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Minireview 
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the Hydroquinone Oxidation Site of 
Ubihydroquinone : Cytochrome c Oxidoreductase? 
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The Q cycle mechanism of the bc 1 complex requires two quinone reaction centers, the hydro- 
quinone oxidation (Qp) and the quinone reduction (QN) center. These sites can be distinguished 
by the specific binding of inhibitors to either of them. A substantial body of information about 
the hydroquinone oxidation site has been provided by the analysis of the binding of Qp site 
inhibitors to the bCl complex in different redox states and to preparations depleted of lipid or 
protein components as well as by functional studies with mutant b¢ 1 complexes selected for 
resistance toward the inhibitors. The reaction site is formed by at least five protein segments of 
cytochrome b and parts of the iron-sulfur protein. At least two different binding sites for Qp 
site inhibitors could be detected, one for the methoxyacrylate-type inhibitors binding predo- 
minantly to cytochrome b, the other for the chromone-type inhibitors and hydroxyquinones 
binding predominantly to the iron-sulfur protein. The interactions with the protein segments, 
between different protein segments, and between protein and ligands (substrate, inhibitors) are 
discussed in detail and a working model of the Qp pocket is proposed. 

KEY WORDS: bCl complex; cytochrome b; iron-sulfur protein; Qp pocket; model; MOA inhibitor; 
myxothiazol; stigmatellin; binding analysis; mutant analysis. 

INTRODUCTION:  Q-CYCLE 

The Q-cycle 2 scheme proposed by P. Mitchell 
in 1976 is now widely accepted as the scheme of 
electron and proton transfer through ubihydroqui- 
none :cytochrome c oxidoreductase (Mitchell, 1976; 
von Jagow et al., 1986; Trumpower, 1990). The 
most simple version is shown in Fig. 1; however, 
some refinements may be required to account for all 
experimental observations. 

The essential features of the Q-cycle are: (i) the 
existence of two pathways for electrons, a high-potential 
pathway at the P-side of the membrane via the i ron-  
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sulfur cluster and cytochrome cl to the electron accep- 
tor cytochrome c, and a transmembrane low-potential 
pathway consisting of  both hemes b; (ii) recycling of  
half of the electrons back into the quinone pool; and 
(iii) a vectorial arrangement of  the proton release and 
uptake pathways. 

On oxidation of  ubihydroquinone, two protons 
are released to the P-side and the first electron is 
transferred onto the iron-sulfur  cluster while the sec- 
ond electron goes to heme bL and from there across 
the membrane to heme bH. Heme b H reduces a mole- 
cule of  ubiquinone to ubisemiquinone which is stabil- 
ized by interaction with the protein environment. In 
order to complete the cycle, a second molecule of 
ubihydroquinone is oxidized with release of  two pro- 
tons to the P-side, the first electron again being trans- 
ferred onto the i ron-sulfur  cluster and the second 
electron via heme b L to heme bH where it reduces 
ubisemiquinone to ubihydroquinone with the uptake 
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Q cycle scheme of the bcl complex (cf. text). The points of inhibition of various inhibitors are indicated. 

of two protons from the N-side. During one complete 
cycle, two ubihydroquinone molecules are oxidized 
and one ubiquinone is re-reduced to ubihydroqui- 
none; the net reaction therefore is the oxidation of 
one ubihydroquinone, reduction of two molecules of 
cytochrome e, uptake of two protons from the N-side, 
and release of four protons to the P-side. The stoichio- 
metry of the complex is 4 H + released on the outside 
and 2 charges transported across the membrane per 
2e- transferred to cytochrome Cl. 

QH2 + 2 cyt c °x + 2H + ~ Q + 2 cyt C red -t- 4H~- 

CLASSIFICATION OF THE INHIBITORS 

The Q cycle mechanism described above requires 
the existence of two quinone reaction sites. These can 
be distinguished by the binding of specific inhibitors. 
Three types of inhibitors block the QN (quinone 
reduction) center: antimycin, funiculosin, and hyd- 
roxyquinoline-N-oxides. Electron transfer through 
the Qp site can be blocked by a multitude of com- 
pounds (von Jagow and Link, 1986; von Jagow and 
Brandt, 1991) (Fig. 2): 

1.2-Hydroxy- 1,4-benzoquinone derivatives. These 

inhibitors resemble the substrate ubiquinone but con- 
tain an additional 2-hydroxy group. The oxidized 
hydroxyquinones bind to the reduced iron-sulfur 
protein and shift its midpoint potential (Era,7) toward 
more positive values (Trumpower and Haggerty, 1980; 
Bowyer et al., 1982; Matsuura et al., 1983). 

2. Stigmatellins, i.e., chromone derivatives. These 
components also bind to the reduced iron-sulfur pro- 
tein and shift its midpoint potential. In addition, they 
also bind to cytochrome b, inducing a spectral change 
mostly of heine bE (Thierbach et al., 1984; von Jagow 
and Ohnishi, 1985; Ohnishi et al., 1988). 

3. MOA inhibitors. These inhibitors all contain 
the E-fl-methoxyacrylate group, which resembles part 
of the ubiquinone structure. The inhibitors have an 
aromatic side chain attached in the a-position 
(MOA-stilbene, strobilurin, oudemansin) or in the 
fl-position (myxothiazol). They bind to cytochrome 
b, inducing a red shift of the a- and "y-bands of 
heme bE (Becket et  al., 1981; Thierbach and Reich- 
enbach, 1981; von Jagow and Engel, 1981; Brandt 
et al., 1988). CPMB-oxime, an aromatic ketoxime, 
shows similar behavior although it does not contain 
the acrylate function (Brandt and von Jagow, 1991 a). 

4. Zinc ions. Zn 2+ ions bind specifically to the Qp 
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center of bovine cytochrome c reductase (Lorusso 
et al., 1991; Link et al., submitted for publication). 

The two quinone reaction sites function indepen- 
dently, i.e., cytochrome b can be reduced through 
either the Qp site (forward reaction) or through the 
QN site (reverse reaction). Therefore, cytochrome b 
can still be reduced by hydroquinone if either a Qp 
or QN site inhibitor is added although steady-state 
electron transfer through the bcl complex is blocked 
(Fig. 3). Only simultaneous addition of Qp and QN site 
inhibitors leads to an inhibition of b reduction (double 
kill, Fig. 3) (von Jagow and Engel, 1981). The separa- 
tion of the Qp and QN reaction sites is also indicated 
by the fact that the inhibitors have large effects on the 
spectra of the heme which is close to the respective 
binding site and only minor spectral effects on the 
distant heine (Rich et al., 1990). 

Fig. 3. Inhibition of bovine heart bc  1 complex by Qp and QN 
inhibitors. The start of the reaction by addition of substrate is 
indicated by the arrow. Antimycin is a representative of a QN 
inhibitor, myxothiazol a representative of a Qp inhibitor. Addition 
of either a Q~, or a QN inhibitor inhibits catalytic electron transfer 
from ubihydroquinone to cytochrome c monitored at 540-550 nm 
(left row). Reduction of cytochrome b by hydroquinone monitored 
at 575-562 nm (right row) is only inhibited if both inhibitors are 
added simultaneously ("double kill"). 

METHODS FOR STUDYING INHIBITOR 
BINDING 

A preliminary characterization of bcl complex 
inhibitors could be obtained by the determination of 
the apparent /50 values, i.e., the concentration for 
half-inhibition of steady-state electron flow. Two 
methods could be used for this purpose: titration of 
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Fig. 4. Red shift of cytochrome b induced by MOA-stilbene. b c  t 

complex (6#M cytochrome b) was first reduced by dithionite and 
measured against a ferricyanide-oxidized sample (solid line). Then a 
tenfold excess of MOA-stilbene was added to the sample cuvette 
and the spectrum was recorded again (dashed line). The dotted line 
shows the red shift spectrum which is the difference between the 
spectra obtained with and without addition of inhibitor in the pre- 
sence of dithionite. 

the inhibition of mitochondrial cytochrome c reduc- 
tase activity and titration of the inhibition of mito- 
chondrial electron transfer from succinate to 
oxygen (Brandt et al., 1988). The advantage of the 
latter method is the rapid way in which data are 
obtained. 

Single turnover reduction kinetics allow the 
determination of the site of inhibition. Reduction of 
cytochrome ct is only blocked by QP site inhibitors, 
whereas Q~ site inhibitors do not inhibit this reaction. 
The reduction of cytochrome b could only be blocked 
if both type of inhibitors were added together. This 
type of experiment describes the so-called "double 
kill" phenomenon. 

Some of the inhibitors induce a spectral shift of 
the b hemes. The QN inhibitor antimycin A induces a 
stable and symmetrical bathochromic shift of both the 
a- and 7-bands of reduced heme b•. The Qp-site 

inhibitors of the chromone and methoxyacrylate 
type shift mainly the spectrum of reduced heine bL 
(von Jagow and Engel, 1981; Rich et al., 1990). 
These red shifts are proportional to the amount of 
bound inhibitor. The peak-to-peak amplitude of the 
a-shift induced by MOA-stilbene is about 7-8% of 
the magnitude of the absorption signal (Fig. 4). The 
dissociation constants of the inhibitors can be deter- 
mined by titrating the reduced enzyme in a dual-wave- 
length mode. Using a standard binding equation, 
Brandt et al. (1988) calculated the values for bound 
and free inhibitor by means of a computer fit of the 
titration curve. The dissociation constant of the inhi- 
bitors determined by this method reflects the binding 
to the reduced form of the enzyme. 

The fluorescence of several fluorescent inhibitors 
is quenched upon binding to the be 1 complex. Fluor- 
escence quench titration monitors the inhibitor rather 
than the enzyme; therefore, this technique is suited to 
study different redox states of the enzyme, whereas the 
red-shift titration is limited to the reduced enzyme. 
Binding of inhibitors to the oxidized enzyme, ascor- 
bate-reduced enzyme (only the high potential chain, 
i.e., iron-sulfur cluster and heme c 1 reduced), hydro- 
quinone-reduced enzyme (high potential chain and 
heme bH reduced), and dithionite, i.e., fully reduced 
enzyme, can be compared under identical experimen- 
tal conditions (Brandt and von Jagow, 1991a). 

Fluorescent inhibitors of the bCl complex are the 
QN site inhibitors antimycin A and NQNQ (Berden 
and Slater, 1970, 1972; van Ark and Beaden, 1977) 
and the Qp site inhibitor MOA-stilbene (Brandt and 
von Jagow, 199 lb). The Ko for nonfluorescent inhibi- 
tors could be determined indirectly by analyzing their 
competition with fluorescent inhibitors. While the 
red-shift titration requires isolated bcl complex, fluor- 
escence quench titration can also be performed on 
mitochondrial membrane preparations. 

Binding of hydroxyquinones and stigmatellin to 
the bc~ complex can be monitored specifically by 
EPR spectroscopy of the reduced iron-sulfur clus- 
ter. The iron-sulfur cluster with bound stigmatellin 
shows a specific gx signal at g = 1.79 which differs 
from the spectrum without inhibitor or with myxo- 
thiazol bound (yon Jagow et al., 1984; Ohnishi et al., 
1988). 

INHIBITOR-RESISTANT MUTANTS 

Inhibitor-resistant mutants have been character- 
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ized in mouse (Howell, 1990), yeast (Tron et al., 1991; 
Geier et al., 1992) and Rhodobacter capsulatus 
(Robertson et al., 1990). The mutants were selected 
for respiratory (mouse: Howell and Gilbert, 1988); 
yeast: di Rago et al., 1989) or photosynthetic (Rho- 
dobaeter: Daldal et al., 1989) growth in the presence of 
either Qp or QN site inhibitors. The detailed analysis 
of inhibitor binding and enzyme kinetic parameters 
of the mutants carrying single point mutations in 
cytochrome b has provided information about indi- 
vidual amino acid residues involved in the reaction 
pockets. 

BINDING OF INHIBITORS TO DIFFERENT 
PARTS OF THE Qp POCKET: BIOCHEMICAL 
STUDIES 

Hydroxyquinones bind predominantly to the 
iron-sulfur protein while MOA inhibitors bind 
mainly to cytochrome b . Stigmatellin is the only 
inhibitor known so far which affects both proteins 
forming the Qe pocket. Although Qp site inhibitors 
bind to different parts of the pocket, they bind com- 
petitively to each other, i.e., tighter binding inhibitors 
displace weaker binding inhibitors from their binding 
site (yon Jagow et al., 1984; von Jagow and Ohnishi, 
1985; Brandt and yon Jagow, 1991b). 

Upon removal of the iron-sulfur protein from 
the bcl complex, the KD for stigmatellin increases 
from below 1 nM to >10 #M; the residual affinity of 
the iron-sulfur depleted complex for stigmatellin as 
determined through competitive analysis of MOA 
binding is similar to the affinity for the weaker inhi- 
bitor UHNQ (Brandt et al., 1991). It is therefore not 
clear whether this low-affinity binding reflects the 
specific interactions between cytochrome b and 
stigmatellin or UHNQ, two inhibitors binding predo- 
minantly to the iron-sulfur protein, or whether the 
KD indicative of more unspecific competition of the 
two inhibitors for a MOA-stilbene binding site 
(Brandt and yon Jagow, 1991b). 

A red shift of cytochrome b of the iron-sulfur 
depleted complex was observed upon binding of oude- 
mansin A, a MOA type inhibitor, and the KD was 
almost unchanged if the effect of the delipidation 
was accounted for (Brandt et al., 1991). 

Zinc ions bind to be 1 complex depleted of the 
iron-sulfur protein with an affinity which is two- to 
threefold higher than that of complete b q  complex 
(Link et al., submitted for publication). Binding of 

Zn 2+ was not affected by binding of a MOA inhibi- 
tor. Therefore, Zn 2+ ions seem to bind to different 
residues of cytochrome b than the other inhibitors. 

BINDING OF INHIBITORS TO DIFFERENT 
PARTS OF THE Qp POCKET: MUTANT 
STUDIES 

By analyzing the binding of Qp inhibitors to 
mutants selected for inhibitor resistance, ten amino 
acid positions of cytochrome b could be identified 
where mutations changed the binding constants of 
at least one of the inhibitors. These ten positions are 
spread over five topologically different regions of the 
protein at or near the P-side of the membrane (the 
sequence numbering follows the sequence of yeast 
cytochrome b) (Fig.5, Table I): 

--Helix III: Ile-125 (Met in Rhodobacter where 
the mutant was obtained) and Phe-129. 

- -Loop between helix III and surface helix IV: 
Gly-137 and Gly-143 

--Surface helix IV: Ile-147 and Thr-148 
- -Loop between helices VI and VII: Asn-256 and 

Leu-275 
--Helix VII: Val-292 and Met-295 (Leu in mouse 

where the mutant was obtained) 

The residues in helix structures are either adja- 
cent (helix IV) or one turn of the helix apart on the 
same side of the transmembrane helices III (= helix 
C) and VII (= helix F). The fact that in each helix at 
least two positions were identified gives additional 
strength to the view that the quadrants of the helices 
where the respective positions are located are involved 
in the formation of the walls of the Qp pocket. 

For this discussion we have looked at all muta- 
tions available neglecting possible species differences. 
Although the results are generally consistent, some 
differences are found, e.g., between the electron transfer 
capability of the Phe-129 ~ Leu mutation in yeast 
and in Rhodobacter: the yeast mutant has more than 
50% of the wild type activity, while the Rhodobacter 
strain has only about 10% residual activity (Robert- 
son et al., 1990: Tron et al., 1991). Yeast cytochrome b 
has isoleucine in position 125; mutation of methionine 
in the homologous position 144 in Rhodobacter to 
isoleucine confers resistance to myxothiazol and stig- 
matellin. 

The mutations induce a change of the dissocia- 
tion constant KD of the inhibitors. Although the 



226 Link, Haase,  Brandt, and yon Jagow 

ISP 

150 

,4o A T .N' S':, " 
M S H W G(~A ~ F 

2, 

~ 'Y t.c 
!; C 

.T A 

~ : "L ( 

J 

-,- zC S P\ 

Fe /Fe 

moa ~'':~myx ~ ~:s tig 

b-566 

u P E W 
2ss y 

~"~ 290 

T; 
[::.~. F 

A 

2 

III IV VII 

Fig. 5. Structure of the Qp pocket close to heine b z (heme b-566). Helix III, the loop between helices III and IV, helix IV, the loop 
between helices VI and VII, helix VII, and the iron sulfur protein are involved in the formation of the pocket. Residues where 
mutations give rise to functional deficiency have been underlined. Residues where mutations alter inhibitor binding have been 
encircled. The length of the lines pointing from the three inhibitors toward these residues indicate the AAG values observed for 
the respective inhibitors (see Table I). The three inhibitors do not bind simultaneously but displace each other from the binding site. 
The figure shows an exploded view of the pocket which must be thought to be folded into a compact structure in three dimensions. 

energy of binding of the inhibitors cannot be deter- 
mined since the measured values of KD are apparent 
values which include a large contribution from the 
phase distribution of the hydrophobic inhibitors, the 
difference in the energy of binding to the wild type and 
to the mutant complex can be calculated from the 
resistance R = Ke(mutant)/KD(wild type): 

AAGbinding = R '  T. In(R) 

= 5.7- log(R) kJ/mole 

Binding of different classes of inhibitors is 
impaired to a different extent in the mutants studied. 
Unfortunately, a complete picture cannot be obtained 
since the change of the affinity has not been deter- 
mined for all inhibitors in all of the mutants. Never- 
theless, the following can be deduced from mutants 
studied so far (Fig. 5): 

--Binding of myxothiazol is mostly affected by 
mutations in positions 143 (24 kJ/mole) and 
129 (16-17 kJ/mole). 

--Binding of other MOA inhibitors is affected to 
a lesser extent < 10 kJ/mole. 

--Binding of stigmatellin is altered mostly by 
mutations in helices III and IV; the difference 
in binding energy is < 10 kJ/mole. This is con- 
sistent with the observation that stigmatellin 
binds predominantly to the iron-sulfur pro- 
tein, as follows from the large KD shift upon 
removal of the iron-sulfur protein. For the 
hydroxyquinone inhibitor, UHDBT, a loss in 
binding energy of 2-3 kJ/mole is observed in 
those Rhodobaeter mutants where binding of 
stigmatellin is impaired. The notable exception 
is mutant Phe-129--+ Leu (position 144 in 
Rhodobacter) where binding of UHDBT is 
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weakened by 6 k J/mole. This mutant has only 
about 10% residual activity. 

REDOX DEPENDENCE OF INHIBITOR 
BINDING TO THE Qp POCKET 

The binding of hydroxyquinones and stigmatellin 
depends on the redox state of the iron-sulfur cluster. 
Upon its oxidation, binding of the hydroxyquinones 
UHNQ and UHDBT is weakened by 7-10 kJ/mole 
(Matsuura et al., 1983; von Jagow et al., 1984) and 
binding of stigmatellin is weakened by 24 k J/mole 
(yon Jagow and Ohnishi, 1985). Binding of MOA 
inhibitors to cytochrome b is stronger by 2 k J/mole 
if the iron-sulfur cluster is oxidized (Brandt et al., 
1991). The binding of Qp site inhibitors is very little 
affected by the redox state of heine bL (Rich et al., 
1990). After removal of the iron-sulfur protein from 
the bCl complex, MOA-stilbene binds 2 kJ/mole tigh- 
ter to reduce cytochrome b than to the oxidized cyto- 
chrome b while no change was observed in the 
presence of the iron-sulfur protein (Brandt et al., 
1991). The redox-dependent changes of the binding 
affinity of Qp site inhibitors were interpreted in 
terms of a "catalytic switch" occurring during turn- 
over at the Qp site (Brandt and yon Jagow, 1991b). 

BINDING OF QUINONES TO THE Qp POCKET 

Binding of quinones and hydroquinones to the 
reduced iron-sulfur cluster can be monitored 
through specific changes of the gx signal of the cluster 
(Robertson et al., 1990). The iron-sulfur cluster with- 
out quinone has a broad gx signal around g = 1.765; 
when oxidized quinone is bound, the gx signal appears 
at g = 1.78; when reduced hydroquinone is bound, 
the signal becomes sharper at g = 1.80. Ding et al., 
(1992) have reported that two quinone molecules can 
be bound simultaneously in the Qp pocket of the bCl 
complex of Rhodobacter  capsulatus. Binding of either 
stigmatellin or myxothiazol abolished binding of both 
quinone and hydroquinone. Addition of myxothiazol 
to isolated bovine heart bcl complex displaced the 
quinone UHDBT (yon Jagow et al., 1984) and chan- 
ged the gx signal to the form which coincides with 
displacement of ubiquinone (Trumpower, 1981) and 
which is observed in the isolated iron-sulfur protein 
devoid of quinone (Ding et al., 1992). 

On the other hand, hydroquinone behaved non- 

competitively in kinetic assays and was not able to 
displace weakly binding MOA inhibitors from their 
binding site on cytochrome b (Brandt et al., 1988). 
This apparent noncompetitive inhibition was consid- 
ered indicative of conformational changes of the Qp 
site induced by binding of inhibitors. 

There is an apparent contradiction between 
experiments showing that inhibitors displace qui- 
nones but that quinones cannot displace the inhibi- 
tots. One possible explanation that one might 
conceive is that quinones do not bind directly at the 
reaction site but first to primary binding sites at the 
interface between protein and lipid so that the excess 
of quinone molecules does not directly compete with 
molecules in the reaction site. These binding sites 
would not be detected in a kinetic analysis. This idea 
is speculative but could also explain why the isolated 
complex looses its activity completely on delipidation 
although redox centers and binding of MOA inhibi- 
tors seem to be almost unchanged (Sch~igger et al., 
1990). 

The recognition of the quinone headgroup by the 
quinone binding site has been tested by comparing the 
activity of quinone derivatives (Gu et al., 1990). 
Recently, it has been shown that binding of phenolic 
derivatives to the Qp pocket depends on the structure 
and conformation of the alkyl side chain (Saitoh et al., 
1992). The pocket requires a side chain conformation 
perpendicular to the quinone ring plane in contrast to 
the QB site of the photoreaction center. The restriction 
of a bond rotation upon binding adversely affects 
binding by 5-6 kJ/mole (Page and Jencks, 1971); 
therefore binding of derivatives with restricted rota- 
tion is favorable by this extent. 

INTERACTIONS BETWEEN PROTEIN AND 
LIGANDS IN THE Qp POCKET 

The loss of binding energy of the inhibitors 
observed for the mutations obtained so far is in the 
range between 2 and 24 k J/mole. These energy differ- 
ences are low compared to standard interaction ener- 
gies. H bonds have a bond energy of at least 12-21 kJ/ 
mole; the energy contribution of a single van der 
Waals interaction between two hydrogenated carbon 
atoms has been estimated as 0.8 kJ/mole (Schulz and 
Schirmer, 1979). In view of these numbers, most of the 
resistant mutations having a loss of binding energy of 
less than 10 kJ/mole would involve the loss of only a 
few van der Waals interactions. 
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Only a few changes in the Qp pocket have an 
effect on the binding energy of an inhibitor of more 
than 10 kJ/mole: reduction of the iron-sulfur cluster 
on binding of stigmatellin and mutations in positions 
129 and 143 on binding ofmyxothiazol. Reduction of 
the iron-sulfur protein at neutral pH leads to a 
change from partial to full protonation of a residue 
with a redox-dependent pK value (Prince and Dutton, 
1976; Link et al., 1992); this might induce an addi- 
tional H bond between the iron-sulfur protein and 
stigmatellin in addition to electrostatic effects. 

The strongly resistant mutants do not involve 
hydrogen-bonding residues. This indicates that a 
major change of the hydrogen-bonding pattern in 
the Qp pocket will not only prevent inhibitor binding 
but also quinone binding, thus leading to deficient 
rather than resistant mutants. 

The resistant mutation in position 143 involves a 
substitution of the smallest amino acid glycine by 
alanine. Two possible explanations have to be consid- 
ered for the large effect on binding energy: Steric 
interference of the additional methyl group with 
myxothiazol within the pocket or change of the con- 
formation or flexibility of the peptide chain. Glycine 
differs from all other amino acids as it has a larger 
conformational freedom and is found frequently at 
the end of helices where the peptide chain turns. The 
mutation Gly ~ Asp in this position is incompatible 
with electron transfer activity (Robertson et al., 1990). 

In position 129, two distinct mutations were 
found which induce the same decrease of binding 
energy although the amino acid substitutions are 
quite different. The binding of myxothiazol of the 
mutants having serine and leucine in this position is 
identical while the mutants differ in their stigmatellin 
and hydroxyquinone binding. The effect of the muta- 
tion Phe-129 ~ Leu appears to be different in yeast 
and in Rhodobacter since the yeast mutant carrying 
this mutation has almost wild type activity while the 
activity of the Rhodobacter mutant is largely dimin- 
ished. As both phenylalanine and leucine are hydro- 
phobic residues, this indicates either a distortion of 
the structure of cytochrome b or specific aromatic 
interactions between the phenylalanine and the aro- 
matic parts of quinone or inhibitor. The mutations 
have the same effect on myxothiazol binding as has 
the mutation Phe-216 ~ Set in the L-subunit of the 
photoreaction center of Rhodopseudomonas viridis on 
o-phenanthroline binding (Sinning et al., 1989). Resi- 
due 216 of the L-subunit interacts directly with qui- 
none in the QB site. 

INTERACTION BETWEEN PROTEIN DOMAINS 
OF THE Qp POCKET 

The Qp pocket is formed by protein domains of 
both cytochrome b and the iron-sulfur protein. This 
was demonstrated unambiguously by the binding of 
stigmatellin to both proteins. Therefore, the two pro- 
teins must be in close contact near the stigmatellin 
binding site. 

When the be1 complex of an inhibitor-resistant 
yeast mutant carrying the Asn-256 -* Tyr mutation 
was isolated, it was found that the complex lost the 
iron-sulfur protein during the preparation procedure 
(Geier et al., 1992). This was not due to unspecific 
denaturation of cytochrome b as the spectrum of 
cytochrome b was normal and as MOA inhibitors 
still bound to cytochrome b. Therefore, position 256 
seems to be essential for interaction between cyto- 
chrome b and the iron-sulfur protein as well as for 
inhibitor binding. The binding of myxothiazol was 
decreased by at least 20 k J/mole in the isolated com- 
plex with the iron-sulfur protein; this is in contrast to 
observations in the bovine heart enzyme where 
removal of the iron-sulfur protein does not alter the 
binding of MOA inhibitors. In the wild type yeast 
complex, the iron-sulfur protein cannot be removed 
except under partially denaturing conditions. Binding 
of the iron-sulfur protein to the rest of the be 1 com- 
plex seems to occur both through hydrophobic 
domains near the N-terminus of the protein (Gonz/t- 
lez-Halphen et al., 1991) and through contact with the 
protein domain carrying the redox cluster. 

In both positions 137 and 256, inhibitor-resistant 
mutations were found (see above). In addition, some 
mutations in position 137 of cytochrome b induce 
respiratory deficiency. By analysis of revertants of a 
cytochrome b-deficient yeast mutant in position 137 
(Gly ~ Glu), di Rago et al., (1990a,b) identified a 
compensatory mutation in position 256 
(Asn ~ Lys). This establishes a spatial relationship 
between these two residues and the iron-sulfur pro- 
tein. The protein conformation at this site seems to be 
critical for function of the Qp pocket, and mutations 
in positions 137 and 256 will disturb the structure of 
the site. 

THE STRUCTURE OF THE Qp POCKET 

The following structure of cytochrome b and the 
Qp pocket emerges from structure prediction, model 
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Fig. 6. 4-a-Helical bundle of  cytochrome b formed by the helices I, II, III, and V. The P-side of 
the membrane  is on top. The two heme b centers are bound between helices II and V. Helix VII is 
shown next to helix III. Helix IV, the loop between helices VI and VII, and the i ron-sul fur  protein 
are on top of the helical bundle. The asterisks indicate the six residues where mutat ions alter the 
binding of inhibitors which are not  in t ransmembrane helices. 
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Fig. 7. Helical wheel representation of the 4-a-helical bundle of cytochrome b and helix VII. The view 
is from the P-side (top of Fig. 6). The residues in helices III and VII where mutations alter the binding of 
inhibitors are encircled. 

building, and the analysis of the inhibitor data: The 
central core of cytochrome b constitutes an o~-helical 
bundle (Link et al., 1986). This bundle is formed by 
helices I to III and V (= helices A to D) of cyto- 
chrome b (Fig. 6). Helix VII (= helix F) is expected 
to be close to helix III if one assumes that mutations 
conferring resistance to the MOA inhibitors are 
within the same space (Fig. 7). Helix IV, the loop 
between helices VI and VII, and the cluster domain 
of the iron-sulfur protein are on top of the Qp pocket, 
shielding it from the aqueous environment. 

When this structure is compared to the QB site of 
the photoreaction center, the following differences are 
observed: The Qp pocket is formed by domains of two 
protein subunits. The Qp pocket seems to be consid- 
erably larger since it not only binds inhibitors which 
are large in size compared to photosynthetic inhibi- 

tors but may also accommodate two quinone mole- 
cules at a time (Ding et al., 1992). Finally, at the Qp 
site, electrons are transferred to two different electron 
acceptors; it remains to be established whether this 
highly organized reaction involves different protein 
states ("catalytic switch"; Brandt et al., 1991) or 
movement of quinone within the pocket. 
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