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Abstract

The chicken mitochondrial ubiquinol cytochrome c oxidoreductase (bc1 complex) is inhibited by Zn2� ions, but with
higher Ki (V3 WM) than the corresponding bovine enzyme. When equilibrated with mother liquor containing 200 WM ZnCl2
for 7 days, the crystalline chicken bc1 complex specifically binds Zn2� at 4 sites representing two sites on each monomer in the
dimer. These two sites are close to the stigmatellin-binding site, taken to be center Qo of the Q-cycle mechanism, and are
candidates for the inhibitory site. One binding site is actually in the hydrophobic channel between the Qo site and the bulk
lipid phase, and may interfere with quinone binding. The other is in a hydrophilic area between cytochromes b and c1, and
might interfere with the egress of protons from the Qo site to the intermembrane aqueous medium. No zinc was bound near
the putative proteolytic active site of subunits 1 and 2 (homologous to mitochondrial processing peptidase) under these
conditions. ß 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Speci¢c, high-a¤nity organic inhibitors have
played a major role in de¢ning the pathways of elec-
trons through the mitochondrial cytochrome bc1

complex [1]. Inhibition of respiration by a number
of heavy metals, including Zn2�, has been studied by
Skulachev and coworkers [2]. Papa and co-workers
further investigated binding and inhibition by zinc
[3], and showed that zinc was bound to the Rieske
iron-sulfur protein (ISP) after isolating the individual
subunits by SDS^PAGE.

Link and von Jagow [4] showed that the high-af-
¢nity binding site was still present after removal of
the ISP subunit. They showed that inhibition by zinc

was noncompetitive with respect to quinol and cyto-
chrome c but was pH dependent; i.e., competitive
with H� ion, a substrate and product of this pro-
ton-translocating electron transfer enzyme. They pro-
posed that zinc inhibits by interfering with a proton
pathway linking the quinol oxidizing (Qp or Qo) site
to the intermembrane space where protons are de-
posited by turnover of the enzyme.

Rao et al. [5] studied inhibition of the chloroplast
cytochrome b6f complex by Cu2� ions. The charac-
teristics were somewhat di¡erent, with inhibition
being competitive with respect to plastoquinol and
with a di¡erent pH dependence. They concluded
that the inhibitory Cu2�-binding site was some dis-
tance from the Qo site, and proposed a histidine res-
idue in cytochrome f as a likely ligand.

The two largest subunits of the mitochondrial bc1

complex, chains A and B, are homologous to the L
and K subunits of the matrix processing protease
(MPP) [6,7] involved in cleavage of the signal se-
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quence after import of cytoplasmically transcribed
proteins into the mitochondrion. In yeast and mam-
malian mitochondria MPP is a soluble matrix pro-
tein, a Zn protease of the insulinase family with a
conserved Zn-binding site in the L-subunits [8,9]. In
plants this Zn-binding site is conserved in the bc1

complex subunit 1, and the isolated bc1 complex
has processing protease activity that is inhibited by
chelating agents [10]. In the vertebrate bc1 complex
the Zn-binding site can be identi¢ed by alignment;
however, it has been altered by mutation of one his-
tidine to tyrosine, and it is not clear whether it would
bind zinc tightly. Nevertheless some metal-ion-de-
pendent protease activity has been demonstrated
after partial denaturation of the bovine bc1 complex
by detergent [11].

Recently several groups have determined the struc-
ture of the vertebrate bc1 complex by crystallization
and X-ray di¡raction [12^14]. In this work we report
that the chicken bc1 complex is also inhibited by
Zn2� but with a lower a¤nity than the bovine en-
zyme. We de¢ne zinc-binding sites in the crystalline
chicken bc1 complex by analysis of X-ray data from
crystals treated with Zn2� at sub-millimolar concen-
tration for 1 week. The data were collected at an X-
ray wavelength which maximized the anomalous sig-
nal from zinc.

2. Materials and methods

The decyl analog of ubiquinone (2,3 dimethoxy-6-
decyl-1,4-benzoquinone) was purchased from Sigma
Chemical Co. and reduced to the quinol (DBH) as
described in [15]. Quinol:cytochrome c oxidoreduc-
tase was measured as in [15] except that KCN and
EDTA were omitted from the reaction mixture,
which contained 40 mM KPi (pH 7.5), 40 WM horse
heart cytochrome c, and 0.05 g/l dodecyl maltoside.
Up to 10 Wl ZnCl2 was added to 1 ml reaction mix,
from a stock solution of 0.1, 1, 10, or 100 mM, to
give the desired concentration. About 10 pmol of bc1

complex was then added and incubated for 1 min
before starting the reaction by addition of 2 Wl of
25 mM ethanolic DBH. Absorbance change at 550^
535 nm (vvOmM = 25) was followed for 15 s and ac-
tivity was calculated from the average slope from 1 s
to 15 s or wherever the trace went o¡scale. Rates

from the tangent at 1 s were higher but less reprodu-
cible.

Crystals were grown and cryoprotected as de-
scribed [13]. Two months after setting up the crystal-
lization tray, a few crystals were transferred to a
droplet containing 25 Wl of the mother liquor supple-
mented with glycerol and 1 Wl of 5 mM ZnCl2, for a
total Zn2� concentration just under 200 WM. As
some of this was bound by the protein, the actual
free concentration was lower, probably between 100
and 200 WM. After equilibration for 7 days a crystal
was removed from the soaking solution and frozen in
liquid nitrogen. Data were collected at SSRL's beam-
line 1^5, using a Quantum4 CCD detector at a dis-
tance of 200 mm from the crystal. The X-ray energy
was tuned to the Zn K absorption edge at 9660 eV
(1.283 Aî ) to maximize the Bijvoet di¡erences. Com-
pleteness and Rsym statistics for the data are given in
Table 1. Initial model re¢nement (rigid-body, Powell
minimization, and individual atomic B-factor) in
CNS was carried out using all re£ections in the range
25^3.7 Aî , with no sigma cuto¡. This gave a total of
72139 re£ections, corresponding to 89.5% complete-
ness over that range and giving an e¡ective resolu-
tion of 3.85 Aî . Of these 72 139 re£ections 5%, or
4.5% of a complete 3.7 Aî set, were reserved for the
test set to calculate the Rfree value. All model re¢ne-
ment was done using the CNS program [16], version
0.1.

Table 1
Di¡raction data statistics

Space group P212121

Cell dimensions 171.4 181.2 241.1
Resolution 3.48
E¡ective resol. 3.65
Observations 344595
Unique re£. 84122
Completeness 86% (44%a)
I/cI 19.1 (1.3)
Rsym 0.179 (0.99)

Values in parentheses refer to the highest resolution shell, 3.48^
3.54 Aî .
aLow completeness in last shell is due to overlap, not to re-
jected weak re£ections. No c cuto¡ was used.
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3. Results and discussion

3.1. Inhibition of quinol:cytochrome c oxidoreductase
activity by Zn2+

The pattern of inhibition of chicken bc1 complex
by ZnCl2 is somewhat di¡erent than that of the bo-
vine enzyme. (Fig. 1). The activity is reduced to
about 30 s31 with a Ki around 3 WM, but that resid-
ual activity (about 20%) is not further reduced even
at 200 WM. This residual activity is inhibited by myx-
othiazole (Solid square in Fig. 1). Experiments under
similar conditions with the bovine bc1 complex con-
¢rmed the higher-a¤nity inhibition of this enzyme
(KiV0.1 WM) reported by Link et al. [4]. The pH
dependence was not investigated. Zn inhibition of
the chicken enzyme was similar when the quinol con-
centration was reduced 10-fold, suggesting the inhi-
bition is not signi¢cantly competitive with the quinol
substrate.

3.2. Structure factor phase determination

As described in Section 2, a di¡raction dataset was
collected near the Zn absorption edge for a crystal of

avian bc1 complex soaked with 0.2 mM ZnCl2 for 7
days. The dataset was phased using a model of the
native bc1 structure, based on the PDB model 1BCC
but further re¢ned against a dataset obtained by
merging our seven best datasets from this crystal
form. This structure was located in the Zn-contain-
ing crystal by rigid body rotation using the program
CNS. First the entire dimer was treated as one rigid
body, then the individual subunits and hetero groups
were each treated as rigid bodies. The transmem-
brane and extrinsic domains of the Rieske iron^sul-
fur protein were treated as two separate rigid bodies.

The resulting structure, with anisotropic B-factor
scaling and bulk solvent correction, had an R value
of 0.315 and Rfree of 0.322 over the resolution range
25^3.7 Aî . The model, still without any Zn ions, was
then subjected to 60 steps of atomic positional re¢ne-
ment and 30 steps of atomic B-factor re¢nement,
minimizing a maximum-likelihood target on ampli-
tudes (mlf). This improved R and Rfree slightly, to
0.289 and 0.317. The structure is similar to the native
structure (PDB entry 1BCC), with the extrinsic do-
main of the Rieske ISP and the side chain of Glu272
(cytochrome b) in the same position as in that struc-
ture with empty Qo site, and not in the positions

Fig. 1. Inhibition of the ubiquinol :cytochrome c reductase activity of puri¢ed chicken bc1 complex by ZnCl2. Electron transfer from
the decyl analog of ubiquinone to horse heart cytochrome c was assayed as described in materials and methods. Open triangles, inhi-
bition by ZnCl2 alone. Solid square, inhibition by 2 WM myxothiazole as well as 200 WM ZnCl2.
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induced by binding stigmatellin (3BCC) or (presum-
ably) ubiquinol. The ordering of the ISP extrinsic
domain was unusually poor, however, and it is im-
possible to say if there were changes there.

3.3. Location of bound Zn ions in the crystal

Structure factors were calculated for the re¢ned
Zn-free model and the observed amplitudes were
scaled against the calculated ones to approximate
an absolute scale, using the CCP4 programs SFALL
and RSTATS. A Bijvoet di¡erence Fourier map was
calculated with coe¤cients of F�^F3 and phases xc

retarded by 90³. The resulting map ranged in density
from 30.141 to 0.180 with RMS deviation from
mean (c) of 0.0255. An omit map (with coe¤cients
of Fo^Fc) was also calculated. Its density ranged
from 30.520 to 0.892, with c 0.0853.

Density peaks within one asymmetric unit were
picked from both maps. The anomalous (Bijvoet dif-
ference) map yielded 19 peaks with amplitude greater
than 4.5c which were further analyzed as potential
bound Zn sites. A cuto¡ of 4.0 s was used for the
omit map, yielding 134 peaks. Properties of the peaks
that were further analyzed are listed in Table 2.

Three of the anomalous peaks were in the vicinity

of heme Fe atoms and were attributed to anomalous
scattering of the iron, which has an FQ value of 2.37
e3 at this wavelength, compared with approximately
3.9 e3 for Zn. If the threshold was lowered then
anomalous peaks for all six heme irons were ob-
served at 3.8^6.0c. Surprisingly, these iron peak po-
sitions were as much as 1.5 Aî from the re¢ned posi-
tions of the irons, suggesting a possible need for
improvement in the heme parameter ¢les used in
re¢nement. No anomalous signal from the Rieske
Fe2S2 cluster was observed using a 3.5 s cuto¡, and
in fact an omit map for the Rieske protein showed
no strong peak where the iron was expected, suggest-
ing the cluster is lost or the protein is deranged in
some way after a week's exposure to ZnCl2.

Of the 19 peaks greater than 4.5c in the anoma-
lous map, ¢ve were within 1 Aî of a peak above 4c in
the omit map and thus were candidates for a bound
Zn position. As can be seen in Table 2, one of these
could be attributed to the heme iron of cytochrome
c1, and was not considered further. The other four,
including the three strongest and the seventh stron-
gest anomalous peaks, did not correspond to any Fe
position and were related by NCS symmetry. After
examination of the binding regions (described below)
these were assigned to two Zn ions in each monomer.

Table 2
Peak heights and spatial separation of peaks in the anomalous and omit (Fo^Fc) maps

Assignmenta Peak height: c (rank) Peak discrepancy (Aî )b Atomic Bc

ano omit ano^omit ano^Mc

Zn01A 7.17 (1) 4.87 (27) 0.4 0.7 111.0
Zn01B 5.20 (7) 4.61 (48) 0.8 1.1 112.0
Zn02A 6.54 (3) 10.75 (1) 0.5 0.6 25.0
Zn02B 6.58 (2) 10.07 (2) 0.5 0.9 53.0
Fe1A 4.46 (28) 0.4 42.5
Fe2A 6.03 (4) 0.8 37.3
Fe3A 4.57 (20) 5.03 (19) 0.6 1.5 55.7
Fe1B 5.55 (5) 0.7 48.1
Fe2B 4.21 (72) 1.2 45.6
Fe3B 3.80 (282) 0.8 57.4
aFe1, 2, and 3 are the Fe atoms of heme bL, heme bH, and cytochrome c1. Zn01 and Zn02 are the two zinc ions located in this study.
A and B refer to the two monomers in the asymmetric unit.
bFor each site, the discrepancy (distance) between the peak in the anomalous map and either the peak in the omit map (column 4) or
the re¢ned position of the metal ion (column 5).
cFor iron atoms the values (atomic position or B-factor) were taken from the re¢ned model without zinc that was used to phase the
anomalous and Fo^Fc maps. For the Zn ions, the values were taken after further positional and atomic B-factor re¢nement with the
four Zn ions added to the model at the positions of the anomalous peaks (i.e., this information was not used in positioning the zincs,
but in evaluating the ¢nal model).
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The zinc ions (Zn01 and Zn02) were added to the
model and re¢nement continued. No signi¢cant de-
crease in the R-factor was observed, as might be ex-
pected considering that the Zn ions constitute only
130 Da out of 240 kDa for the protein and that
several phospholipid molecules have not yet been
modeled. At this point the resolution was extended
to 3.5 Aî . The re¢ned positions were used to identify
likely ligands (next section), and `patches' represent-
ing bonds (between Zn01 and side chains of D253,
E255, H268 in cytochrome b and H121 in cyto-
chrome c1 ; and between Zn02 and M125) were
used for further re¢nement. The resulting structure
was used to make the diagrams of the binding sites
shown in Figs. 2 and 3. The ¢nal re¢ned model had
R-factor and Rfree of 0.290 and 0.319 to 3.5 Aî .

3.4. Description of the Zn-binding sites

To look at potential ligands and van der Waals
contacts of zinc in the sites identi¢ed, we made a
list (Table 3) of all protein atoms within 3.8 Aî of
the Zn ions after preliminary positional re¢nement
(with the Zn ions in the model, but without de¢ning
bonded interactions). Zn01 is in a hydrophilic area

between cytochromes b and c1, with potential ligands
from both proteins. These include His121 in cyto-
chrome c1 and Asp253 in the de linker loop of cyto-
chrome b. Glu255 (cytochrome b) is another possible
ligand. H268 of cytochrome b is also in the vicinity
but did not re¢ne into a coordinating position. Elec-
tron density for the side chain of this residue was
poor, and the re¢ned B-factors were high (V100).
When the Zn ions were added and re¢nement con-
tinued assuming ligation to all four of these residues
(`patches' were used in CNS), a reasonable coordina-
tion geometry was obtained (Fig. 2); however, from
the present data we cannot con¢rm involvement of
H268 or E255 in coordination of Zn01.

Zn02 is in a hydrophobic area in the channel be-
tween the Qo quinol-binding site in cytochrome b
and the bulk lipid phase. If the Zn-crystal structure
is superimposed on the structure with stigmatellin
bound (Figs. 2 and 3), Zn02 is overlapping the hy-
drophobic `tail' of stigmatellin about four carbons
from the ring, at the level of the ¢rst side chain
methoxy group. The only electronegative protein
atom in the vicinity of Zn02 is SN of Met125 of
cytochrome b. We have been unable to ¢nd any ex-
amples of Zn bound to a methionine S atom in the

Fig. 2. Stereo view of Zn01 in its binding site. The site of Zn01 (cyan sphere near center) is in the interface between cytochrome b
(salmon), cytochrome c1 (blue), and the ISP (green) The ef linker of cytochrome b, which provides three of the four potential ligands
for Zn01, is highlighted with a darker shade. The yellow and red ball-and-stick model to the right and below Zn01 is stigmatellin
from the superimposed 3BCC structure (see legend to Fig. 3). Glu272 is visible between stigmatellin and the low potential heme of cy-
tochrome b. The green sphere to the left and behind Zn01, shown bonded to R81 of cytochrome b, is the density mentioned in the
text that is present in all crystals, independent of ZnCl2 treatment, and is modeled as a Cl3 ion. Zn02 is also visible, partially ob-
scured by the horizontal ef helix. M125 is shown as a ball-and-stick model below and to the left of Zn02. The ¢gure was made with
Molscript [21] and Raster3D [22].
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protein database, and the distance is approximately
3.5 Aî instead of 2.2^2.35 which is typical for Zn^S
bonds in zinc ligated by cysteine [17]. Nonetheless,
the electron density of Zn and the side chain are very
strongly connected, being continuous when con-
toured at up to 4.5 sigma in a 2Fo^Fc map calculated
from phases from the model containing Zn.

3.5. A new heavy atom site in the native bc1 complex

Electron density maps for all of our chicken bc1

crystals show strong density apparently attached to
the guanidino group of R81 in cytochrome b. If we
modeled it with a water molecule at full occupancy,
the B-factor re¢ned to a value much lower than the

Fig. 3. View of Zn02 binding in the hydrophobic channel between the Qo site and the bulk lipid phase. Stereo view of the cytochrome
b backbone (red Ca trace) with the residues around the channel portrayed as wireframe (above) and space-¢lling (below) models,
viewed from the position of the second cytochrome b monomer. Stigmatellin is the thick yellow and red stick model, with the hydro-
phobic tail pointed toward the viewer. (The orientation is related to that of Fig. 2 by approximately 180³ rotation about the vertical
axis.) When viewed in stereo the residues depicted are seen to form a channel around the hydrophobic tail of stigmatellin. The cyan
sphere in the middle of the channel, through which the stigmatellin passes, represents the position of Zn02. The green sphere in the
wall of the channel in the space-¢lling model is Sd of MET125, the protein atom most closely associated with the zinc. The stigmatel-
lin coordinates are from an updated version of the coordinates deposited as 3BCC. The zinc is from the current structure. Both coor-
dinate sets were transformed to a standard reference cell in order to superimpose structures from slightly di¡erent cells. The ¢gure
was made using the graphics program O [23].
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surrounding atoms. This suggests the scattering
power is much greater than that of a water molecule.
Replacing it with a Cl3 still gave quite low B-factors
(14 and 33). Positional re¢nement of the Cl without
patch parameters gave N^Cl distances of 3.5 and 4.0
in the two monomers. Another possible interpreta-
tion of this density is the phosphate head group of a
phospholipid whose side chains are too disordered to
visualize.

This density was modeled as Cl3 in the updated
1BCC coordinates used to phase the Zn crystal data-
set. At the time the patches for Zn atoms were in-
corporated a patch for the Cl atom was also incor-

porated, specifying a bond of 3 Aî . In the ¢nal re¢ned
model the B-factors were 24 and 45, lower than the
main-chain atoms of R81. The positions of this atom
and R81 are shown in Fig. 2.

3.6. No Zn2+ binding at the modi¢ed inverse
zinc-binding motif of subunit 1

Fig. 4 shows an alignment of mammalian bc1
complex subunit 1 (core I) with various eukary-
otic MPP L subunits in the region of the `invert-
ed zinc-binding motif' [8], corresponding to
101:HXXEHX68E in the rat liver L-MPP. Note

Fig. 4. Alignment of vertebrate bc1 complex subunit one with the inverse zinc-binding motif of L-MPP. Residues making up the motif,
(HXXEH-Xn-E), are boxed. The histidine which is mutated to Y in core 1 protein is indicated by a vertical mark above the ¢rst row.
In some cases, notably Neurospora and potato, L-MPP is subunit 1 of the bc1 complex.

Table 3
Potential ligands for the Zn ions

Metal ion Ligand/contact Distance (Aî ) Ligand/contact Distance (Aî )

Residue Type Atom Residue Type Atom

Zn01 C253 Asp CQ 3.5 P253 Asp CQ 3.9
C253 Asp ON1 3.6 P253 Asp ON1 3.9
C253 Asp ON2 2.7 P253 Asp ON2 3
C255 Glu OO1 3.7 P255 Glu OO1 3.5
C268 His CL 3.9 P268 His CL 3.6

P268 His NN1 3.9
P268 His O 3.8

D121 His CN2 3.9
D121 His CO1 3.6 Q121 His CO1 3.3
D121 His NO2 2.9 Q121 His NO2 3

Zn02 C125 Met SN 3.3 P125 Met SN 3.6
C275 Phe CN1 3.8 P275 Phe CN1 3.9
C275 Phe CO1 3.3 P275 Phe CO1 3.4

Distances from the re¢ned Zn positions to the nearest neighboring atoms after re¢nement with the Zn ions but without patches de¢n-
ing the ligands.
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that the L-MPP subunit is in fact subunit 1 of the bc1

complex in the potato and Neurospora enzymes. We
do not have the sequence of the chicken core 1 pro-
tein, but assume it is similar to the bovine protein. In
the mammalian core I protein the ¢rst histidine in
the motif has been replaced by tyrosine (Y101), mak-
ing it uncertain whether the site binds Zn2� with high
a¤nity. As mentioned before, the only strong peaks
coinciding in both maps belong to the two Zn sites
identi¢ed above and one heme iron. We looked for
anomalous or di¡erence map peaks in subunit 1 in
the zinc-soaked crystal. No anomalous or omit peak
above 3.5c was within 5 Aî of the residues E60 or
H61, suggesting they do not form a high-a¤nity
zinc-binding site in the chicken bc1 complex.

4. Conclusions

Like the bovine cytochrome bc1 complex, the avi-
an complex is inhibited by Zn2� ions. Inhibition ap-
pears to be noncompetitive with respect to the quinol
substrate, as with the bovine complex. However, in-
hibition is incomplete in the case of chicken complex,
with a residual turnover around 30 s31 in the pres-
ence of saturating Zn2� concentration. Also this in-
complete inhibition titrates with a higher Ki.

It is tempting to speculate that the Zn01 site be-
tween cytochrome b and cytochrome c1 is the site
characterized by Link and von Jagow [4] as the in-
hibitory site which inhibits by blocking a proton
channel. The zinc is 10 Aî from both the binding
site of stigmatellin and the carboxylate of E272,
and may involve residues which could contribute to
a H-bonded path from the Qo site to the aqueous
phase. The existence of such an H-bonded network
leading from the area of E272 and the heme propi-
onates has been proposed based on low resolution
structures [18,19], and has been visualized crystallo-
graphically [20]. In the latter case the network in-
volves residues corresponding to R81 and N256, in
the vicinity of the Zn01-binding site. It is possible
that the Zinc reduces the rate of proton transfer to
the bulk phase, thus inhibiting but not completely
blocking turnover.

As shown in Fig. 1, the inhibitory site of the chick-
en enzyme has a lower a¤nity for Zn than that of the
beef enzyme. This could be because the same site has

lower a¤nity in the chicken enzyme, or because the
beef inhibitory site is absent in chicken and inhibi-
tion is by a di¡erent site with lower a¤nity. Of the
four likely ligands for Zn01, only residue E255 is
di¡erent in the beef sequence. It is replaced by as-
partate which because of its shorter side chain would
probably not be able to ligate Zn01, and thus there is
no reason to expect this site to have a higher a¤nity
in the beef enzyme.

When re¢ned assuming full occupancy, Zn01 and
its potential ligands have B-factors around 112, in-
dicating a high degree of disorder (This B-factor cor-
responds to a RMS displacement of the atoms of 1.2
Aî ). Due to close correlation of B-factor and occu-
pancy when re¢ned against low resolution data, we
cannot say whether part of this is due to incomplete
occupancy rather than disorder. However if this is
the site with a binding constant around 3 WM, it
should be nearly fully occupied at the concentration
in the crystal (100^200 WM Zn). The B-factors for the
side chains of D253, E255 and H121 are around 90,
while H268 is also around 110.

Zn02 is another potential inhibitory site, as it
binds in a channel where the tail of ubiquinol is
presumed to bind, and through which the head of
the quinone must pass to enter the site from the lipid
phase of the membrane. The two residues in the vi-
cinity of Zn01, M125 and F275 of cytochrome b, are
the same in the beef enzyme. Mutually exclusive re-
versible binding of Zn and hydroquinone would be
expected to lead to a competitive pattern of inhibi-
tion, which was not observed in the bovine complex,
although competitive inhibition by Cu2� was ob-
served in the cytochrome b6f complex [5]. Prelimi-
nary experiments with the chicken enzyme suggest
non-competitive inhibition. The B-factors for Zn02
in the two monomers are similar to those of main-
chain atoms in the transmembrane helices, so it is
likely that these sites are fully occupied. However,
a signi¢cant rate of turnover was observed with the
chicken enzyme at similar concentrations. While
there seems to be no room in the channel for quinol
to enter and quinone to leave while Zn02 is present,
we cannot rule out £exibility of the protein allowing
some access. Another explanation could be that
binding at this hydrophobic site in the membrane is
very slow, and the site is not signi¢cantly occupied
on the time scale of the inhibition assays.
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Future work will include crystallographic studies
of Zn binding in the beef P6522 crystals, and pH
and time dependence of inhibition and binding-site
occupancy in the chicken enzyme. If it can be shown
that inhibition is due to binding of Zn01, this will
support a role for these residues in proton conduc-
tion. Absence of a Zn-binding site in subunit 2
makes it unlikely that the core proteins have a pro-
cessing peptidase role, even for a single turnover to
process the Rieske protein in the same complex.
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