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ABSTRACT. Cytochromebdis one of the two terminal quinol oxidases in the respiratory chaktscherichia

coli. The enzyme catalyzes charge separation across the bacterial membrane during the oxidation of quinols
by dioxygen but does not pump protons. In this work, the reaction of cytochboéth O, and related
reactions has been studied by time-resolved spectrophotometric and electrometric methods. Oxidation of
the fully reduced enzyme by oxygen is accompanied by rapid generation of membrane pateéHtial (
negative inside the vesicles) that can be described by a two-step sequence of (i) an initial oxygen
concentration-dependent, electrically silent, process (lag phase) corresponding to the formation of a ferrous
oxy compound of hemd and (ii) a subsequent monoexponential electrogenic phase with a time constant
<60 us that matches the formation of ferryl-oxo hemethe product of the reaction of Qwith the
3-electron reduced enzyme. No evidence for generation of an intermediate analogous to the “peroxy”
species of hemecopper oxidases could be obtained in either electrometric or spectrophotometric
measurements of cytochrorbd oxidation or in a spectrophotometric study of the reaction gdHwith

the oxidized enzyme. Backflow of electrons upon flash photolysis of the singly reduced CO complex of
cytochromebd leads to transient generation oA&l of the opposite polarity (positive inside the vesicles)
concurrent with electron flow from henteto hemebssg and backward. The amplitude of thél produced

by the backflow process, when normalized to the reaction yield, is close to that observed in the direct
reaction during the reaction of fully reduced cytochrobtewith O, and is apparently associated with

full transmembrane translocation of approximately one charge.

Activation of molecular oxygen and its 4-electron reduc- “heme—copper” oxidasesl). The oxygen activation site in
tion to water is a key process in biological energy production these oxidases is a binuclear center comprised of a high-
in aerobic organisms. In a typical case, this highly exergonic spin heme iron and a closely apposed copper ion.
reaction is catalyzed by the terminal oxidases of the There is an entirely different class of terminal oxidases
respiratory chain. Enzymes of this class accept electrons fromwidely distributed in the bacterial kingdom but represented
various donors, of which cytochromefor cytochromec so far by a sole representative, a quinol oxidase btha
oxidases (Cc@)and lipophilic quinols such as ubi- or type (reviewed in ref@—4). Actually, most of the bacteria
menaquinol for quinol oxidases are most common. The contain two gene clusters coding for homologous but
majority of the enzymes in this class belong to a family of different bd cytochromes (see refs—7 and refs therein),
and the products of these genes may be exemplified by

5 T.Thi; work Vr;’a[%;‘%apgggngyggrggtigéa? Thz ggsggazszgg? flf,’\lf cytochromesbd purified from Escherichia coli(or Azoto-
asiC researc -U4- , -04- , an -U4- , - . . . .
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oxidation of ubiquinol-8 by molecular oxygen:
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From a chemical point of view, the reaction appears to be during electron redistribution after photolysis of CO from
analogous to the one catalyzed by the heiw@pper quinol the partially reduced enzyme in the absence p\lde have
oxidases such as cytochrorbes; however, efficiency of extended the single wavelength spectrophotometric flow-
energy transduction by cytochronbel is only half that of flash measurements of Hill et al24) by using a low-
the heme-copper oxidases9¢-11). In heme-copper oxi- temperature flow-flash (LTFF) technigue in which a diode
dases, transfer of the four electrons to oxygen is coupled toarray is used to record a complete spectrum at each time
translocation of eight charges across the membrane. Firstpoint. We have also studied the reaction of fully oxidized
four electrons delivered by cytochrormer quinol from the cytochromebd with hydrogen peroxide.
positively charged side of the membrane combine with
four protons coming from the opposite, negatively charged, MATERIALS AND METHODS
N side to make 2 molecules of water. This amounts to  PlantL-lecithin (20%) from Avanti Polar Lipids (Alabaster,
transmembrane separation of four charges by means of aAL) was used for preparation of liposomes and for impreg-
(directly coupled) vectorial chemical reaction as first pos- nation of the electrometric measuring membranes. Catalase
tulated by Mitchell {2). Second, in the course of this (from bovine liver), cytochrome (from horse heart), and
reaction, four additional protons are translocated all the way glucose oxidase (type VI, fromspergillus nigey were all
across the membran&3). This second type of electrogenic  from Sigma (St. Louis, MO). Bovine heart cytochroroe

process is usually referred as proton pumping. oxidase was prepared by a modified Hartzell-Beinert/Baker
Oxidation of Q8H by oxygen as catalyzed by cytochrome procedure 25, 26) as described in re22.
bdis coupled to generation of membrane potentdl() and Cytochrome bd Oxidase Preparatiorhe GO 105/pTK1

ApH (9, 11, 14, 15). Although it has not been conclusively of E. coli, which lacks cytochrom&o; and overexpresses
demonstrated, this process is believed to be associatectytochromebd (27), was kindly provided by the laboratory
exclusively with the above-mentioned Mitchellian mecha- of R. B. Gennis (University of lllinois at UrbaraCham-
nism based on the vectorial chemistry of the reaction (e.g., paign). Cells were grown in 10-L flasks at 3C in a medium
see the scheme in Figure 8). The protons released by, Q8H containing 80 mM potassium phosphate, 2.5 mM sodium
upon its oxidation by cytochromled (presumably, by low  citrate, 19 mM ammonium sulfate, 1% tryptone, 0.5% yeast
spin hemeb) are released to the positive periplasmic side of extract, 0.5% casamino acids, 0.01gtryptophan, 2%
the membrane while the protons consumed in water forma- glycerol (v/v), 0.8 mM MgS@, 0.18 mM FeS@7H,0, 0.1
tion are taken up from the cytoplasmicside. Accordingly, mM CuSQ:-5H,0, 0.005% kanamycin, and 0.01% ampicil-
measurements of He~ stoichiometry for the protons ap- lin, pH 7.2. The harvested cells were washed twice with 0.17
pearing on the outside of bacterial cells consistently give a M NaCl/5 mM potassium phosphate buffer, pH 7.5, and
value about half of that measured for cytochrobw (9, passed through a French press in 20 mM Tris, 5 mM MgSO
11). and 0.5 mM EDTA, pH 8.3. Immediately before the French
The molecular mechanism of redox-linked charge trans- press treatment, the mixture was supplemented with 0.3 mM
location by cytochroméd is of great interest. First, itis of PMSF and DNAase | (0.01 mg/mL). Intact and partially
obvious importance to know how this physiologically broken cells were removed by centrifugation at 14568
significant oxidase works. Second, thettype oxidase, 15 min at 4°C. The membranes were sedimented from the
which is expected to exhibit vectorial oxygen reduction supernatant (480@)60 min, 4°C) and homogenized in 150
chemistry but no proton pumping, can serve as an interestingmM KCI, 5 mM EDTA, and 75 mM potassium phosphate
natural “control” for the hemecopper oxidases in which  buffer, pH 6.5. Cytochromebd was isolated from the
the processes involved in translocation of “chemical” and membranes as described in 28 but omitting the final
“pumped” protons are intertwined and may be difficult to hydroxylapatite chromatography step. Its concentration was
separate. determined as in re29 from the dithionite-reduced minus
Time-resolved studies of membrane potential generation air-oxidized difference absorption spectra using a value of
by heme-copper oxidases have been highly useful for Aegpg e070f 10.8 mMtcm™?, which corresponds tesgisgo
elucidation of the electrogenic mechanism of those enzymes.= 21 mM~t cmt in ref 30.
Two different methodologies have been used. In one ap- Reconstitution of Enzymes into Phospholipid Vesicles.
proach, photochemical electron injection into CcO from Ru- Liposome reconstitution of bovinaa; oxidase was per-
(bipy)s or Ru(bipy}-modified cytochrome is used to initiate ~ formed as described in ré&¥2 using a procedure based on
individual steps of the oxidase cycle associated with the the cholate/Biobeads (Bio-Rad) method of Rigaud et3d). (
transfer of the first, third, and fourth electronks{-20). Cytochromebd oxidase was reconstituted using essentially
In the other approach, photolysis of CO is used to initiate the same procedure used earlier for cytochriwmeoxidase
the reactions studied. The electrometric cell is enclosed in (32) except that dilution of liposomes and washing from the
an air-tight enclosure under CO atmosphere. This allows buffer steps were omitted. For some experiments where fast
anaerobic photolysis reactions to be studied. In addition, re-reduction of cytochrombd oxidase was required, lipo-
oxygen-saturated buffer can be injected into the sample cellsomes were prepared containing ubiquinone 8 (Q8) in the
so that the reaction of the partially or fully reduced enzyme lipid milieu. To this enda 1 mMsolution of Q8 in ethanol
with O, can be studied?(l, 22); a procedure that is effectively ~ was mixed with an equal volume of asolectin solution in
equivalent to the flow-flash method used in spectrophoto- decane, and the mixture was lyophilized on a vacuum line.

metric studies of oxidase2J). The resulting~1 mM Q8 “solution” in the lipid was used
We have now used the CO photolysis-initiated electro- subsequently for the reconstitution procedure.
metric method to study the generation/d¥ by cytochrome Spectrophotometric Time-Resetl Measurements at Low

bdin the reaction of the reduced enzyme with&3 well as TemperatureLTFF measurements were carried out as in ref
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33 using a diode array kinetic spectrophotometer made by Samples were place in rectangular fluorescence-type cuvettes
Unisoku Instruments (Kyoto, Japan). The cuvette containing (5 optical windows) with internal dimensions o410 mm,

the CO-inhibited reduced enzyme (cytochraogen 60 mM
HEPES-KOH/25 mM phosphate buffer, pH 7.5, LS (0.025%),

equipped with joints for attachment to the vacuum line. As
prepared, aerobic cytochronbel has Q bound to reduced

DM (0.1%), 40% ethylene glycol, and 1 atm CO) was placed hemed. To prepare the CO mixed-valence form of the
in the cuvette holder, which was then cooled using a Lauda enzyme, it was first necessary to remove this boupdi®is
RCS thermostat. The windows were kept dry by a nitrogen was done by repeatedly “washing” the sample with argon;

flush. Oxygen-saturated buffer (60 mM HEPESOH, pH

using the vacuum/gas line, the atmosphere in the cuvette was

7.5, and 40% ethylene glycol), also at low temperature, was replaced with oxygen-free argon, and the cuvette was then
mixed into the sample (1:1 vol/vol), and the reaction was gently rocked to equilibrate the sample with the new

initiated by a xenon camera flash (Braun 2000/320 BVC).
To minimize CO photolysis by the monitoring light prior to

atmosphere. After several such cycles, removal of oxygen
from hemed could be observed by a shift of hente

the flash, a camera shutter (Olympus OM-10) was used to absorbance from 640 to 632 nm. Carbon monoxide was then

block the beam until a few milliseconds before the flash.
Timing of delays by Metrabyte CTM-05 PC counter-timer
board; software written by J.E.M.

Electrometric Time-Resadd Measurements of Membrane
Potential GenerationThe direct, time-resolved electrical

measurement is based on a method originally developed by

Drachev and co-worker84, 35). In the present system, Ag/

introduced into the sample to form the single-electron
reduced CO-bound form of the enzyme. This was done by
using the vacuum/gas line to replace the atmosphere in the
cuvette with a gas mixture of 1% CO and 99% argon.

RESULTS
Spectrophotometric Studies of the Reaction of Reduced

AgCl, electrodes record the voltage between the two Cytochrome bd with DioxygerThe reduction of @ by
compartments of a cell separated by a measuring membraneytochromebd includes intermediates whose lifetimes are

consisting of a lipid-impregnated, stretched Teflon mesh.

measured in microseconds. This is much too fast to be

Vesicles, into which the enzyme has been reconstituted, arestudied by conventional mixing methods, which have only
forced to associate with this measuring membrane (see Figuramillisecond resolution. This limitation can be overcome if
2 in ref 21). The voltage across the measuring membrane the reaction is started by a flash of light rather than by

follows the AW across the vesicle membranes proportionally,

allowing the kinetics of charge translocation to be recorded.

The method is described in more detail in réfsand 22.
Electrometric Measurementsalving Dioxygen.Flow-
flash type measurements requirg-€aturated buffer to be

introduced into the sample shortly before the photolysis flash.

In the electrometric apparatus, this-&aturated buffer was

mixing. To do this, carbon monoxide is used to “cage” the
enzyme while @ is mixed into the sample. After being
mixed, CO can be removed by a flash of light. In less than
1 us the flash creates the initial reaction conditiotise
unliganded, fully reduced enzyme in the presence of oxygen
in the whole sample. In effect, this synchronizes the sample,
so that the entire enzyme population becomes available for

delivered through a long narrow needle positioned so thatthe reaction within a single sub-microsecond window. This
the jet from the needle was directed at the measuring coherent start makes it possible, as the reaction goes forward,
membrane (a 4 mm circle) in order to produce a high local for intermediates with very short lifetimes to be resolved.
concentration of oxygen for the time of the reaction (see The technique, known as flow-flash, was originally devel-

Figure 2 in ref21). A computer-driven syringe pump
(SP200i, World Precision Instruments) with a 2.5-mL gas-
tight syringe was used. Portions of 100 of O,-saturated
buffer were injected (5 mL/min) via a 450-mm 22S gauge
RN needle (Hamilton, Reno, NV). The reaction was initiated
by a flash from a frequency-doubled YAG laser (Quantel
Brilliant, pulse energy 180 mJ).

Spontaneous CO dissociation from henhés relatively
fast k = 1.6 s'%; 24) while delivery of the entire 10QL of

oped by Gibson and Greenwood in 1963 for use with
cytochromec oxidase and has become an indispensable tool
for the study of terminal oxidases.

Fully reduced cytochroméd contains three reducing
equivalents, one short of the number needed to redyde O
2 water molecules. Instead, the immediate end product of
the reaction is a ferryl compouné) of cytochromed (24).
Hill and co-workers 24) studied this reaction, recording the
time course at individual wavelengths, and found two phases.

oxygenated buffer takes about 1.2 s. This means that theThe first phase was dependent on oxygen concentration at

enzyme can begin to react with, @efore the flash. To avoid

all values measured (rate constant210® M~* s 1) and

this loss of starting material, the laser was fired before the was assigned as the binding of oxygen to hehte form a
oxygen injection had ended, typically 450 ms after the start ferrous oxy species). The second phase was independent

of the injection. However if the delay is too long, the

of oxygen at concentration above M (rate constant 1.3

amplitude of the photoinduced reaction decreases (notx 10* s') and was assigned as conversion of ferrous oxy
shown). (Note that the flash-induced reaction is a single hemed to an oxy-ferryl ) with simultaneous oxidation of

turnover and is complete within few milliseconds; therefore,

low-spin hemeb.

changes of oxygen concentration during the actual reaction To explore this reaction in more detail, we repeated the

can be neglected.)
Microsecond Transient Absorbance Measuremdtitsh-

experiment using a low-temperature version of the flow-flash
method in which the reaction is carried out at abe@D °C

induced rapid spectrophotometric measurements were carriedin an antifreeze solution) in order to slow it down to the

out as described previoush8®). Two channel (sample/

point where the millisecond resolution of a diode array can

reference) data digitization was done with a CompuScope adequately capture kinetics of the proce33).(This makes

512 12-bit PC card (Gage Applied Sciences, Montreal,
Canada) running data acquisition software, written by N.P.B.

it possible to obtain a complete spectrum of the sample
(500—-700 nm) every millisecond as the reaction unfolds.
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from 520 to 620 nm. This reflects electron redistribution in
the argon-exchanged sample afterioremoved from heme

d, a process analogous to “electron backflow” after photolysis
of CO (below).

The ferrous oxy intermediateAj then decays in a
monoexponential process to a state with increased absorption
at 680 nm. There is simultaneous oxidation of helpsg
(the troughs at 560 and 530 nm are tite and 3-bands,
respectively). The 680 nm feature has been assigned to the
F state of the enzyme on the basis of resonance Raman
~ spectra 87, 38). It is thought that hemésgs also becomes
627 643 oxidized in this phase, although it is possible that the small

» trough at 595 nm may be accounted for as part of the heme
A d ferryl-oxo spectrum (cf. lower panel, Figure 1; see below).
: ' The reaction stops at this poinwvith O, reduced to the
0.01 T B 3-electron level. The spectra of the two phases confirm the
f assignments of Hill et al2d). However, the time constants
0 3 v are not comparable because of thd0 °C temperature
_,_,,,.'_.-\_/ : difference between the two sets of measurements.
. B . .
550 600 o50 700 .In cytochromebd the A mterme@ate appears tq decay
directly to theF state. In contrast, in cytochronoeoxidase
wavelength, (nm) (aag) an intermediate known d@intervenes between these
FiGURE 1: Optical spectra of kinetic components from (A) low- WO states and is clearly resolvable under conditions similar
temperature flow-flash and (B) room temperature peroxide reactions.to those of the present measuremeit®.(However, there

(A) Reaction of Q with fully reduced cytochroméd at—20°C;  are no indications of an analogous intermediate in the present
components from global multiexponential fit. Rates: dashed line, y5t5.

= L, solid line,k=1 L i . .
IliO,_} 228 ﬁwl'vls-oplr?ols?%ate bl?f(f)ef Zgyr;o&h(rgm e?%;n ['SE POE.(%S%_ Generation of Membrane Potential Coupled to the Reac-

DM, 0.1%; ethylene glycol, 40%; 1 atm CO) was cooled in the tion of Reduced Cytochrome bd with Dioxyg&he biologi-
spectrophotometer. An equal volume of€aturated buffer HEPES cally significant product of the cytochroma reaction is
eroure e o i o S et s ok, 3) Sl CTTEY: The energy ouput of e cneyme goes 0 reate and
kinert)ic combonent from stopped-fIO\F/)v rgaction 05®3 with the ? mqlntaln an electrochemical membrane potentisis),
fully oxidized cytochromebd at room temperature; one of the two  Which serves as a power source for the cell. Drachev and
syringes contained air-free oxidized cytochrobue(ca. 8uM in co-workers 84, 35) developed method by which the growth
HEPES-KOH, pH 7.5, 0.1% Tween 20, and 120/ ferricyanide). of potential across the membrang¥) can be followed on
The other syringe contained 20 mM.® in the same buffer. 5 sub-microsecond time scale by electrical measurements.
Mixing ratio 1:1. Originally used for photosyntheti@9) and bacteriorhodopsin
work (40), this “electrometric” technique has recently been
When fully reduced cytochromied reacts with dioxygen  applied to time-resolved studies of the henwepper oxi-
in the LTFF experiment, evolution of absorption changes dases. One method employs photoreductants, such as Ru-
begins immediately after the flash and reaches completion (bipy)s, to inject electrons into the enzym#g, 20, 41). This
within about 100 ms. Global analysis of the surface of spectra cannot be applied to cytochronbe because suitable photo-
collected during the reaction reveals two clear transitions reductants are not available. A second method duplicates the
(Figure 1) in agreement with Hill et al2g). At —20°C, the conditions of the classical flow-flash techniq@S) but with
two phases have time constants ®1 and 7.7 ms. The the enzyme in vesicles that are attached to a stationary
spectrum of the first phase has a peak at 650 nm and a troughmeasuring membrane (see Materials and Methods). This
at 630 nm, typical oft--donor ligand binding to reduced heme method has now been used to study cytochrduhe
d, as expected for formation of th& intermediate (Figure These electrometric measurements depend on net charge
1, dashed line). In addition, there may be some perturbationmovement in the membrane, which cannot be observed if
of the ferrous hemdsgs spectrum as evidenced by minor the working enzyme population is equally divided between
absorption changes around 600 nm. outside-out and inside-out orientations. To avoid random
When cytochromebd is prepared, there is typically a orientation, cytochromé&d was reconstituted into vesicles
population of the enzyme in which hendas reduced with using a new method developed by Rigaud et3l),(which
O, bound, i.e., a ferrous-oxy species)( The bound @can has been shown by Verkhovskaya et 82)(to give good
be removed by repeatedly exchanging the gas atmospheregesults with cytochroméo; of E. coli.
of the sample with air-free argon (see Materials and The reaction of reduced cytochrorhdwith O, produces
Methods). To obtain a reference spectrunfothe spectral a membrane potential, which is negative inside the vesicles.
changes that accompany removal of Were measured. In  (This is equivalent to negative inside the cell.) A typical
the spectral region from 620 to 700 nm, this difference recording is shown in Figure 2. After the flash, there is a
spectrum is almost exactly the inverse of the spectrum of small but reproducible lag phase (inset) after which the
the first phase of the Oreaction (Figure 1). This supports electrogenic response rises in a single-exponential phase with
the assignment of this kinetic phase asbiding to reduced  a rate of 1.7x 10* s™* (r ~ 60 us). The kinetics of the
hemed. There are larger differences in the spectral region response can be modeled reasonably well by a linear reaction

0.02[ "

-0.02r

absorbance change

-0.04
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) timé (ms) ) Ficure 3: Comparison of electrometric time courses for the reaction

) ] ~ with O, of cytochromebd from E. coliand bovine CcO. The traces
FiGURE 2: Development of membrane potential during the reaction have been normalized to the amplitude of t#00us electrogenic
of fully reduced (three electrons) cytochroiwith oxygen. Main phase. Inset: first 20@s of the reaction. Conditions: for cyto-
panel: a typical data recording; bottom panel, difference between chromebd as in Figure 2; for CcO same but with additions of the
experimental and theoretical curves; inset, the early part of the following redox mediators: cytochron® 0.5uM; hexaamineru-
reaction with three different delays between start of injection and thenium, 1uM; TMPD, 100xM; DCPIP, 100uM; ferrocyanide,
laser flash. Conditions for the main panel: 100 mM HEPE®H, 60 mM.
pH 8, 10uM TMPD, 50 mM glucose, 5@g/mL catalase, 1329/

mL glucose oxidase, and 1% CO mixture with Ar. Reaction started . L . . .
after 450 ms from the beginning of injection of 100 of oxygen- lag. This is qualitative confirmation of the results of Hill et

saturated buffer ([@ = 1.2 mM). The fit gives the following al. (24) that the init_ial phase of.the reaction depends on_the
parameters for the two phases in the model cufke>A, k = 6.6 oxygen concentration. At the highest oxygen concentrations
; 1T 5‘1, fggp“}ude, (:_t(l-g-, t%egphe\llsel is ntontﬁle?trogiﬁ':‘ that could be delivered to the reaction zone, the time constant
=L US 7, amplitude,—6.9 my. INSet. the 1aser 1ash was  for the |ag phase was 1Bs. Using the bimolecular rate
delivered at (1) 325, (2) 400, and (3) 450 ms after start of oxygen constant of Hill et al. 24) of 2 x 10° M—* sL, this would

additions; other conditions are the same. .
correspond to [g} ~ 33uM. The rate constant of the major

sequence A-B—C where A~B is electrically silent 22). electrogenic phase showed only a modest dependence on the
Increasing number of intermediates does not improve the fit Oz c'or!centrat.ion o _
(see plot of residuals in the lower panel of Figure 2). It is instructive to compare the kinetics Al generation

These two reaction steps match neatly with the two phasesby cytochromebd and bovine CcO 42) (Figure 3). The
found in the spectrophotometric experiments (24f and major 60us electrogenic phase in the cytochrobuoxygen
above). The appearance of the first phase in the electrometrigeaction can be seen to have a closely matching counterpart
data (A—B) as a lag is consistent with its assignment as an in the electrogenesis revealed by cytochramagidentified
oxygen binding process. This is reminiscent of what has beenearlier as thé to F transition @2). There are however two
seen in the hemecopper oxidases, where the binding of clear distinctions between the enzymes:
oxygen is not electrogeni@®). The major electrogenic phase First, in the reaction of CcO with Dthe development of
(B—C;  ~ 60 us) corresponds well with the second phase AW includes an additional phase that evolves on a milli-
reported by Hill and co-worker4) (tr ~ 80us). The~1.3- second time scale. This is explained by the fact that, although
fold difference between these values is probably not signifi- fully reduced cytochromébd carries only three reducing
cant; even though the conditions of the experiments were equivalents, CcO carries four. The reaction of fully reduced
slightly different in temperature (2425 vs 20°C) and cytochromebd with dioxygen stalls aF stage, but in CcO
enzyme environment (lipids vs detergent), the difference in the presence of a 4th electron allows the reaction to continue
the rates appears to be within the uncertainty of the one step pask to produce water, together with the fully
spectrophotometric measurements (Figures 3 and 4 in refoxidized enzyme.

24). There is a significant kD to D,O solvent isotope effect Second, in case of CcO the lag phase is much more
on the major electrogenic phase; the fitted time constant pronounced (Figure 3, inset). To fit the C&QV generation
increases from 60 to 23@s. There is no discernible effect data, at least two sequential nonelectrogenic or weakly
on the lag. electrogenic steps preceding thé@00us electrogenic phase

As described in Materials and Methods, spontaneous COmust be included in the model. As discussed in2&fthese
dissociation from hemel is fast enough to compete with  steps correspond to binding of oxygen to the reduced enzyme
the introduction of oxygen-saturated buffer into the sample. (R—A transition) and conversion of th& intermediate to
The time constant for CO dissociation is about 600 ms while the P intermediate A—P). A similar lag is observed in the
the complete injection takes 1.2 s. For this reason the reactiorreaction of thebos-type quinol oxidase fronE. coli (A.
had to be initiated before the injection was complete, and Jasaitis and M. |. Verkhovsky, unpublished results). In
the G concentration never reached the levels typically used cytochromebd the lag is much shorter and, as mentioned
for spectrophotometric flow-flash experiments. As shown in above, can be fitted by a single step in the kinetic model.
Figure 2 (inset), increasing the delay between the start of This supports the conclusion from the spectrophotometric
oxygen injection and CO photolysis from 300 to 450 ms measurements (re24 and above) that in cytochromed
resulted in a marked reduction of the initial lag. The longer intermediateA decays directly té. In contrast to the heme
delay allows more @to enter the sample, shortening the copper oxidases, in the reaction of cytochrobotewith O,
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there is either nd® intermediate or this intermediate is too
short-lived to be detected.
Reaction of the Oxidized Cytochrome bd with Hydrogen

Peroxide Another possible way to generdean cytochrome §’

bdis by reaction with hydrogen peroxide,® is known to £

react with hemecopper oxidases to produde and/orF 8-0.02}

depending on conditiong?—46). When the reaction of 4D, 8

with cytochromebd was originally studied, two spectrally g-o.os-
©

different peroxide complexes were reported, but one of the
two was only found when the reaction began with the

. . -0.04f
“oxygenated” enzyme4(’). If the reaction is started from : : : : :
the homogeneous oxidized state, only one spectral intermedi- ) 05 1 15 2 25 3
ate,F, is generated4, 48). time (ms)

In CcO, P is easily converted té by excess peroxide Ficure 4: Time course of electron backflow in mixed-valence
b e B 3 S50 o B . oo e
remained thaP was formed transiently during the reaction lfggxidése, 10:M; DM 0.1%: HEPES KO, 100 mM (E:)/H 8).
with excess peroxide but had escapgd observation in Previousco, 194; light path, 1 cm.
studies 88, 47, 48). For example, in cytochrombo; (a
quinol oxidase), it was originally believed that reaction with resolve the corresponding phenomenon in solubilized cyto-
peroxide proceeded directly t6 (51—53). P was only chromebd from E. coli even in the absence of aurachin D.
identified as an intermediate in this reaction when favorable Figure 4 (trace 1) shows the redox changes in heme
conditions were found, and the reaction was studied by meansmeasured at 634 nm. CO photolysis makes almost no
of a stopped-flow spectrophotometer with a millisecond diode contribution at this wavelength (there is no initial jump). The
array, which allowed the evolution of the entire spectrum to subsequent process is essentially monophasic oxidation of
be followed 60, 54). hemed with a time constant of ca. 150s. Theses changes

To investigate this possibility, the reaction of oxidized return monophasically with the time constant of 1.3 ms, in
cytochromebd with H,O, was repeated under the same agreement with the expected rate of CO rebinding at 1%

conditions wherd® had been identified in cytochromnims. saturation (trace 3).
However, in contrast to theaa; and bo; oxidases, in At 562 nm (theo-band maximum for low-spin hen®sg
cytochromebd the peroxide reaction is monophasic = in the reduced-oxidized difference spectrum, trace 2), the

700 ms). The difference spectrum for the single kinetic phase flash brings about an immediate loss of absorbance due to
(Figure 1B) is identical to that of the final product formed the contribution of CO photodissociation from hemet
upon addition of excess hydrogen peroxide to ferric cyto- this wavelength, which agrees with the data in 6
chromebd (38, 47, 48), which has been assigned to the Notably, return of absorbance to the initial level in this case
species §7). There is thus no evidence for an intermediate is not homogeneous (cf. trace 3) but reveals an initial rapid
corresponding td® of heme-copper oxidases in the elec- phase ofAss; increase withr of ~150us concomitant with
trometric or spectrophotometric studies of the reaction of the oxidation of hema as measured at 634 nm (trace 1).
O, with reduced cytochrombd or in the reaction of kKD Apparently, this rapid phase reports reduction of hdmag

with the oxidized enzyme. overlapping the slow decay of the response associated with
Investigations of Internal Electron Redistribution in Cy- contribution of hemed recombination with CO (trace 3).
tochrome bdThe reactions studied in the flow-flash experi- If the 150us phase of hemiereduction is attributed solely

ment are complicated processes that involve electron transferto bssg, the amplitude of the response would correspond to
O, redox chemistry, proton uptake for water formation, and, ~4% of this redox center, in good agreement with the 4%
in the case of hemecopper oxidases, proton translocation. of hemed oxidized, as calculated from the spectrophoto-
In trying to understand such a complicated process, it canmetric trace at 634 nm. In fact, the electron is likely to be
be helpful to study a simpler part of the whole. In the case shared between hemlsggandbsgs, which make comparable
of terminal oxidases, one simplification is to study internal contributions to absorbance at 562 néi)(and have similar
electron transfer/redistribution in the enzyme in the absenceredox potentials4). Therefore, the true value of herbgsg
of O,. This has been done in a number of different ways, reduction will be somewhere between 2 and 4%.
but one method that has proved to be very useful is to prepare Electrometric Measurements of Electron Backflow in
a CO-bound mixed-valence state of the enzyme and to Cytochrome bdPhotolysis of CO from liposome-incorpo-
observe electron redistribution after photolyzing CO, a rated mixed-valence cytochronbel under anaerobic condi-
process known as electron backflo@6( 55—59). tions results in transient generation®¥, which ispositive
Junemann et al6Q) have reported electron backflow in inside the vesicles, i.e., with a polarity opposite to that
cytochromebd of Azotobactewinelandii. They prepared a  observed during the reaction with.@n Figure 5 the kinetics
one-electron reduced form of the enzyme with CO bound to of hemed oxidation at 634 nm (trace 2) and the flash-induced
hemed (bsss®™, bses®™, d?T-CO), and found that when CO rise of electric potential difference in the backflow experi-
was photolyzed there was electron redistribution from heme ments (trace 1) are compared directly. There is excellent
d to heme(sp. These experiments were done in the presence agreement between the two traces showing that the reverse
of aurachin D, which raises thg, of hemebssg making it a membrane potential is associated with the reverse electron
better electron acceptor. After the experimental conditions flow in mixed-valence cytochromked. The signal-to-noise
were optimized, we were able to spectrophotometrically ratio of the electrometric trace is clearly superior to that of



13806 Biochemistry, Vol. 39, No. 45, 2000 Jasaitis et al.

x 10~

o o
» o
e
o

e
)

o
o
[N

S
electrometric response (mV)
o
'S

0 05 1 15 2 25 3 35 4 45
time (ms)
FIGURE 7: Electrometric responses of cytochroime coupled to
electron backflow following CO photolysis from CO mixed-valence
enzyme. The CO concentration dependence. Experiments have been
carried out varying CO concentrations in the COl/argon gas
mixture: (1) 1% CO, (2) 10% CO, and (3) 100% CO.
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_ time (ms) _ this disappearance correlates with the reduction of the
Ficure 5. Comparison of electron backflow reactions measured enzyme in spectrophotometric control experiments with

by optical spectrophotometry at 634 nm (curve 2, right axis) and T . .
by electrometric method (curve 1, left axis). Conditions in the purified cytochromebd. According to our experience, the

optical experiment as in Figure 4. In the electrometric experiment, féducing equivalents come at least partly from the glucose/
as in Figure 2except that no @was added and the enzyme was glucose oxidase system used to maintain the sample in an
not allowed to become fully reduced. anaerobic state, and reduction is promoted significantly by

illumination of the sample in the course of experiments.

T T

ey
T

DISCUSSION

@
o

Redox Mechanism of Cytochrome bd: Nodence for
Peroxy State The reaction of cytochromed with O, is
usually considered to involve the same intermediates as in
the heme-copper oxidases. However, despite all attempts,
we were unable to produce, in this enzyme, an intermediate
analogous td® (the 607 nm species in Cc®2) or the 582
: v : : ; nm species ibos-type quinol oxidase50, 54)).

. ; The negative results have been provided by three inde-
0 0.2 0.4 0.6 0.8 1 pendent approaches. First, the LTFF measurements of the
time (ms) reaction of reducecbd with O, clearly resolve initial

Ficure 6: Electrometric responses of cytochroietcoupled to  formation of aA intermediate and show that this complex
electron backflow following CO photolysis from CO mixed-valence  ,5caeds directly to the findF state. Transient of the

enzyme in HO and BO. Conditions as in Figure 2, except thatno di d h diti has b d
0, was added and the enzyme was not allowed to become fully Intermediate Rg) under these conditions has been docu-

reduced. mented for CcO 33). Second, rapid mixing of oxidized
cytochromebd with hydrogen peroxide results in monophasic
the absorbance trace. This makes it possible to analyze thdormation of theF state without any intermediate, whereas
kinetics of the backflow process in much more detail than the same reaction leads to transient formatiof® @ CcO
is allowed by the quality of the absorbance measurements.(43, 45) and cytochroméo; (50, 54). Third, the flow-flash
As shown in Figure 6, the electrometric response shows aelectrometric data for cytochroni®l are consistent with a
significant HO/D,0 solvent isotope effect. The ratio of rate  simple one-step lag preceding the electrogenic transition of
constants is about 1.5. the enzyme to thé& state rather than the two steps needed
Figure 7 shows three electrometric backflow transients to fit the lag in the case of the hemeopper oxidases; this
obtained at 1%, 10%, and 100% of CO. Higher concentra- single phase corresponds to formation of the oxy complex
tions of CO result in faster decay of the response, as expected®f the high-spin heme while the counterpart corresponding
for CO recombination, but the initial rate of the flash-induced to the A—P transition is absent in cytochromed. The
rise remains essentially constant. Acceleration of the decayelectrometric experiment is particularly important as it allows
at high CO concentrations is paralleled by a decrease in theus to exclude the possibility tha in cytochromebd is
amplitude of the response that is a trivial effect of competi- Spectroscopically similar to the ferryl, oxygenated, or ferric
tion between CO recombination and the rising phase. Thestate and thus is not discernible in spectrophotometric
amplitude of the response slowly decreases with time as themeasurements. The absence of an obsenrbleermediate
other metal centers in the enzyme become reduced in theln cytochromebd may find its explanation in one of two
anaerobic environment. If the liposome-reconstituted enzymeWways.
is incubated for a long time (hours) under an atmosphere of One possibility is that an intermediate analogou®tis
100% CO, the electrometric response eventually disappearsnot formed in cytochroméd at all and that the chemistry

e
o
N

o
=

normalized electrometric response
=)
o

(=]
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of O, reduction is different in this enzyme as compared to
the heme-copper oxidases. Alternatively, one can propose
that the reaction mechanisms are the same bu® ttate in
cytochromebd is much less stable than in hemeopper
oxidases and is converted rapidlyEcstate both during @
reduction and in the reaction of the oxidized enzyme with
hydrogen peroxide.

It is worth noting in this context that in cytochromes P-450
and peroxidases th® species, which corresponds to the
intermediate in the respiratory oxidase83), does not
accumulate and is converted in microseconds to a ferryl-
oxene state. Babcock and co-worke64,(65) have noted
that the remarkably high stability & in CcO as compared
to P-450 may be explained by tHe—F transition being
coupled to relatively slow proton pumping. It is tempting to
speculate that as cytochrorbd does not pump protons, the
P—F transition in this enzyme need not be as slow as in the
pumping oxidases and that in this respect cytochrdmie
resembles P-450 and peroxidases.

Generation ofAyy—vectorial Movement of Electrons and/ B
or Protons?Our data show that the redox reaction between
the hemesl andbssg is coupled to charge movement across
the membrane. As illustrated by the scheme in Figure 8, this
electrogenicity could originate in electron-transfer per se
(panel B) and/or in vectorial transfer of protons coupled to
the redox reaction (panel A).

Unlike the heme-copper oxidase66( 67), no three-
dimensional structural model is available for cytochrdide
and what information is available about the spatial arrange-
ment of its redox centers is not definitive. Henieg/d and
hemebssg were earlier believed to be located on opposite
sides of the membranbsss close to theP side and théoses/d
pair close to theN side (e.g., cf. Figure 2 in red). This
would mean that transmembrane electron transfer between
the hemes@8) in cytochromebd oxidase could potentially
be a redox loop-type generator of membrane potential as
proposed originally by Mitchell for mitochondrial Cc®9).

This is illustrated in Figure 8B. However, recent re-evaluation
of membrane topology predictions for cytochrobtisuggest tion in cytochromebd as part of the reaction with £and electron

that the axial ligands for both hembgs andbsssare located pacxfiow. (A) Vectorial proton movement. (B) Vectorial electron
at about the same depth in the membrane, quite close to tharansfer.

P side (7). This “electrical topography” appears to be rather

similar to that in hemecopper oxidases where electron being a proton pump. During reversed electron transfer in

transfer between the hemes is unlikely to be significantly the backflow experiments, oxidation of hemh@ould release

electrogenic. Therefore, in light of the electrometric restlts  the redox-dependent proton to tNeside of the membrane

in particular the HO/D,O solvent isotope effeetthe pos- while reduction of hemdsss would result in proton uptake

sibility of vectorial proton-transfer coupled to the redox from theP side, thus giving rise to transmembrane translo-

reaction between the hemésand d must be considered cation of one charge. The electrometric measurements

(Figure 8A). themselves do not tell us whether the protons actually appear
It should be noted that midpoint potentials of all the three in and/or disappear from the aqueous media in the course of

hemes of cytochrombd show pH dependencies indicative the reaction, but they demonstrate quite a significant

of strong, specific electron/proton couplirg(The sidedness  displacement of protons normal to the membrane plane.

of this redox-linked protonation has not been studied, but The electrogenic redox-linked protonation of the oxygen-

our data can be most easily rationalized in a following way. reducing center of cytochroniel may be expected to involve

FIGURE 8: Possible mechanisms of transmembrane charge separa-

During electron flow in the normal direction, heniogsg, some structural domain analogous to the input proton
which interacts with the quinol, accepts both an electron and channel(s) of the hemecopper oxidases. The highly con-
a proton from QH. Upon oxidation ofbssg by hemed served glutamic acid residues E99 and E107, both located

(probably viabsgs), the proton is released to tReside, while on transmembrane helix Il inside the hydrophobic barrier,
reduced hemel takes up a proton from thi side of the could be involved in such a structuré)(

membrane. Such an arrangement would lead to translocation Comparison of the Electrogenic Responses Associated with
of one elementary charge (actually, of a proton) per electron, the Direct and Reersed Electron TransfefThe absolute
across the membrane, consistent with cytochrdidenot amplitudes of the electrogenic responses coupled to electron
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transfer in the forward and reversed directions taken alone Redox equilibration between henandbsgsis very rapid
do not make it possible to determine the number of (z < 5 us) and nonelectrogenic. However, no evidence for
elementary charges transferred across the dielectric barriera rapid phase of hengoxidation upon CO photolysis could
in either direction. Some internal calibration is required for be observed spectrophotometrically (Figures 4 and 5). It is
quantitative interpretation of the data6( 20, 22). It is possible that, as ferric henfggs is unprotonated, its transient
however possible to obtain both types of data from the samemidpoint potential on a microsecond time scale is low, as
sample, and it is interesting to compare the size of the compared to the equilibrium value where the reduced state
responses. Since some experimental numbers in the calculaef the heme is stabilized by redox-linked protonation, and
tion below are small and variable, these estimates are notthus the reduced state of this center is never populated to a
meant to prove any specific mechanism or model. They cansignificant extent during electron backflow.
provide the reader with some numbers, which would be Hemesbssgandbsgs are in rapid redox equilibrium, while
difficult to derive without knowing details of the experiments. electron transfer from henukto bses is relatively slow. Such

In the reaction of fully reduced cytochromted with a model would be in agreement with the results of recent

oxygen, the experimentally measured electrogenic responsepulse radiolysis ;tudiesx. There aIso_remains the possibility
typically reached a maximum value of7 mV. Taking into that hemebsgs lies beyond h_emed in the electron flow
account partial oxidation of cytochronted by the added ~ Pathway, as in the case of gin CcO.

oxygen prior to the flash (see Materials and Methods), we
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