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Primary Steps in the Energy Conversion Reaction of the
Cytochrome bc1 Complex QO Site1
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The primary energy conversion (QO) site of the cytochrome bc1 complex is flanked by both
high- and low-potential redox cofactors, the [2Fe–2S] cluster and cytochrome bL, respectively.
From the sensitivity of the reduced [2Fe–2S] cluster electron paramagnetic resonance (EPR)
spectral gx-band and line shape to the degree and type of QO site occupants, we have proposed
a double-occupancy model for the QO site by ubiquinone in Rhodobacter capsulatus membrane
vesicles containing the cytochrome bc1 complex. Biophysical and biochemical experiments
have confirmed the double occupancy model and from a combination of these results and the
available cytochrome bc1 crystal structures we suggest that the two ubiquinone molecules in
the QO site serve distinct catalytic roles. We propose that the strongly bound ubiquinone,
termed QOS, is close to the [2Fe–2S] cluster, where it remains tightly associated with the QO

site during turnover, serving as a catalytic cofactor; and the weaker bound ubiquinone, QOW,
is distal to the [2Fe–2S] cluster and can exchange with the membrane Qpool on a time scale
much faster than the turnover, acting as the substrate. The crystallographic data demonstrates
that the FeS subunit can adopt different positions. Our own observations show that the equilib-
rium position of the reduced FeS subunit is proximal to the QO site. On the basis of this, we
also report preliminary results modeling the electron transfer reactions that can occur in the
cytochrome bc1 complex and show that because of the strong distance dependence of electron
transfer, significant movement of the FeS subunit must occur in order for the complex to be
able to turn over at the experimental observed rates.
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INTRODUCTION none (QH2) to ubiquinone (Q) (Brandt and Trumpower,
1994; Gray and Daldal, 1995). The key facet of this

The primary energy conversion reaction of the reaction is the obligatory bifurcation of electron trans-
cytochrome bc1 complex occurs at the QO site and fer along both a high- and low-potential redox chain
involves the two-electron oxidation of ubihydroqui- by the cooperation of two one-electron redox centers

that flank the QO site, the [2Fe–2S] cluster and cyt
bL, respectively (Fig. 1). As dictated in the Q-cycle

1 Abbreviations: cyt, cytochrome; cyt bL, low-potential cytochrome model originally proposed by Mitchell (Mitchell,
b; cyt bH, high-potential cytochrome b; DPA, diphenylamine; 1975), two QH2 molecules must be oxidized at the QO
EPR, electron paramagentic resonance; [2Fe–2S], FeS protein site in order for complete turnover of the cyt bc1 com-iron–sulfur cluster; Kd , dissociation constant; MOA, methoxyac-

plex to occur (Lawford and Garland, 1983; Crofts andrylate; Q, ubiquinone; QH2 ubihydroquinone; RC, photosynthetic
reaction center. All primary amino acid sequence numbering cor- Wraight, 1983). The conventional model for QO site
responds to the cyt bc1 complex from Rhodobacter capsulatus. catalysis envisions the QO site as binding one QH2 at

2 Johnson Research Foundation, Department of Biochemistry, Uni- a time and performing two separate, serial catalytic
versity of Pennsylvania, Philadelphia, Pennsylvania 19104.

oxidations including the attendant binding and release3 Author to whom correspondence should be sent. email,
dutton@mail.med.upenn.edu. steps. However, despite intensive investigation of QO
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1995; Brandt, 1996; a, b, 1998; Brandt and Djafarza-
deh-Andabili, 1997; Brandt and Okun, 1997; Crofts
and Berry, 1998; Junemann et al., 1998; Crofts et al.,
1999; Sharp et al., 1999a). The determination of high
resolution structures for the cyt bc1 complex by various
groups has confirmed the general QO site locality
defined from biochemical studies of native cyt bc1

structures, but has not yet been able to resolve the
question of the actual QO site ubiquinone stoichiometry
(Xia et al., 1997; Iwata et al., 1998; Kim et al., 1998;
Zhang et al., 1998). In this review we highlight recent
biochemical experiments performed in our laboratory
on native cyt bc1 complexes in Rhodobacter capsulatus
chromatophore membranes to probe QO site function.
Specifically, we address QO site substrate stoichiome-
try, functionality, electron transfer parameters and
relate our data with the emerging structural information
to provide a consistent model for QO site activity.

QO SITE SUBSTRATE STOICHIOMETRY

Progress into investigating the QO site substrate
binding capacity has been provided by the electron
paramagnetic resonance (EPR) spectral line shape, and
especially the gx band of the reduced [2Fe–2S] cluster

Fig. 1. Structural interpretation of the QO site occupancy and corre- of the cyt bc1 complex. These spectral parameters arelation with the reduced [2Fe–2S] cluster EPR spectra. Panels A to
extremely sensitive to the stoichiometry and nature ofC represent different QO site ubiquinone occupancies. The left-
the QO site occupants, whether it be Q, QH2, inhibitors,hand side shows a schematic representation for the region of the

cyt bc1 complex surrounding the QO site, based on the crystal or other small molecules (Ding et al., 1992). In order
structure data. On the right-hand side, the characteristic [2Fe–2S] to investigate the binding of ubiquinone to the QO site,
cluster EPR spectral line shape is depicted, which has previously the distinctive EPR line shapes of the [2Fe–2S] clusterbeen shown to be dependent upon the number of ubiquinone occu-

were modulated by manipulating the amount of ubiqui-pants in the QO site (Ding et al., 1992). (A) Two ubiquinones in
none present in the QO site. This was accomplished inthe QO site: the FeS subunit is positioned so that the [2Fe–2S]

cluster is close to the QOS ubiquinone (QO proximal), the narrow three ways: (1) using chromatophore membranes with
EPR line shape has a gx resonance centered at 1.800. (B) One varying amounts of ubiquinone in the pool from the
ubiquinone in the QO site: the FeS subunit position is still QO prevailing native concentration of about 30 mM downproximal, but the EPR line shape is now indicative of one ubiqui-

to zero — achieved by solvent extraction and reconsti-none in the QOS site only, with a gx band at 1.783. (C) QO site
tution of ubiquinone (Ding et al., 1992); (2) usingdevoid of ubiquinone: the FeS subunit equilibrium position is no

longer necessarily biased toward the QO site; the [2Fe–2S] cluster cyt bc1 complexes with QO site mutations that disrupt
may be interacting with water and in an uncertain position. We ubiquinone binding (Ding et al., 1995); and (3) utiliz-
show the FeS subunit as being positionally averaged between the ing a combination of inhibitor binding and Q-extrac-QO proximal and distal positions, the broad gx resonance is centered

tion studies (Sharp et al., 1999a, b).at 1.765.

Probing QO Site Occupancy by Q Extraction
from Membranessite function, the fundamental mechanistic features of

this centrally important reaction (substrate stoichiome-
try and reaction dynamics) still remain to be unambigu- In approach (1), the EPR data obtained from the

Q-extraction studies was deconvoluted and best inter-ously resolved (Crofts and Wang, 1989; Brandt et al.,
1991; Brandt and von Jagow, 1991; Ding et al., 1992, preted in terms of two ubiquinone species, which
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bound to the QO site with strong and weak affinity, three-state transition, consistent with a binding site that
accommodates two ubiquinone ligands with differenttermed QOS and QOW, respectively (Fig. 1) (Ding et

al., 1992). The generic [2Fe–2S] cluster EPR spectra binding affinities Kd(QOS) , 0.05 mM and Kd(QOW ) ,
1 mM. The simplest explanation for these phenomenathat have been ascribed to the two ubiquinone binding

domains in the QO site are illustrated in Fig. 1. In remains that of hydrogen bonding interactions between
the [2Fe–2S] cluster histidine ligands and the QO sitenative chromatophores with the Qpool oxidized, the

[2Fe–2S] cluster EPR line shape exhibits a prominent ubiquinone(s) (Ding et al., 1992; Sharp et al., 1998).
gx resonance centered at 1.800; partial Q extraction
results in the broadening and an upfield shift of the

Probing QO Site Occupancy by Site-Directedgx resonance to 1.783; finally, upon complete Q extrac-
Mutationtion, further broadening and an upfield shift of the gx

resonance to 1.765 occurs (Ding et al., 1992). It has
The second approach studying the effect of a large

been suggested that the intermediate state is a mixture
number of QO site mutations (F144X, G158X, where

of the two extreme states (Crofts et al., 1999), but as
X corresponds to ten different amino acids substitu-

illustrated in Fig. 2, this is clearly not the case. The
tions) on the binding affinity of ubiquinone comple-

data depicted in Fig. 2 also shows linear combinations
ments the Q-extraction approach and is again best

of the gx resonances at 1.800 (native Qpool levels) and
interpreted in terms of a double occupancy model for

1.765 (fully Q extracted) to illustrate that the spectral
the QO site, generating a data set with a range of

line shape at a gx value of 1.783 is not the average of
QOS and QOW domain occupancies in different mutants

the 1.800 and 1.765 signals, but instead represents a
(Ding et al., 1995). Furthermore, coupling of kinetic

distinct state. Thus, these three unique [2Fe–2S] clus-
studies to the EPR analysis for ubiquinone occupancy

ter EPR spectral line shapes must reflect a genuine
in cyt bc1 complexes with QO site mutations has facili-
tated putative functional assignments for the QOS and
QOW domains in QO site catalysis. The yield of QH2

oxidation correlates linearly with QOS domain occu-
pancy, implying that exchange of Q/QH2 with the Qpool

in the membrane is much slower than the time scale
for catalytic turnover. However, the rate constants for
oxidation of the first QH2 in the catalytic cycle corre-
late with the Kd values for Q/QH2 in the QOW domain
in a simple kinetic model in which exchange of Q/
QH2 with the Qpool is much faster than the time scale
for turnover (, 1700 s21). This implies that the QOS

domain can be envisioned as binding a cofactor ubiqui-
none, since this does not exchange with the Qpool on
the catalytic time scale, and the QOW domain as binding
a substrate ubiquinone because this can exchange at a
rate faster than the turnover.

Fig. 2. The characteristic [2Fe–2S] cluster EPR spectra, illustrating Probing QO Site Occupancy Using Site-Specific
the position of the gx band and the line shape, which have previously Inhibitors
been shown to be dependent upon the number of ubiquinone occupants
in the QO site: when two ubiquinones are resident in the QO site, gx This is the most recent approach that we have5 1.800; with only one ubiquinone in the QO site, gx 5 1.783; when

used, but combined with the Q-extraction studies, itthe QO site is completely devoid of ubiquinone, gx 5 1.765. Also
illustrated is the fact that the EPR spectral lineshape centered at 1.783 is a powerful tool for analyzing QO site substrate stoi-
is not a linear contribution of the 1.800 and 1.765 signals. The lighter chiometry. (Sharp et al., 1999a,b). The data presented
spectral traces in between the 1.800 and 1.765 limits are generated in Fig. 3 show that addition of excess diphenylamine
by combing these signals in the proportions 1:0 (1.800:1.765), 4:1,

(DPA) or stoichiometric amounts of methoxyacrylate3:2, 2:3, 1:4, 0:1, respectively. The spectra were generated from simu-
(MOA)-stilbene (relative to the cyt bc1 complex con-lating the experimental data using the program EPRSim XOP for Igor

Pro (J. Boswell, Oregon Graduate Institute). centration) to chromatophore membranes with native
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same EPR spectral line shape as the Q-extracted chro-
matophores, but rather by specifically displacing ubi-
quinone from the QOW domain, resulting in a QO site
in which only the QOS domain is occupied.

Extensive kinetic investigations of QO site inhibi-
tion by DPA imply that it is behaving as a noncompeti-
tive inhibitor of the cyt bc1 complex function. Similar
conclusions have been drawn for MOA-stilbene inhibi-
tion of purified bovine mitochondrial cyt bc1 complex
(Brandt et al., 1988, 1991; Brandt and von Jagow,
1991; Brandt and Djafarzadeh-Andabili, 1997). In the
latter case, Brandt and co-workers have shown that
ubiquinone was still present in the MOA-stilbene-
inhibited QO site and on this basis proposed that MOA-
stilbene disrupted bovine cyt bc1 complex activity in
a noncompetitive manner (Brandt et al., 1988). The
EPR and kinetic data we have obtained from R. capsu-
latus chromatophores investigating the nature of
MOA-stilbene-mediated QO site inhibition completely
agrees with this inhibitor exhibiting noncompetitive
inhibition (Sharp et al., 1999b). Cocrystals of MOA-
stilbene bound in the QO site show that it is located
toward the cyt bL heme, but is not involved in any
direct interaction, hydrogen bonding, or otherwise,

Fig. 3. Effect of QO site inhibitors and Q extraction on the reduced
with either of the metal cofactors that flank the QO[2Fe–2S] cluster EPR spectrum in R. capsulatus chromatophores
site (Kim et al., 1998). In keeping with this, bindingsuspended in buffer solution (50 mM MOPS, 100 mM KCl, pH

7.0). Experimental conditions are described as previously described of MOA-stilbene to the QO site has very little effect
(Sharp et al., 1999a). All samples were suspended to 20 mM cyt on the thermodynamic properties of the nearby redox
bc1 concentration and the redox poise adjusted to 200 mV. At this cofactors, with a 30 mV lowering in the [2Fe–2S]
potential the [2Fe–2S] cluster is . 95% reduced and the Qpool is

cluster midpoint potential and no effect on the cyt bLfully oxidized. (A) Unextracted chromatophores with native level
heme midpoint potential. DPA also has similarly minorof ubiquinone (, 30 per cyt bc1 complex); (B) unextracted 1 100

mM DPA; (C) unextracted 1 20 mM MOA-stilbene; (D) partially effects on the [2Fe–2S] cluster midpoint potential, in
Q-extracted chromatophores, gx 5 1.783; (E) fully Q-extracted this case raising it by 30 mV and no effect on the cyt
chromatophores, gx 5 1.765; (F) unextracted 1 20 mM stigmatellin. bL heme potential (Sharp et al., 1999b).

Correlation between the Biochemical Data and
the Cytochrome bc1 Crystal Structure Dataconcentrations of ubiquinone results in the generation

of a [2Fe–2S] cluster EPR spectral line shape that is
identical to that for partially Q-extracted chromato- In the cocrystal of the cyt bc1 complex and bound

MOA-stilbene, the FeS subunit has moved away fromphores, with a gx resonance at 1.783. Moreover, addi-
tion of either excess DPA or stoichiometric MOA- the QO site, positioning the [2Fe–2S] cluster closer to

the cyt c1 heme (QO distal) (Kim et al., 1998). In thisstilbene to partially or fully Q-extracted chromato-
phores has no effect on the [2Fe–2S] cluster EPR structure, the [2F–2S] cluster is appropriately posi-

tioned for electron transfer to cyt c1, but not forspectral line shape, resulting in unaltered gx resonances
at 1.783 and 1.765, respectively (data not shown). accepting electrons from QH2 in the QO site (see later

section). When interpreting the structural informationThese observations are of critical importance for inter-
pretation of the original Q-extraction data, since they in terms of the biochemical experiments with cyt bc1

complexes in chromatophores, it is important to con-imply that the origin of the gx resonance at 1.783 is
not due to the inhibitors themselves interacting with sider the fact that the structural data was obtained in

the absence of any ubiquinone in the QO site (Xia etthe [2Fe–2S] cluster and fortuitously generating the
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al., 1997; Iwata et al., 1998; Kim et al., 1998; Zhang et
al., 1998). A contradiction arises if the crystal structure
data is directly compared with the EPR experiments
described here, since one would expect the EPR line
shape to exhibit a gx resonance at 1.765 if the FeS
position was distal to the QO site. In the native complex
in the presence of MOA-stilbene (and DPA), the [2Fe–
2S] cluster EPR spectral line shape has a gx resonance
at 1.783, implying that the cluster still senses the pres-
ence of ubiquinone in the QOS domain even when
ubiquinone in the QOW domain has been displaced
(Fig. 1B). In order for this to occur, the [2Fe–2S]
cluster needs to be close to the QO site and, as such,
we favor a FeS subunit geometry that is proximal to
the QO site under these conditions. On the basis of this
reasoning, we propose that the region of the QO site
which binds stigmatellin (proximal to the [2Fe–2S]
cluster), probably represents the QOS ubiquinone
domain and the region that MOA-stilbene binds to
may correlate with the QOW ubiquinone domain (proxi-
mal to cyt bL).

Fig. 4. Effect of alcohols on the EPR spectra of reduced [2Fe–2S]
cluster in R. capsulatus chromatophores. Experimental details were
as for Fig. 3. (A) Native chromatophores suspended in buffer solu-

Noninhibiting Perturbation of QO Site Properties tion; (B) native chromatophores 1 170 mM ethanol; (C) chromato-
phores prepared in buffer solution containing 20% glycerol; (D) 1
native chromatophores 1 20 mM stigmatellin and 170 mM ethanol.Aside from kinetic measurements, all the above

experimental approaches for studying QO site function
rely on empirical observations concerning the reduced
[2Fe–2S] cluster EPR spectral line shape and the sensi-
tivity of this signal to the nature of the QO site occu- implying that although the interaction is specific, it

is rather weak). When partially or fully Q-extractedpants. We have noted that the [2Fe–2S] cluster EPR
spectral signature is also sensitive to the presence of chromatophore membranes are exposed to ethanol, the

same EPR spectral line shape is induced as that foralcohols (Ding et al., 1992; Sharp et al., 1998, 1999c).
This is of relevance to the structural data, since glycerol native chromatophores, the gx resonance shifts from

1.800 to 1.773 (data not shown), implying that ethanol(an alkane triol) is present at 20% v/v in the purification
buffers and crystallization media (Xia et al., 1997; out-competes the interactions of ubiquinone or water

with the [2Fe–2S] cluster. Interestingly, in native chro-Iwata et al., 1998; Kim et al., 1998; Zhang et al.,
1998). We have quantitatively examined the effect of matophore membranes, concentrations of ethanol up

to 850 mM have no effect at all upon cyt bc1 catalysisethanol and glycerol in an attempt to rationalize their
influence, if any, on QO site function (Sharp et al., under a variety of experimental conditions (data not

shown). Thus we have termed this effect a noninhib-1998, 1999c). Figure 4 shows the effect of ethanol
and glycerol on the [2Fe–2S] cluster EPR spectral iting perturbation of QO site function (Sharp et al.,

1998). Figure 4 shows the effect on the [2Fe–2S]signature in chromatophore membranes containing
native amounts of ubiquinone. Addition of ethanol cluster EPR spectral signature of adding 20% glycerol

to native chromatophore membranes. This spectrum isresults in broadening of the line shape and an upfield
shift of the gx resonance from 1.800 to 1.773 (Fig. 4). more complicated than that obtained with ethanol and

appears to be composed of two components, with gxThis is not a solvent effect as it reaches saturation
around 200 mM ethanol concentration and the binding resonances at 1.800 and 1.773, and readily interpret-

able as ethanol and glycerol both having similar effectsisotherm is hyperbolic in nature, with 50% saturation
being achieved at about 30 mM ethanol (about 5000 upon the [2Fe–2S] cluster EPR spectral signature, but

to differing extents (Sharp et al., 1999c). The effectstimes higher than the cyt bc1 complex concentration,
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of either alcohol can be completely negated by addition tials of cyt c1 and the [2Fe–2S] cluster are known,
allowing DGo to be directly calculated (Ding et al.,of the tight binding QO site inhibitor stigmatellin,

which under all conditions induces a characteristic 1995; Sharp et al., 1999a). The reorganization energy
is less easily defined experimentally, but values[2Fe–2S] cluster EPR spectral line shape with a gx

resonance at 1.785, essentially by recoupling the [2Fe– between 0.7 and 1 eV typically apply to most reactions
inside proteins (Moser and Dutton, 1992). Figure 52S] cluster to the QO site (Fig. 4). The effects of alco-

hols upon the [2Fe–2S] cluster EPR spectral line shape shows the rates of electron tunneling from [2Fe–2S]
cluster to cyt c1 at three edge-to-edge distances foundis interpreted as being due to hydrogen bonding inter-

actions between the NεH atom(s) of the histidine
ligands and the alcohol hydroxyl groups. At suffi-
ciently high concentrations, this essentially out-com-
petes the interactions of the [2Fe–2S] cluster histidine
ligands with the QO site ubiquinones, but interestingly
does not hinder cyt bc1 complex QO site function
(Sharp et al., 1998). From our experimental data, we
suggest that the order of the interaction strengths with
the [2Fe–2S] cluster are: stigmatellin .. Q 5 QH2

. alcohols . water (Sharp et al., 1998).

MODELING ELECTRONS TRANSFER
REACTIONS IN THE CYTOCHROME bc1

COMPLEX: IMPLICATION FOR QO SITE
CATALYSIS

Now that some structural resolution of the redox
centers in the cytochrome bc1 complex is available,
electron tunneling rates between redox centers can
be more easily estimated. Tunneling limits electron Fig. 5. Correlation of the distance between the [2Fe–2S] cluster

and cyt c1 and the calculated electron-tunneling rates. In positiontransfer rates in many intraprotein systems, although
(A), the FeS subunit is distal to the QO site and close to cyt c1,the overall rates may be restricted by coupled reactions,
with a 12 A

˚
edge-to edge distance between the [2Fe–2S] clustersuch as diffusion. A general empirical expression for

and the heme macrocycle. This structure is that of bovine cyt bc1the tunneling rate has been derived from extensive reported by Zhang et al (1998); all other structures used were also
manipulation of the multiple reactions of photosyn- reported by Zhang et al. (1998). In this position, electron tunneling

from the [2Fe–2S] cluster to the cyt c1 heme is calculated to bethetic reaction centers (Moser et al., 1992). For an
20-fold faster than the turnover number, kcat, which is 1700 s21. Inexergonic reaction (DG , 0):
this structure, electron tunneling from QH2 in the QO site to the
distal [2Fe–2S] cluster is prohibitively slow. In position (B), thelog kex

et 5 15 2 0.6R 2 3.1 (DGo 1 l)2/l
FeS subunit is still distal to the QO site but not as close to the cyt
c1 heme as in position (A) (obtained from the structure of thewhere kex

et is the exergonic tunneling rate in s21; R, the
complex isolated from chicken). In position (C), the FeS subunitedge-to-edge distance in A

˚
; DGo and l the free energy

is proximal to the QO site and removed from the cyt c1 subunit,and reorganization energy of electron transfer in eV.
with a 25 A

˚
edge-to edge distance between the [2Fe–2S] cluster

The related endergonic expression reflects a Boltz- and the heme macrocycle (obtained from the chicken structure with
mann equilibrium penalty: bound stigmatellin). In this position, electron tunneling from QH2

in the QO site to the [2Fe–2S] cluster is 104-fold faster than kcat,log ken
et 5 15 2 0.6R 2 3.1 (2DGo 1 l)2/l but now tunneling from the [2Fe–2S] cluster is prohibitvely slow.

Key: Q, ubihydroquinone; c1, cyt c1; FeS, [2Fe–2S] cluster; kcat,2 DGo/0.06 maximum turnover number. All distances measured are the nearest
edge-to-edge approaches between the cofactors. The bars on theWhen the structure of the medium between the
electron-tunneling rates from QH2 in the QO site to the [2Fe–2S]

redox centers is known in detail, it is possible to further cluster represent the distribution in rates that would be observed
refine these calculations to reflect the medium packing for ubiquinones with varying semiquinone stability constants from

10214 to 10220. The figure is discussed in detail in the text.density (Page et al., submitted). Redox midpoint poten-
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in reported crystal structures (Zhang et al., 1998). Only hemes (DGo, 0 eV; l, 0.7 eV) can occur at a rate of
, 7 3 104 s21. Thus oxidation of QH2 at the QO site,for distances of about 14 A

˚
or less (such as that found

in the inhibitor-free structure of the complex isolated which initially leads to reduction of bH in one-half of
the dimer, can be followed by an approximately 10from bovine heart) can the electron transfer be faster

than the observed kcat for QH2 oxidation and cyt c1 msec equilibration with the cyt bH on the other half
of the dimer by means of electron tunneling betweenreduction (Ding et al., 1995). The larger edge-to-edge

distances observed in the intermediate FeS position the two cytochromes b1. This possible intrasubunit
equilibration should have experimentally verifiablebetween QO site and cyt c1 (inhibitor-free structure

of the complex from chicken) and QO site proximal consequences in partially inhibited systems (Bech-
mann et al., 1992).(stigmatellin-containing structures) cannot support

rapid enough electron tunneling (Zhang et al., 1998). The same tunneling equations can be used to sim-
ulate the two sequential electron transfers from QH2Although the average two-electron redox poten-

tial of the QO ubiquinones are well defined (Ding et al., in the QOS domain to the oxidized high-(FeS to cyt
c1) and 1ow-potential (cyt bL to cyt bH) redox chains,1992), the potentials of the individual single-electron

couples are dependent on the ubisemiquinone stability respectively. The overall tunneling rate for the two
electron transfers will depend on the instability of theconstant and are unknown (Ding et al., 1995). How-

ever, ubiquinone in the QO site appears to be at least ubisemiquinone states and on the relative amount of
time that the FeS subunit spends in the vicinity of QOSas unstable as the Qpool (stability constant has been

estimated to be about 10210), with the actual value for at a distance which is appropriate for rapid electron
tunneling. Using distances for nonubiquinone compo-the stability constants likely to be # 10214 (Ding et al.,

1995). Figure 5 shows the expected electron tunneling nents in crystal structures, and setting the edge-to-edge
distance between QOS and QOW to about 5 A

˚
, tunnelingrates from QH2 (near where stigmatellin binds) to the

[2Fe–2S] cluster in each of the three structures for a calculations indicate that the stability constant for QOS

can be lower than 10220 and still provide electronrange of stability constant from 10210 to 10218.
Although electron tunneling from the [2Fe–2S] cluster transfer rates through QOW and cyt bL to cyt bH faster

than the observed kcat, without creating a large transientto cyt c1 is faster than kcat when the FeS subunit position
is distal to the QO site (Fig. 5), tunneling from QH2 population of reduced cyt bL. Indeed, this also provides

the conditions which explain that when QOW is notto the [2Fe–2S] cluster is much slower than kcat. A
similarly slow rate is expected in the structure where present (for example, if an inhibitor such as MOA-

stilbene replaces QOW, or the ubiquinone is extracted),the FeS subunit position is intermediate between the
QO site and cyt c1. Electron tunneling from QH2 in the electron transfer from QOS to cyt bL and on to cyt

bH slows to the seconds time scale, consistent withQO site to the [2Fe–2S] cluster may be as fast as 108

sec21 when the FeS subunit is in the QO proximal observed experimental rates (Ding et al., 1995, Sharp
et al., 1999b).position (stigmatellin geometry), but tunneling from

the [2Fe–2S] cluster to cyt c1 would be likely to take
hours. Clearly, the FeS subunit cannot assume a single
geometry, which will facilitate rapid electron transfer CONCLUSIONS AND PERSPECTIVES
with both QH2 in the QO site and cyt c1; the geometry
must change on the time scale of kcat, presumably by From the data summarized in this review, several

key features of QO site function are revealed:constrained diffusion of the FeS subunit.
The dimeric nature of the cytochrome bc1 com- 1. Unless the extensive EPR data we have

reviewed can be proved to arise from other sources,plex crystal structure places the FeS subunit of one-
half of the dimer closer to the cytochromes c1 and b then the best model for interpretation of our data is that

the QO site can accommodate at least two ubiquinoneof the other subunit, indicating interdimer electron
transfer at the level of the FeS subunit is possible (Xia molecules (Ding et al., 1992, 1995; Sharp et al., 1999a,

b). The crystal structures of cyt bc1 complex withet al., 1997; Iwata et. al., 1998; Kim et al., 1998;
Zhang et al., 1998). We suggest that interdimer electron stigmatellin and MOA-stilbene bound in the QO site

are identified as binding these inhibitors proximal totransfer can also take place at the level of the bL hemes,
which are separated by an edge-to-edge distance of the FeS subunit (stigmatellin) and proximal to cyt bL

(MOA-stilbene), respectively (Kim et al., 1998).only 13.3 A
˚

. Kinetic simulations using the above equa-
tions show that electron tunneling between the bL On the basis of the data presented here, we propose
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