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Bifurcated electron transfer during ubiquinol oxida-
tion is the key reaction of cytochrome bc, complex ca-
talysis. Binding of the competitive inhibitor 5-rn-heptyl-
6-hydroxy-4,7-dioxobenzothiazole to the Q, site of the
cytochrome bc, complex from Saccharomyces cerevisiae
was analyzed by x-ray crystallography. This alkyl-
hydroxydioxobenzothiazole is bound in its ionized form
as evident from the crystal structure and confirmed
by spectroscopic analysis, consistent with a measured
pPK, = 6.1 of the hydroxy group in detergent micelles.
Stabilizing forces for the hydroxyquinone anion inhibi-
tor include a polarized hydrogen bond to the iron-sulfur
cluster ligand His'®! and on-edge interactions via weak
hydrogen bonds with cytochrome b residue Tyr???. The
hydroxy group of the latter contributes to stabilization
of the Rieske protein in the b-position by donating a
hydrogen bond. The reported pH dependence of inhibi-
tion with lower efficacy at alkaline pH is attributed to
the protonation state of His'®! with a pK, of 7.5. Glu®>"%, a
proposed primary ligand and proton acceptor of ubiqui-
nol, is not bound to the carbonyl group of the hydroxy-
dioxobenzothiazole ring but is rotated out of the binding
pocket toward the heme b, propionate A, to which it is
hydrogen-bonded via a single water molecule. The ob-
served hydrogen bonding pattern provides experimen-
tal evidence for the previously proposed proton exit
pathway involving the heme propionate and a chain of
water molecules. Binding of the alkyl-6-hydroxy-4,7-di-
oxobenzothiazole is discussed as resembling an interme-
diate step of ubiquinol oxidation, supporting a single
occupancy model at the Q, site.

Ubiquinol:cytochrome c oxidoreductase (cytochrome bc; com-
plex, EC 1.10.2.2 (bc; complex)) is a multisubunit membrane
protein complex, which is one of the fundamental components
of respiratory and photosynthetic electron transfer chains. The
enzyme catalyzes electron transfer from ubiquinol to cyto-
chrome ¢ and couples this process to electrogenic translocation
of protons across the membrane (1, 2). Each functional unit of
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the homodimeric complex consists of three catalytic subunits:
cytochrome b with two b type hemes, cytochrome ¢; with one ¢
type heme, and the Rieske protein containing a [2Fe-2S] clus-
ter. Mitochondrial b¢, complexes contain up to eight additional
subunits. Structures of vertebrate and yeast bc; complexes
were determined, providing a breakthrough in understanding
the enzyme mechanism and structure-function relationships
within the enzyme (3-7). The 2.3-A resolution structure from
the yeast Saccharomyces cerevisiae has the highest resolution
available so far. It allowed a detailed description of substrate
and inhibitor binding sites, elucidating parts of the enzyme
mechanism and suggesting pathways for proton transfer.

The mechanism of the enzyme known as the protonmotive Q
cycle (8) involves separate catalytic sites for ubiquinol oxida-
tion (Q, site) and ubiquinone reduction (Q; site). Protons are
taken up from the matrix side when ubiquinone is reduced and
released to the intermembrane side when ubiquinol is oxidized.
The key reaction, ubiquinol oxidation, involves a bifurcated
electron transfer. One electron is passed via the [2Fe-2S] clus-
ter to heme ¢,, subsequently reducing the substrate cytochrome
c. The electron transfer to cytochrome ¢, involves a large scale
domain movement of the extrinsic part of the Rieske protein
(4). The second electron from ubiquinol is transferred via the
low and the high potential & type hemes to ubiquinone. The
resulting stable semiquinone is fully reduced after a second
ubiquinol molecule is oxidized at the Q, site.

Whereas the main features of catalysis are understood, the
molecular mechanism of ubiquinol oxidation is not clear. Also,
pathways for proton uptake and release are hypothetical (7, 9,
10). Several hypotheses have been proposed to explain the
divergent transfer of electrons into thermodynamically differ-
ent pathways (see Ref. 2). The double occupancy model sug-
gests synergistic interaction between two quinone molecules
that occupy the Q, site simultaneously (11-13). The proton-
gated charge transfer mechanism proposes that the activation
barrier is a function of the deprotonation of ubiquinol (14), but
this mechanism is not supported by other kinetic studies (15).
Single occupancy models include simultaneous as well as se-
quential electron transfer to the acceptors. For the latter, a
proton-gated affinity change mechanism claims the presence of
a relatively stable intermediate in the transition state with the
rate-limiting step at the second electron transfer (16). Since a
semiquinone radical has not been detected at the Q, site, this
has been explained by an EPR silent anti-ferromagnetically
coupled semiquinone-[ZFe-2S]reduced pair (16, 17). Another ex-
planation for the undetectable semiquinone is provided by
Crofts et al. (10, 18), who suggest rapid dissociation of the
product after the first electron transfer and movement of the
semiquinone within the bilobal Q, binding pocket to allow
rapid reduction of heme b;. Recent kinetic data show that the
midpoint potentials of & type hemes control the rate of cyto-

31303



31304

chrome c¢; reduction. This is consistent with the view that
ubiquinol oxidation is a concerted reaction (19).

Inhibitors are important tools to analyze the molecular
mechanism of Q, site catalysis. Three types of inhibitors can be
distinguished: ligands binding at the proximal domain and
therefore perturbing the spectroscopic properties of heme by,
(Q,-I; e.g. myxothiazol and MOA-stilbene), those binding to the
distal domain and affecting the Rieske [2Fe-2S] EPR line shape
(Q,-II; e.g. UHDBT),! or compounds exhibiting both effects
(Q,-I1T; e.g. stigmatellin) (20). Kinetic data indicate that occu-
pation of these inhibitors at the Q, site is mutually exclusive,
suggesting overlapping binding sites. This was observed in
crystal structures where these inhibitors are found to bind in
different but overlapping domains of the bilobal Q, site, termed
distal and proximal to heme b, (20).

Analysis of anomalous scattering data indicated a high oc-
cupancy of the catalytic Rieske domain in the b-position in the
presence of inhibitors that bind to the distal domain, such as
stigmatellin and UHDBT (20). However, in previous crystallo-
graphic studies on UHDBT binding (18, 20), the inhibitor could
not be refined, and high resolution structural information
about UHDBT binding at the active site has not been available
up to now. The substrate ubiquinol has not been detected in the
Q, site by x-ray structural analysis. Therefore, the analysis of
structural analogs of the substrate that function as competitive
inhibitors is important.

Here, we present the three-dimensional structure of a UH-
DBT analog, HHDBT-inhibited bc,; complex from the yeast
S. cerevisiae at 2.5-A resolution. This hydroxyquinone binds in
its ionized form, and its binding is discussed as resembling an
intermediate step of ubiquinol oxidation. Conformational
changes at the binding site confirm the previously postulated
proton transfer pathway and reveal plasticity at the active site.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization—The bc, complex from the
yeast S. cerevisiae was purified, and a co-complex with the antibody
fragment Fv,g,, was formed and crystallized as previously described
with the following minor modifications (6, 21). The buffer volume for
detergent exchange in the second DEAE anion exchange chromato-
graphic step was reduced by 5-fold. HHDBT was added at a final
concentration of 100 uM to the purified bc, complex-Fv co-complex after
size exclusion chromatography (T'SK4000; TosoHaas) prior to crystalli-
zation. The final purification step was performed at pH 7.5. The crystals
were obtained using a microseeding and vapor diffusion technique
against polyethylene glycol 4000 at 4 °C. The protein solution (50 mg/
ml) was mixed with precipitation agent (5% polyethylene glycol 4000,
Tris-HCI pH 7.5 (adjusted at room temperature), 0.05% n-undecyl-3-D-
maltopyranoside, 10 um HHDBT), resulting in a pH of 8.0 at 4 °C; i.e.
0.5 pH unit lower than the structure of the stigmatellin-inhibited en-
zyme (6). Crystals grew within a few days to a size suitable for x-ray
analysis (~0.5 X 0.5 X 1.0 mm).

Total protein determination was performed with a modified Lowry
procedure, using the BC Assay protein quantitation kit (Uptima) (22).
The bc, complex content was estimated as half the amount from spec-
troscopic quantification of the two b-type hemes using an extinction
coefficient of 28.5 mm ™! cm ™! for the dithionite-reduced minus ferricya-
nide-oxidized difference spectra (262-275 nm). Enzyme activity was
determined by monitoring cytochrome ¢ reduction in a spectrophoto-
metric assay at 550 nm using an extinction coefficient of 18.5 mm ! cm !
for cytochrome c. Turnover numbers refer to mol of cytochrome ¢ reduced
mol ' of be, complex s~ ! under conditions of continuous turnover, where
the catalytic reaction is zero order with respect to decyl ubiquinol and
cytochrome c. A detailed description is reported elsewhere (21).

! The abbreviations used are: UHDBT, 5-n-undecyl-6-hydroxy-4,7-
dioxobenzothiazole; HHDBT, 5-n-heptyl-6-hydroxy-4,7-dioxobenzothia-
zole; THDBT, 5-n-tridecyl-6-hydroxy-4,7-dioxobenzothiazole; UM,
n-undecyl-B-D-maltopyranoside; UQ6, coenzyme Qg MES, 4-morpho-
lineethanesulfonic acid; MOPS, 4-morpholinepropanesulfonic acid;
TAPS, 3-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino}-1-propane-
sulfonic acid.
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pK, Determination of Hydroxydioxobenzothiazoles—For determina-
tion of the pK, in detergent micelles, the longer tridecyl side chain
analog was used to retain partitioning of the inhibitor into the micelle.
THDBT was dissolved at 5 uM in a buffered mixture containing 20 mm
MES, 20 mm MOPS, 20 mm TAPS, 100 mMm NaCl, and 400 uMm n-dodecyl-
B-D-maltopyranoside, pH 3.5. The pH was adjusted by increments of
0.2—0.5 pH units from pH 3.5 to 8.5 by adding 5 M KOH. Optical spectra
were recorded from 250-350 nm with a slit width of 1.5 nm on a
computerized DW2a dual wavelength spectrophotometer controlled by
OLIS software (On-Line Instruments Systems, Bogart, GA).

Determination of the Apparent K,, of Yeast bc, Complex for Ubiquinol
in the Absence and Presence of UHDBT—The reaction mixture con-
sisted of 25 uM cytochrome ¢ in 50 mM potassium phosphate, pH 7, 250
mM sucrose, 1 mM sodium azide, 200 um EDTA, and 0.01% Tween 20.
Prior to the reaction, the complex was diluted to 15 uM in the same
buffer and incubated for ~45 min on ice. The concentration of decyl
ubiquinol was varied, and the activity was measured in the absence or
presence of UHDBT.

Determination of the Ionization State of Bound THDBT—The bc,
complex was diluted to a concentration of 2.84 uM in a buffer at pH 6.0
(50 mm MES, 50 mm MOPS, 50 mm TAPS, 250 mM sucrose, 200 puMm
EDTA, 2 mm NaN3, 0.1% Tween 20). The complex had an absorbance at
280 nm = 2.7 and a 280:414 absorbance ratio of 3. Spectra were
recorded from 250 to 350 nm on the DW2a dual wavelength spectro-
photometer. In order to obtain maximum illumination, the slit was set
at 6 nm, and the UV filter, quartz diffuser and beam scrambler were
removed from the spectrophotometer.

Data Collection and Refinement—X-ray diffraction data were col-
lected at 4 °C at the synchroton beamline ID14EH3 at the European
Synchroton Radiation Facility (Grenoble, France), using a charge-cou-
pled device detector (marCCD; Mar USA, Evanston, IL). Data were
processed with the program DENZO and merged using SCALEPACK
from the HKL package (HKL Research, Charlottesville, NC) (23). The
crystals belong to the space group C2, with unit cell parameters a =
215.0 A, b = 165.1 A, ¢ = 147.5 A, and B = 117.3°. The structure was
refined using the coordinates of the stigmatellin-inhibited enzyme as a
model (Protein Data Bank code 1KB9) after excluding all nonprotein
molecules (7). Energy minimization and B-factor refinement were per-
formed using the CNS program package (version 1.0) (24). The maxi-
mum likelihood function was used as the target for refinement. The
model was improved based on F, — F, and 3F, — 2F, electron density
maps, using the program O (version 8.0.4) (25). Amino acid displace-
ments were manually adjusted, followed by stepwise inclusion of the
energy-minimized structure of the inhibitor HHDBT, UQ6, phospholip-
ids, and UM and finally manually repositioning a displaced loop. Each
step of model building was followed by a refinement cycle. Topology and
parameter files were generated using the program Xplo2d and torsion
data blocks prepared with the program Moleman2 (X-UTIL package;
available on the World Wide Web at x-ray.bmc.uu.se/usf/) (26). The
difference electron density map (F, — F,) indicated the presence of
several additional phospholipids, manifested as elongated hairpin-like
features. One phospholipid bound close to the Q, site was identified and
refined in addition to the previously assigned phospholipids (7). Finally,
water molecules were included according to peaks observed in the F, —
F, electron density map contoured at 3o. Their positions were refined
yielding 326 molecules of which 203 are the same as in the original
model (1KB9), and their numbering was kept. New water molecules
were numbered as starting from Wat®°°. Refinement resulted in final R
factor and free R factor of 22.8 and 25.2%, respectively (Table I).
Coordinates of the HHDBT-inhibited enzyme have been deposited in
the Protein Data Bank data base (entry 1P84).

For comparison, stigmatellin-inhibited bc¢, complex was crystallized
at the same pH as the HHDBT-containing enzyme. The control data set
was collected with 2.8-A resolution, 93% completeness, and R, of
5.8%. Refinement resulted in final R factor of 20.8% and R, of 24.5%.
Lowering the pH by 0.5 units does not affect the structure of the
catalytic subunits of the stigmatellin-inhibited enzyme, as judged by
positional root mean square deviation (rmsd; A) of superimposed atoms
with LSQMAN yielding rmsd,;/rmsd,, of 0.142/0.098, 0.175/0.118, and
0.204/0.133 for cytochrome b, cytochrome c;, and the Rieske protein,
respectively (Dejavuu package; available on the World Wide Web at
x-ray.bme.uu.se/usf/). Comparison between the HHDBT- and the stig-
matellin-inhibited enzyme was therefore based on the recently pub-
lished 2.3-A resolution structure (1KB9) (6). The structures were su-
perimposed using the explicit least squares option in LSQMAN and
inspected in the program O. By-residue analysis of root mean square
deviation in Ca trace position and orientation was performed using the
McLachlan algorithm as implemented in the program ProFit version
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TaBLE 1
Data collection and refinement statistics
Diffraction data were collected at ESRF, ID14-EH3 at 4°C, A
0.9299 A.

Parameter Value
Space group C2
a,b,c [A] 215.0 165.1 147.5
B (degrees) 117.3
No of nonhydrogen atoms in the model
Atoms 18,069
Amino acid residues 2169
Nonprotein molecules 13
Solvent molecules 326

Data collection
Resolution range (outer shell) [A]
Measured reflections
Unique reflections

25.0-2.50 (2.56-2.50)
372,220 (19,194)
149,103 (9128)

Completeness (%) 92.4 (84.6)

R erge (%) 6.6 (37.3)

Ilo(I) < 1 13.4 (1.2)
Refinement

Resolution range (outer shell) (A) 25.0-2.50 (2.52-2.50)

R factor (%)° 22.8 (41.0)
Rpee (%Y 25.2 (41.1)
witson (A% 50.3

Average B-factor 72.0

Root mean square deviations from ideal
values .

Bond lengths [A] 0.007

Bond angles (degrees) 1.298
Ramachandran plot (non-Gly, non-Pro)

Most favored regions (%) 86.8

Additional allowed (%) 12.5

Generously allowed (%) 0.5

Disallowed (%) 0.2

“Roerge = 2p2|1(h) — (W)X, 2.I(h), where I,(h) is intensity of ith
measurement, (I(h)) is average intensity of a reflection.

® R factor = 3, [F(h) e — [F(h)eqe /2 F(R)).

¢ Ry,.. calculated for 2.5% of reflections.

? B i1son Was calculated using TRUNCATE, CCP4 package (53). PDB
entry: 1P84.

2.2 (available on the World Wide Web at bioinf.org.uk/software/profit).

Analysis of neighboring atoms and hydrogen bond interactions was
performed using the program HBPlus (27) and contact analysis from
CNS. Accessibility was estimated, and buried surface calculations were
performed using the program NACCESS (28). PROCHECK (version
3.2) analysis verified the stereochemical quality of the coordinates
(Table I) (29). Hydrogen bonds were assigned according to appropriate
distance and geometry. For analysis of weak hydrogen bonds, an esti-
mation of hydrogen atom position was made by generating a structural
model with hydrogens added using CNS (version 1.0). Criteria for
identifying weak hydrogen bonds were extracted from Ref. 30. Hydro-
gen bond angle is denoted as 6 (X-H--A), and the bending angle at
acceptor atom is shown as ¢ (H+A-C). Figures were prepared using the
programs O (25), LIGPLOT version 4.0 (31), MolScript version 1.4 (32),
BobScript (33), and Raster3D (34).

RESULTS

Crystallization of HHDBT-inhibited bc; Complex—The opti-
mized purification of yeast bc; complex resulted in a pure and
more active membrane protein complex with a higher turnover
number of 82 s~ ! compared with the previously reported activ-
ity of 64 s~ (21). The increase is most likely due to higher
phospholipid content of the modified protein preparation (Fig.
1) (35, 36). Effective inhibition of the complex has been shown
for 5-n-alkyl-6-hydroxy-4,7-dioxobenzothiazoles containing
7-15 carbon alkyl side chains (37). Here, the shorter heptyl side
chain analog of UHDBT was used for crystallization in order to
avoid nonspecific binding that might occur with the longer
alkyl side chains at the high concentrations used.

The inhibitory efficacy of UHDBT was shown to depend on
the oxidation-reduction poise of the catalytic subunits, demon-
strated by enhanced binding when the Rieske protein is re-
duced (37). The purified bc, complex used in this study has a
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Fic. 1. The structure of the dimeric be, complex depicted as a
ribbon diagram. Ligands are shown as ball and stick models. HHDBT
(yellow) is bound at the Q, site between the [2Fe-2S] cluster and the
heme b, . Tightly bound phospholipid molecules (gray) are mainly pres-
ent in the matrix-oriented leaflet of the phospholipid bilayer. The newly
identified phosphatidylcholine molecule (PC, dark gray) at the inter-
membrane side marks the position of the enzyme with respect to the
bilayer.

partially reduced Rieske and is fully inhibited by the applied
amount of HHDBT (results not shown). A pK, of 6.5 has been
determined for the weakly acidic hydroxy group of UHDBT,
which was measured in phosphate buffer containing 1% etha-
nol, and deprotonation of the hydroxy group is manifested by a
color change from yellow to rose-violet (38). Here, the complex
was crystallized at pH 8.0 as a protein-detergent complex;
therefore, the acidity of the hydroxy group was measured in
detergent micelles by monitoring the blue shift in the optical
spectrum upon ionization. The pK, determined by spectropho-
tometric titration in detergent micelles was 6.1 (results not
shown). This suggests that 98% of the inhibitor is ionized in the
crystallization mixture, demonstrated by the violet color of the
solution and finally a purple tint of the crystals.

A difference spectrum of bc; complex with bound inhibitor
versus the complex alone shows that the inhibitor is ionized
when bound to the enzyme, when the pH of the buffer is close
to the pK, of the unbound inhibitor (Fig. 2). The difference
spectrum of the complex at pH 6.0 with inhibitor bound at a
substoichiometric amount is similar to that of the inhibitor
alone at pH 8.7. As inhibitor is added in molar excess, the
mixture consists of bound and unbound inhibitor, and the ab-
sorbance maximum shifts to longer wavelengths.

Analysis of HHDBT Binding at the @, Site—The difference
electron density map (¥, — F,) calculated prior to inclusion of
HHDBT clearly showed the localization of the bound inhibitor
at the Q, site (Figs. 1 and 3). The clear cut and asymmetric
form of the difference density for the head moiety allowed
unambiguous orientation of the hydroxydioxobenzothiazole
ring. Furthermore, the position of the alkyl side chain was
defined in the full length.

The inhibitor binds in the distal domain of the Q, site,
located between the two electron acceptors of ubiquinol oxida-
tion, namely heme b; and the [2Fe-2S] cluster of the Rieske
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0.08 272 0.20
FiG. 2. Ionization of hydroxydioxo- ' 2?34 284
benzothiazole bound to yeast bc, l
complex. Left panel, spectra of 5 um 0.164
THDBT at pH 6.0 and 8.7. Ionization of 0.06 pH 6.0
the 6-hydroxy group shifts the absorbance o o 279
maximum from 284 to 272 nm. Right 2 2 0121
panel, difference spectra recorded after 8 8
adding 1.6, 2.3, and 3.6 um THDBT to 5 004 pH 8.7 S 272
yeast bc; complex. The enzyme was di- 8 ' 2
luted to a concentration of 2.84 uM in a < < 0.08
buffer at pH 6.0 and divided between two
cuvettes. Difference spectra were re- 0.02
corded as the inhibitor was added to one 0.044
cuvette. Lowering THDBT concentration
to substoichiometric amounts shifts the
absorbance maximum to 272 nm, indicat- .
ing ionization of the bound inhibitor. 250 300 350 250 300 350
Wavelength Wavelength
TaBLE IT
Contacts between cytochrome bc, complex residues and
Met139 inhibitor (inh) atoms
Distances less than 3.9 A are shown.
Cobp A inh.
Met'*? (O) 3.6 C2
Trp**2 (C) 3.9 C2
3.9 S1
Trp'42 (CB) 3.8 S1
N Trp**? (0) 3.9 S1
d Gly'*? (N) 34 C2
Gly143 [ RUL\ / His181* ] 3.8 N3
mipie £ Gly'*? (Ca) 3.5 N3
' e 1T f 3.6 c2
WS518 @84 y / \ Val#6 (Cp) 3.8 07
— : 3.9 C7
it Val'® (Cy1) 3.6 07
3.7 C7
3.6 06
3.7 Cé6
Val'*¢ (Cy2) 3.2 o7
3.7 C7
Tle7 (C81) 3.4 C9
11e?%° (C81) 3.7 S1
3.6 C7A
3.8 C7
3.9 o7
Pro®™ (CB) 3.4 04
3.7 C4
Pro®™ (Cy) 3.6 C4
3.7 04
3.8 C5
Phe?™® (CB) 3.9 C12
Fic. 3. HHDBT binding at the Q, site of yeast bc, complex. The Tyr™ (C51) 3.2 06
difference density map was calculated (¥, — F,) before inclusion of the 279 3.7 c6
ligand and is contoured at 3c. It allows unambiguous orientation of Tyr*™ (Cel) 3.3 06
HHDBT, which is shown in the final refined model. Residues that 299 3.7 Cé
stabilize ligand binding and are visible in this orientation are labeled. e (C31) 3.9 C14
His'®'* a coordinating ligand of the [2Fe-2S] cluster, is within hydro- Riplp i inh.
gen bond distance to the hydroxyl oxygen. The carbonyl oxygen atom
forms a hydrogen bond to a water molecule Wat®'®. Atoms are shown in Cys'®® (CB) 3.8 o7
standard colors. Atom numbering of the hydroxyquinone anion is de- His'®! (Cel) 34 o7
picted in the inset. 3.6 06
HisiZi (C52) 3.9 06
protein. The catalytic domain of the latter is docked onto cyto- His™ (Ne2) gg 8$
chrome & (i.e. in the b-position). The hydroxydioxobenzothia- _ _
zole head group is stabilized by a network of weak and strong Water A inh.
hydrogen bonds and numerous van der Waals interactions with Wat®!8 2.9 04

neighboring residues (Table II). Importantly, the oxygen atom
of the ionized 6-hydroxy group (O6) is in close contact with the
nitrogen atom Ne2 of His'®!, of which the second imidazole
nitrogen coordinates the [2Fe-2S] cluster of the Rieske protein.
The distance and geometry of the interaction (dy..0s = 2.8 A;
6 = 148°) are in good agreement with a conventional hydrogen
bond.

Crystallographic analysis of stigmatellin binding clearly

showed that Ne2 is protonated at pH 8.5, since the fixation of
the Rieske protein in the b-position is stabilized by a hydrogen
bond between this atom and the carbonyl group of stigmatellin
(6). For crystallization of the bc; complex in the presence of
HHDBT, the pH was lowered by half a unit; therefore, Ne2 is
expected to be protonated under these conditions (see “Discus-
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Fic. 4. Lineweaver-Burk plot for determination of the appar-
ent K,, of yeast bc, complex for ubiquinol in the absence and
presence of UHDBT. The concentration of decyl ubiquinol was varied
from 5 to 54 uM, and the activity was measured in the absence (solid
diamonds) or presence of 24 (solid squares), 54 (solid triangles), or 108
nM (solid circles) UHDBT. After adding substrate and UHDBT to the
reaction mixture, the reaction was started by the addition of the com-
plex to a concentration of 2.5 nM. The double-reciprocal line in the
absence of the inhibitor was constructed with a K, for decyl ubiquinol
of 11 um and a V. of 272 s~ . The double reciprocal lines in the
presence of UHDBT were constructed considering UHDBT as a com-
petitive inhibitor with V. unaltered. The resulting K, values
were 37.7, 48.5, and 169 um for 24, 54, and 108 nm UHDBT,
respectively.

-0.1 0.2

sion”). With both donor and acceptor of the hydrogen bond
being ionized, this type of hydrogen-bonded ion bridge provides
a strong interaction for stabilizing ligand binding. Further-
more, this is the main interaction, which locks the catalytic
Rieske domain in the b-position. Also, a weak hydrogen bond
between the slightly acidic Cel atom of His'8! and the carbonyl
07 atom of HHDBT adds to this stabilizing effect.

Interestingly, the ionized hydroxy group of the inhibitor in-
teracts with the phenyl ring of Tyr2?® of cytochrome b. The ring
plane of the inhibitor is at a 90° angle on-edge to the aromatic
side chain of Tyr?" (Fig. 3). The distances between the 06
atom of HHDBT and the Tyr??® side chain atoms, C81 and Cel,
respectively, are well below the sum of their van der Waals
radii (degro6 = 3.2 A and do.y.0 = 3.3 A), indicating the
presence of weak, nonconventional hydrogen bonds (C-H--O)
with the aromatic C-H groups as donors. Hydrogen bond angles
and bending angles at the acceptor atom (605, 106 = 125°,
Ocer-m-o6 = 113° dusios.c6 = 107°, dperos.ce = 94°) are
slightly below the optimal range for nonconventional hydrogen
bonds, a feature that has been observed for this type of hydro-
gen bond with a bifurcated acceptor (30). The bifurcation is not
fully symmetrical, since conditions for the bond involving C81
are more favorable. The acidity of the aromatic C-H groups is
increased, because the hydroxy group of Tyr2"® of cytochrome b
donates a hydrogen bond to the backbone oxygen of Cys!®® of
the Rieske protein (dgy.o = 2.7 A; Pcgomo = 112°). The latter
provides additional stabilization of the Rieske domain in
the b-position.

Furthermore, the oxygen atom of the carbonyl group, O4,
which is oriented toward heme b;, is within hydrogen bonding
distance to a water molecule, Wat®!8, that is stabilized by a
hydrogen bond with the backbone nitrogen atom of Glu?"? of
cytochrome b. Several nonpolar interactions contribute to sta-
bilization of the hydroxydioxobenzothiazole ring, involving the
following residues of cytochrome b: Met'3®, Trp!*2? Gly'43,
Val'48) 11e?%°, and Pro®’!. Additionally, a few van der Waals
interactions with Rieske protein residues His!®!, ligand of the
[2Fe-2S], and Cys'® are present (Table II), demonstrating the
tight interaction of the Rieske cluster-bearing domain with
cytochrome b at the Q, site. Notably, all of the residues in-
volved in binding of the hydroxydioxobenzothiazole head group
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Fic. 5. Comparison of the position of cytochrome b residues
from stigmatellin- and HHDBT-inhibited bc, complex. The root
mean square deviation (Rmsd, A) of the Ca trace and of all atoms is
depicted in red and blue, respectively. The average root mean square
deviation of Ca atoms and of all atoms was 0.234 and 0.365 A, respec-
tively. Glu®’? is labeled with an asterisk. The major displacements are
observed in the ef loop between trans-membrane helices E and F, and
subtle differences are observed for the two short helices cd1 and cd2
between C and D; notably, these residues are part of the Q, site.

are fully conserved among mitochondrial bc,; complexes (39).
Mutations in the position of residues that are interacting with
the head group, Trp'4?, Gly'*3, 11e2%°, Pro®™!, and Tyr?>"®, or
their homologs, result in disturbed ubiquinol occupancy and/or
oxidation (40, 41). The short saturated heptyl side chain is
stabilized by van der Waals interactions with cytochrome b
residues Ile'*”, Leu®’®, Phe?"8, and Met?°.

UHDBT Is a Competitive Inhibitor—To analyze whether hy-
droxydioxobenzothiazoles compete with substrate at the Q,
site, the apparent K, for decyl ubiquinol binding to yeast bc,
complex was determined at varying concentrations of UHDBT.
The K,, varied with inhibitor concentration, whereas V., re-
mained constant, clearly demonstrating that UHDBT is a com-
petitive inhibitor (Fig. 4). Therefore, hydroxydioxobenzothia-
zoles may be regarded as substrate analogs. High structural
similarity to the substrate and competitive inhibition by HH-
DBT suggest that it is a substrate analogue in which the ring
methyl group is replaced by a deprotonated hydroxy group, the
two methoxy groups are replaced by a fused thiazole ring, and
the isoprenoid tail is replaced by a short saturated side chain
(see inset, Fig. 3).

Comparative Analysis of Substrate Analogs Binding at the
Active Site—Stigmatellin binding to bc; complex was proposed
to mimic the enzyme-substrate complex at an intermediate
step of ubiquinol oxidation (6). The binding sites for stig-
matellin and HHDBT overlap with the head groups positioned
in a tight binding pocket, whereas the side chains extend into
a gradually opening hydrophobic cleft. B factor analysis indi-
cates very tight binding of stigmatellin with average B factors
of 37.4 and 35.6 AZ for stigmatellin and cytochrome b, respec-
tively. HHDBT appears less tightly bound, with an average
B factorgyppr of 50.9 A% and average B factor yiochrome & Of
40.2 A2,

Comparison of the structures of HHDBT- and stigmatellin-
inhibited bc; complexes revealed that the major difference in
Ca trace position and side chain orientation is confined to the
direct environment of the Q, site, notably including residues
suggested by mutagenesis studies to be actively involved in Q,
site catalysis (39, 40) (Fig. 5).

The conformational changes upon HHDBT binding reveal
plasticity at the Q, site. An expansion of the binding pocket is
marked by a local displacement of the Ca trace accompanied by
altered side chain orientation of residues Ala?%7, Ser?®8 11259,
and Val?’ in a loop region close to the conserved PEWY loop
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droxyquinone anion inhibitor bound.
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propionate A, from which a proton exit
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with the dotted lines. The arrow from
Wat?™* shows the proton exit pathway to
bulk solvent. Hydrogen bonds stabilizing
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yellow.
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The HHDBT head group extends deeper into the distal end of
the Q, site than the chromone ring of stigmatellin, with the
11e2%° side chain bent away from the binding pocket. Addition-
ally, major side chain displacements are observed for His?3
and Glu?’2. The side chains of Phe!2® and Tyr'®? are not sta-
bilized by interactions with HHDBT and are present in multi-
ple conformations. Remarkably, the oxygen atom O6 of the
ionized hydroxy group of HHDBT is at the same position as the
carbonyl oxygen atom O8 of stigmatellin, allowing in both cases
for a hydrogen bond to the Ne2 atom of His'®! of the Rieske
protein. This supports the proposal that ubiquinol binds in the
same position with His'®! as the primary ligand of the enzyme-
substrate complex (6, 18, 42).

Structural Analysis of Proton Transfer Pathways—Glu
a primary ligand of stigmatellin and was proposed to be a direct
ligand of ubiquinol (6, 10). It has been suggested that Glu®"?
releases the second proton from ubiquinol oxidation upon rota-
tional displacement toward the heme &; via an apparent hy-
drogen-bonding network established by residues Arg”™®, Tyr!32,
Asn®%® Glu®"2?, and Tyr®>"*, the heme b;, propionate A, and
several water molecules (6). Here, we find that the carboxylate
group of Glu??? is not bound to HHDBT but is dramatically
rotated out of the Q, site and that there is a hydrogen bond
connecting the carboxylate to the heme propionate A (L102A)
via a structural water molecule (Wat*?) (Fig. 6). The carboxyl-
ate atoms (Ole and O2¢) of Gluz"? occupy the exact location of
two water molecules (Wat*?® and Wat®°) present in the stig-
matellin-inhibited complex. The position of the Glu?"® carbox-
ylate group in the stigmatellin structure is now occupied by a
water molecule Wat?'® which is hydrogen-bonded to the car-
bonyl O4 atom of HHDBT and the backbone nitrogen atom of
Glu®"2 (Fig. 6). The reorientation of Glu?’? creates a rearrange-
ment in the hydrogen bond network. Tyr?’* remains in position
and stabilizes Glu®>"? via a hydrogen bond to the carboxylate
group. His?%? is rotationally displaced and forms a second hy-
drogen bond to the Glu® carboxylate. In this position, the
Glu2"? protonated upon ubiquinol oxidation can deliver the
proton directly to heme propionate A via the water molecule
Wat*2. Arg”™ is hydrogen-bonded to the heme propionate and
provides a proton exit pathway to the bulk solvent mediated by
a chain of hydrogen-bonded water molecules. The residues
Arg™, Glu®"2, and Tyr?™ are fully conserved in mitochondrial
cytochrome b (39), supporting their importance for the catalytic
mechanism.

Assignment of a Tightly Bound Phospholipid at the Q, Site—
Phospholipids are essential for bc,; complex activity (35, 36).
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Distinct binding sites for five phospholipid molecules have been
described for the yeast complex, suggesting a specific role for
the structural and functional integrity of the enzyme (7). The
higher activity of the enzyme preparation used in this study
was linked to less delipidation. In line with this assumption,
additional tightly bound phospholipid molecules were visible in
the crystal structure. Close to the Q, site, a phospholipid mol-
ecule, tentatively assigned as a phosphatidylcholine, is bound
at the intermembrane leaflet of the phospholipid bilayer. It
binds in a hydrophobic cleft at the interface between cyto-
chromes b and c¢;. Binding of the head group is stabilized by
interactions with the highly conserved His'®® of cytochrome c,
and by cytochrome b residue Ser®®®. Phosphatidylcholine cov-
ers the protein surface at the Q, site. The acyl chains are in
contact with Trp2”® of the conserved PEWY loop and attached
to the displaced loop region (Ala2"—Val2"?), pointing out that
the conformational rearrangement takes place in the trans-
membrane region.

This is the first phospholipid characterized that binds to the
protein surface in the position of the intermembrane bilayer
leaflet (Fig. 1). The acyl chains extend to be in contact with the
acyl chains of the oppositely oriented matrix leaflet. The dis-
tance between the phosphodiester groups of phosphatidylcho-
line and the oppositely oriented phospholipids, cardiolipin and
phosphatidyl ethanolamine, is 36 A. This is in good agreement
with the experimentally determined thickness of pure phos-
phatidylcholine bilayers with 18:1 acyl chains, where 38 A were
measured between the phosphodiester groups and 27 A for the
hydrophobic core (43). These lipids form a mediating layer to
the membrane-spanning part of the protein and help to posi-
tion the complex vertically in the lipid bilayer. Since HHDBT
and stigmatellin resemble substrate analogs, the position of the
ubiquinol binding site in the phospholipid bilayer can now be
determined. The positions of the functional groups of the ligand
are 6 A below the phosphodiester group, thereby positioning
the ligand at the border between the hydrophobic core and the
polar zone of the head group region.

DISCUSSION

Hydroxydioxobenzothiazoles efficiently inhibit the bc; com-
plex in a pH-dependent manner (38). It was argued that low
efficacy at alkaline pH could be attributed to ionization of the
inhibitor due to restricted access to the binding site or to
protonation of a functional group within the enzyme (38, 44).
Notably, the apparent pK,, of 7.5 for inhibitor efficacy is more
alkaline than the pK, of UHDBT but closely matches the pK,
suggested for the imidazole nitrogen of His'®! of the oxidized
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Rieske protein (pK, = 7.6) (45). The structural and spectro-
scopic analysis presented here clearly show that the alkyl hy-
droxydioxobenzothiazole is bound in its ionized form and is
stabilized by a hydrogen bond to the protonated imidazole
nitrogen of His!®!, as supported by the following evidence.
HHDBT is bound in the distal domain of the binding pocket
with the 6-hydroxy group facing the aqueous solution when the
Rieske protein is not closing the binding site. The pK, of the
hydroxy group, determined for THDBT in detergent micelles
(6.1), is below the pH (8.0) used for crystallization. It is unlikely
that the pK, of HHDBT is significantly different from the
measured value; the inhibitor is therefore ionized in the open
conformation.

His'®! is expected to be protonated, because it was shown to
donate a hydrogen bond to the carbonyl group of stigmatellin at
half a pH unit above the pH used for HHDBT crystallization. In
addition, crystallization is performed close to the pK,, of His'®!.
Furthermore, the enzyme preparation is partially reduced, and
the pK, of the reduced Rieske imidazole nitrogen is far above
(11.5) the crystallization conditions (45). The presence of a
hydrogen bond from His'®! to HHDBT is shown by the fact that
ligand binding fixes the mobile Rieske domain in the b-position.
Spectroscopic analysis shows that hydroxydioxobenzothiazole
is deprotonated upon binding when added in substoichiometric
amounts to the complex at pH > pK, (Fig. 2). The hydrogen
bond to the protonated His'®! in combination with the bifur-
cated weak hydrogen bond on-edge with Tyr??® stabilizes the
charge on oxygen atom O6.

In the nondissociated form, HHDBT can exist as ortho- and
para-quinone tautomers (38). The possibility that HHDBT is
bound as ortho-quinone with its functional groups in the same
orientation as stigmatellin can be excluded, because the hy-
droxy group would be facing Glu???, but in the HHDBT struc-
ture this residue is rotated out of the binding pocket. There is
also no indication that the binding site is occupied with a mixed
population of tautomers, because all interacting residues show
a defined orientation as judged from the clear cut electron
density and B-factor distribution.

Stigmatellin (46) and HHDBT (Fig. 4) are both competitive
inhibitors. Kinetic studies show that stigmatellin is more
tightly bound than UHDBT (44, 47). Furthermore, stigmatellin
binding raises the midpoint potential (E,,) of the Rieske protein
by 250 mV (48), whereas for UHDBT an increase of only 70 mV
was determined for the bovine enzyme (37) and for the yeast
enzyme.?

The position of the Rieske protein in the HHDBT-inhibited
bc, complex is the same as in the stigmatellin-inhibited en-
zyme. Almost identical stabilizing interactions between the
surfaces of the Rieske protein and cytochrome b, including
positions of hydrogen-bonded water molecules at the interface,
are observed. The different effects on midpoint potentials must
be directly related to differences in inhibitor binding. B factor
analysis indicates tighter binding of stigmatellin compared
with HHDBT, and this is supported by the relative K; values
for the two inhibitors. Stigmatellin is stabilized by strong hy-
drogen bonds to direct ligands on both sides of the chromone
ring. In contrast, direct ligands to the head group of HHDBT
are confined to the ionized hydroxy group, whereas only a
water molecule is hydrogen-bonded to the carbonyl group on
the other side. In addition, the more rigid side chain of stig-
matellin is bent along the surface and stably held by numerous
contacts to cytochrome b. The short alkyl chain of HHDBT
extends in the same direction but terminates where the stig-
matellin side chain bends. Interestingly, the side chain of stig-

2 T. Merbitz-Zahradnik and B. Trumpower, unpublished results.
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matellin replaces a phospholipid molecule visible in the elec-
tron density of the HHDBT structure, indicating its strong
interactions with the surface of the binding pocket (results not
shown).

The difference in polarization of the hydrogen bond to His
will add to the effect on the midpoint potential. The hydrogen
bonding pattern to the negatively charged hydroxy group cre-
ates a lower electron-withdrawing effect. Obviously, the tight
binding interactions of stigmatellin involve the whole ligand,
thus explaining why its binding is not pH-dependent. In con-
trast, stabilization of the charged HHDBT is strongly depend-
ent on the hydrogen bond from the protonated His!®!. This is in
agreement with the higher affinity of hydroxydioxobenzothia-
zoles to the reduced Rieske protein independent of chain length
(7-15 carbon alkyl side chains), binding 15 times more strongly
to the reduced Rieske protein (37). Experimental evidence and
theoretical calculations suggest that reduction of the [2Fe-2S]
cluster shifts the pK,, of the cluster ligands, His'®! and His'®!,
to values above 10, obviously favoring protonation of the histi-
dines (49, 50). Consequently, pH dependence of HHDBT bind-
ing is related to the protonation state of a functional group
within the protein, namely His!®!.

From structural analysis of the hydroxyquinone anion inhib-
itor HHDBT and stigmatellin binding at the Q, site, the fol-
lowing events for electron and proton transfer are deduced (Fig.
7). Upon entry into the binding pocket, the substrate ubiquinol
is stabilized with its functional groups pointing toward the
primary acceptors of the low and high potential electron trans-
fer chains, heme b; and the [2Fe-2S] cluster, respectively.
Glu2"? rotates into the binding pocket and forms a hydrogen
bond to the hydroxy group facing the heme b, as visible when
stigmatellin is bound at the Q, site (6). Since the extrinsic
catalytic Rieske domain is mobile and His'®! has a pK,, of 7.5
when the cluster is oxidized (45, 49), a considerable fraction
of the latter is not protonated under physiological conditions.
Thus, the Rieske domain can be stabilized in the b-position by
forming a hydrogen bond between deprotonated His'®! and
the hydroxy group of ubiquinol. This brings the [2Fe-2S]
cluster into a suitable distance for electron transfer. The
initial enzyme-substrate complex is stabilized by hydrogen
bonds to the primary ligands, His'®! and Glu?"2?, which addi-
tionally serve as primary proton acceptors as previously pro-
posed (6, 10).

Ubiquinol is oxidized in a bifurcated manner, transferring
two electrons to the [2Fe-2S] cluster and heme b;. The mech-
anism and the order of events are heavily debated. Some mech-
anisms assume a sequential reaction in which the first electron
reduces the [2Fe-2S] cluster and a relatively unstable semiqui-
none intermediate reduces heme by, (10). Link (16) has pro-
posed a sequential mechanism in which a stable semiquinone is
formed and is anti-ferromagnetically coupled to the Rieske
center until it is oxidized by heme &;. The concerted mecha-
nism assumes that neither electron is transferred independ-
ently, but rather the semiquinone is so unstable that ubiquinol
cannot reduce the Rieske center unless the semiquinone re-
duces heme by, (17, 19). In such a mechanism, the concentration
of ubisemiquinone is so low as to be almost nonexistent.

We suggest that stigmatellin and alkyl-hydroxydioxobenzo-
thiazoles mimic either intermediates during ubiquinol oxidation
or transition state intermediates. Allowing for the possibility
that a stable, anti-ferromagnetically coupled ubisemiquinone
might be formed under some conditions, stigmatellin binding
would mimic binding of a protonated ubisemiquinone, whereas
HHDBT resembles the deprotonated form (i.e. the ubisemiqui-
none anion), as illustrated in Fig. 7, panel 5. In both cases, the
position of the reduced Rieske protein is stabilized by the

181
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FiG. 7. Mechanism of ubiquinol oxidation as deduced from structural analysis of hydroxyquinone anion and stigmatellin binding
at the Q, site. The oxidized [2Fe-2S] is indicated with black circles; the reduced [2Fe-2S] is shown in gray. Hydrogen bonds stabilizing the
enzyme-substrate complex as well as the b-position of the Rieske catalytic domain are indicated with dotted lines. Panel 1, empty Q, site with
Glu?" directed out of the binding pocket. Panel 2, initial stabilization of ubiquinol by cytochrome b residues. Panel 3, the electron donor complex
(“enzyme-substrate complex”) with the Rieske protein docked in the b-position. Panel 4, coupled electron-proton transfer to the Rieske protein as
deduced from the binding mode of stigmatellin. Panel 5, stabilization of the anti-ferromagnetically coupled ubisemiquinone anion and rotational

displacement of protonated Glu®"?

as seen for HHDBT binding. Panel 6, release of the reduced and protonated Rieske protein and of the oxidized

ubiquinone accompanied by displacement of Tyr??. Steps 4 and 5 have to be interpreted either as intermediates of a sequential reaction or as
transition states intermediates as proposed by the concerted mechanism hypothesis.

hydrogen bond to His'®!. This is in agreement with EPR anal-
ysis of oriented membranes, which indicated that the reduced
Rieske is preferentially located in the b-position (51).

Glu?"? will accept a proton from ubiquinol or ubisemiqui-
none and consequently rotate toward heme b; as seen for
HHDBT where it is not liganded to the carbonyl group. If a
stable ubisemiquinone anion is formed, it is stabilized by
localization of its negative charge on the oxygen atom inter-
acting with protonated His'®!. After transfer of the second
electron, the product is no longer stabilized and will leave the
binding pocket and give more mobility to Tyr2"®, thus break-
ing its hydrogen bond to the Rieske protein (Fig. 7, panel 6).
Accordingly, the latter is found to be rotated into the binding
pocket in the chicken and bovine structures with an empty Q,
site (4, 5).

The importance of Tyr®‘® is supported by its full conservation
in mitochondrial cytochrome b, and it is only replaced with a
phenylalanine in a few chloroplast homologs (39). We propose
that the on-edge weak hydrogen bonds from the aromatic side
chain of Tyr?”® are crucial for positioning ubiquinol in the
active site. This is supported by recent mutagenesis studies in
Rhodobacter sphaeroides, where the conservative mutation of
the homologous residue Tyr3°3 to phenylalanine has no effect
on enzyme activity, whereas exchange to Leu, Gly, and Gln
resulted in a 3-, 40-, and 50-fold decrease, respectively (41).

There are two options for the final steps of substrate oxida-
tion and product release. Either electron transfer to heme &,
occurs in parallel with proton transfer mediated by Glu®?"2, in
which case the rotational displacement of the latter would
destabilize the position of the quinone resulting in its release,
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or, under conditions where a stably bound ubisemiquinone is
formed, Glu?”2 protonation and rotation occurs as a first step,
and the negative charge of the ubisemiquinone anion is stabi-
lized as seen for HHDBT. Rieske release subsequently desta-
bilizes the charge and initiates the second electron transfer. In
both cases, full oxidation of ubiquinol can take place without
major repositioning of the substrate head group, as opposed to
the proposed mechanism based on movement of the semiqui-
none in the binding pocket (10).

The two protons are released via two pathways. His!8! re-
leases its proton to the bulk solvent after leaving the b-position,
presumably after oxidation by cytochrome c¢; Our studies
strongly support that the rotation of Glu?>’? is an initial step for
the release of the second proton as previously proposed (6, 10,
18). Glu%?™ is completely conserved in mitochondrial cyto-
chrome b (39), and the importance of the residue for proton
transfer is indicated by mutagenesis studies, since the alter-
ation to glutamine abolishes ubiquinol oxidation in R. spha-
eroides (40). Also, kinetic studies recently showed that proto-
nation of a group with pK, of 5.7 blocked catalysis, and this
effect was assigned to Glu?"? (52). Here, the hydrogen bond
rearrangements that accompany the dramatic displacement of
GluZ™ upon HHDBT binding provide experimental evidence
for the previously postulated proton transfer pathway (6).
Glu?"2 can deliver the proton directly to the heme propionate A
via a single water molecule (Fig. 6). The subsequent proton
release is mediated by a hydrogen-bonded water chain stabi-
lized by cytochrome b residues: Arg”®, Asn?%%, Glu®®, and Arg™.

Finally, the observed binding mode of the hydroxyquinone
anion and the deduced proton transfer pathway as well as the
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demonstration of competitive inhibition by HDBT suggest a
feasible catalytic mechanism, which is in line with a single
occupancy model for ubiquinol oxidation.
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