reduced enzyme; RT, room temperature; Ru(bipyis(2,2-bipyridyl)-
Kaunas, and Institute of Biochemistry, Mokslininku 12, 2600, Vilnius, ruthenium;z, time constantt{,); TMPD, N,N,N',N'-tetramethyl-1,4-
Lithuania. phenylenediamine.
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Reaction with O, Electron backflow with the half-reduced enzyme; see 1&). At this point three

of the four redox equivalents that will be needed for the
reduction of oxygen to water are resident in the binuclear
site, while the fourth electron is still on GuFe, is oxidized.

In the next phaser(= 140us, k=7 x 10°s%; RT, 12), Ps
becomes reduced to an oxy-ferryl species 16:-18). At
the same time Gubecomes partially oxidized as the fourth
electron equilibrates between Cand Fg (8). Finally, in a
much slower process (~ 1 ms), the remaining electron,
shared between Guand Fg, migrates to the binuclear center,
resulting in the conversion of F into the fully oxidized
enzyme (O) §).

Ay ~0.5q + 1q + 4q Ay ~-0.5g*ACu,™ Thus, the reaction proceeds from the reduced enzyme (R)
FIGURE 1: Schematic representation of cytochromeoxidase  through “peroxy” (P) and ferryl (F) intermediates to the fully
illustrating the relative positions of redox centers in the membrane oxidized enzyme (O). The P and F intermediates have also
and showing charge movement under two different types of been identified in experiments in which this reaction was
experimental conditions: left panel, reaction of fully reduced [eyersed. Wikstim showed that by placing a backward

enzyme with oxygen; right panel, redistribution of electrons after .. . . : : .
photolysis of CO in the CO mixed-valence enzyme. The scheme driving force on the enzyme in mitochondria¥" and high

incorporates the assumptions that the hemes are located halfwayEn): the oxygen reaction could be partially reversed from
through the dielectricdyy = 0.5; see Discussion) and that four the O state, leading first to F and then to P9,(20).
protons are pumped during the oxidative part of the enzyme cycle. Thermodynamic analysis of this reaction led to the conclu-

Or the basis of ihese assumplions, the reaction of ll reducedsion tha all the work required for proton pumping is done
membrane: four protons pumped across the entire dielectric (4.0),In th_e two e_zlectron-tran_sfer steps: P F and F—~ O,
two protons taken up through half of the membranex@5 = consistent with translocation of two protons at each s2ép (

1.0), and one electron from Gunoving across half of the dielectric In the present study we have repeated and extended our
(0.5). In the backflow reaction, as drawn, electrons would have to egrlier electrometric measurements on the reaction of reduced
g;ongh{a;:;hbeeglgrlﬁgg|?:et(§>ur§:&:t21£%g;iﬁ\mr:ﬁ;asents the fraction ¢ tochromec oxidase with oxygen2?2). We confirm that

AW develops in two roughly equal parts, in phases that
was later confirmed and extended to atomic detail when the correspond in time to the P to F and F to O transitions,
enzyme was crystallizeds( 6). However, a great deal of observed spectroscopicaityhe transitions between R and
our knowledge of the enzyme, including the flow path for P are essentially electrically silent. We show that when the
electrons, comes from kinetic studies. The point of entry for reaction is prematurely curtailed at P or F, the growth of

Inter-
membrane

electrons is Cy a binuclear copper centeand a one- AW i; correspondingly pprtailgd, confirming that .the as-
electron carrier, which is situated near the membrane surfacesociation between transitions in the oxygen chem_lst_ry and
(7, 8). As shown in Figure 1, electrons flow from gtio phases in the growth oAW is not an accident of timing.

Fe, a low-spin heme, and then to a binuclear ir@mopper Finally, as a calibration, we establish the relationship between
site (FesCug) Where the chemistry of oxygen reduction takes the amount of net charge translocation in this reaction and
place. Fg Feag, and Cuy are all buried in the membrane.  the amount of charge that moves during a well-defined
The fully reduced enzyme contains four reducing equiv- internal electron-transfer reaction of the enzyme.
alents—the number required for the reduction of one oxygen
molecule to two waters. This reaction reaches completion MATERIALS AND METHODS
in a few milliseconds, but within this time at least four
different kinetic phases can be resolved. Typically, to obtain " ) i
the necessary time resolution, the reaction is initiated by first R€&agentsLipids for preparation of liposomes and for the
mixing the CO-inhibited enzyme with oxygen in the dark €lectrometric measuring membranes were eithicithin
and then photolyzing the CO with a flash of lighe) ( 20% [plant] (Avanti Polar Lipids, Alabaster, AL) mrle_cnhm
In broad outline, the reaction takes place as follows: YP€ IV-S [soybean] (Sigma). Catalase (from bovine liver),
Immediately after CO photolysis the reduced enzyme (R) cytochromec (from horse heart), and glucose oxidase (type
binds oxygen rapidlys(= 8 us,k = 1.25x 1 s, [0] = VII, from Asperglllu_s nge_) were from Sigma. _
1 mM, RT; 10, 11) to form a ferrous-oxy intermediate (A). Enzyme PreparatiorBovine heart cytochrome oxidase
Redox chemistry begins in the next step<(32us,k = 3.1 was prgpared by a r_nod|f|cat|on of the mgthod of Hartzell
x 10* s, [0;] = 1 mM, RT; 11) with oxidation of the Fg and Beinert 23). During enzyme preparation, the pH was
(8, 12—14) and formation of what is believed to be a formal kept above 7.8 and Triton X-114 and cholate were added
“peroxy” intermediate (P, or {to distinguish this from a N th_e basis of cytochromaes concentration rather than to_tal
similar oxygen intermediate formed by the reaction of oxygen Protein @4). No ethanol was used to remove the Triton
X-114 after the red/green cut; instead, the green pellet was
2 Nomenclature: In cytochrome oxidase (cytochromeas, EC repeatedly resuspended in the preparation buffer and cen-

1.9.3.1) the low-spin heme is known as heanar Fe, and the oxygen-  trifuged, until the amount of detergent was significantly
binding heme is known as heragor Feg (in both, the chemical entity ~ reduced, as judged by the extent of bubbling when the

is heme A). The copper ion of the oxygen-reduction site is known as rnatant w. haken ally thr r four exchan
Cus. An additional bimetallic copper site known as Cserves as the stpernata as shaken (usually three or four exchanges).

initial electron acceptor from cytochrorseThe related quinol oxidases Reconstitution of the Enzyme into Phospholipid Vesicles.
do not contain Cul (1). To remove cytochrome oxidase dimers and other possible
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Table 1: Protocol for Detergent Removal

amount of Bio-Beads

time, min added (mg/mL) temperature
0 33.2 4°C
30 33.2 4C
60 33.2 C
90 33.2 4C
120 66.5 &rC
180 66.5 rC
240 133 RT
270 133 RT
300 266 RT
360 266 RT
420 ready RT

a|n this case, 0.5 mL of 100 mM potassium-HEPES, pH 7.4, was
also added? RT, room temperature.

Biochemistry, Vol. 38, No. 9, 19992699

HEPES, pH 8). Immediately thereafter, 50 mM glucose, 50
ug/mL catalase, and 13@/mL glucose oxidase were added
to keep the sample anaerobic. Then 100 TMPD, 100

uM DCPIP, 10 uM hexaammineruthenium, and O0/M
cytochromec were added as redox mediators, and 60 mM
of ferrocyanide was used as a redox buffer. After all
additions, Ag/AgC] electrodes (World Precision Instruments,
Stevenage, Hertfordshire, U.K.) that had been kept in an
anaerobic environment were inserted, and the cell was
returned to the gas tight box, which was then purged with
argon followed by CO (100%). A computer-driven syringe
pump (SP200i, World Precision Instruments) was used to
inject 50uL of oxygen-saturated buffer (rate 5 mL/min) via

a 2.5 mL gas tight syringe and a long 22S RN needle
(Hamilton, Reno, NV). The jet from the needle was directed
at the measuring membrane (a 4 mm circle), producing a

contaminants from the preparation, the enzyme was purifiedlocal high concentration of oxygen for the time of the

on a sucrose gradient as described by Finel and Wikstro
(25). Reconstitution of enzyme into proteoliposomes was
carried out as follows: 150L of cytochromec oxidase from
the gradient (concentration approximately 8 uM) was
diluted to a volume of 1 mL with a suspension of sonicated,
preformed liposomes containing 80 mg/mL lipid, 2% (w/v)
cholic acid, and 100 mM potassium-HEPES (pH 7.4) and
was mixed for 20 min at room temperature. Removal of
detergent was performed according to Rigaud eP&).sing
Bio-Beads SM-2 absorbent (Bio-Rad). The scheme for

reaction. The reaction was started by a laser flash (Quantel
Brilliant frequency-doubled YAG, pulse energy 180 mJ) 200
ms after the end of the injection. The oxygen concentration
at the membrane after injection is almost certainly close to
the saturation value of 1.2 mM, because increasing the
injected volume does not decrease the lag or increase the
rate of the “fast” phase (see below) and the rates obtained
by fitting are consistent with those from optical data obtained
at close to saturating oxygen concentrations. For experiments
in which the redox potentiaK) of the medium was titrated,

detergent removal is shown in Table 1. It should be noted the E, was initially raised by the addition of a small volume

that, to slow the removal of detergent, the first few additions
of Bio-Beads were performed at“€. This increased the
yield of reconstituted enzyme. At the end of the procedure,
vesicles with a respiratory control ratio of 420 were

of concentrated anaerobic ferricyanide. After that, the
glucose-glucose oxidase system itself slowly lowered the
En, and kinetic measurements could be initiated when the
appropriateE, values were reached. Thg of the system

typically obtained. Proteoliposomes were frozen and storedwas determined from the voltage between a platinum wire

in liquid nitrogen. The final concentration of enzyme in the
vesicles, determined spectrophotometrically usigi@-soo
(reduced-oxidized)= 0.024 cnT* uM 1, was typically 0.3
0.5uM.

Measurement Procedur&he direct, time-resolved electri-

(measuring electrode) and the ground Ag/Ag€lectrode
(reference electrodet:200 mV vs NHE).

Measurement Electronic3he measurement system con-
sisted of a homemade operational preamplifier whose output
could be recorded by using two different types of IBM PC-

cal measurement is based on a method originally developedbased digitizers: an 8-bit PCHSCOPE (Metrabyte) running

by Drachev et al.Z7, 28). In the present system Ag/AgCl

DA90 acquisition software (Alexander Drachev, Tempe, AZ)

electrodes record the voltage between the two compartmentsand a 12-bit CompuScope 512 (Gage Applied Sciences,
of a cell, separated by a measuring membrane, consisting oMontreal, Canada) running GageScope data acquisition

a lipid-impregnated Teflon mesh. Vesicles, into which the

software. Timing was controlled by a CTM-05 counter-timer

enzyme has been reconstituted, are forced to associate witlboard (Metrabyte).

this measuring membrane (see Figure 2 in 28f. The
voltage across the measuring membrane follows Aleé

Sequential Reaction Modélo fit the electrometric oxygen
reaction data, a model of a sequential first-order chemical

across the vesicle membranes proportionally, allowing the reaction with five steps was used. Each step in such a reaction

kinetics of charge translocation to be recorded. Typically the

measuring membrane has a resistance of abouf25a6d

the measuredW decays with a time constant of about 5 s.
Preparation of Samplefroteoliposomes were added to

is characterized by a first-order rate constant = 1, ...,

5). The overall reaction can be characterized mathematically
by a set of six differential equations where the six solutions
represent the concentration of the six intermediates at any

the one of two compartments of the cell and were forced to time. However, unlike a spectroscopic measurement, which

associate with the measuring membrane by addition ef 10
15 mM CaC} (the same amount of Calas added to both
compartments) followed by an incubation of between 2 and
3 h. Incubation was carried out at pH 7 (usually in 2100 mM
BTP). The cell was enclosed in a gas tight box which had

tracks the formation and decay of the various reaction
intermediates, the electrometric measurement tracks transport
of charge across the membrane. The solutions of the
differential equations each reflect the lifetimformation and
decay—of a given intermediate (the first solution shows only

been purged with argon and anaerobicity was reached bydecay of the starting material and the last shows only the
addition of 50 mM glucose, 50g/mL catalase, and 130/ formation of the final product). These solutions cannot be

mL glucose oxidase. After incubation, the cell was removed used directly as a basis set to fit electrometric data because
from the box and the liquid in both compartments was here, the quantity measured is net movement of charge,
exchanged for argon-bubbled buffer (usually 100 mM which does not necessarily move back in the next step; that
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Scheme 1 in the scheme is associated with addition or removal of one
COCu,Fe_Fe Cu,| electron. The redox potential of each transition is indicated

: A next to the arrow;E, %, and E,““» denote the upper

asymptotic potentials of k@and Cuy, respectivelyd, denotes
the anticooperative redox interaction between the two hemes;

E."°+ 81
(I) co1100 = co1110 (111}

E,o% I IEmC“A+ 52 0, denotes the anticooperative redox interactions between
Fe, and Cu (32—35). The redox behavior of this system
(I1) co1101 = co1111 (IV) can be described by the following set of equations:

E. >+ 81+ 82 ’
RT |
E,=E, Cla + [[I I]]

E,=E, *+0, +—| i

is, there is no process corresponding to obligatory decay of
one intermediate as the next intermediate is formed. Thus,
instead of using the solutions of the differential equations

directly as the basis set for the fit, we constructed a [ (3)
cumulative sum of these solutions (1;H12, 1+ 2 + 3, ...)

so that each vector in the basis set corresponds to the E,=E Cla 1 52_|__| i

transition that takes place in one kinetic phasethis case, " (V]

the movement of one chargg)(through an arbitrary unit [+ +[n +[v] =1

distance in the direction of the membrane normal. The rate i
constants and amplitudes were then varied to obtain the best
fit to the experimental data with trenstrconstrained fitting ~ WhereR is the gas constant; is absolute temperaturg,is
function of MATLAB (Mathworks, South Natick, MA). the Faraday number, amd= 1.

Redox Titration of Backflow Measured Optical@ptical Solving this set of equations gives the concentrations of
measurements were carried out separately from the electrothe four states as a function &f:
metric measurements by methods described earify). ( Cun Fe,
Optical cuvettes with internal dimensions 10 nxml0 mm | = expa(2E, — E, " — E; " — 0, — 9))] @)
(four windows polished), and constructed with joints for Y
attachment to the vacuum line, were used. The two-electron
reduced CO mixed-valence compound was made, in an expla(E, — EmFeﬂ— 01— 0,)]
optical cuvette, by incubating the oxidized enzyme under = Y ©)
an anaerobic CO atmosphere (9 h, RT). The formation of
pure mixed-valence (two-electron reduced) enzyme was expla(E, — E, " — 0,)]
judged by the optical absorption spectrum. The redox = v
potential of the medium was titrated downward by illumina-
tion of the sample with a slide projector lamp. To follow 1

Y

(6)

the redox potential of the medium, 8V of cytochromec IV = (7)
was included in the sample. In calculations of redox potential
of the medium a value of 260 mV (vs NHE) was used as where
the midpoint potential for cytochrome (30).
The amount of Cuthat becomes reduced in the backflow Y= 1+ expa(E, — E, * — 6, — 8,)] +

experiments can be calculated from the data for 445 and 605 expa(E, — EmCuA — 5,)] + expla(2E, — EmCuA _

nm:
- 51 - 52)] (8)

445 nm:  xe,* "M+ ye a445nm Apsom (1)

anda = nF/RT.
By use of these solutions, the redox potential dependence
of the populations of three- and four-electron reduced enzyme

can be expressed as
where theA values are the measured absorbance changes

for the slow phase of the reaction at 445 and 605 &yand 3e enzyme= Il + Il =
€a, are extinction coefficients for Feand Fg, at 445 and expla(E, — E,7% — 0, — 0,)] + expfa(E, — E,°* — 5,)]
605 nm @1) andx andy are the molar concentrations of e h m ! h L 2

605 nm: X6a605nm+ yeagGOSnmz A605nm (2)

and Fe, that become oxidized. The surm+ y gives the Y

molar concentration of Guthat becomes reduced. ©)
“Dark Titration” Model. To describe the redox potential 3

dependence of electron distribution among the redox centers de enzyme=1IV =g (10)

of the enzyme with CO bound (before the laser flash),

Scheme 1 was used. In this scheme there are four redox “Light Titration” (Backflow) Model. A flash of light will
centers [CpFesFe,Cun], each of which can be reduced photolyze the Fg—CO bond, causing thi,, of Fe,3to drop
(denoted 1) or oxidized (denoted 0). For example, in state |, and freeing electrons to redistribute in the enzy2@ 86,

CO is bound, maintaining the two metals of the binuclear 37) as shown in Scheme 2. The left side of the scheme shows
center in the reduced state, while ;Fend Cu remain the situation in the dark, before the flash. The CO-bound
oxidized. Hence, state | is denoted [CO1100]. Each transition states (+1V) are the same as those described in Scheme 1
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Scheme 2 0 0
[COCu,Fe_Fe.Cu, ’E‘ s -
K K g -0
1 2 c
(1) CO1100 === 1100 é==d10106==b1001 25 enzyme 2 il 0z 03
o
K T
(11) c01101 —2p 1101e=>1011 g
i K, 3¢ enzyme % 0.2
(111) cot110 —==p1710 0 s
% 4 8 10
time (ms
(IV) co1111 =p 1111 4e enzyme (ms)

FiGUrRE 2: Membrane potential development during the reaction
(the same representation is used). The flash converts the COOf fully reduced cytochrome oxidase with oxygen. Main panel, a

: ; pical data recording; bottom panel, difference between experi-
bound states to the corresponding unliganded states (Secon%ental and theoretical curves; inset, early part of reaction expanded

column from left). The partially reduced states-(ll) are so that lag can be clearly seen. Conditions: 100 mM HEPES, pH
now free to evolve byintramolecular electron-transfer 8, 0.5uM cytochromec, 10 uM hexaamineruthenium, 100M
governed by the following equilibrium constants: TMPD, 100uM DCPIP, 60 mM ferrocyanide, 50 mM glucose, 50
ug/mL catalase, and 13y/mL glucose oxidase. Reaction started
K, = exp[a(EmFe" _ EmFees)] (11) 200 ms after injection of 5@L of oxygen-saturated buffer ([

= 1.2 mM). The fit gave the following parameters for the theoretical
curve: R— A, 1.03 x 1(° s~ with zero amplitude; A~ P — 3.86

K, = expfa(E,~* — E, %] (12) x 10¢s1and+0.42 mV; P—F, 1.27x 10*stand—12.62 mV;
first F— O, 1.41x 10° st and—4.51 mV; second F~ O, 2.4 x
—1 —
K3 — eXp[a[EmCUA _ (EmFQa_,’_ 61)]] (13) 102 S and 7.03 mV.
. . An electrometric recording of the reaction of the fully
K, = expll(E, ®+ 9d,) — E,, ] (14) reduced enzyme with oxygen is shown in the main panel of

Figure 2. The bottom panel shows the difference between
In the two-electron reduced enzyme, the amount of Bat  the experimental data and a theoretical fit based on the

becomes reduced after the flash is given by sequential reaction model described in Materials and Meth-
K ods. The early part of the reaction is taken up by an initial
Cu, =l L2 15 lag (Figure 2, inset), after whichW develops in three
u, = 1] (15) _ . .
1+K;+ KK, phases. The lag is too long to be caused by a single reaction

step. In the fit shown, the lag has been modeled as two
sequential steps, the first with a time constant of16 us

and the second 2540 us. Spectroscopic measurements on
the same reaction have found two processes with very similar
rate constants, which were assigned as the initial binding of

In the three-electron reduced enzyme, @ualready partially
reduced before the flastit is fully reduced in state Il but
oxidized in state Ill. The extent of additional reduction of
Cu, in these two populations of enzyme after the flash is

given by oxygen to Fe; to form the ferrous-oxy intermediate (A)
K.K K followed by the transition from A to a formal peroxy

3N\ 3 . . . . . .
Cu, intermediate (P). In our fit, the amplitude of the first reaction

= ([1] + [y — [
1+ K;+KiK, 1+ K+ K(?L% in the lag was defined as zero. The amplitude of the second

reaction was allowed to float, but even so, the fit found it to
have a very small, positive, value [3.1%1.5% f = 14)
of the total amplitudej,whereas all other phases are negative

Thus, the total increase in the amount of reduceg €wsed in sign. This confirms that very little, if any, net charge
by electron backflow can be evaluated for any redox potential movement occurs during this part of the reaction.
from After the lagAW begins to grow. The fastest component
of this increase has a time constant of about 600us and
Cu=Cuy, + Cuy, (7) contributes 52.6%+ 5.3% of the total amplitude of the
RESULTS response. This corresponds to the third phase of the sequential

fit, but since it is the first large increase W, we will

The time-resolved electrometric method allows the mea- refer to it as the “fast” phase. The rate of this phase is similar
surement of electrical potentiah”) across the phospholipid  to the rate of the process spectroscopically assigned to the
bilayer with microsecond time resolution, making it possible transition of P to the ferryl intermediate (F).
to observe the development At within a single turnover This is followed by two “slow” phases with time constants
of cytochromec oxidase. We have used this methodology of 0.5-1 ms and +5 ms, respectively, which together make
to study the reaction of the reduced enzyme with oxygen, up the remaining amplitude (50.5%4.1% of the total; the
using a modification of the “flow-flash” experiment, where, sum of fast and slow phase amplitudes is slightly larger than
to obtain the requisite time resolution, oxygen is added to
the CO-inhibited enzyme in the dark, and the reaction is  syajyes are given as percent of total amplitude (start to maximum
initiated rapidly by photolyzing the CQ8J. amplitude)+ standard deviation in the same units.
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FiGURE 3: Relationship between qualitative electrometric response 100 150 200 250 300 350 400
(right-hand side of the figure) and redox state of the enzyme (left- E, (mV)

hand side of the figure). Redox state of the enzyme was manipulated
by changing the redox potential of the medium. The experimental
curves in the frames were obtainedgat= 350 mV (2e enzyme),

320 mV (3e enzyme) and 100 mV (4eenzyme). Experimental
conditions are the same as in Figure 2.

FIGURE 4: Redox titration of fast®) and slow &) phases of the
electrometric response. The amplitudes of the phases have been
normalized to the corresponding amplitudes in the data at redox
potential +100 mV. The solid line shows the theoretical redox
dependence of the enzyme population with at least three electrons
. o (sum of eqgs 9 and 10); the dashed line shows the four-electron-
100 percent because of the small positive contribution of reduced enzyme population (eq 10), calculated using the “dark
the second lag phase). Two phases with approximately thetitration” model (Materials and Methods) with the following
same rates as these are seen in optical studies of the reactioparametersE, s = 330 mV, E,% = 342 mV, E,“% = 270 mV,

of fully reduced cytochrome oxidase with oxygen. On the 01 = —90 MV, andd; = —20 mV.
basis of their visible spectra, both phases reflect conversionstarting at redox potentials close to 320 mV (Figure 3; 3e

of F to the oxidized form of the enzyme (O) (M. I. enzyme trace) show the appearance of the “fast’ phase
Verkhovsky and J. E. Morgan, unpublished results; see also(defined above), which was not present in the reaction of
refs 38 and 39). the two-electron reduced enzyme, clearly demonstrating that

When the four-electron reduced enzyme reacts with this fast phase is associated with the P to F transition. As
oxygen, the reaction passes through intermediates P and Fhe redox potential is lowered further, a population of four-
to ultimately produce the oxidized enzyme (O). Itis possible, electron reduced enzyme appears. The amplitude of the fast
however, to control how far along this sequence of inter- phase increases and the “slow” phase appears, reflecting the
mediates the reaction proceeds by choosing the number offact that in the four-electron reduced population of enzyme,
reducing equivalents initially in the enzyméX-42). If the the reduction of oxygen to two waters can proceed to
enzyme initially contains three electrons, the reaction only completion, with formation of the fully oxidized enzyme (O).
goes as far as F, whereas if the enzyme contains twoFuyrther lowering of the redox potential increases this four-
electrons, the reaction is trapped at P (Figure 3). electron population, further increasing the amplitudes of both

We used this behavior to help assign the electrometrically fast and slow phases (Figure 3, 4enzyme trace).
observed phases, making measurements with the enzyme at |n this system the two- and four-electron reduced states
various levels of reduction. In practice, this was done by of the enzyme can be obtained in essentially 100% vyield as
varying the redox potentiak,) of the medium with which g starting point for the reaction, but the three-electron reduced
the enzyme is in equilibrium prior to the start of the reaction. enzyme is always an equilibrium mixture of two-, three-,
In the presence of CO, the two-electron reduced state is stableand four-electron reduced species (scheme in Figure 3). Thus,
at relatively high redox potentials. Lowering the potential to further confirm the three-electron result, a control experi-
leads to populations of three- and then four-electron reducedment was done with cytochronim; oxidase fromEscheri-
enzyme (left-hand side of Figure 3). Thus, by making chia coli, which had been prepared in such a way that bound
measurements beginning with the enzyme poised at differentquinol was removed4@). Since this preparation contains
redox potentials, we were able to separate the electrometri-neither Cy nor bound quinol, the fully reduced enzyme

cally observed phases. contains only three reducing equivalents. When this enzyme
Figure 3 (right-hand side) shows examples of the time reacts with oxygen, the developmentA¥ (data not shown)
course of AW development when cytochrome oxidase, takes place with essentially the same time course as in the

poised at three different initial redox potentials, reacts with bovine cytochromes oxidase poised at the three-electron
oxygen. At high redox potential (about 350 mV vs NHE and level (Figure 3, 3e enzyme trace), confirming the assign-
higher), CO-bound enzyme contains only two redox elec- ment of the fast electrometric phase to the P to F transition.
trons, both of which are held in the binuclear center by CO, A complete titration of the initial redox state of the enzyme
while the other two centers (Gand Fg) remain oxidized is shown in Figure 4. Circles show the amplitude of the fast
(state | in Figure 3 and Scheme 1). When this two-electron phase, and triangles show the combined amplitude of the
reduced enzyme reacts with oxygen, the reaction proceedswo slow phases. Amplitudes of the phases were normalized
only as far as the P intermediate. Figure 3(Bazyme trace)  to the amplitude of the corresponding phase for the reaction
shows that, to a first approximation, no net charge movementof the fully reduced enzyme (i.e., the lowest redox potential
takes place in this part of the reaction. experimentally achieved). The curves show the amplitudes
At slightly lower redox potential, some of the enzyme will of the fast and slow phases as predicted by a model in which
contain a third electron on either Lor Fe, (Figure 3, states  the three-electron reduced enzyme reacts to give only the
Il and IIl). Electrometric recordings of the oxygen reaction fast phase while the four-electron reduced enzyme gives both
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Ficure 5: Comparison of electron backflow reactions measured O i ‘ : A """" l
by optical spectroscopy at 445 nm (curve 1, right axis) and by the i . . i i
electrometric method (curve 2, left axis). Both curves were 100 150 200 250 300 350 400
measured at the three-electron reduction level of the enzfme ( E._(mV)
= 4270 mV); in both cases corresponding traces for the fully h

reduced enzyme were subtracted. Optical measurements wererigure 6: Extent of additional reduction of Guafter photolysis
carried out on the detergent-solubilized enzyme; conditions18 of CO under anaerobic conditions: optical and electrometric
cytochromec oxidase, 0.1% dodecyl maltoside, 100 mM BTP, pH measurements. Reduction of Cas a function of redox potential,
7, 8uM cytochromec, 1 mM CO, light path 1 cm (see Materials  determined optically £, left axis) aligned with the corresponding
and Methods). Electrometric conditions were as in Figure 2. electrometric respons@( right axis). Conditions were as in Figure
5; solid line shows predictions of a theoretical calculation based
fast and slow phases. In this model, the occupancies ofon the “light titration” model (Materials and Methods) using the
various initial redox states in the enzyme sample, as aSame parameters as in Figure 4.
function of E,, were calculated on the basis of redox
potentials and redox interactions as described in the “dark {0 c@lculate the number of electrons transferred tg,@ad
titration” (Materials and Methods). thus, by comparing the optical and electrometric data it
These electrometric data show that essentially all of the Should be possible to use the electrometric backflow
AW generated in the reaction of oxygen with the reduced measurements as a “ruler” to calibrate the amplitudes from
enzyme is associated with the transitions from P to F and F the €lectrometric oxygen reaction data, provided that we
to O intermediates. However, the data do not give, directly know what fraction of the membrane dielectric electrons
the number of charges that ,move across the ves,icle rnerr’1_traver$e when Gubecomes reduced in the backflow reaction.

brane in these steps. An independent calibration is needed The extent of reduction of Guin the backflow reaction
to define how many millivolts in the electrometric measure- depends on the initial redox state of the enzyme. As described
ment correspond to one chargg) transferred across the —above, this amplitude reaches a maximum approximately at
membrane. There is another well-characterized electronthe point that the three-electron reduced enzyme population
transfer reaction in the enzyme, which may be able to provide is largest. To use the amplitudes of the optical and electro-
this calibration. When the partially reduced CO-bound Mmetric data for calibration, it was necessary to ensure that
enzyme is photolyzed in the absence of oxygen, electronsthe enzyme was in the same redox state for both types of
redistribute in the enzyme6). In an initial fast processe( measurements. To accomplish this, titrations of both systems
~ 3 us) electrons move from keto Fe. Then, in a slower ~ were performed in separate, parallel experiments (see
processt ~ 35us) electrons are further redistributed to,Cu ~ Materials and Methods). The results are compared in Figure
(29, 37). The extent to which Gubecomes reduced varies, 6; the triangles represent the fraction of (bhat becomes
depending on the initial redox state of the enzyme, reaching reduced, determined from optical measurements, while the
a maximum at the three-electron reduction level. As il- circles represent the amplitudes from separate electrometric
lustrated in the “electron backflow” panel of Figure 1, only measurements. The curve was calculated on the basis of the
this latter process is expected to involve charge movement light titration” model of the backflow process using the same
in the membrane normal and thus be observable by elec-midpoint potentials and redox interactions used in the “dark
trometry. titration” model (Materials and Methods). At hidf values,
Figure 5 confirms that the electron backflow process can the electrometric points are much closer to the theoretical
indeed be observed electrometrically. Trace 1 shows thecurve than the optical points. This is probably because the
results of an optically monitored experiment at 445 nm, while backflow process includes additional slow heme-to-heme
trace 2 shows the results of a corresponding electrometricelectron redistribution phase44). At 605 nm, this slower
experiment. In both cases, the data for the fully reduced phase is opposite in sign to the 85 phase and may thus
enzyme have been subtracted from data for the partially partially mask this phase in the two-exponential fit, at high
reduced enzymeE, = 270 mV, approximately the point at  En, when it has a small amplitude.
which the population of the three-electron reduced enzyme To use these data to calibrate the electrometric measure-
is maximum). The optical and electrometric traces follow ments of the oxygen reaction, the same sample that was used
almost exactly the same time course, indicating similarity for the electrometric backflow measurements was subse-
of the observed processes. By use of optical data it is possiblequently allowed to reach full reduction and the oxygen
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reaction was then carried out. This removes any uncertainty The relative amount of charge translocated during the
about sample-to-sample variation in the membrane prepara+eaction of fully reduced enzyme with oxygen can also be
tion. determined from these electrometric results. For a calibration,
The results of the three types of measurem-enmicaL we used the well-characterized “backflow” of electrons from
electrometric backflow and electrometric oxygen reaction ~ Fé to Cux that takes place upon photolysis of the CO from
allow us to make the following calculation: At the maximum the enzyme. As described above, measurements on these two
point, 12% of Cyu becomes reduced in the backflow reaction. types of reaction allow us to establish the relationship
The corresponding electrometric signal was measured as 0.2etween the net amount of charge that moves in the
mV. Before this can be compared to the electrometric membrane during the oxygen reaction and the amount of
response from the oxygen reaction, it must be normalized charge that moves in the backflow reaction. Approximately
to 100% y|e|d If an electron were transferred tm@mevery 11 times as much Charge translocation takes p|ace in the
enzyme molecule, instead of only 12% of the sample, the reaction of the fully reduced enzyme with oxygen as in
electrometric signal would be 2.25 mV. The total electro- reduction of Cy in the backflow reaction (when normalized
metric amplitude for the oxygen reaction in the same sample to 100% yield). In the reaction of the fully reduced enzyme
was 24 mV or 10.9 times the normalized backflow amplitude. With oxygen, the P~ F and F— O steps are each associated
In duplicate samples, ratios of 11.3 and 10.6 were obtained,With transfer of approximately 0.5 electron from Cio Fe,
giving a mean of 10.9 for three trials. Thus, the flow-flash (8; see introduction). When the contribution of this electron
reaction of the fully reduced enzyme with oxygen leads to transfer is subtracted, we find that the amount of electrical
approximately 10.9 times as much charge being translocatedcharge translocated across the membrane in each of these
across the membrane as does electron transfer from the'€action steps amounts to 5 times the charge translocated

hemes of the enzyme to Gin the backflow reaction. by electron transfer between £and Fe.
Zaslavsky et al.39) used an electrometric measurement
DISCUSSION system similar to ours, together with quite different chem-

istry, to study the F— O transition specifically. The F form

The present work confirms the results of our earlier of the enzyme was prepared by addition of hydrogen
electrometric study 22), which showed that when fully  peroxide, and tris(bipyridyl)ruthenium [Ru(bipywas used
reduced cytochrome oxidase reacts with oxygen, essentiallyto photoinject an electron into the enzyme. The electron
all AW generated in this oxidative portion of the catalytic travels via Cy to Fe, and hence to the oxygen-reduction
cycle (R— O) comes from the stepsP Fand F~ O, and  sjte, where it reduces F to O. Two electrogenic phases were
that these two steps make approximately equal contributionspbserved, corresponding to fast electron transfer from Cu
to AW. The studies on reactions of partially reduced enzyme to Fe, followed by slower reduction of F to O. The amplitude
confirm the correspondence between the fast and slowof AW generated in the F> O transition was found to be 4
electrometric phases and the spectroscopically assigned Rimes the amplitude of the fast phase, which is less than the
— F and F— O transitions. The reaction of the three-electron factor of 5 observed in the present experiments (see above)_
reduced enzyme with oxygen halts at B1(42). In The photoinjection method has the advantage that the
electrometric measurements of this reaction, the growth of calibration is obtained from the same recording as the
AW stops after the fast phase; the slow phase is not observedmeasured event, but to be effective this calibration depends
The reaction of the two-electron reduced enzyme with on complete formation of intermediate F in the entire enzyme
oxygen halts at P40). This reaction produces na¥W— population. If some fraction of the enzyme is not in the F
neither the fast phase nor the slow phases are observed. Thistate, electrons from Ru(bipyvill still reduce Fe, but no
demonstrates that the fast electrometric phase arises fromreduction of F to O will take place. This would lead to an
the P— F transition and that the slow phases arise from the ynderestimation of the amount of translocated charge.
F — O transitions and rules out the possibility that these Furthermore, the chemistry by which F is formed with
assignments are artifacts of timing. The equality of the P peroxide is still not completely understood, but when
F and F— O amplitudes also rules out a mechanism peroxide reacts it apparently carries its protons with it into
proposed by Michel45), according to which a different  the binuclear site of the enzym&Q). It is therefore possible
number of protons is translocated in each these two stepsthat, even though the F species produced in this way is

Oliveberg et al.46) used pH indicator dyes to study proton spectroscopically similar to the true reaction intermediate,
uptake during the reaction of the fully reduced, solubilized the details of protonation within the enzyme are different.
enzyme with oxygen and found that the consumption of This could lead to a lower charge translocation stoichiometry.
protons takes place with a similar time course to the one To proceed beyond this point, to calculate the actual
found here for the growth cAW. Essentially all net proton  amount of electrical charge translocation that occurs during
uptake in this reaction takes place in two phases of the oxygen reaction, it is clearly necessary to know what
approximately equal amplitude, which correspond kinetically fraction of the membrane dielectric electrons cross when they
to the spectroscopically observed P F and F— O move between Guand Fg, or in other words, how far the
transitions. This parallel between the time course of proton different centers are buried in the membrane dielectric. X-ray
uptake and that cAW formation suggests close mechanistic crystal structure models of the enzynfe®) place Cu close
linkage between the process of protons translocation and theto the membrane surface. f&nd Fgs are both buried at a
consumption of protons to make water in the oxygen reaction. similar depth but appear to be geometrically closer to the
This is consistent with the idea that the protons taken up to outer surface than to the inner surface. Michéb)(has
make water in some sense displace the pumped protons fromestimated the distance from f¢& the outer and inner
their sites in the proton translocation machinefy-{49). membrane surfaces as approximately 20 and 35 A, respec-
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