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Mitochondrial cytochrome bc, complex performs two functions: I t  is a respi- 
ratory multienzyme complex and it recognizes a mitochondrial targeting pre- 
sequence. Refined crystal structures of the 1 1-subunit bc, complex from bovine 
heart reveal full views of this bifunctional enzyme. The "Rieske" iron-sulfur 
protein subunit shows significant conformational changes in different crystal 
forms, suggesting a new electron transport mechanism of the enzyme. The 
mitochondrial targeting presequence of the "Rieske" protein (subunit 9) is 
lodged between the two "core" subunits at the matrix side of the complex. 
These "core" subunits are related t o  the matrix processing peptidase, and the 
structure unveils how mitochondrial targeting presequences are recognized. 

Cytochrome bc, complex (otherwise known 
as complex 111 of the respiratory chain or 
ubiquino1:cytochrome c oxidoreductase) is an 
oligomeric electron transfer enzyme complex 
found in the inner mitochondrial membrane 
of eukaryotes and in the plasma membrane of 
bacteria (1, 2). This complex is the middle 
component of the mitochondrial respiratory 
chain, coupling the transfer of electrons from 
ubihydroquinone to cytochrome c with the 
generation of a proton gradient across the 
mitochondrial membrane. Every bc, complex 
contains three common subunits with active 
redox centers {cytochrome b, cytochrome c, , 
and the "Rieske" [2Fe-2S] protein (ISP)) (3). 
The mitochondrial system contains additional 
subunits not present in the bacterial complex- 
es (4, 5). 

Bovine heart mitochondrial bc, complex 
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is a dimer, with each monomer consisting of 
11 different polypeptide subunits; the prima- 
ry structures of all l l subunits are known and 
the total mass of a monomer is -240 kD. The 
"core" subunits (subunits 1 and 2) of the bc, 
complex have been shown to be members of 
the mitochondrial processing peptidase 
(MPP) family of proteins, suggesting that the 
bc, complex may be a bifunctional protein 
also involved in mitochondrial import protein 
processing (6, 7). 

There have been recent advances toward 
the goal of a complete atomic structure of the 
bc, complex. Deisenhofer and Yu's group 
reported a partial structure of the bc, complex 
from bovine heart mitochondria based on 
their tetragonal space group crystals (8). In 
their structure, 5 of the 11 subunits are com- 
pletely assigned with their amino acid se- 
quences, but the functional domains contain- 
ing the redox centers of two of the three 
redox subunits (cytochrome c, and the ISP) 
are essentially missing. Beny and Kim's 
group recently showed two different loca- 
tions for the extramembranous domain of the 
ISP in the chicken bc, complex fitted with 
bovine enzyme sequences (9). They suggest- 
ed that the ISP may possibly be moving 
around a pivot joint during the catalytic cycle 
of the functioning bc, complex. 

We report the complete atomic resolution 
structures of the entire 11-subunit bovine 
heart mitochondrial cytochrome bc, complex 
from crystals belonging to two different 
space groups, P6, and P6,22, as well as 
inhibitor-bound complexes (myxothiazol and 
antimycin A) for the P6,22 form. 

Structure Determination and Overview. 
We used two crystal forms (P6,22 a = b = 

21 1.2 A, c = 339.3 A; and P6,, a = b = 130.1 
A, c = 720.9 A), both of which were obtained 
from oxidized bovine heart mitochondrial bc, 
complex (10). The asymmetric unit of the 
P6,22 form contains one monomer (composed 
of i 1 subunits) that is related to the other mono- 
mer of the dimer by a crystallographic twofold 
symmetry axis. The asymmetric unit of the P6, 
crystals, on the other hand, contains the whole 
dimer of the bc, complex. The maximum dif- 
fraction resolution of the P6,22 and P6, crys- 
tals are 3.0 and 2.8 A, respectively. Data col- 
lection. structural determination. and crvstallo- 
graphic refinement are summarized in Table 1. 
The R factors of the models are high compared 
to ordinary water-soluble protein structures 
(28.5% for P6,22 and 32.0 % for P6,) due 
to partially ordered lipids that are not ac- 
counted for in the current model. This un- 
accounted-for mass represents about 40 to 
50 kD in the molecule. In spite of this, a 
very high quality electron density map for 
the bc, complex has been obtained after 
refinement, as indicated by the clear elec- 
tron density around cytochrome c, and the 
ISP in the P6,22 form (Fig. 1A). 

An overall view of the cytochrome bc, com- 
plex from the P6,22 form viewed parallel to the 
membrane is presented in Fig. 1B. The inter- 
membrane side of the complex comprises the 
functional domains of cytochrome c, and the 
ISP, as well as subunit 8. In the transmembrane 
region, previously unassigned subunits 10 and 
11 are assigned, in addition to the four previ- 
ously known membrane-spanning components 
(cytochrome b, subunit 7, and the transmem- 
brane helices of the ISP and cytochrome c,). 
The matrix side of the bc, complex is com- 
posed of the large core proteins (subunits 1 and 
2), subunit 6, and subunit 9 (the presequence of 
the ISP), which is located between the two core 
proteins. The refined structural model of the 
P6,22 crystal contains 2080 residues as fol- 
lows: SU1 (Core l), residues 1 to 446; SU2 
(Core 2), 21 to 439; SU3 (cytochrome b), 1 to 
379; SU4 (cytochrome c,), 1 to 241; SU5 (ISP), 
1 to 196; SU6, 5 to 1 10; SU7, 1 to 8 1; SU8, 15 
to 78; SU9,21 to 78; SU10, 1 to 62; and SUl1, 
17 to 44. Heme b,, heme b,, heme c,, and the 
ISP's [2Fe-2S] cluster have been included in 
the current model. Similar degrees of structural 
completeness were obtained for the P6, crystal 
form as well, except that residues 76 to 196 of 
the ISP in one monomer show a mixture of at 
least two different conformational states. The 
newly assigned subunits are described in the 
following sections. 

lntermembrane Side. General features. 
Cytochrome c,, the ISP, and subunit 8 are 
positioned on top of cytochrome b (Fig. 2, A 
and B). The functional domain of cytochrome 
c, is sitting on a horizontal helix aab (resi- 
dues 61 to 73) and the first half of loop ef 
(residues 246 to 261) of cytochrome b. For 
the P6,22 form, the ISP functional domain is 
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located on top of the other half of loop ef 
(residues 262 to 268) of cytochrome b and is 
also associated with cytochrome c,. Subunit 
8 is in close contact with the NH2-terminal 
extension and loop 1x343 1 of cytochrome c,, 
and the COOH-terminal of subunit 7, and 
furthermore, is predominantly exposed to the 
solvent. Remarkably, the ISPs are intertwined 
between the two monomers [that is, the func- 
tional domain of the ISP from one monomer 
interacts with the two redox subunits (cyto- 
chrome b and cytochrome c,) of the other 
monomer]. 

"Rieske " [2Fe-2S] protein (ISP). The ISP 
functional domains are found at different po- 
sitions for the two crystal forms (Fig. 2, A 
and B). Different positions of the [2Fe-2S] 
cluster have also been reported for the I4,22 
form of the bovine heart bc, complex (8), as 
well as the native and stigmatellin bound 
forms of the chicken heart complex (9). For 
the bovine I4,22 form, the position was de- 
termined by an anomalous difference Fourier 
map, because the model of the ISP could not 
be fitted in the observed electron density. 
Afler all of these results were evaluated, the 
positions of the [2Fe-2S] cluster could be 
categorized into three different positional 
states (Fig. 2C). In our P6,22 structure, the 
[2Fe-2S]-heme c, and [2Fe-2S]-heme b, 
distances (measured from the center of the 
[2Fe-2S] cluster) are 15.5 and 35.5 A, respec- 
tively; this position of the [2Fe-2S] cluster is 
close to that observed in the native chicken 
structure. The orientation of the ISP associ- 
ated with these cluster locations can be des- 
ignated as the "c," position. The most signif- 
icant difference between these two "c," po- 
sitional states is a hydrogen bond between 
His161 of the ISP and one of the propionates 
of heme c,, which is present in our P6,22 
form but is-not reported in the chicken st&- 
ture. In this positional state, electron transfer 
between the [2Fe-2S] cluster and cytochrome 
c, should be fast. Bovine 14,22 form and the 
chicken heart bc, complex in the presence of 
stigmatellin are categorized as the "b" posi- 
tional state (Fig. 2C), because these positions 
are closer to cytochrome b. The [2Fe-2S] 
position is assumed to be just above the Q, 
site (9). In our P6, structure, the [2Fe-2S]- 
heme c, and [2Fe-2S]-heme b, distances are 
27.5 and 3 1.0 A, respectively; this position is 
distinctly different from the "c," positional 
state, as well as from the "b" positional state 
(Fig. 2C). In this form, the closest distance 
between the Q, site and HisI6l of the ISP is 
-13 A; therefore, it is impossible to form a 
hydrogen bond between His16' and a quinone 
or inhibitor in the Q, site. We categorize this 
position as the "intermediate" ("Int") posi- 
tional state. The details of the conformational 
change will be discussed below. 

Cytochrome c,. Cytochrome c, is an all-a 
helix-type protein that resembles other mem- 

bers of the cytochrome c family-in particu- 
lar, Type I cytochrome c (11). The heme 
ligands are His4' and MetL60, and the heme is 
covalently anchored to Cys3' and Cys40 (Fig. 
2D). One of the heme propionate groups (po- 
sition 13) forms a salt bridge with ArgL20. 
The other propionate (position 17) is free in 
the P6, form, whereas it forms a salt bridge 
with HisL6' of the ISP in the P6,22 form. The 
subunit is composed of seven helices, includ- 
ing the COOH-terminal membrane helix 
(with reference to cytochrome c, these are 
named: a l ,  residues 23 to 38; a l ' ,  57 to 73; 
al" ,  97 to 106; a2, 114 to 119; a3, 123 to 
132; 1x5, 178 to 195; and a6, 197 to 238). The 
Ca  positions of the 73 residues of the func- 
tional domain of cytochrome c, can be super- 
imposed onto cytochrome c from horse heart 
mitochondria (IHRC in Protein Data Bank) 
with an rms deviation of 1.83 A. These resi- 
dues belong mostly to helices a l ,  a2, a3, and 

a5, which surround heme c,. There is one 
distorted double-stranded P-sheet (P-1 and 
P-2) between helices a 3  and 1x5, in lieu of 
helix a 4  of cytochrome c. Compared to cy- 
tochrome c, cytochrome c, contains several 
insertions and deletions between helices. 
Structural differences appear to be related to 
specific functions of cytochrome c,, includ- 
ing the binding of other subunits as well as 
soluble cytochrome c. The NH2-terminal ex- 
tension before a l ,  together with loop ~13431, 
form a docking surface for subunit 8. Helix 
a l '  and loop a3-Pl contain 10 acidic amino 
acids, many of which point to the intermem- 
brane side and surround the heme c, crevice 
(Fig. 2D). A methyl group at position 12 of 
heme c, as well as its a-cysteinylthioether 
bond with Cys40 from loop a l - a l '  are ex- 
posed to the solvent. This crevice is the most 
likely binding site of cytochrome c, as indi- 
cated by chemical modification experiments 

Fig. 1. The 11-subunit sbuc- 
ture of the complete cyto- B 
chrome bc, k p l e x  f;om 
bovine heart mitochondria. 
(A) Refined electron den- 
sity map for heme c, and 
the [ZFe-2S] duster, along 
with their neighboring side 
chains, in the P62Z crystal 
form. Larger red spheres are 
iron, and green spheres are 
sulfur. The 2 I F  1 - 1 F,I maps 
were ca~cuiatdat 3.eA res- 
olution and contoured at 1.0 
a. (B) The structure of the 
dimerlc bc, complex (of the 
4 2 2  form) viewed per- 
pendicular to the twofdd 
axis and parallel to the 
membrane. 
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[2Fe-2S] - q distance (A) 
Fig. 2. Different structural states of the KP i n  
relation to its neighbch in two crystal fonns of 
bovine cytochrome bc, complex. The ISP is 
shown in magenta. cvtochrome c. in blue. cv- 

green. Note that the 1SP shown is that A i c h  is E , 
anchored in the other half of the dimer. (A) The 
structure from the P6 22 forrn ("c," state). 
Binding sites for the inhipion, rnyxothiazd and 
imtbnycin 4 are also shown, as determined 
from f6,22 crystats soaked with the respective 
inhibitors. Structurally important features dis- 
cussed in the text are highlighted: loop ef (yel- , 
lw) of cytiKhmme b, and aO' and f31 (orange) 
of ISP. (B) TlW struaure from the P6, form 
("lnt" state)* f@li@ as in  [A). (C) Plot of 
pfe-2S]-hkme c, &, f2re-2SJ-heme b dii- 
tances for dMWnt 6ysl.A structures o\ the 
cytochm k, cdffllpls# "fb" and "Ch" repre- 
sent bovine a d  &&ke@, feqmdhdy. (D) Ste- 
reoview of qtwkqm%,~lbunit 6 and the 
metal duster+idngfoM Wthe tSP @the "c," 
state vie* from ' t&e" h i t ~ r i a l  inter- 
membrane spate dowithe medraw n m a L  
Ligands of heme c,, His" of ttte ISP, and the aC 
disulfide bo&s in st&mit 8 are drown T k  
distorted double-stranded @-sheet of @tochrome c, is highlighted in ("c," state). The position of the metal-biding duster as detmihed 
purple. Acidic residqs p s e d  ta the intermembrane space are shown in from the P6, form ("lnt" state) 4s added (upper left side), me&y as a 
red. (E) Stereoview of the mp&i&d k i n g  site in the fi9a rd$rence point for comparison. 



(12). Loop a1"-a2, together with P2, form a 
docking site for the ISP in the P6,22 form. 

Subunit 8-"acidic/hinge protein. " Sub- 
unit 8 is sometimes referred to as the "hinge 
protein," because it is thought to be essential 
for proper complex formation between cyto- 
chromes c and c, (13). This subunit is also 
known as the "acidic protein," because it 
contains 24 acidic residues out of 78 total 
(13). It is composed of two long helices (helix 
a l ,  ProI6 to Arg47, and helix a2, Cys54 to 

connected by two disulfide bridges 
( C y ~ ~ ~ - C y s ~ ~  and C y ~ ~ ~ - C y s ~ ~ ) ,  as expected 
from biochemical studies (Fig. 2D) (13). 
Both helices are kinked at Leu27 and 
helix a 1  is kinked by 90°, forming two sep- 
arate helices. No electron density is observed 
for the NH2-terminal 14 residues, which con- 
tain eight consecutive glutamic acids, sug- 
gesting that this segment may be highly mo- 
bile. The first visible residue on this NH2- 
terminal portion is 22 A away from heme c,, 
and the missing NH2-terminal 14 residues 
may form a part of the cytochrome c docking 
site, together with helix a 1' and loop 1x3-131 . - - .  
of cytochrome c,. Eight other acidic residues 
on helix a 1  point into the solvent region on 
the same edge of heme c, (Fig. 2D) to form a 
large, negatively chargeddocking port for the 
highly basic cytochrome c. 

Transmembrane Region. Subunits 10 and 
11. Subunits 10 and 11 both consist of single 
transmembrane helices with the NH2-termini 
on the matrix side (Fig. 1B). These subunits 
maintain contact with cytochrome c, and the 
ISP (4), and have been implicated to play a role 
in the proper assembly of the bc, complex (14). 
Subunit 10 contains 62 residues and forms three 
helices: two short helices found at the NH,- and 
COOH-terminal ends, in addition to a longer 
transmembrane helix in the middle (helix a1, 
residues 4 to 15; transmembrane helix a2, res- 
idues 17 to 48; helix 1x3, residues 51 to 56). 
Residues 4 to 31 of subunit 10 interact with 
both transmembrane helices of the ISP and 
cytochrome c,. The peripheral helix a 3  also 
interacts with helices a 1  and a1  ' of cytochrome 
c,, which may explain the tight association 
observed between subunit 10 and cytochrome 
c, in dissociation experiments (4). 

Subunit 11 has only one transmembrane 
helix (helix a1, residues 17 to 3 9 ,  which 
interacts with the first half of the transmem- 
brane helix of the ISP and subunit 10. Both 
NH, and COOH-terminal extensions are dis- 
ordered. This subunit is peripherally located 
and is easily removed by delipidation without 
loss of activity (IS). Helices a 2  and a 3  of 
subunit 10 together with the COOH-terminal 
extension of subunit 11 form a polar invagi- 
nation. This invagination is located near the 
transmembrane helices of the ISP and cyto- 

ISP. This structural feature, therefore, might 
be related to the insertion of the [2Fe-2S] 
cluster into the ISP. 

Inhibitor binding sites in cytochrome b. 
Cytochrome b has eight transmembrane heli- 
ces (helices a A  through aH) and four hori- 
zontal helices on the intermembrane side (he- 
lices aab, acdl, acd2, and aef). The two 
hemes, b, and b,, are in the center of a 
four-a-helical bundle formed by helices aA, 
aB, aC, and aD. Hemes b, and b, are close 
to the intermembrane and matrix sides, re- 
spectively. From inhibitor-soaked crystals, 
electron densities for myxothiazol and anti- 
mycin A are observed close to hemes b, and 
b,, respectively. Here, the structure of the 
myxothiazol binding site is described, be- 
cause it will be relevant for the following 
discussion on the hydroquinone oxidation 
mechanism. Myxothiazol binds in the hydro- 
quinone oxidation (Q,) site of the bc, com- 
plex and blocks electron transfer to both the 
ISP and heme b, (16). The binding site of the 

inhibitor is underneath helix acdl and is 
surrounded by helices aC, aF, and aef (8). In 
the current structure, the MOA group of myx- 
othiazol is in the hydrophobic pocket formed 
by residues Pro270, Phe12', Phe274, and 
G ~ u ~ ~ ~  (Fig. 2E). The methoxyacrylate group 
is within 8 A of heme b,, although there is no 
direct contact between the inhibitor and the 
heme. Electron transfer from the semiqui- 
none (SQm) to heme b, could be mediated by 
hydrophobic residues, including TyrI3'. At 
this position, the inhibitor is not accessible to 
the solvent, because the upper part of the 
cavity is blocked by residues from helix acdl 
and loop ef. It is likely that in the process of 
hydroquinone oxidation, one histidine ligand 
of the [2Fe-2S] cluster forms a direct hydro- 
gen bond with QH- or SQm (1 7). Therefore, 
an alternate quinone binding site is expected. 
Next to the current position of the MOA 
group, there is a hydrophobic hole that con- 
tacts the surface of the intermembrane side. 
This hole includes Ile146, Leu2", Leu'49, and 

e m -  . . , p.: 1 " ', 

,!W$ Cm2 

chrome c,, as well as subunit 8 near the 
intermembrane side, and is large enough to 
accommodate the cluster-binding fold of the 
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Tyr278 (Fig. 2E), and is the most likely alter- 
nate QH-- or SQ0-binding position when the 
quinone intermediate binds to the ISP. 

Matrix Side. Subunit 9. Subunit 9 con- 
tains 78 amino acids and is the mitochondrial 
targeting presequence of the ISP (18). In 
eukaryotes, the ISP is nuclear coded and im- 
ported posttranslationally into the mitochon- 
dria, where it is inserted into the inner mem- 
brane (19). In mammals, the presequence is 
cleaved in a single step after the ISP is in- 
serted in the bc, complex. In our structure, 
this presequence is found between the core 1 
and core 2 subunits (Fig. 3A). The core 1 and 
core 2 subunits show high sequence homol- 
ogy to the general MPP, which cleaves tar- 
geting presequences after import into the mi- 
tochondria. These core proteins and MPPs 
belong to a family of Zn2+-dependent met- 
alloendoproteases, which includes insulin-de- 
grading enzymes from mammals and Esche- 
richia coli pitrilysin (20). Mammalian MPPs 
are soluble heterodimers with an a and P 
subunit, and are located in the mitochondrial 

Although subunit 9 has some contact with 
core I ,  the binding site is predominantly on 
the core 2 protein (Fig. 3A). Subunit 9 is an 
extended peptide comprising two P-sheets, 
one at the COOH-terminal end and the other 
in the middle region. It is important to note 
that the COOH-terminal 15 amino acids form 
an extended P-sheet together with two 
P-strands of the NH2-terminal domain of the 
core 2 subunit (Fig. 3B). The sequence of the 
last 17 COOH-terminal amino acids (residues 
62 to 78) of subunit 9 is RPLVASVSLN- 
VPASVRY (23), which contains a consensus 
motif (RXmXXS, where @ is a hydrophobic 
amino acid) for interaction with MPP at po- 
sitions -17, -15, and -12 relative to the 
cleavage site (18). Based on the determined 
structure at hand, the following two factors 
seem to be crucial elements responsible for 
the recognition of these 17 amino acids: (i) 
formation of the extended P-sheet together 
with the core 2 subunit, and (ii) the involve- 
ment of the consensus motif in specific inter- 
actions (Fig. 3B). Residues 64 to 76 are 

where only the first H is conserved and E in 
the fourth position is replaced by R/WN in 
the core 2 subunits. 

Although a clear binding site is observed 
for the presequence, the metal-binding site in 
the core subunits cannot be conclusively 
identified. This could be due to the EDTA 
treatment of the mitochondrial membrane in 
the purification of the enzyme. From the se- 
quence alignment, an inverted zinc-binding 
motif (HXXEH-X7,-E) is predicted for MPP. 
However, neither core 1 nor the core 2 sub- 
units contain the complete motif; in the core 
1 subunit, the first His is replaced by Tyr, 
while for the core 2 subunit, the first His is 
the only conserved residue. Because the core 
1 subunit is thought to be equivalent to 
P-MPP, this consensus sequence in the core 1 
subunit is a candidate for the Zn2+-binding 
site. In our structure, TY?~, Glu60, His6', and 
G I u ' ~ ~  are found in close proximity; the ar- 
rangement of TyP7, His6', and G ~ u ~ ~ ~  ap- 
pears suitable for a metal-binding site. How- 
ever, in the current electron density map, only 

matrix. Both subunits are required for pro- predominantly amino acids that are preferen- a weak electron density for a solvent mole- 
teinase activity, and a metal-binding site is tially found in P-sheets; this preference is cule between His6' and G I u ' ~ ~  is observed. 
assumed to be present in P-MPP, whereas observed not only for subunit 9, but also for Furthermore, metal ion density could not be 
a-MPP is thought to be involved in the bind- other mitochondrial presequences (24). Pro- observed in the region near the incomplete 
ing of the presequence because the precursor 
protein is cross-linked preferentially to it 
(21). The core 1 protein of bovine heart bc, 
complex shows higher sequence homology to 
P-MPP, whereas the core 2 protein is more 
closely related to a-MPP (6, 7). The location 
of subunit 9 close to the possible catalytic site 
suggests that it is cleaved directly from the 
ISP by these core proteins. Although isolated 
bovine heart bc, complexes lack processing 
activity, the core proteins constitute the gen- 
eral MPP function for plant mitochondrial 
bc, complexes that lack subunit 9 (7). Re- 

teinases of the pitrilysin superfamily are 
known to be secondary-structure specific (6). 
Therefore, the formation of a shared P-sheet 
with core 2 protein is likely to be essential for 
the proper recognition of the presequence by 
the core 2 subunit. Secondly, specific inter- 
actions are observed for all three consensus 
residues: forms a salt bridge with 
GIu3" of core 2; Leu64 is situated inside a 
hydrophobic pocket formed by Phe3I2, 
Ala314, and Ty?I6 of core 2; and SeP7 forms 
a hydrogen bond with kg7 '  of core 2 (Fig. 
3B). All residues that form the presequence 

cently, it has been reported that the core binding pocket are highly conserved for all 
proteins from bovine heart bc, complex show known core 2 proteins and a-MPPs. Arg70 is 
peptidase activity after mild detergent treat- within the predicted inverse zinc-binding mo- 
ment (22). tif HXXEH of the pitrilysin superfamily 

Fig. 4. Structural comparison of the ISP in P6,22 and P6 c stal forms of bovine cytochrome bc,. '-ye, Stereoview of the superimposed ISP functional domains at c," (red) and "lnt" (blue) positional 
states using the base folds. The cluster-binding folds are shown in saturated colors, whereas the 
base folds are shown in pale colors. These structures are related by a hinge motion and the 
isomerization of Pro175 near the [ZFe-2S] center. 

consensus sequence on the core 2 subunit, 
which contains His67 and Asp'47 in close 
proximity. 

The possible metal-binding sites de- 
scribed above are shown (Fig. 3A; arrow- 
heads) together with the NH2-terminus of the 
ISP. Both sites are distant from the COOH- 
terminus of subunit 9, which is located 25 and 
15 A away from the possible active sites in 
the core 1 and core 2 subunits, respectively; 
also, the COOH-terminus of subunit 9 is 30 A 
away from the NH2-terminus of the ISP. This 
indicates that a large structural rearrangement 
must occur after cleavage of the presequence. 

Structural Changes at "Rieske" [ZFe- 
ZS] Protein. In the P6,22 form, where the 
[2Fe-2S] cluster is in the "c," position, the 
functional domain of the ISP interacts with 
residues of the cytochrome c, subunit (loop 
a1"-a2, P2, loop a3-Pl, and heme c,) as well 
as loop ef of cytochrome b (Fig. 2A). Most of 
these interactions are van der Waals contacts, 
and in the current structure only three hydro- 
gen bonds, including one between HisI6' of 
the ISP, which is one of the ligands of the 
[2Fe-2S] cluster, and a propionate group of 
heme c, are observed (Fig. 2A). For the ISP, 
contact with other subunits mainly involves 
loops P4-P5 and P6-P7 in the cluster binding 
fold. All 127 Ca  positions from the high- 
resolution structure of the water-soluble 
"Rieske" fragment (25) can be superimposed 
onto the ISP at the "c," position with an rms 
difference of 0.93 A. The main measurable 
difference is observed at strand 1, where the 
functional domain is connected to the trans- 
membrane anchor. This difference can easily 
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be accounted for, because in the soluble frag- 
ment, the p l  strand is free, while in the bc, 
coinplex. it is coilnected to the transmein- 
brane helix. When the Dl strand is omitted, 
the nns difference drops to 0.63 A. which is 
comparable to the estimated average coordi- 
nate emor of the stiuchlre (0.55 '4). 

In the P6, form, where the [2Fe-2S] clus- 
ter is in the "Int" position, the binding site for 
the fi~nctional domain of the ISP is formed by 
residues in loop ef. loop gh. and a sl~oit loop 
between helices acd2 and helix a D  of cyto- 
chrome b (Fig. 2B). No interaction between 
the [2Fe-2S] cluster of the ISP and cyto- 
chrome c ,  is..obseived. Most of the interac- 
tions are van der Waals contacts, except for a 
clear hydrogen bond between LysNNL of the 
ISP and Asp1710,, of cytochrome b. Exten- 
sive contacts exist behveen loop ef and the 
ISP. and it is loop ef that sholvs the largest 
stiucttlral difference between our two foinls 
of cytocl~roine b. The average displacement 
for cytochronle b residues 262 to 267 is 1.1 
A; and the largest displacement is observed 
for residues T ~ I I ' ~ ~  and Pro"'. Notably. 
Pro'65 is conser\~ed in all lcnolvn cytochrorne 
b sequences. The contact region on the ISP is 
fornled by loops P4-P5 and P6-P7. and a 
P-turn region bet\veen P2 and P3. 

The structural differences in the ISP found 
between the P6'22 and P6, crystal foi-~ns can 
be attributed to two prominent alterations 
(Fig. 4): (i) rotation of the entire filnctional 
domain; and (ii) displacement of the inetal 
cluster binding fold relative to the base fold 
\vitl~in the filnctioilal domain. The rotation of 
the entire filnctional doinain is approxiinately 
a 35" rotation around the pivot point (Ile7') 
near the COOH-terminal end of the shoit 
helix aO' (Fig. 2, A and B). A hydrogen bond 
L e ~ ~ ~ 0 - S e r ' ~ K  is present in the "c," foim, 
which induces a 3 ,,-helix conformation, but 
not in the ''Iizt" foiln; where the 3,,-helix is 
absent. An additional stmch~ral difference is 
observed \vithin strand Dl where Leu7"or 
the "Int" form is bmied in the protein, where- 
as in the "c," form. it is exposed to the 
solvent. This transition alone contributes only 
63 to the rotation of the subunit. 

Coilfoi~natioilal differences within the 
fi~nctioaal domain are rather small but are 
nevertheless significant. The f~~nctional do- 
main of the ISP has hvo separate folds or 
subdonlains (Fig. 4): the metal cluster bind- 
ing fold (residues 137 to 181) and the base 
fold (residues 74 to 136 and 182 to 196) (25). 
Clear positional displaceinent between these 
hvo folds is observed between the "Ii1t" and 
"c," fonns. 4 s  inentioned above, the struc- 
hlre of the ISP subunit at the "c," position is 
the same as that of the water soluble ISP 
fragment. However, at the "Iizt" position. the 
cluster-binding fold appears to be detached 
from the base fold in an "open" confoilna- 
tion. If the functional domains of the two 

ci-ystal foinls are superimposed using the 
base fold residues; the rms difference of the 
C a  positions of the cluster fold is 1.6 A. In 
the ''Iiit" fo11n; the salt bridge Glu10'-Arg170 
as well as the associated hydrogen bond net- 
work between the cluster binding fold and the 
base fold. which connects these two stmc- 
tures ill the "c," form. are absent (Fig 4) As 
a result. the gap betaeen the two folds be- 
comes exposed to the solvent 111 addition. 
Pro175 111 the "Iizt" form is best fitted a i th  a 
cis-proline instead of the rra~ls-proline that is 
obseived in the "c," foinl and in the stmch~re 
of the water-soluble ISP fragment. 

This coilfoi~natioilal change is represented 
by a hinge motioil of the cluster-binding fold. A 
coilfonnational change befiveell the hvo foi~ns - 
also occurs within the following 'nvo loops: at 
one end of the metal cluster binding fold where 
GlyI3' shows a slight bend in the strand and 
at the other end \vhere Pro"' sholvs the 
~ i s [ " I i z t " ] ~ t ~ ~ ~ ~ ~ s [ " c ~ " ]  transition. 4 s  a result of 
this confoi~natioilal change, the cluster-binding 
fold rotates by approximately 6" around a po- 
sition close to G ~ Y " ~ .  This rotation causes a 
2-8, displaceinent for the position of the [2Fe- 
2S] cluster. It should be noted that ~ i s -Pro"~  is 
also found in the stnlcture of the water soluble 
"heske" fragment froin the b,f complex, 
which is a countelpait of the bc, coinplex in 
chloroplasts (26). Remarkably. the relative po- 
sition behveen the cluster binding and base 

folds in om "Id form shows greater similarity 
to the structure of the soluble b, f ISP fragment 
than to the ISP found in om "c," form. When 
the stn~cture of the ISP in the "c," form and that 
of the soluble b6f ISP fragment are superim- 
posed on the "lilt" structure using the common 
base fold residues (P2 and P3), the rms differ- 
ence of the Ca  atoms in the cluster-binding fold 
is 1.6 8, for the "c," form and 1.0 A for the b6 f 
ISP fragment. This suggests that the struchral 
differences within the ISP subunits described 
above may be intimately related to the mecha- 
nism of bc, and b, f complexes. 

Possible Mechanism of Hydroquinone 
Oxidation. It is generally accepted that elec- 
tron transfer is coupled to protoil transloca- 
tion by the protonmotive Q-cycle mechanism 
first proposed by Mitchell (1). The central 
reaction of the Q-cycle is a bifurcation of the 
electron pathway upon oxidation of hydro- 
quinone at the Q, site that is in contact with 
the positive side (intermembrane side) of the 
membrane (27). During the hydroquinone ox- 
idation reaction. one electron is transferred 
via the "high-potential chain" (ISP's [2Fe- 
2S] cluster and cytochrorne c,) to cytochrome 
c; while the second electron is transferred to 
heme b, and from there; across the mem- 
brane dielectric to heme b, [recent reviews in 
2, 17. 28)]. Heme b, is a pait of the quinone 
reductioil (Q,) site which is in contact with 
the negative side (matrix side) of the mem- 

A cyt c B C 

1 -2- - -2- 

c, 5 QH2 
I, 

I 

Fig. 5.  (A) A schematic drawing of the different positional states of the ISP functional domain. The 
"c,", " lnt" ,  and "b" states of the ISP functional domain are shown. Thick dashed lines indicate 
hydrogen bonds formed by the [ZFe-ZS] cluster. The difference in the oval shape between the "c," 
and "lnt" positions represent the conformational change occurring within the ISP functional 
domain. The ISP at the "b" position is shown in a dotted line because its protein conformation has 
not yet been revealed for the bovine bc, complex. With the ISP at the "b" position, the head group 
of the bound ubiquinone takes a conformation shown in the dotted lines t o  form hydrogen bonds 
with the ISP. (B) Proposed mechanistic model of hydroquinone oxidation at the Q, site of the bc, 
complex based on the switching of the ISP between the "lnt" position (A and B), the "b" position 
(C and D), and the "c," position (E and F). The oxidized [ZFe-ZS] cluster is shown in the resting, "lnt" 
state (A). Hydroquinone (QH,) binds (step 1) and must first be deprotonated (step 2) before i t  can 
interact with the [ZFe-ZS] cluster (C). After the first electron transfer from QH- t o  the [ZFe-ZS] 
cluster (step 3), the resulting semiquinone (SQ') is stabilized by the ISP in the "b" positional state 
(D). After the second electron transfer (step 4), the reduced ISP switches t o  the "c," positional state 
since ISP can not form a hydrogen bond with oxidized Q, and transfers its electron t o  cytochrome 
c, (step 5). Electrons are transferred to  cytochrome c and heme b,, respectively, and the oxidized 
ISP reverts to  its "lnt" positional state (step 6). Filled circles are reduced centers, empty circles are 
oxidized centers. Thick dashed lines indicate hydrogen bonds formed by the [ZFe-ZS] cluster. For 
details, see text 
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R E S E A R C H  A R T I C L E  

brane; at the Q, site, heme b, reduces q ~ ~ i -  
none to hydroquinone. Tlle anti~nycin inhib- 
itor binds at this Q, site (Fig. 2A). 

Several mecl~anisms have been suggested 
to explain this bifurcation of the electroil flow 
(29-31). Brandt and von Jagow have pro- 
posed hvo different collfolnlational states and 
a "catalytic switch" mechanism (30, 31). This 
was suppoi-ted by earlier stiuctures of the bc, 
complex that suggest t ~ v o  different locations 
for the filnctional domain of the ISP (9). The 
transitioil between the two states has been 
described as a passive diffusion between two 
docking sites on cytochsome c ,  and cyto- 
chroine b,. However, the structural evidence 
we present, along with previous biochemical 
data, favor a "thee state" model over a "two 
state" inodel for the follolving reasons (Fig. 
5): (i) Studies of the ISP \vithin the bc, 
coinplex suggest that the oxidized [2Fe-2S] 
cluster is not involved in hydrogen bonding 
in the bc, complex (32). The "Int" positional 
state as seen in the P6, crystals most likely 
represents this oxidized state. where the [2Fe- 
2S] cluster is sufficiently far away from cy- 
tochrome c, and cytochrome b, to prohibit 
hydrogen bonding. (ii) Stigmatellin; which 

mimics the quillone intei~nediate. binds to 
cytochrome b, and the reduced ISP (33). A 
direct interaction of stigmatellin with both 
cytochrorne b, and the [2Fe-2S] cluster is 
reported in the chicken bc, colnplex sti-ucture 
when the ISP is in the "b" positional state (9). 
Thus; the reduced ISP should occupy the "b" 
positional state when the reduced [2Fe-2S] 
cluster interacts with Q H  or SQ' . (iii) Whea 
the [2Fe-2S] cluster is oxidized, a weak in- 
teraction with rnyxothiazol bound in the vi- 
cinity of heme b, is observed. while no in- 
teraction is observed when the [2Fe-2S] clus- 
ter is reduced (31). This suggests that the 
reduced [2Fe-2S] cluster occupies the "c," 
positional state preferentially a-hen Q H  or 
SQ' is not present in the Q, site. 

Using the new "three state" model. hy- 
droquinone oxidation reaction call be readi- 
ly explained as follolvs (Fig. 5). When the 
complex is fully oxidized and before any 
hydroquinone is bound, the ISP is in the 
"Iizr" positional state (Fig. 5B: 4) .  Hydro- 
quinone will bind in the quiaone-binding 
site forlned by the end of helix a C ,  helix 
a c d l  and loop ef of cytochrorne b (Fig. 2E 
and Fig. 5B; B). Before hydroquillone can 

Table 1. Summary of x-ray data collection and MIR phase determination. X-ray 
data used for this structure determination were collected at IDZIBL4 and ID141 
EH3 at ESRF. Intensity data were obtained using Mar IP detectors (ID2JBL4) or 
Mar CCD detector (ID14lEH3). Data were processed with DENZO and SCALE- 
PACK (35). Initial phases were obtained for the P6,22 crystals by multiple 
isomorphous replacement (MIR). MIR phasing and refinement of the heavy atom 
positions were carried out using the program MLPHARE (36). MIR phases were 
calculated up to 4.0-8, resolution. The overall figure of merit was 0.51. Density 
modification and phase extension to 3.0-8, for the P6,22 crystal form was 
performed with the program DM (37). The initial free-R factor was 0.524 and was 
reduced to 0.268 after 200 cycles. The best result was obtained with a solvent 
content of 64%. Using this electron density, the structure of the P6, crystal form 
was solved using the program AMORE (38). Multicrystal averaging between two 
crystal forms was performed using the program DMMULTI (37), after which the 

be oxidized. it must first be deprotonated 
(step 2); this deprotonation represents the 
activation barrier of hydroquinoae oxida- 
tion (34). The interaction with the deproto- 
nated hydroquinoae (QH-) will move the 
ISP toward the "b" positional state (Fig. 
5B; C). After the electron transfer (step 3), 
the resulting semiquinone is tightly bound 
to the reduced [2Fe-2S] cluster in the "b" 
positional state (Fig. 5B; D); in this state; 
the semiquinone intermediate a-ill be stabi- 
lized (1 7). After the second electron trans- 
fer from semiquinone to heme b, (step 4). 
the interaction between the [2Fe-2S] cluster 
and the resulting quinone is weakened so 
that the reduced ISP call now occupy the 
preferred "c," positional state (Fig. 5B: E) 
\vhich allows rapid electroil transfer from 
the [2Fe-2S] cluster to heme c, (step 5). 
Finally. when the electrons have been 
transferred to cytochrome c and to heme 
b,. the ISP can go back to its initial "Int" 
positional state (step 6); and the site is 
ready for the next reaction cycle. All elec- 
tron transfer reactions occur between spe- 
cies \vhen they are hydrogen bonded to 
each other; therefore, electron transfer will 

free-R factor for the P6,22 and P6, forms were 47% and 33%, respectively. 
Atomic models of the bc, complex were built using the program 0 (39). In the 
initial electron density map, the electron density for the ISP for both crystal forms 
was ambiguous. The density for the ISP appeared in different positions in the 
different crystal forms after the first cycle of refinement. Simulated annealing 
(p-test version of CNS; A. Briinger, personal communication) followed by posi- 
tional refinement using the program REFMAC (40) resulted in a structural model 
with an R-factor of 28.5% and 32.0% for P6,22 and P6, forms, respectively, for 
the data between 30- and 3.0-8 resolution. The free R-factor within the same 
resolution range was 34.5% and 36.5% for P6,22 and P6, forms, respectively 
(from 2% of the data). The rms deviations from standard values of bond lengths 
and angles for P6,22 and P6, forms were 0.012 A and 3.4", 0.013 and 3.6", 
respectively. All the figures here were created using the programs 0 (39), 
MOLSCRIPT (41), and RASTER3D (41). 

Crystal 

P6,22 form 
Native (initial phasing) 
(Me),PbAc (24 hour) 
(Me),PbAc (48 hour) 
EMTS (12 hour) 
EMTS (18 hour) 
EMTS (co-crystallized) 
Native (high 

resolution) 
Myxothiazol 
Antimycin A 

P6, form 
Native 

Observations 
Completeness dm,, 'merge* Rderivi. Sites R,: Station 

(8,) Overall Unique (%I (%I (n) 

DifJraction Data 

Resolution (8,) 
Reflections 
Figure of merit 

MIR Phase Determination 
19.1 10.8 7.5 5.8 4.7 4.0 
215 1591 3514 4990 5293 2535 
0.44 0.54 0.52 0.57 0.50 0.39 

"R,e,e = Z h Z  l,(h) - ( ~ ( h ) )  / I h I , l , ( h ) ,  where I,(h), is the i t h  measurement, tR,,,,,, = IF,, - F, /I F,I, where F,, and F, are protein and heavy-atom derivative structure 
factors, respectively. "R, = Z F,,-F, -F,(,,,,,~~IZ IF,,-F,I, F,, and F, are defined above, FH(ca,c, is  the calculated heavy-atom structure factor. Summation is done using centric 
reflections only 

70 3 JULY 1998 VOL 281 SCIENCE www.sciencemag.org 



be extrenlelv raoid and most likelv not be 13. C. H. Kim and T. E. King, ibid. 258, 13543 (1983); S. 31 1 (1985); D. E. Robertson, F. Daldal, P. L. Dutton, * .  

rate limiting. The reaction rate is limited by 
the ubihydroquinone deprotonation reaction 
(34) and by the stability of the serniquinone 
intermediate (1 7). 
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