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ABSTRACT. The reaction of the quinol oxidase cytochrotme from Escherichia coliwith ubiquinol-2

(UQzH2) was carried out using substoichiometric (0.5 equiv) amounts of substrate. Reactions were
monitored through the use of freeze-quench EPR spectroscopy. Under 1 atm of argon, semiquinone was
formed at the @ site of the enzyme with a formation rate constant of 149 the @ semiquinone EPR

signal decayed with a rate constant of about’s Hemeb and Cy were reduced within the 10-ms dead

time of the freeze-quench experiment and remained at a constant level of reduction over the 1-s time
course of the experiment. Quantitation of the reduction levels @@ hemeb during this reaction

yielded a reduction potential of 360 mV for hemeb. Under a dioxygen atmosphere, the rates of
semiquinone formation and its subsequent decay were not altered significantly. However, accurate
guantitation of the EPR signals for herheand hemeos could not be made, due to interference from
dioxygen. In the reaction between thg-Qepleted enzyme and UR, under substoichiometric conditions,

there was no observable change in the EPR spectra of the enzyme over the time course of the reaction,
suggesting an electron transfer from hemé the binuclear site in the absence of @hich occurs

within the dead time of the freeze-quench apparatus. Analysis of the thermodynamics and kinetics of
electron transfers in this enzyme suggests that a Q-cycle mechanism for proton translocation is more
likely than a cytochrome oxidase-type ion-pump mechanism.

Utilization of dioxygen as a terminal electron acceptor in as anion pump, transporting four protons through the enzyme
the respiratory chain of both eukaryotic and prokaryotic over the course of the four-electron reduction of dioxygen
organisms is accomplished in large part by the superfamily to water.
of heme-copper oxidased]. These enzymes have evolved  The Escherichia colicytochromebo; complex, the best
to couple this reduction of dioxygen with the generation of characterized of the quinol oxidases, is a four-subunit enzyme
a proton gradient across the plasma or mitochrondrial encoded by theyoABCDEoperon §). In addition to a low-
membrane. Members of this superfamily are distinguished spin hemeb, a high-spin hemes, and the Cy site in subunit
by a conserved subunit containing a high-spin heme, a low- |, this enzyme has been shown to possess a tightly bound
spin heme, and a copper ion. The high-spin heme and coppeimolecule of UQ* at a site (@) distinct from the site of quinol
ion form a binuclear site at which dioxygen reduction occurs; oxidation (Q.) and in close proximity to hemie (5). From
the low-spin heme is involved in electron transfer. These a functional standpoint, this enzyme combines the quinol
enzymes are divided into two classes, the cytochr@me oxidase function of cytochroméc, with the dioxygen
oxidases and the quinol oxidases, on the basis of theirreduction capability of cytochrome oxidase. However,
electron donors. cytochromebo; is less efficient in generating a proton

The most thoroughly studied of the cytochromexidases gradient than the cytochromec/cytochromec oxidase
is the mitochondrial enzyme(3). It contains 13 subunits,  system, translocating eight protons per four electréhs$
of which subunits 11l are encoded by mitochondrial genes compared to the 12H4e™ ratio of the latter system.
and the remaining 10 are encoded in nuclear genes. Subunit The reaction of cytochrome oxidase with dioxygen has
I contains the low-spin hema the high-spin hemes, and been summarized elsewherd.( To the extent that it has
the mononuclear copper site (§u As with all other known  peen determined, the sequence of intermediates arising during
cytochromec oxidases with the exception of thebls dioxygen reduction by cytochronte; appears to be identical

enzymes, subunit Il contains a binuclear copper centex)(Cu  to that of the cytochrome oxidases. Saturation kinetics in
in its extramembranous domain. Cytochroomxidase acts
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TThis work was supported by Grants GM22432 (S.I.C.) and tol; HEPES N-(2-hydroxyethyl)piperaziné¥-(2-ethanesulfonic acid);
GM29433 (D.E.E.) from the National Institutes of Health. B.E.S. is Qa(H2), quinone(ol) in the quinol oxidation site of cytochrorbes;
the recipient of a National Science Foundation Postdoctoral Fellowship. Qg(H2), quinone(ol) in the alternative quinone binding site of cyto-
* California Institute of Technology. chromebos; TX-100, Triton X-100; UQ, ubiquinone K = number of
8 Emory University. isoprenoid units in the hydrophobic side chain); \Bi@ ubiquinol.

S0006-2960(97)01714-5 CCC: $15.00 © 1998 American Chemical Society
Published on Web 03/05/1998



Freeze-Quench EPR @&. coli Cytochromebos Biochemistry, Vol. 37, No. 12, 19981161

the binding of dioxygen to the high-spin hemes in both H* (out)
enzymes suggests the formation of an initial copper
dioxygen species8). Flow-flash optical and resonance
Raman studies have revealed intermediates in the dioxygen
reduction chemistry assigned as the ferrous-oxy (compound
A) (9, 10, peroxidic (compound C)1(1), and oxyferryl 8,

9) species. Likewise, observed chemistry of cytochranme
with peroxide 8, 11-15) parallels that of cytochrome
oxidase, although the formation of the oxyferryl species is
more highly favored in cytochromgos. It should be noted,
though, that the behavior of cytochrore; with respect to
proton uptake during dioxygen reduction differs from that
of cytochromec oxidase 16).

The similarity of subunit | structure and the analogous
dioxygen chemistry have led to the assumption that the
proton translocation mechanisms are essentially identical
between the cytochromeoxidases and the quinol oxidases.
This view assumes that the two hemes angd @wsubunit |
are responsible for the proton translocation in both types of
enzymes and that the presence of an additional redox center
(Cua in cytochromec oxidase and @in cytochromebao;)
serves the sole purpose of mediating the electron transfer
from the electron donor to this catalytic core. However, a
contrasting view has been put forward, suggesting that
cytochromebo; utilizes a Q-cycle analogous to that of
cytochromebc, (17). A recent study of inhibition of
cytochrome bo; by substrate and by the semiquinone
analogues Brundecyl-6-hydroxy-4,7-dioxobenzothiazole (UH-
DBT) and 2n-nonyl-4-hydroxyquinolineN-oxide (NQNO)
has demonstrated that thg Quinone is exchangeable under
turnover conditions, a necessary requirement for a Q-cycle
mechanism, and that the affinities of siteg @d @ for
quinols, semiquinones, and quinones are also in accord with
a Q-cycle mechanism18). However, these data cannot
completely rule out an ion-pump mechanism for cytochrome
bos.

Greater discrimination between the two mechanisms can
be made on the basis of the electron transfer through the
enzyme, as the electron-transfer pathways proposed by the
two models are radically different. These models are shown
schematically in Figure 1. An ion-pump mechanism for Oyt agt
cytochromebo; implies that the electron transfers through

this enzyme are ar.]aIOgous to.those. n Cytochror(wadases. Q-cycle (bottom) reaction mechanisms of cytochrdiog Electron

In cytochromec oxidase, studies using transient absorbance yansfers are denoted by dashed lines. For the Q-cycle model, the
spectroscopy suggest that the flow of electrons from substratenumbers refer to the first and second electron transfers in the
to dioxygen occurs in the order cgt— Cuy — hemea — oxidation of quinol.

(hemeas/Cug) (19). As no Cu site exists in cytochrome

bos, the analogous electron transfers in this enzyme would In analogy with the cytochromiac; complex @0, 21), the

be QH>, — hemeb — (hemeos/Cug). As QuH; is a two- Q-cycle hypothesis for cytochromao; postulates a split
electron donor while hemieis a one-electron redox center, electron-transfer pathway in the oxidation of quinol, with
electron transfer would require either the transient formation one electron traveling to the high-potentialgite and the

of the Q. semiquinone or a split electron-transfer pathway other electron passing through heiméo reduce @ to its

in which one electron is passed to heimand the second semiquinone form. Upon the oxidation of a second quinol,
one is transferred elsewhere. Sato-Watanabe ef)adbafe Qg* is reduced to a quinol, which can then dissociate and be
postulated a split electron-transfer pathway, with the quinone replaced with another molecule of quinone. A complete
in the @ site accepting the second electron. According to turnover of the enzyme results in the oxidation of four quinol
this model, electrons could then be transferred sequentiallymolecules with the associated release of eight protons on
through hemeéb to the binuclear site. The release of four the outside of the plasma membrane, the reduction of two
protons from the oxidation of two quinol molecules, along quinone molecules coupled with the uptake of four protons
with the pumping of four protons during dioxygen reduction, from the inside of the membrane, and the reduction of
would account for the observed proton translocation stoi- dioxygen to water. In this case, the observed'Bld"
chiometry. proton-pumping ratio arises solely from quinol oxidation;

Ficure 1: Schematic diagram of the proposed ion-pump (top) and
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no ion pumping occurs, and the sole purpose of the binuclearimidazole, 0.1% DDM, pH 7.4 (buffer C). The enzyme was
heme-copper site is to act as an electron sink. Also, in eluted with 50 mM HEPES, 200 mM imidazole, 0.1% DDM,
contrast to the ion-pump model, this model suggests thatpH 7.4 (buffer D), and concentrated using a Filtron 100-
electron transfer between hente and hemeo; is not kDa membrane. After two cycles of 20-fold dilution with
important in the turnover process but that any adventitious buffer A and reconcentration, the enzyme was frozen and
electron-transfer represents an electron leak. stored at-80 °C prior to use. Enzyme activity was assayed

The viability of the electron-transfer pathways proposed as described previousl{) and showed kinetic parameters
in these two models depends on both the reduction potentialscomparable to those described therein. On the basis of the
of the redox centers and the spatial arrangement of thesecriteria established by Moody and co-worke22)( the
centers. Understanding both the thermodynamics and kinet-enzyme was predominantly-80%) in its fast form.
ics of the electron transfers under turnover conditions requires  Qg-Depleted enzyme was obtained by solubilizing the
a means to observe the reduction state of all of the redoxenzyme using 1% TX-100/1%-octyl 3-p-glucoside. After
centers in the protein. However, the most common methodsultracentrifugation as above, the supernatant was placed on
used to monitor the reaction of cytochrorbes, optical ice overnight. The mixture was subjected to a second round
absorption spectroscopy and resonance Raman spectroscopyf ultracentrifugation to remove the remaining cellular debris
can only monitor the heme groups. We have chosen to probewhich had precipitated. The solubilized enzyme was loaded
the activity of the enzyme using rapid-mixing/freeze-quench onto the Ni-NTA-Superflow column equilibrated with 50
EPR spectroscopy, as each of the four redox centers inmM HEPES, 0.1% TX-100, pH 7.4 (buffer E). The enzyme
cytochromebo; has an oxidation state which is observable was washed sequentially with 200 mL of 50 mM HEPES,
by this technique. The turnover number of cytochrdioge 300 mM NaCl, 0.1% TX-100, pH 7.4 (buffer F), and 200
in its reaction with UQH, is approximately 15003 at room mL of buffer C. Elution of the enzyme from the column
temperature, a rate which is rapid in comparison to the time was accomplished using buffer D. The eluted protein was
scale of the freeze-quench experiment (10 ms or longer). concentrated and frozen as described above, in buffer A.
To overcome this limitation, the freeze-quench reactions were Freeze-Quench EPR Spectroscopy complete descrip-
performed at low temperature to slow the reaction, and thetion of the freeze-quench technique is given elsewh2g (

enzyme was reacted with a Iim_ited quantity of s_,ub_str_ate. I The freeze-quench EPR experiments were performed using
the number of electrons entering the enzyme is ||m_|te(_j, 4 an Update Instruments syringe ram with a model 705A ram
gomplete enzyme turnover cycle cannot occur, thg distribu- controller and a quenching bath contagi L of isopentane
tion of electrons within the enzyme can be determined, and maintained at-140°C by an external liquid nitrogen bath
eIectron_trangfers'wnhm the enzyme which occur on a The setup consisted of two syringes, one containing the
nonphysmloglcal time s_cale (e.g., electron 'ea"$). can be enzyme (166-200uM) in buffer A and the other containing
monitored. The use of incomplete turnover conditions has UQsH, in 50 mM HEPES, 0.1% DDM, 5 mM DTT, pH 7.4
allowed a meaningful measurement of the hdmmotential (buffer G), or a buffer G blank. The DTT is used to generate
under near-physiological conditions and has provided infor- the UQH, from UQ, in situ: it does not react with
mation on how this potential relates to electron transfers cytochromzeb@ itself and the r,eduction of the quinone by
W'th'.n the. enzyme. The thermodynamic and kinetic data DTT occurs on a tim’e scale slower than th& s of reaction
obtained in this study suggest that the electron transferstime monitored in these reactions. Depending on the
predicted by an ion-pump model are Inconsistent with the reaction, samples were equilibrated t.Jnder 1 atm 6101
observed data and that a Q-cycle mechanism is likely to beatm of A’r on ice for 1 h prior to loading into the syringes.

operating in this enzyme. The syringes were equilibrated at°€ with an ice-water

EXPERIMENTAL PROCEDURES bath pr_ior to reaction. Reactions were performed by d_riving
the syringe ram at 1 cnt& The reagents were combined
Reagents HEPES, dithiothreitol, Triton X-100p-octyl in a mixing chamber and passed through an aging hose before

B-D-glucoside (Anatrace), ana-dodecyl S-p-maltoside being sprayed into the liquid isopentane. The frozen crystals
(Anatrace) were from commercial sources and used aswhich formed were collected in a packing funnel and
received. The synthesis of YR, will be described else-  subsequently packed into the EPR tubes using poly(tetrafluo-
where. roethylene)-tipped steel packing rods. The packing factor
Sample Preparation E. coli (strain GO105/pJRHisA) (ratio of the sample volume tp the total volume of froz.en
cells were grown at the Univerisity of lllinois fermentation S@Mple+ isopentane) was estimated to be 70%. The time
facility using a protocol described previouslylj. “His- points measured |n.the reactions were varied by changing
tagged” cytochromdos; was isolated using the method of the length of the aging hose.
Musser and co-workersl8), with the following modifica- EPR spectra were taken on a Bruker ER 200D-SRC EPR
tions: Following solubilization of the cytochrontm; with spectrometer with an Oxford Instruments ESR 910 continu-
DDM and n-octyl 5-p-glucoside, the sample was spun in an ous flow cryostat or on a Varian E-109 EPR spectrometer
ultracentrifuge at 907@) 4 °C, for 30 min. The supernatant  with an Oxford Instruments ESR-900 cryostat. Spectra were
was diluted 2-fold with distilled water and applied to a 100- taken at 5 and 70 K. Other instrument settings were as
mL Ni-NTA-Superflow (Qiagen) column equilibrated with  follows: power= 6.3 mW (5 K) or 0.2 mW (70 K),
50 mM HEPES, 0.1% DDM, pH 7.4 (buffer A). The column frequency = 9.65 GHz, gain= 8 x 10% modulation
was washed sequentially with 200 mL of buffer A, 200 mL frequency= 100 kHz, modulation amplitude 10 G, time
of 50 mM HEPES, 300 mM NaCl, 0.1% DDM, pH 7.4 constant= 100 ms, scan time= 200 s. The high-spin heme
(buffer B), and 200 mL of 50 mM HEPES, 20 mM intensities were measured as the amplitude ofith&ignals
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RESULTS

Reactions of cytochromigo; with UQ.H, were performed
with a substrate:enzyme ratio of 1:2, so that a vast majority region ofg = 2. Whereas the related cytochroas shows
of those enzyme molecules which reacted with quinol reactedstrong, antiferromagnetic coupling of te= 5/2 heme and
with only 1 equiv. These reactions were monitored using S= 1/2 copper center to yield an EPR-sil&#= 2 species,
EPR spectroscopy, as described above. Assuming that théhe binuclear center is partially decoupled in cytochrdiog
lifetime of the Michaelis complex for this reaction is short as evidenced by the respective component EPR sigiids.
relative to the diffusion time of the substrate, the distribution signal atg = 4.3 arose from adventitious iron in the sample.
of substrate among the enzyme molecules will follow a At a reaction time of 108 ms, the EPR spectrum showed a
binomial distribution. Under this limiting assumption, 61% sharp signal near the free-electrgralue. This signal had
of the enzyme molecules will react with no substrate a line width of ~11 G and showed unresolved hyperfine
molecules, 30% will react with one, 7.6% will react with splitting. It was identical to that observed in prior redox
two, and 1.4% of the enzyme molecules will react with three titrations of the enzyme2(7, 2§ and could thus be assigned
or more substrate molecules. In comparison, a 1:1 substrate@s the @ semiquinone. Figure 3 (top) shows the intensity
enzyme ratio would result in 37% of the enzyme molecules Of the semiquinone signal at 70 K as a function of time.
reacting with no substrate, 37% reacting with one quinol, The semiquinone intensity reached a maximum at 108 ms
18% reacting with two, and 8% reacting with three or more and decayed to a level about one-half that of its maximum
molecules of substrate; the resulting heterogeneity of the by 1040 ms. Integration of the semiquinone signal against
enzyme population would complicate the analysis of both @ flavodoxin external standard gave a maximum semiguinone
electron distribution and flow. If the substrate:enzyme ratio concentration of 22M. As the semiquinone signal did not
is significantly less than 1:2, not enough enzyme will react decay back to the baseline, the data were treated with a model
to yield observable changes in the resulting EPR spectra. depicted in Scheme 1 for the formation and decay of the
Figure 2 shows the EPR spectra from the reaction of 43 semiquinone. It assumes the existence of two subpopulations
uM UQ2H, with 80 uM cytochromebo; under 1 atm of @
with time points of 0 s, 108 ms, and 1040 ms. The spectrum
of resting enzyme (0 ms) shows the high-spin hegsgnal
atg = 6, the rhombic signal from low-spin henfeat g =
3.0, 2.2, and 1.5, and a type 2 copper signal frorg i@uhe

2 Decoupling of the hemecopper binuclear center has also been
observed irBacillus subtilis ag-600 quinol oxidase24), heat-treated
bovine cytochromec oxidase 25), and the SoxABCD complex in
Sulfolobus acidocaldariug26). We do not attribute any mechanistic
significance to this decoupling.
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Scheme 1: Mechanistic Model Used for the Fitting of the T
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of enzyme indistinguishable in the resting state. Semi-
quinone formation occurs at a given rate in all of the reacting 108 ms
enyzme molecules. However, in one subpopulation, the ‘
semiquinone is stable, while in the other, the semiquinone

is subject to disproportionation. This model predicts a
monoexponential rise in semiquinone intensity, with an

exponential decay to a nonzero value. A fit of this model
to the data yielded a formation rate constant of approximately

o

840 ms

100 st and a decay rate constant o2 s'1. A modest ‘
degree of uncertainty in these numbers arises from the scatter ( }
in the data points.

Figure 3 (middle, bottom) shows the evolution of the low-
and high-spin heme signals as a function of time. In both e e e e 5000
of these plots, the signals show a dramatic scatter over the
first 100 ms of reaction time, before reaching a reasonably B (Gauss)
stable level thereafter. That this scatter did not arise from FIGURE 4: EPR spectra of the reaction of @61 cytochromebos
discrepancies in sample packing is shown by a lack of Yt &AM LQ:: nder 1ty of A The specta were taken a
systematic variation of signal intensity among the semi-
quinone, high-spin heme, and low-spin heme. At certain experiment. This signal then remained essentially constant
time points, the low-spin heme intensity reached levels over the 1-stime course of the reaction. In a similar fashion,
substantially higher than that &t= 0 ms, an unexpected the high-spin heme signal showed a rapid increase in intensity
result in light of the fact that hemie was fully oxidized at during the dead time of the freeze-quench apparatus, reaching
the start of the reaction and hence should have yielded thea stable level for the remainder of the observed reaction.
highest intensity at that point. This behavior was likely due This rise in intensity reflects the decoupling of the binuclear
to interference from dioxygen in signal formation, as it was center upon reduction of the gite. Single-exponential
not observed under anaerobic conditions (see below). Anyfits were made to the heme intensity data in order to calculate
further interpretation is limited by the complexity of these reduction levels, and the fits are shown in Figure 5, but the
signals. electron-transfer rates were too high to yield meaningful rate

To isolate the oxidation of quinol from any subsequent constants. A steady-state assay of enzyme activity°at 5
dioxygen chemistry, the reaction of cytochrobwg (96 «M) yielded ak. for the enzyme of 50073, a value in accord
with UQ,H, (48 uM) was performed under 1 atm of argon. with the rapid reduction of hemeand Cy. The somewhat
Figure 4 shows the evolution of the EPR spectra under theseslower rate of @ formation can be understood if the electron
conditions. As with the aerobic reaction, semiquinone transfer from Q° to Qs is mediated by hemk (see below).
formation and decay were prominent. However, a pro- Because the formation ofgQunder single-turnover condi-
nounced decrease in the intensity of the low-spin heme signaltions is slower thank.; determined under steady-state
was also observed, corresponding to hdnreduction. In conditions, it cannot be stated unequivocally that the semi-
addition, the high-spin heme signal increased in intensity, quinone is a necessary intermediate in the catalytic cycle.
suggesting that electron donation to the binuclear site However, the fact that the rates are so close to each other
primarily resulted in the reduction of Gand the decoupling  implies that the semiquinone is still important mechanisti-
of the binuclear site. Figure 5 shows the intensity of the cally. In addition, it should be noted that in a coupled
semiquinone and heme signals as a function of time. Usingvesicle, the presence of a proton gradient will slow the
the model in Scheme 1, best fits of the data yielded a rate electron transfers contributing tQa:
constant of approximately 140°sfor semiquinone formation On the basis of integration against a flavodoxin standard,
and a rate constant of 5%for decay of the species. While the @ semiquinone reached a maximum concentration of
these values are nominally higher than those from the 20 uM. Hemeb, which was fully oxidized upon initiation
identical reaction run under 1 atm of dioxygen, the differ- of the reaction, was reduced to yield 8®1 ferrous hemeb.
ences are sufficiently small as to be insignificant, considering The reduction level of the binuclear hemeopper site could
the scatter in the data points. The near-equality of semi- not be quantitated directly, as the extent of spin coupling
quinone intensity at maximal production in both cases also between the two centers was unknown. However, it can be
testifies to the near-equality of reaction rates. Hence, assumed that the electrons not accounted for by the semi-
semiquinone production and decay appear to be independentjuinone and hemie resided in the binuclear site. With this
of any dioxygen chemistry occurring in the enzyme. The assumption, the total concentration of reduced species at the
hemeb signal showed a reduction to approximately two- binuclear site was 44M. Hence, within the error of the
thirds of its maximum value within the dead time of the EPR quantitation (approximately 10%), half of the electrons
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Ficure 5: Signal intensity of the semiquinone gQtop), low-
spin ferric heme (hemie, middle), and high-spin ferric heme (heme
03, bottom) as a function of time in the reaction of 9éM
cytochromebo; with 48 uM UQ,H, under 1 atm of Ar. The fit to
the semiquinone data (solid line, top) used the kinetic model in
Scheme 1. Single exponentials were used to fit the low- and high-
spin heme intensity data.
from the quinol substrate ended up in the/ligmeb site
and half traveled to the hentg/Cug site. The decay of the
semiquinone signal could have arisen from either oxidation
to the quinone form or reduction to the quinol form; as
neither the hemé nor the binuclear center appeared to
change during this time, dissociation and disproportionation
of the semiquinone is the most likely explanation for the
observed decay.

For the reactions of cytochronte; with UQ.H,, under
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the time frame measured in these experiments, one and only
one electron is shared betweeg ghd hemeb.

The -depleted form of cytochroméo; has been
characterized previoushb). To assess the role of thesQ
in the initial electron transfers from the substrate quinol, a
sample of this enzyme (83V) was reacted with 0.5 equiv
of UQ;H; (43uM) under 1 atm of @ Prior analysis of this
enzyme showed that it contained approximately 0.3 quinone
per enzyme molecule and retained approximately 85% of
the activity of native enzyme under multiple-turnover condi-
tions. However, there was no significant change in the EPR
spectra of the enzyme over the 1-s time frame of the
experiment (data not shown).

A final reaction was performed, using @81 cytochrome
bo; preincubated with 20@M KCN (final concentrations)
and 48uM UQ.H,, to assess the effects of cyanide on
electron transfer within the enzyme. Qualitatively, the
reaction was the same as the reaction in the absence of
cyanide. Most notably, the high-spin signal from hecae
was present throughout the reaction. As cyanide binding to
oxidized heme will drive the iron into a low-spin state, this
result implies that upon reduction of the henwpper
binuclear center, cyanide preferentially bound tg @ather
than at hemes.

DISCUSSION

In this study, freeze-quench EPR was used to study the
reaction of ubiquinol with cytochromigo; under conditions
in which the enzyme can react with essentially only one
molecule of substrate. The results from signal quantitation
and power saturation indicate that the distribution of quinol
molecules among the molecules of cytochrdmogis more
uniform than one would predict by assuming a binomial
distribution. Over the time window of these experiments,
one electron from the oxidation of quinol is distributed
between @ and hemeb, while the second electron ends up
in the heme-copper binuclear site. These results demon-
strate a split electron-transfer pathway in the oxidation of
quinol, with hemeb and Cy acting as the initial electron
acceptors. Because one electron is distributed between the
Qs site and hemé, the two centers can be assumed to exist
in a quasi-equilibrium and the difference in reduction
potentials between the two centers can be inferred.

There have been several studies measuring the reduction

both dioxygen and argon, the power saturation behavior of potentials of the redox centers in cytochrobwg using redox

the semiquinone signal was studied at 70 K with time points
of 10, 220, and 1040 ms ¢@por 10, 108, and 840 ms (Ar).

titrations on either membrane fragmer36+35) or isolated
enzymesZ?7, 28, 36-38). These studies show a large degree

In all cases, the power saturation data could be fit by a single of variability in the observed potentials, because of varied

species withPy, at approximately 16@W and a homogene-
ity parameteib of about 0.7. The observed valuelof< 1

is indicative of a substantial dipotedipole contribution to
the spin relaxation29). As Qs and hemeb are in close
proximity, we assign this species as*@djacent to ferric
hemeb. By comparison, Ingledew and co-worker&7)
reported a homogeneous signal for the semiquinbrre 8
for the derivative signal) during redox titrations of cyto-
chromebo;. This species had Ry, value of 0.2 mW at

isolation conditions, the presence of cytochrome contami-
nants, partial replacement of hein&ith hemeo in certain
overexpressing strains &f coli, difficulty in deconvoluting
contributions from theb and o hemes to overall optical
absorption spectra, redox cooperativity, and accidental
removal of the quinone from thegite by harsh detergent
treatment. Reported heme potentials span the range 55
265 mV. The reduction potentials foz@re well-established
under titration conditions, with midpoint potentidis = 22

123 K and was assigned as semiquinone adjacent to reducedhV (Q/Q) and 115 mV (QQH,) at pH 7.0 7). From the

hemeb. The finding in this work that the semiquinone exists
predominantly in proximity to oxidized heni® despite the
high average reduction level of herbgimplies that during

data of Ingledew and co-worker2%), the potentials at pH
7.4 can be estimated as 14 and 82 mV. Interpolation of the
data of Sato-Watanabe and co-workeé?8) (gives values of
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approximately 0 and 115 mV. These differences are minor, quinones has been estimated as 80 mV 39, 40. Second,
and most likely reflect slightly different preparatory methods. as the Q/Qa* potential must be significantly lower than 60
Literature values for the copper potential range from 350 to mV in order to allow electron transfer to henig and
408 mV, making it the most easily reducible center in the ultimately to form @, the Q\/QaH, potential must be
enzyme. It should be noted that the conditions of the redox correspondingly higher than 60 mV. Thus, one must have
titration are nonphysiological, such that redox cooperativity a redox center (e.g., Guwith a much higher redox potential
under turnover conditions can alter these potentials. In than hemé in order to drive the first electron transfer from
particular, in the presence of oxidized herhgthe G QaH: into the enzyme. Third, the preferential reduction of
semiquinone anion may have an additional stabilization due hemeb over hemeos, despite the higher reduction potential
to electrostatic interactions, driving the two reduction of hemeos, suggests a kinetic barrier to electron transfer
potentials closer together. For the purposes of this discus-between the hemes, again unexpected if one assumes proton
sion, values of 14 mV (Q/@and 82 mV (QYQH,) are used pumping analogous to that in cytochroraeoxidase. In
for the quinone at the gsite. contrast, these three observations are predicted by a Q-cycle

The relative reduction potential of herhavith respect to model. A more detailed treatment of the thermodynamics
Qg under turnover conditions can be calculated by assuming of electron transfer through cytochrorbe; will be presented
that the electron distribution betweery @hd hemé is an elsewhere.
equilibrium distribution, that the temperature dependence of Two other observations from this work appear to favor a
the @3 and hemeb potentials is the same over the range Q-cycle over the ion-pump model of proton translocation.
between room temperature and the temperature at which theCus is reduced more rapidly thangQsuch that @ cannot
sample freezes, and that for the majority of enzyme be an intermediate in the reduction ofgCuAlso, the equal
molecules which have reacted with quinol, one electron is distribution of electrons between the/emeb centers and
distributed between hemteand @. The first assumption  the heme-copper center, along with the observation that
is not strictly true, as the decay of semiquinone signal is not hemeb and Cy are the first centers reduced, is indicative
accompanied by a decrease in ferrous héroencentration; of a split electron-transfer pathway, as envisioned in the
however, any errors associated with this assumption would Q-cycle model. As proton translocation is tightly coupled
yield an overestimate of the herbepotential. The second to electron transfers, the differences in electron transfer
assumption is likely valid, as an electron transfer between between cytochromkeo; and cytochrome oxidase suggest
the two centers should not have a significant entropic that the proton translocation mechanisms of the two enzymes
component, and the third assumption is verified on the basisare not, in fact, identical.
of the power saturation data given above. By using the That a substantial kinetic barrier to electron transfer from
concentrations of semiquinone (2M) and ferrous hemé hemeb to hemeo; exists in cytchroméo; was not altogether
(32uM) at 50 ms, a difference of 12 mV between the Q/Q expected. Studies on the related cytochramidase, in
and hemed potentials is obtained through the application of which photolysis of the CO-mixed-valence form of the
the Nernst equation. This gives rise to an approximate valueenzyme was used to induce intramolecular electron transfer,
of 30 mV for the reduction potential of henfe However, yielded electron-transfer rates o8210° s between heme
if the decay of the semiquinone signal represents a slowaand hemes (41). In bovine cytochrome oxidase, hemes
approach to an equilibrium in which the semiquinone aandazare ligated by residues H378 and H376, respectively.
concentration is approximately one-half that at 50 ms, a hemeThese two histidines lie on roughly opposite sides of helix
potential of about 45 mV is obtained. If one assumes a X in this enzyme, but the geometries of the hemes are such
binomial distribution of quinols among the enzyme mol- that they come withi 5 A of each other at the periphery of
ecules, with the condition that no more than two quinol the porphyrin planesi@), suggesting a facile electron-transfer
molecules can react with one enzyme molecule, 34% of the pathway between the two hemes. In cytochrobwm,
molecules react with one quinol and 8% with two. Under mutagenesis studied3—45) have revealed that the analo-
this assumption, the reduction potential of the helme gous residues H419 and H421 bind hemeand hemeb,
increases by only-510 mV. Hence, the reduction potential respectively, suggesting a similarity of structure and hence
of hemeb can be estimated at between 30 and 60 mV. Itis a similarly rapid electron-transfer rate. Studies on the
worth noting that such low values have been reported in the photolysis of CO-mixed-valence cytochrorbe; (46) re-
literature on the basis of redox titratior28( 39. vealed a rapid electron transfer to heleom hemeo upon

In the freeze-quench experiments, the potential of heme dissociation of the bound CO; however, the conditions used
03 could not be determined directly because of the high to isolate the enzyme are similar to those reported for the
reduction potential of Guand the coupling of the binuclear  removal of the quinone from theg@ite. A perturbation in
site. However, redox titrations at near-physiological pH have the hemeb environment upon removal of thegQias been
placed the potential in the range of 12365 mV. While shown by optical spectroscop§)( the extent to which this
this range is large, it is clear that the potential is much greateraffects the geometry of hentewith respect to heme; has
than that for hemé and significantly less than that for gu yet to be determined. In contrast, resonance Raman studies

The relative reduction potentials og{hemeb, and heme of the reaction of fully reduced, CO-bound cytochrobmg
03 have three important implications with regard to possible with dioxygen under flow-flash conditiondt) have revealed
proton translocation mechanisms. First, a low heme only a slow oxidation of hemé, with a rate constant of 1
potential implies that electron transfers from substrate quinol s~ for this process. Other flow-flash studies have revealed
to Qs and hemdb, as proposed for a cytochromexidase- two or three kinetic phases in the reaction of cytochrome
type proton pump, would be thermodynamically unfavorable, bos; with dioxygen 8, 48-50), some of which are attributed
as the two-electron reduction potential of membrane-bound to rapid (700-50000 s?) oxidation of heméo. These phases
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are not well-characterized, and the state of the enzyme,present, no change in the herheEPR signal would be
particularly with regard to quinone content, is not always observed. In addition, a two-electron reduction of the heme
clear. Inthe present study, the enzyme is known to be intact,copper binuclear site is not likely to induce a significant
and hence a kinetic barrier is likely to be present under change in the hemes signal, as a large fraction of the
physiological conditions. heme-copper sites are EPR-silent in the oxidized state
Interpretations of the flow-flash experiments have been because ofl coupling. This second possibility is more in
limited by the assumption that an ion-pump mechanism accord with the known reactivity of the enzyme. In the
occurs in cytochroméo; and hence that the only electron context of the Q-cycle model, Lappears to be acting as a
sink in the enzyme is the binuclear dioxygen reduction site. sort of electron gate, accepting electrons when present but
Under a Q-cycle mechanism, oxidation of hetmavould allowing a leak of electrons to the hemeopper site when
correspond to electron transfer tos,Qnot to the heme absent. Further experiments are in progress to clarify the
copper site. In addition, if ®is fully reduced at the start freeze-quench data and to understand the role firQ
of the reaction, it would be able to dissociate and act as anmediating the electron transfer in this enzyme.
electron donor at the Qsite as the reaction with dioxygen
proceeds, leading to an additional kinetic phase. Thus, if CONCLUSION
reduction of dioxygen to a state more reduced than peroxide o
occurs under flow-flash conditions, the origin of the ad-  The use of freeze-quench EPR spectroscopy, with its
ditional electrons cannot be determined unequivocally. abmty to assay the oxidation states of all of the redox centers
In cytochromec oxidase, the electron transfers coupled N cytochromebos, has allowed an analysis of the electron
to proton pumping occur when the enzyme is in its two- transfers in this enzyme. Th'e rapid reduction of hémad
and three-electron-reduced states (i.e., the peroxidic andCUs upon reaction with quinol, the electron distribution
oxyferryl forms). While the experiments in this work do within the enzyme, and a substar_mal kinetic _barrler to
not involve the analogous forms of cytochrorbes, the eIecFron transfer from herrtm_to the higher-potential hem_e
results herein place limitations on the subsequent chemistry.03 Sité suggest the operation of a Q-cycle mechanism,
Prior to binding of dioxygen, the enzyme appears to operate Whereas the low potentials ofgnd hemeb, along with
via a Q-cycle, releasing four protons from the oxidation of the kinetic barrier to heme; reduction, suggest that the
two quinol molecules. Upon dioxygen binding to the two- glectron transfers predicted ina cytochromldase—type
electron-reduced heme&opper center, the reduction potential 10N-Pump model are not viable. Any ion-pump model
of the binuclear site increases by at least 500 mV. This pqstulatlng electron_transf_ers other than those prese_nted in
increase in potential may serve to change the electron-transfefhis work must explain the involvement og@h the reaction
pathways in the enzyme. However, the subsequent electrorfycle, especially the fact that it is not a primary electron
transfers must be coupled to the translocation of four protons, acceptor; to date, no other models have been presented. As
based on the observed 8ke" stoichiometry over the entire with other enzymes involved in b|oenerget|c§, the activity
reaction cycle of this enzyme. At least two of the remaining ©f cytochromebos is modulated by subtle interactions
protons must be released as a direct result of quinol oxidation.0etween the various redox centers within the protein. In
The remaining two protons could be translocated either by Particular, both Q and G appear to be crucial in directing
a repeat of the Q-cycle or by ion pumping. Note that in the electron transfer through the_ protein. The presence or
latter case, only a 1:1He~ stoichiometry would be observed  @bsence of @ clearly has an influence on CO-flow-flash
for the last two electrons, rather than the 2:1 ratio observed €xperiments, and interaction between the two quinone
in the cytochrome oxidases. Hence, even if an ion-pump 0inding sites has been deduced previously.
mechanism occurs as part of the reaction cycle, its charac- The grouping of the quinol oxidases and cytochroene
teristics must be different from those of the cytochrome oxidases into a single superfamily is primarily based on the
oxidases. From the standpoint of simplicity, the operation structural similarity of subunit | in these enzymes. The
of a Q-cycle over the entire cycle of enzyme turnover is existence of a Q-cycle mechanism in the quinol oxidases
preferable to a combined Q-cycle/ion-pump mechanism, would suggest that subunit | is a conserved subunit solely
given the same proton translocation stoichiometry. on account of its dioxygen reduction capability, and the
If the removal of quinone from the enzyme changes the interaction of this subunit with other redox centers and
electron-transfer rates between hemand hemeds, one must subunits in the enzyme ultimately determines the means by
address the issue of electron transfer into cytochrbme which these enzymes couple the reduction of dioxygen with
during the time when no quinone is bound. Thedgpleted proton translocation. Itis of particular interest that the low-
enzyme is capable of catalyzing quinol oxidation at a rate spin heme in subunit | appears to be able to take on different
85—90% of that of native enzyme. This may result from electron-transfer roles in the quinol oxidases and cytochrome
reconstitution of the @site with the small amount of UQ c oxidases, despite the known structural similarities in these
present in the quinol samples utilized in the turnover assaysenzymes. The much lower potentiat§0 mV) of hemeb
or from an alternative electron-transfer pathway not involving in cytochromebo; as compared to that of heme in
Qs- As the freeze-quench results suggest that hbraed cytochromeaa; (~290 mV) explains the ability of cyto-
Cus act as the initial electron acceptors, either of these two chromebos to reduce @. Other quinol oxidases, however,
scenarios is feasible. In the freeze-quench reactiongef Q possess a low-spin henzein place of hemeb (1). How
depleted enzyme, the lack of change in the EPR signals maythese enzymes operate, in terms of both electron transfer and
suggest that no electron transfer occurs. However, if electronproton translocation, should provide further insight into the
transfer from hemé to the binuclear site can occur within  functional and evolutionary relationships among the various
the dead time of the freeze-quench apparatus whengrie Q  enzymes in the hemecopper oxidase family.
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