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Structure and function of the cytochrome bc I complex of 
mitochondria and photosynthetic bacteria 
Antony R Crofts* and Edward A Berryt 
Progress has recently been made in the understanding of 
the function of the cytochrome bc 1 complex and related 
proteins in the context of recent structural information. The 
structures support many features that were predicted from 
sequence analysis and biophysical studies, but contain 
some surprises. Most dramatically, it is apparent that the 
iron-sulfur protein can take up different positions in different 
crystals, suggesting a novel mechanism for electron transfer 
through domain movement. Evidence from studies of mutant 
strains, in which the function of the sites or the binding of 
inhibitors is perturbed, has provided clues about the 
mechanism. 
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Abbreviations 
bsf complex 
bc 1 complex 
bH 
bL 
cyt 
Em 
ISP 
Q 
QH 2 
Qi-site 
Qo-site 

plastohydroquinone:plastocyanin oxidoreductase 
ubihydroquinone:cytochrome c oxidoreductase 
higher potential cyt b heine 
lower potential cyt b heme 
cytochrome 
redox midpoint potential 
iron-sulfur protein 
ubiquinone or quinone 
ubihydroquinone or quinol 
quinone-reducing site 
quinol-oxidizing site 

I n t r o d u c t i o n  
The ubihydroquinone:cytochrome c oxidoreductases (bc 1 
complexes) and the related plastohydroquinone:plasto- 
cyanin oxidoreductase (b6f complexes) of oxygenic photo- 
synthesis are the central components of all major 
energy-transducing respiratory and photosynthetic chains. 
They carry a flux that is several orders of magnitude 
greater than all anthropogenic energy usage. Two struc- 
tures of the dimeric bc I complex from mitochondria have 
previously been published [1",2*']. Reports from these 
and other groups suggest that solutions of additional struc- 
tures are well advanced. An 8 A structure of the chloroplast 
b6f complex has been obtained using electron microscopy 
of thin three-dimensional crystals [3]. In addition, a num- 
ber of partial structures have been solved, including solu- 
ble fragments of the Rieske-type iron-sulfur protein (ISP) 

from bovine mitochondrial bc I complexes [4] and the 
ISP [5] and cytochrome (cyt) f from chloroplast b6f com- 
plexes [6,7]. 

General overview 
The structure of the homodimeric bc I complex from 
chicken heart mitochondria [2 °°] is shown in Figure 1. The 
structure is similar to that of the bovine complex previous- 
ly published [1°°]. In the following discussion, we will 
focus on the chicken complex since the coordinates are 
available, but note that, except where otherwise indicated, 
the bovine structure of Xia et  al. [1 °°] is essentially the 
same, as judged from the published figures. The protein 
extends 79 A from the membrane into the matrix space 
and 31 A into the intermembrane space, with a transmem- 
brane region that is 40 * thick, giving a total length of 
150 ~. perpendicular to the membrane. There are five 
main differences between the two structures (subunit 
numbering in parentheses in Roman numerals): 

1. In the structure of Zhang et al. [2"], the ISP (V) and cyt 
c I (IV) subunits in the P-phase aqueous domain (inter- 
membrane space) are complete. Disorder in the Xia et al. 

structure [1"] prevented the authors from assigning struc- 
tures for ISP and most ofcyt  c 1 in the extrinsic domain. In 
the former structure, the extrinsic domain of the ISP from 
the Iwata e ta l .  structure [4} was fit into the electron densi- 
ty. The work of Zhang et  al. [2"] is the first published 
structure for a cyt c l subunit; the extrinsic domain com- 
prises a fold with many features in common with Ambler's 
class I c cytochromes, but it has substantial additional pro- 
tein in extra loops. 

2. The positions of the Fees 2 centers differ in the native 
complexes, which we will discuss more extensively below. 

3. The chicken complex lacks subunit XI, but has well- 
resolved structures for subunits 1-VIII and X. Subunit IX 
was not resolved in either structure. 

4. The sequence of subunits other than cyt b (II) are not 
yet available for the chicken complex and the assignment 
of sidechains was therefore based on the bovine sequence. 
As there is a high degree of sequence homology among 
mitochondrial complexes, however, it is not expected that 
major differences will be found in critical regions. 

5. The assignment of ligands to the propionatcs of the 
higher potential cyt b heme (bH) is different in the two 
structures. 

In addition to the chicken complex, the group at Berkeley 
has also solved structures for complexes from rabbit and 
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The chicken heart mitochondrial bc i complex. The homodimeric complex is shown as a stereopair for crossed-eye viewing, with the main part of the 
protein as a backbone model, colored by chain. The three catalytic subunits of the operational unit are shown highlighted as cartoon structures. The 
ISP (yellow ribbon), with its anchoring tail in one monomer, interacts with cyt b (blue ribbon) and cyt c 1 (red ribbon) in the other monomer. Other 
subunits are indicated by Roman numerals. Redox active prosthetic groups in the operational unit are shown as spacefilling models, with hemes b H 
and b E of cyt b in cyan, the quinone at the C/i-site ((2 i) in green, heme c i in orange and the Fe2S 2 (FeS) center in white. Electron density tentatively 
assigned to detergent or lipid molecules has been modeled as phosphatidylethanolamine (PEA), 13-octylglucoside (BOG) and unknown (UNK) and 
are shown as red spacefilling models (in the unhighlighted monomer only, for clarity). The coordinates are from PDB file accession code 1 bcc. 

two different crystal forms of bovine heart mitochondrial 
bc 1 at a slightly lower resolution [2"].  

T h e  structures were solved with either inhibitors or sub- 
strates bound at the quinone-processing sites, allowing the 
identification of the catalytic interfaces [1"°,2"°]. T h e  
quinol-oxidizing site (Qo-site) of the complex has a bifur- 
cated volume, with domains proximal and distal to the 
heme b H. Two different classes of inhibitors bind differen- 
tially in the two domains, suggesting that the occupancy of 
these domains by intermediates of the oxidation reaction 
might be important in catalysis. Weak density in the native 
structure of  Zhang et al. [2 °°] might represent a quinone 
that is loosely bound at the Qo-site. At the quinone-reduc- 
ing site (Qi-site), both groups report structures with bound 
antimycin and also provide evidence for occupancy by 
quinone in the native structures. 

Four additional higher resolution structures of water-solu- 
ble fragments of extrinsic subunits (generated by proteol- 
ysis or specific mutagenesis)  provide additional 
information. T h e  structure of  the extrinsic domain of  cyt f, 
the analogue of  cyt c I in the b6f complex, has been solved 
for the b6f complex from a higher plant [6] and from 
Chlamydomonas reinhartii [7]. T h e  chloroplast protein 
shows no obvious homology, either in sequence or struc- 
ture, to the mitochondrial protein. T h e  structures of the 
extrinsic domains of the ISP from bovine mitochondria [4] 
and higher plant chloroplasts [S] have been reported. T h e  

domain that binds the metal center is highly conserved, 
but significant differences between the two structures 
were observed in the rest of the protein. 

For a further discussion of  these structures, the reader is 
referred to the original publications. In the remainder of 
this review, we will concentrate on the catalytic subunits of 
one monomer  and also review mechanist ic  aspects. 
Figure 2a shows the subunits in outline, with the redox 
centers in place and the reactions of  the modified Q-cycle 
superimposed. 

The  m o d i f i e d  Q-cyc le  
T h e  mitochondrial and purple bacterial bc 1 complexes cat- 
alyze the oxidation of  ubiquinol and the reduction of cyt c 
through a modified Q-cycle [8-10]. Three  catalytic sub- 
units - -  a cyt b with two hemes, cyt c I and an ISP - -  house 
the mechanism. Two separate internal electron-transfer 
chains connect the three catalytic sites that catalyze the 
oxidation and reduction of the quinone pool and reduction 
of cyt c. T h e  high-potential chain (Fees z to cyt cl), which 
receives the first electron, connects the Q,,-site to the 
acceptor, oxidized cyt c (or cyt c z in bacteria). A low-poten- 
tial chain, consisting of  the heroes of  cyt b, transfers the 
second electron from a semiquinone at the Qo-site to the 
Qi-site. T h e  kinetics of  turnover have been resolved in 
photosynthetic bacteria, in which photoactivation allows 
good time resolution [9,11-16,17°]. T h e  reactions of quinol 
oxidation are second order, rate determining (-600 IJs at 
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Figure 2 

(a) 

(b) 
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The catalytic core of the bc 1 complex. (a) The three subunits of the operational unit are shown as transparent surfaces, with cyt b in cyan, cyt 
c 1 in green and ISP in yellow. The metal centers are shown as spacefilling structures, with the cyt b hemes in blue, heme c 1 in green and the 
Fe2S 2 center (FeS) in orange. Wireframe models of antimycin (brown) and stigmatellin (light green) indicate the O, i and Qo-sites, respectively. 
Docking with cyt c is represented with yeast cyt c as a pink transparent surface, with the heme in red. The model is based on the electron 
densities in a co-crystal of yeast cyt c with the bc 1 complex. The occupancy for cyt c was low because crystal contacts limited it to an 
interaction with only one monomer. The position of the heme iron is accurate, although the rest of the model is a preliminary fit of the yeast 
structure to the electron density. Superimposed on the structural model is a schematic representation of the reactions of the modified Q-cycle 
(see text for explanation). Electron transfers are blue arrows, proton transfers are red arrows, the binding or unbinding of quinone (Q) and 
quinol (QH 2) is represented by green arrows and the diffusion of cyt c is a black arrow. The shaded area is the hydrophobic phase. 
Coordinates are from the PDB file 3bcc. (b) The two positions of the ISP in the chicken complex (stereopair for crossed-eye viewing). The 
catalytic subunits are shown by their surfaces, with the metal centers as spacefilling models. Cyt b is in white and cyt c 1 is in red. The ISP in 
the stigmatellin-induced position is shown in yellow and the native position is in blue; where the configurations overlap, the ISP is green. The 
Fe2S 2 centers are shown in white. Also shown are the positions of the center of density of the Fe2S 2 irons in the bovine hexagonal (cyan), 
rabbit (magenta) and bovine P21 (green) crystals. The numbers shown by the lines indicate the distance (/~) from the nearest iron (or the center 
of density) of the Fe2S 2 center to the iron of heme c 1 (in red) and heme bE(in blue). Distances are shown for the two chicken Fe2S 2 structures 
and the bovine hexagonal crystals; the latter position is thought to reflect the configuration for electron transfer. Coordinates from PDB files 
1 bcc and 3bcc. cyt ox, cytochrome c oxidase. 
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saturating quinol [QH2]) and have a relatively high activa- 
tion barrier. Electron transfer rate constants between 
FezS z and cyt c 1 (<15 las) and through the cyt b heme chain 
(<60 las) cannot be resolved, but are estimated to be rapid. 
Similarly, electron transfer to the acceptor at the Qi-site is 
more rapid than the rate-determining step and also cannot 
bc resolved. Electron transfer across the membrane and 
the coupling of these redox reactions to the release or 
uptake of protons allows the complex to generate the 
transmembrane proton gradient that drives ATP synthesis. 

Details of the mechanism at each Q-site are controversial. 
As an extension of the simple model [9,11], Ding, Dutton 
and co-workers have suggested a double-occupancy mech- 
anism for quinol oxidation [13-16, 17"]. A continuing para- 
dox is the mechanism by which the two electrons from 
quinol are funneled into separate chains. Various gating 
mechanisms have been proposed [13,18",19°], including an 
interesting suggestion from Link [19"]. Based on the reac- 
tion center stigmatellin model [20], Link suggests that the 
semiquinone forms a complex with the reduced ISP that is 
only broken upon transfer of the second electron to the 
lower potential cyt b heme (bl). T h e  activation barrier is 
under study in several laboratories and its nature is contro- 
versial. There  are five main candidates: the movement  of  
the ISP; the first deprotonation step [18"]; ligation or 
movement  of the semiquinone [19",21"]; the second 
deprotonation [21"]; and the low stability of the semi- 
quinone [11]. As the structural evidence indicates an 
unsuspected dynamic complexity, these possibilities are 
not mutually exclusive. At the Qi-site, the main bones of 
contention are the mechanism of formation of  the cyt b- 
150 species (a form o f c y t  b H that is associated with inter- 
actions between the heme b H and semiquinone at the 
Qi-site) and its relation to the stable semiquinone that is 
formed at the site [22-24]. 

Electron transfer by domain movement of the 
iron-sulfur protein 
Even though the ISP was disordered, Xia et al. [1"]  were 
able to locate the position of the FeeS z center in their crys- 
tals. Extrapolation of their distance data and a comparison 
with the position in the Zhang et al. native structure 
revealed substantial differences in the location of the cen- 
ter [2°',21"]. Subsequent  work from the Berkeley group 
showed that the native structures for rabbit and cow (two 
crystal forms) had the center in a position similar to that of 
the chicken complex. When the chicken complex was co- 
crystallized with stigmatellin, a Qo-site inhibitor, however, 
the ISP was found in a different position, with the FeeS z 
center located close to that calculated for the Xia eta] .  

native structure [1 °'] (Figure 2b). Analysis of the structures 
and the distances between putative electron donors and 
acceptors showed that it was unlikely that a static structure 
with either configuration would be competent  for all par- 
tial reactions of  the complex. Zhang et al. [2"]  therefore 
suggested that electron transfer during quinol oxidation 
must require domain movement  of  the extrinsic head of  

the ISP. T h e  movement  mainly involves a rotational dis- 
placement of -57 ° (-65°), in which the head retains the 
same structure, the N-terminal membrane anchor is fixed 
and the action occurs in a short hinge region that under- 
goes extension. T h e  conserved domain that binds the 
Fees 2 center moves -16.4 A (21.2 A) between a catalytic 
interface on cyt b, where the FezS z center is reduced by 
quinol bound at the Oo-site, and an interface on cyt cl, 
where electron transfer to the heine occurs (values in 
parentheses refer to movement  of the positions in bovine 
hexagonal crystals). This novel mechanism for rapid elec- 
tron transfer across a distance is in contrast to the solid- 
state picture expected from the structures of other redox 
proteins [25]. We suggest that this mechanism may be of 
importance for determining how the two electrons from 
quinol enter different electron-transfer chains in the bifur- 
cated reaction. 

The ISP-cytochrome b interface and the 
architecture of the O.o-site 
The  Zhang e/a]. structures show two important features of  
the reaction interface. T h e  Qo-site is a bifilrcated pocket, 
with domains distal and proximal to heme bl .  "l'here is a 
channel to the lipid phase from the bifurcation point [21"]. 
In the structures with the ISP located near the cyt b, the 
distal domain opens to the ISP interface [1"',2"',21"]. T h e  
interface is provided by the conserved, concave surface of 
cyt b, into which the conserved FezSz-binding domain of 
the ISP fits tightly. In general, the spans in the sequence 
contributing to these structures are those predicted from 
sequence analysis and mutagenesis [26,27]. 

Interactions between the occupant of the Qo-site and the 
ISP are detected by the effect on the electron paramag- 
netic resonance (EPR) spectrum of the reduced Fe2S 2 cen- 
ter and also by the redox midpoint  potential (E m) 
[13-16,17",28-32]. Several inhibitors bind more strongly to 
the reduced rather than the oxidized form and shift the 
E m. Quinone (Q) also interacts with the reduced ISP to 
generate a new peak in the EPR spectrum centred at 
gx = 1.800, which is lost upon reduction or cxtractiun of the 
quinone and on the addition of  inhibitors [13-16,17", 
31,32]. T h e  occupant of  the site may also perturb the spec- 
trum of heine bl. T h e  differential effects of inhibitors on 
the FezS 2 center have provided the main basis fi)r recog- 
nizing two classes of Q,,-site inhibitors. One such class 
contains 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazol  
( U H D B T ) ,  3-n-undecyl-2-hydroxy- 1,4-naphthoq uinonc 
(UHNQ),  stigmatellin, and fimiculosin (in yeast), which 
interact with the center and prevent electron transfer to cyt 
c 1. T h e  second class comprises myxothiazol, mucidin, [3- 
methoxyacrylate (MOA)-st i lbene and similar compounds, 
which do not perturb the center or prevent electron trans- 
fer to cyt %, but instead inhibit turnover. 

Both classes of  inhibitor block quinol oxidation and are 
presumed to bind at the Qo-site as analogues of quinol or 
its intermediates. Biochemical evidence has shown that 
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occupation of the Qo-site is exclusive, so that inhibitors of 
one class will displace those of the other [29,30]. 

Similar features from both mitochondrial bc 1 structures 
[1",2"'] provide an explanation for these observations. 
Inhibitors of the first class have their rings in the Qo-site 
distal domain, whereas those of the second class have their 
pharmacophore groups in the proximal domain. The  'tails' 
occupy an overlapping volume and extend from the site 
into the lipid through a channel with a cross section that is 
comparable to that of the tail. At the distal domain, the car- 
bonyl and methoxy oxygens of the stigmatellin ring can be 
modeled as being within hydrogen-bonding distance of NE 
of Hisl61 of the ISP. Hisl61 is a ligand to the FezS z center 
and probably mimics the quinol:oxidized-ISP reaction 
intermediate [19",20,21°]. The  configuration of the 
inhibitors in the proximal domain is less certain. Structures 
from the Berkeley group that contain iodinated MOA-stil- 
bene-type inhibitors clearly show the orientation of the 
pharmacophore with respect to the two rings as reaching 
into the proximal domain towards heme b L. 

Mutations that affect interaction with the 
occupant 
The extensive literature on mutations of cyt b has been 
nicely summarized by Brasseur etal. [33]. The most useful 
data on interactions with the ISP come from a set of papers 
from Ding, Dutton and colleagues [13-16,17"], in which 
they explore the gx = 1.800 signal as a function of the state 
of the quinone occupant within a series of mutant strains. 
This set has been supplemented by our own studies in col- 
laboration with the group [21",24]. The results show three 
broad classes of effect: 

1. Sites at which mutation prevented the formation of the 
gx = 1.800 signal and blocked electron transfer. 

2. Sites at which mutation prevented the formation of the 
gx signal, but allowed an inhibited rate of electron transfer. 

3. Sites at which mutation did not prevent formation of the 
gx signal, but blocked electron transfer. 

Most sites at which mutations generate resistance to stig- 
matellin, but not myxothiazol, are among those in classes 1 
and 2. The majority of sites at which mutations generate 
resistance to myxothiazol, but not stigmatellin, fall into 
class 3. 

This somewhat simplistic grouping reflects an underlying 
pattern seen on the analysis of the locations of the 
residues at which mutation leads to resistance to Qo-site 
inhibitors or modified function in the structure [21"]. 
Residues in groups 1 and 2 impinge either on the distal 
domain, where stigmatellin binds, or on the interface on 
cyt b at which the ISP docks. Their effects on the gx sig- 
nal and electron transfer probably reflect the need for the 
correct binding of both ISP and quinone; if either one is 

impeded, the formation of either the gx = 1.800 complex 
or the reaction complex of quinol and the oxidized ISP 
will be less probable. Mutations of residues in the ISP that 
impinge on the interface [34--37] also lead to an inhibited 
turnover, presumably through this same effect (Figure 3a). 

In contrast, residues in group 3 cluster around the proximal 
domain and provide most of its surface. This disposition 
can be seen in Figure 3b, in which the residues are color 
coded according to the above grouping. Since the muta- 
tions of this latter group do not prevent binding in the dis- 
tal domain but do inhibit turnover, we have suggested that 
their inhibitory effect must reflect a need for the occupan- 
cy of this domain by a reaction intermediate. Two mecha- 
nisms seem plausible. One is a variant of the 
double-occupancy model of Ding, Dutton and co-workers 
[13-16,17"]. The other is a single-occupancy mechanism, 
in which the semiquinone intermediate moves to the prox- 
imal domain from the distal domain where it is formed 
upon the reduction of FezS z, before electron transfer to 
heine b L and the formation of the product quinone [21"]. 

We prefer the latter explanation, since the structures from 
neither group show evidence of the tightly bound quinone 
expected from the double-occupancy model and the pro- 
tein would have to undergo considerable displacement in 
order to accommodate two quinones. An in-site movement 
of the occupant upon formation of the semiquinone has 
been demonstrated in reaction centers [20,38]. Such a 
movement at the Qo-site could resolve the paradox of the 
bifurcated reaction, since the reaction partners for the 
decoupling reaction would be separated, and it could per- 
haps also contribute to the activation barrier [21"]. 

• The Qi-site 
The spans contributing to the Qi-site [1",2"'] are as 
expected from predictions based on sequence analysis and 
mutations affecting the site [26,27,33]. An unexpected fea- 
ture is the positioning of helix E. The de-loop reaches over 
the site and the main part of helix E is on the other side of 
helix A. The N-terminal section, however, contributes to 
the site as expected. Both groups report structures with 
antimycin bound to the Qi-site. The Berkeley group [2"'] 
has modeled the density in the native structure as a 
quinone in a position similar to where density is lost upon 
binding antimycin, as previously reported by Xia et al. 
[1"]. In general, the two structures seem to be well in 
accord, although the Berkeley structure [2"'] has a well- 
defined ligation between Argl01 and a propionate 
sidechain of the heme that was modeled differently in the 
Xia etal. structure [1"]. 

Mutagenesis studies and clues to the 
mechanism 
The structures provide a new understanding of the large 
body of information on the effects of mutation on inhibitor 
binding and function (reviewed in [33]). The volume of 
the site is larger than needed to accommodate either the 
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Figure 3 

(a) 

(b) 
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Details of the Qo-site (stereopairs for crossed-eye viewing). (a) Residues on cytochrome b at the interface with ISP. The protein is shown as a 
backbone structure: cyt b, blue; ISP, green; cyt cl, cyan, with residues at the interface highlighted. Spacefilling models are color coded according 
to their distance from the the nearest atom of the ISP: blue, within 5.0 A; blue-green, within 4 A; green, within 3.5 A; and yellow, within 3.0 ~. 
Labeled residues are those whose mutation changes the gx = 1.800 signal. The red ball-and-stick model indicates stigmatellin. The white model 
represents ISP residues whose mutagenesis interferes with the gx--- 1.800 signal. Coordinates from PDB file 2bcc. (b) Residues in the Qo-site that 
modify function [13-16,1 ?°,21 °,24] color coded by their effect on the gx = 1.800 signal and the turnover of the site. The ball-and-stick structures 
are myxothiazol in white and stigmatellin in light green. Residue sidechains are shown as stick models: yellow, normal occupancy of gx and electron 
transfer inhibited (M125, E272, Y132 and G137); orange, changes to F129 have either yellow (to histidine, lysine or arginine), magenta 
(asparagine, isoleucine, glycine or leucine) or blue-green effects (valine); magenta, blocks formation of gx and electron transfer blocked (G143, 
T145, L269 and L282); red, reduced formation of gx and electron transfer slowed (K288 and G291); blue, mutations are either magenta (P271 L) 
or blue-green (P271S); blue-green, gx normal and moderate rate electron transfer (N256); brown or gray in ISP (chain R), affect formation of gx 
(G142.R and L143.R). Heme b E is shown as an orange stick model and atoms of Fe2S 2 are small orange spheres. Coordinates from PDB file 2bcc 
modified by inclusion of a myxothiazol model to fit the electron density and energy minimization of residues within 6 A of the model in order to fit the 
changed electron densities of the protein in the myxothiazol-containing structure. 

substrate or antimycin. These two occupants are found in 
different, but overlapping volumes, with antimycin located 
deeper in the pocket and closer to heme b H. It is modeled 
as forming several hydrogen bonds, which quinone does 
not. The sidechains at which mutations affect function 
impinge on these volumes differentially and supply clues 

as to the probable domains that are occupied by other 
inhibitors. Figure 4 shows the Qi-site with quinone in posi- 
tion (the residues are coded according to inhibitor resis- 
tance). The different positions of antimycin and quinone, 
and the differential sensitivity of mutations at other 
residues, suggest that the intermediates might also move 
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Figure 4 
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The Oi-site (stereopair for crossed-eye viewing). Residues whose change gives rise to inhibitor resistance [33] are shown as ball-and-stick models 
coded according to the inhibitor: yellow, antimycin and diuron (N33); orange, diuron and HCINO (L19 and Y225); brown, HQNO and funiculosin 
(W32 and G35); green, funiculosin 0"194 and L198); cyan, antimycin and funiculosin (A39 and F221 ) (also show diuron resistance); blue, 
antimycin (K228, D229 and G232). Hems b H is shown as a magenta stick model, with the iron as a van der Waals' sphere in orange. The 
histidines - two heme ligands (H98 and H197) and H202, which is important for function, are in CPK coloring. A tentative model for quinone (Qi) 
is shown as a fat stick model in CPK colors. Coordinates from PDB file 1 bcc. 

in the site during catalysis. We suggest that the inhibitors 
might occupy different positions, reflecting the binding 
domains of different intermediates; perhaps antimycin 
mimics the semiquinone and the hydrogen-bonding pat- 
tern of the inhibitor reflects the stabilization of the species 
characteristic of that site [22-24]. 

Proton processing 
At both quinone-processing sites, the substrate-binding 
pockets are located close to the aqueous interfaces. They  
are connected to the external phase by obvious channels, 
indicated by the surface as mapped by a 1.4/~, radius probe. 
This suggests that water and protons have access to the 
sites and that special channels, such as those in the reac- 
tion centers [20,38], may not be needed. 

The role of the d|mer and minor subunits 
Bacterial complexes only have the three catalytic subunits 
and sometimes an additional subunit, IV, which may be 
involved in the stabilization of the complex [39--41]. 
Subunits 1 and 2 of the mitochondrial complex have their 
origin in a protein import processing apparatus (see [42] for 
a review) and do not appear to be involved in catalysis [43]. 
The  structures provide new insights into the role of the 
smaller subunits [1°°,2"°], which seem to have stabilizing 
interactions with other subunits and/or between 
monomers, but do not impinge on the catalytic interface. 
Subunit VII, however, has an interesting N-terminal finger 

that reaches over to the channel in cyt b, connecting the 
Qi-site with the aqueous phase. 

The  dimeric structure appears to serve several functions. 
The  ISP subunit interacts with both monomers. The  
mobile head travels between the catalytic interfaces on cyt 
b and cyt c I of one monomer. The  N-terminal anchor is 
locked in a vice provided by both cyt b subunits and is also 
constrained by contacts with the transmembrane helices of 
cyt c I and subunits VII and X, and subunit I in the matrix 
phase of the other monomer. 

Xia et al. [1 °°] suggested that communication between Qo 
and Qi-sites of opposite monomers might be facilitated by 
their access from a common cavity. Access from the cavity 
to the lipid phase is far wider than the channel into either 
site, so this is unlikely to be an essential pathway. Such a 
cavity may, however, favor transfer between sites by some 
constraint on local diffusion from the cavity. 

Interactions between monomers occur through substantial 
interfaces between the core II, cyt b and c I subunits. The  
b L hemes of the two monomers are 21/~ apart, allowing the 
possibility of rapid electron transfer between them. The  
authors are not aware of any kinetic evidence for such com- 
munication between dimers. Titrations with myxothiazol 
of the flash-induced reduction of cyt btq in the presence of 
antimycin show no hint of the sigmoidal curve expected if 
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such electron transfer occurred (SJ Hong, J Fernandez- 
Velasco, AR Crofts, unpublished data). 

Conclusions 
The structure of this important enzyme has provided 
insights into their mechanism and has suggested novel 
mechanistic features. The two quinone-processing sites 
show some features that are similar to those known from 
earlier work in photochemical reaction centers, but there 
are no obvious structural motifs and there are some inter- 
esting differences in both structure and mechanism. The 
movement of the ISP indicates a novel mechanism for 
rapid electron transfer by domain movement. Future work 
will no doubt concentrate on understanding these mecha- 
nistic features in the context of the structure. In addition, 
the bc 1 complex is the site of action of several inhibitors 
that are of increasing agrochemical importance; the struc- 
tures will provide an invaluable aid to understanding how 
these work. The Qo-site of the complex is also one of the 
main sites of formation of the superoxide anion, leading to 
oxygen radicals that are thought to be a main cause of cell 
damage, aging and DNA damage. It seems likely that the 
design and mechanism of the site have evolved in order to 
minimize this unwanted side effect and the structures will 
provide new insights into how this works. 

Note added in proof 
A third structure for the beef heart mitochondrial complex 
has recently been published that includes two novel fea- 
tures [44]. Subunit IX is shown to be lodged between the 
two 'core' subunits, hinting at the mechanism of protein 
import processing and how mitochondrial targeting prese- 
quences are recognized. The ISP is found in a third posi- 
tion, an intermediate of the two positions found in the 
other published structures. The authors believe this is 
important in a 'three-state' gating mechanism for the bifur- 
cated reaction. 
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