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ABSTRACT: Although several X-ray structures have been determined for the mitochondrial cytochrome
(cyt) bc; complex, none yet shows the position of the substrate, ubiquinol, in the quinol oxidgsstéQ

In this study, the interaction of molecular oxygen with the reactive intermedigsei@iquinone is used

to probe the @site. It has been known for some time that partial turnover of thécytomplex in the
presence of antimycin A, a;@ite inhibitor, results in accumulation of a semiquinone at thesi@,

which can reduce ©to superoxide (@7). It was more recently shown that myxothiazol, which binds
close to the cyb. heme in the proximal @niche, also induces £ production. In this work, it is shown

that, in addition to myxothiazol, a number of other proximalighibitors [including E)-5-methoxyacrylate-
stilbene, mucidin, and famoxadone] also induge @roduction in the isolated yeast dyt; complex, at
~50% of theVmax Observed in the presence of antimycin A. It is proposed that proximait®inhibitors
induce Q*~ production because they allow formation, but not oxidation, of the semiquinone at the distal
niche of the @ site pocket. The appareHK, for ubiquinol at the Q site in the presence of proximalQ

site inhibitors suggests that the “distal niche” of the @@cket can act as a fully independent quinol
binding and oxidation site. Together with the X-ray structures, these results suggest substrate ubiquinol
binds in a fashion similar to that of stigmatellin with H-bonds between H161 of the Rieskesudiur
protein and E272 of the cy protein. When modeled in this way, mucidin and ubiquinol can bind
simultaneously to the g£xsite with virtually no steric hindrance, whereas progressively bulkier inhibitors
exhibit increasing overlap. The fact that partial turnover of thsi@ is possible even with bound proximal

Q. site inhibitors is consistent with the participation of two separate functiophir@@ing niches, occupied
simultaneously or sequentially.

The cytochrome (cyt)bc; complex is a central enzyme  comprised of at least 11 subunits, but only three subunits
in oxidative phosphorylation. It transfers electrons from appear to be catalytically importar)( the Rieske iror
ubiquinol (UQH) to cyt ¢, while shuttling protons into the  sulfur protein (ISP), cytc;, and cytb subunits. The ISP
mitochondrial intermembrane space (IMS). The proton possesses a 2F@S cluster, and cyt; has ac-type heme.
motive force pmf generated by this process is then used to The cytb protein possesses two dyhemes, cyby and cyt
synthesize ATP %, 2). The mitochondrial complex is by, for their relatively high- and low-potential forms,
respectively.
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! i%‘g:gvgggmeiu\‘ﬂ?gﬁ]r';)ﬁ’gfa}tsolgy- rosulfur protein: Mn the distal niche is located close to the IS The two niches
SOD, manganese-containing supc_e’roxidé dismutase; Mq’mﬂ( bind different classes of inhibitorg{6). Stigmatellin and
methoxyacrylate; MOPS, 3tmorpholino)propanesulfonic acid; gite, 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole (UHDBT)
ubiquinone reduction site; {3ite, ubiquinol oxidase site; 2, super- (7—9), which strongly interact with the Rieske ISP and bind

oxide; SOD, superoxide dismutase; SQ, (ubi)semiquinone; UHDBT, ; ; ; e imhihi
5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole; UQ, ubiquinone; UQ- at the distal mCheEO’ are termed distal Qsite inhibitors

10, ubiquinone-10; UQ-20, ubiquinone-20; U@QHibiquinol; UQH- (6). MOA-stilbene (0), mUCiqin (strot_)ilurin A) 11, 12),
1, ubiquinol-1; UQH-10, ubiquinol-10; UQH-20, ubiquinol-20. famoxadone13), and myxothiazol9) bind closer to cyb,
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(4, 6) and are termed proximal {xite inhibitors. Most Cytochrome bcComplex and @~ AssaysThe yeast cyt
models of quinol oxidation at the3ite attribute functional bc, complex was purified and assayed as described in ref
significance to the two binding niches, either allowing for 24. The relative rate of @ production in the isolated cyt
two quinoid species (i.e., UQ, ubisemiquinone, or UPH  bc complex was measured fluorometrically via®4 forma-
to bind simultaneouslyl, 15) or allowing the semiquinone  tion in the presence of saturating levels of superoxide
intermediate to pass from the distal to the proximal niche dismutase (SOD) using the Amplex redorseradish per-
(16). oxidase method (Molecular Probes, Eugene, OR) and

The Q-cycle, first formulated more than 20 years atjp ( €quilibrated in room airZ4). The assay was calibrated using
18) and since modified by several groups (see, for example, H202 standards provided in the kit, under identical experi-
refs 16, 19, and 20), has gained widespread acceptance as mental conditions to account for any interference. In all cases,
the catalytic mechanism of the cpic; complex. Several  the background rates in the absence of the complex were
independent X-ray structures of the by complex strongly ~ subtracted from the enzymatic rates 0fGd production.
support this general modeB,(21—23). In the Q-cycle, Consistent with the expected stoichiometry, the rate &H
oxidation of Q site-bound UQH is a bifurcated process. production was half that of © (see below).
The first UQH electron is transferred through the high- We also measured© production by the SOD-sensitive
potential chain, which includes the Rieske ISP andagyt  reduction of cyt (28, 29), as described previousl24). The
leaving a reactive ubisemiquinone (SQ). The SQ then buffer and substrates [5M bovine cytc, 50 uM decyl-
transfers an electron to the so-called low-potential chain, ubiquinol (decyl-UQH), 1 mM KCN, 50 mM MOPS, and
which includes twd-type hemes. Two protons from UQH 100 mM KCI (pH 6.90)] were the same as those used for
are released into the IMS+side of the membrane) upon Mmeasuring cybg activity. Decyl-UQH was used for most
quinol oxidation, possibly via H161 of the Rieske iren experiments since it yielded the lowest background rates.
sulfur protein (ISP) and E272 of the dytprotein (L5). The ~ However, key experiments were repeated using WQ&
electron on cyth, is then passed on to cyy, and and UQH-20, as indicated.
subsequen’[ly reduces UQ at thesipe, forming a stabilized Molecular Modeling of Proximal @Inhibitors Bound with
SQ. After a second turnover at the §te, the SQ at the Q Ubiquinone at the @Site.Using the alignment feature of
site is reduced to UQKtaking up two protons in the process. DS Viewer Pro, version 5.0 (Accelrys, Inc., San Diego, CA),
The net result of the Q-cycle is that four protons are the stigmatellin-, myxothiazol-, famoxadone-, and MOA-
transferred to th@-side of the membrane per two electron Stilbene-containing structures of the & complex @, 23)
transfers from UQHKto cyt c. were aligned with the cylh hemes and the highly conserved

There are at least four bypass reactions that must bePEWY sequence (reviewed in r&0) from each of the
controlled @4) to achieve the observed high yields of structures. In crystal structures, the position of_the hydrophilic
bifurcated electron transfe24—27): (1) oxidation of UQH headgroup of the Rieske ISP is highly variab®. (For
by two sequential electron transfer reactions to the 2Fe2sSimplicity, we assume that distal,Qite occupants, such as
cluster, resulting in a single proton released on preide UQH-1 and st|g_matellln, orient the_ §o|ub|e head d_omaln of
per electron transferred; (2) oxidation of ferrocytochrome the Rieske ISP into the same position. For the alignments,
(F&*) by by the unstable Qsite SQ, re-forming UQH (3) particular stringency was placed on t.he byteme iron atoms
escape of the SQ from the,Gite and its disproportionation ~ Pecause they scatter X-rays relatively well, giving more
in the membrane; and (4) reduction of By an unstable accurate posmons. Also, the relative positions of these irons
SQ, forming superoxide (&) (reviewed in ref24). chan_ge I_|ttle_ between cybc, complexes from dl_ffer_ent

In this study, we measure,0 production as a probe of species, in different crystal forms, and with bound inhibitors

; . . . ) (2, 23, 31). Ultimately, good structural overlaps were
g:;?s’ Si':]ed:é%' angx?;;‘% ' mi %?Jr;iff'irg;egvg?o?n%rgiugy obtained in this way. The alignment was refined further using

myxothiazol, but the rates are one-half to one-third of that :Eg Egﬁzgfvne% Oggv%/zzsaeniégiea{gmﬁg ﬁ;ﬁﬁg;g\rﬁn of
of the antimycin A-treated cytic; complex @4). In the work 4 9

presented here, we show that induction ef Os a general (:.)’)]' The resulting_alignment allowed us to compare the Q
feature of proximal @site inhibitors. We also present data S't_?_f‘ frogl tk:ervar;ous s'it;]ucl:tur%s t?ntd 'nrgib'toirrf'l 1 H
which show that @~ and other reactive £species originate € structure of a quinol substrate, ubiquino’- (UR

in the distal Q site niche. Our kinetic measurements lead 1), was initially superimposed on the stigmatellin 6-methoxy-

: . 4-o-methylquinol group in the stigmatellin-bound clt;
us to propose a model of the architecture of thesi@ UQH
binding domain, and offer strong experimental support for X-ray structure §). The UQH-1 headgroup was placed to

cyt bc; models involving functional compartmentalization hmlglrmlz?ntfrze dlsttja?tcefwbetweenm tge OH bgr:mws |_c|)fb t?fj
of the Q site and with the distal Qsite serving as an yaroguinone a s two assumed (see below) H-bo

: : - - acceptors:e-N of H161 of the ISP and E272 of cyt
Independent quinol oxidase site. No X-ray structure of the cybg; complex with mucidin
MATERIALS AND METHODS bound has yet been published, but the structure of this
inhibitor is very similar to that of MOA-stilbene; we thus
Materials Stigmatellin, myxothiazol, antimycin A, ubiqui-  used the MOA-stilbene structure as a template to predict its
none-10 (UQ-10), ubiquinone-20 (UQ-20), decylubiquinone bound position.
(decyl-UQ), and bovine cyt were purchased from Sigma- The overlap betweend3ite inhibitors and the hypothetical
Aldrich. Famoxadone, MOA-stilbene, and mucidin were position of the UQH-1 was calculated using the molecular
kindly provided by A. Crofts (University of lllinois, Urbana, = modeling package Veg&2). The overlapped volume was
IL). calculated by taking the sum of the individual volumes of
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Ficure 1: Dependence 0¥may for O,*~ production on the nature ° S @ ¢

of the inhibitor. The experimental conditions are described in Foure 20 K. of decyl-U : i
. ' o D Kn yl-UQH as a function of inhibitor. The
Materials and Methods. The concentration of the inhibitors was 10 experimental conditions were as described for th@#assay, with

#M. In this figure, each bar represents the average of at least threene exception of KCN being omitted, and the concentration of decyl-
experiments. UQH, was varied from 8 to 10@2M, with five measurements per

Km determination. The experiment was repeated at least twice for
the respective gsite inhibitor and UQH1 and subtracting  each inhibitor, and the data were analyzed via Eadiefstead

the total volume occupied by these structures in our model. Plots.

RESULTS AND DISCUSSION (mol of cyt bc;™) st at pH 6.90] complex were almost
identical to those measured by the Amplex red assay. As

O>~ Production by Proximal QSite Inhibitors.Figure 1~ we reported for myxothiazol2d), addition of stigmatellin
shows the Amplex red fluorescent-detectégx of Oy to the proximal Q site inhibitor-treated cybc; complex
production in the isolated yeast dyt; complex with various  completely eliminated @ production (data not shown).
inhibitor/substrate treatments. The highest rates of superoxide Superoxide production in the presence of proximasige
production were observed in the presence of antimycin A, inhibitors was unaffected by the addition of 2Bl antimycin
where theVmax (saturating decyl-UQb) was estimated to A indicating that the reductant of Qvas not at the (site.
be 0.88 mol of @~ (mol of cyt b)) s™%. This reaction  Because proximal Qsite inhibitors prevent the reduction
was essentially completely inhibited by addition of stigma- of cyt b, we can also exclude cit as a site for superoxide
tellin. In the presence of saturating concentrations of production. We can also rule out the semiquinone formed
myxothiazol, mucidin, famoxadone, and MOA-stilbene in- by the equilibration of unbound quinone and quinol as a
duced superoxide production a50% of the rate induced  major source of superoxide, since;O production was
by antimycin A, with an absolute rate 6f0.42 mol of Q*~ undetected in the absence of the byt complex or cytc.
(mol of cytbey) ™ s7* at saturating concentrations of decyl-  This leads us to suggest that the distal niche of theit@
UQH,. Similar rates of @ production were observed with  pocket is the site of @ production under the conditions
saturating concentrations of UQHO or UQH-20 instead  described above. This is confirmed by the action of stigma-
of decyl-UQH as a substrate (data not shown). Because thetellin, a known distal niche Qsite inhibitor. Since the SQ
proximal niche inhibitors are predominantly noncompetitive s likely the only species that is sufficiently reducing to
with UQH; (33), we do not expect these levels of substrate produce superoxide (reviewed in @4), we hypothesize that
to have displaced the inhibitors. Furthermore, addition of proximal Q site inhibitors allow the partial oxidation of
4-fold higher concentrations of the,Qite inhibitors or co-  substrate quinol to a semiquinone, but preventing its further
addition of saturating levels of antimycin A had no effect oxidation, thus increasing the steady-state semiquinone
on rates (data not shown), indicating that displacement of concentration. Essentially the same explanation has been
Qo site inhibitors followed by the normal Q-cycle did not given for O~ production induced by antimycin /A8), but

occur. with a few notable differences (see below).
Essentially no @~ was detected with the uninhibited cyt The bulkiness of the Qsite proximal niche inhibitor
bc, complex or in the absence of cyt(data not shown). affects the apparenK, for ubiquinol. We previously

We repeated these experiments using the SOD sensitivesuggested that the proximal, ®ite inhibitor, myxothiazol,
cyt ¢ reduction by superoxide detection method (see Materi- may alter the properties of substrate binding to thesie
als and Methods). We found that, just as reported earlier (24). Indeed, the appare#, for exogenously added decyl-
with myxothiazol @4), the cytbc; complex treated with  UQH, assayed by & production in the presence of
mucidin, famoxadone, and MOA-stilbene exhibited a residual myxothiazol was~7-fold higher than that determined by
rate of cytc reduction, which could be inhibited by50% either normal turnover or £ production in the presence
upon the addition of Mn-SOD. Th¥n. values (data not  of antimycin A (Figure 2). However, the overall bulkiness
shown) for superoxide production for the antimycin A-treated of the Q site inhibitors appears to be quite important.
[~0.8 mol of G~ (mol of cyt bc;™) st at pH 6.90] or Myxothiazol is the largest inhibitor that was studied, and
proximal @ site inhibitor-treated [0.4& 0.05 mol of Q- produced the highes(,, value K, ~ 36 uM). Consistent
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with the relative sizes of the proximal,@ite inhibitors, this

is followed by famoxadoneK, = 15 uM), MOA-stilbene
(Km = 5 uM), and mucidin K = 3 uM). Surprisingly, the
decyl-UQH K, value for Q°~ production in the presence
of mucidin was virtually indistinguishable from that in the
presence of antimycin A or that for normal Q-cycle turnover.

It appears that, in the presence of mucidin, the smallest

proximal @Q site inhibitor, the distal @site niche retains
the full affinity of a completely unoccupied &ite, sug-
gesting that mucidin and ubiquinol can bind simultaneously

and independently. The experiments were repeated with ,

UQH,-10, instead of decyl-UQ} as the substrate and with
mitochondrial membranes instead of the isolated logit
complex. While the absoluté, values varied slightly under
these conditions, the relative order &f, values (i.e.,
myxothiazol> famoxadone> MOA-stilbene> mucidin~
antimycin A ~ normal turnover) remained the same (data
not shown).

We expect that there are considerable species differences

in how proximal @ site inhibitors affect @~ production

by the cytbc, complex on the basis of well-known differ-
ences in sensitivity to these inhibitors. We found that, in the
isolatedRhodobacter sphaeroidest bc; complex, while
both antimycin A and mucidin induced,O production, the
larger Q site inhibitors (myxothiazol, famoxadone, and
MOA-stilbene) did not (F. L. Muller, A. R. Crofts, and D.

M. Kramer, unpublished observations). This suggests that,

in this species, the inhibitors bind somewhat differently, or
the proximal and distal Qniches overlap significantly.
Defining the Bounds of the {Bite Distal Niche As we
noted previouslyZ4), the maximal rate of @ production,
with saturating decyl-UQHK was lower ¢2-fold) in the
presence of myxothiazol than in the presence of antimycin
A (see Figure 1 and above). In this work, we show that the
Vmax Was nearly identical among the different proximal Q
site inhibitors. Because thénax (at saturating UQH) likely
represents the rate of oxidation of bound UQthis result
suggests that the UQHheadgroup is bound at the, @ite in

essentially the same position, regardless of the presence o

the various proximal @site inhibitors. The simplest expla-
nation for a constanVnax but a varyingK,, is that quinol
binding displaces the larger inhibitors or that conformational
changes within the Qpocket allow a very similar binding
of the substrate.

We used computer-simulated “docking” to explore the
location for binding of the substrate, UQH, at the Q site
(see Materials and Methods). Initially, the various inhibitors
were left in the positions predicted or inferred from X-ray
structures (see above), while the U@Hheadgroup (shown
in blue) was placed (see Materials and Methods) into the
“stigmatellin position”, with essentially the same position
and orientation as the 6-methoxyedmethylquinol group of
stigmatellin, i.e., with~3.0 A H-bonds between H161 of
the ISP and E272 of cyb (data not shown). Extensive
overlap was observed between U@Hand stigmatellin, as
expected. It was qualitatively observed that increasing
substrate-inhibitor overlap was seen when UQH was
docked into the stigmatellin position in structures with
progressively bulkier proximal £site inhibitors. However,
in this position, UQH-1 overlapped (overlap= 66 A3)
significantly with mucidin, which would be inconsistent with
theKn, observed for mucidin (Figure 2 and data not shown).

Muller et al.
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Ficure 3: Modeling of proximal @ site inhibitors with ubiquinone
at the Q site. Alignment of the cybg X-ray crystal structures
showing occupancy at the,Qite by the substrate, UQH. (blue),
and Q site inhibitors (yellow). E272 of cyb is shown in its
hypothetical position with UQHK1 (green) and @site inhibitor-
shifted position (orange). Also shown are the 228 cluster and
H161 of the stigmatellin-inhibited cyc; X-ray crystal structure
(red). (A) Bird's eye view of the @site, showing a ball-and-stick
model of UQH-1 (blue), hydrogen bonds between H161 from the
stigmatellin-inhibited cytbg X-ray crystal structure, and the
hypothetical position of the E272 side chain. ThedQe shows a
wire mesh van der Waals surface of U@H (blue) and a solid
van der Waals surface of (B) stigmatellin, (C) mucidin, (D) MOA-
stilbene, (E) famoxadone, and (F) myxothiazol, showing their
pverlap. The Q sites were oriented in different orientations to
exemplify the overlap between UQH and the Qsite inhibitors.

To resolve this contradiction, the UQH was repositioned
so that the overlap would be minimized between UQH
and mucidin. Figure 3 shows that the most straightforward
solution was to pivot the carboxylate side group of E272
from stigmatellin-inhibited cytoc; by 51° along the axis
formed by the G—Cg bond, allowing UQH-1 to bind less
than 3.0 A from the original position inferred from the
stigmatellin, while retaining H-bond lengths 0$3.0 A
between H161 and E272. It is notable that E272 (and the
PEWY loop in general) is highly flexible and found in a
number of positions in the different X-ray structur8y @nd

we feel that allowing this residue to move is reasonable. In
this position, mucidin only exhibited a small overlap with
UQH,-1 of 5.2 A3 (Figure 3C). In this new position, UQHL

has an overlap with stigmatellin and myxothiazol of 60.7
(Figure 3B) and 60.3 A (Figure 3F), respectively. The
intermediate-sized inhibitors, famoxadone and MOA-stilbene,
showed overlap of 51.1 (Figure 4E) and 23 3(Bigure 3D).
Consistent with th&, values that were observed, increasing
substrate-inhibitor overlap was again seen when UQH
was docked into this position in structures with progressively
bulkier proximal @ site inhibitors (cf. Figures 2 and 3).
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The results presented here may also have important

presence of each of the inhibitors can be explained if both implications for the energetics of the ISP head domain

the proximal @ site inhibitors and UQK1 can bind

movements. The ISP head domain is found in different

simultaneously. We used the simulations to determine whatpositions in crystal structures, depending upon a number

it would take for the proximal @site inhibitors to bind
simultaneously in the presence of the hypothetical JQH
In two cases, moving E272 involved breaking an H-bond.
In the case of MOA-stilbene, a weak predicted H-bond from
the inhibitor carbonyl and the amide proton of E272 was

factors, including the presence of different €te inhibitors
(23, 37, 38). Binding of Q, distal niche inhibitors such as
stigmatellin or 5-undecyl-6-hydroxyl-4,7-dioxobenzothiazole
(UHDBT), which form hydrogen bonds to the His ligand of
the 2Fe-2S cluster, tends to fix the ISP in the ISposition

broken. In the case of famoxadone, the hydrogen bond (in the Q pocket). On the other hand, certaig Qroximal

between the oxygen of the oxazolidinedione group of

niche inhibitors (MOA-stilbene and famoxadone) favor the

famoxadone and the amide backbone proton of E272 was“released” positions (i.e., those not at the $te) 23, 37,

broken. Qualitatively, the breaking of H-bonds and the

38). Our results, and those of Brandt and co-work&3,(

extents of PEWY loop rearrangements required to achieve show that the @site proximal inhibitors and substrate can

good H-bonding with the substrate could also explain the
observed differences in th€, values for @~ production.

bind simultaneously. If UQKindeed forms hydrogen bonds
between E272 of cyt and H161 of the ISP, then this mutual

We found other reasonable structural rearrangements, whichbinding would require movement of the ISP head domain

could allow simultaneous binding of inhibitor and substrate.
For example, the hydrophobic interaction of the phenylamino

to the ISR position. The relatively small effects of inhibitor
binding onKy for UQH, (Figure 2) and of substrate binding

group of famoxadone could be disrupted, as suggested byon inhibitorKp (33) would imply a relatively small difference

its observed flexibility 23), rotating the group away from
the distal @ site niche to allow substrate binding. Alterna-
tively, the substrate could rotate along the H&ER72
hydrogen bond axis, avoiding the phenylamino group of the
inhibitor. Moreover, the soluble head domain of the Rieske
ISP is known to be in a variety of conformations in different
crystal structures? 36). When this was taken into consid-
eration, less manipulation of the inhibitors is required to
achieve simultaneous binding of the inhibitor and USIH

in free energy among the different ISpositions in the native
(not crystallized) complex, at least when induced by proximal
niche inhibitors.

Implications for Inhibitor-Induced @~ Production in
Mitochondria.Several studies in intact mitochondria reported
that myxothiazol inhibits @~ production 85, 39, 40), in
apparent contradiction with our results and those reported
in refs41and42. Our data suggest an explanation for these
results. Starkov et al4() noted that a high succinate-to-

At present, we do not have any data to distinguish thesefumarate ratio was required for efficient myxothiazofO
possibilities, but these simulations demonstrate the possibility production in mitochondria. The ratio of succinate to

of complete, and partially functional, double occupancy of
the Q pocket, as suggested by the kinetic data.

Differences between Proximal and Dista} Qite Inhibi-
tors. Proximal and distal inhibitors have been differentiated
by the specific niches that they occupy in thg ste niche
(2). From the aligned X-ray crystal structures (see Materials
and Methods)~50% of the volume between the dista} Q
site inhibitor stigmatellin (volume= 521.4 A) and the
proximal Q site inhibitor myxothiazol (volume= 488.8 &)
overlaps (overlap volume= 200.7 &), implying that the
volumes occupied by proximal and distal nichg Qite
inhibitors are not mutually exclusive. Stigmatellin forms
relatively strong H-bonds with both H161 and E272,
preventing interactions with substrate. This obviously ex-
plains the complete inhibition of UQHbxidation by stig-
matellin. On the other hand, myxothiazol has no H-bonds
to the side groups of H161 and E272, but shifts the E272
side group away from the site, a general feature of
proximal Q site inhibitors. Therefore, we suggest that these
inhibitors are best differentiated by their binding mechanism,
rather than by a more-or-less specific binding niche.

The above structural analysis offers a straightforward
explanation for the observed noncompetitive behavior of Q
site inhibitors, as well as their ability to bind in the presence
of substrate14, 33). Consistent with our results, Brandt and
co-workers 83) noted that binding of substrate quinol
changed the&p for certain proximal niche inhibitors by a
small amount, a factor of~2. This indicates that Qsite
proximal niche inhibitors can bind simultaneously, at the

fumarate determines the redox state of the quinone pool via
complex Il. At a ratio of 1:20, the level of myxothiazol-
induced @~ production was low, whereas the level of
antimycin A-induced @~ production was high41). This
could be explained by the relatively hidghy, for quinol in

the presence of myxothiazol since a higher concentration of
ubiquinol would be required to saturate the site. Our
measurements of thi€, of ubiquinol for G~ production
support this explanation (Figure 2). Large proximal<@e
inhibitors (famoxadone and myxothiazol) have relatively
large Ki, values for ubiquinol, indicating weak binding at
the distal Q site. On the other hand, th&, for UQH, was

not really changed by smaller proxima} @hibitors (MOA-
stilbene and mucidin), which molecular modeling indicates
can bind almost unobstructed concomitantly with ubiquinol
(Figure 3). Thus, when the amount of reduced substrate is
small, myxothiazol and the large inhibitors could decrease
the level of Q*~ production by increasing the substrétg
above the concentration of the reduced substrate.

An obvious question about this work is whether our results
are somehow an isolation artifact or are perhaps a conse-
guence of the use of the artificial substrate, decyl-UQH
We note that proximal @site-induced @~ production was
also observed when UQH.0 or UQH-20 was used as the
substrate (data not shown). In addition, myxothiazol, muci-
din, MOA-stillbene, and famoxadone (as well as antimycin
A) were also found to induce £ production in mitochon-
drial membranes supplemented with the more natural sub-
strates succinate, UQHO0, and UQH-20 (data not shown).

same overall site, but their mutual interactions are rather Furthermore, we were able to confirm that proximalsQe

small.

inhibitors and antimycin A also induced,© productionin
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vivo in S. cereisiag these data will be published in a
complementary paper (F. L. Muller and D. M. Kramer,

manuscript in preparation).

Implications for the Mechanism of Ubiquinol Oxidation

and for Mutations of the @Site The fact that myxothiazol,
mucidin, MOA-stilbene, and famoxadone can inducg O
production in the isolated cybc, complex andin vivo
indicates that quinol oxidation at the,@ite can proceed
even if the proximal niche is blocked.

There are several important implications for, Qite

catalysis arising from this basic conclusion. First, it appears

that UQH, and proximal Q@ site inhibitors can bind simul-

taneously to the Qsite. Two types of kinetic models can
account for this behavior well. The model proposed by Crofts

and co-workers 15) incorporates a single d&ite quinoid

species that moves during catalysis. That quinol is first bound

essentially in the distal niche of the,@ocket. Only after

partial oxidation and deprotonation does it move to the
proximal niche. Within this model, our data suggest that the
distal niche can operate independently of the proximal niche,
but that its product is unable to transfer its electron to the
cyt b heme, possibly because the semiquinone is unable to

migrate to within range for rapid electron transfer.

In the mobile semiquinone models in the presence of
antimycin A, both the distal and proximal binding niches
are potentially open to the semiquinone intermediate. Ad-

dition of a proximal @ site inhibitor would eliminate one

of these niches. Given that the overall equilibrium constant
for the formation of the semiquinone from-bound quinol is
small, elimination of one of the two niches should lower
the steady-state concentration of the semiquinone. If the
reactivity of the semiquinones in the two niches were on
the same order of magnitude, this could also account for the

approximately 2-fold lower maximal rates of*Oproduction
with the proximal niche @site inhibitors with respect to
that with antimycin A.

Models in which two quinoid species are simultaneously

bound at the @site pocket have also been proposéé, (

43, 44). Our data could be accommodated in this type of
model, provided that only one of the quinone species is
specifically displaced by mucidin (the smallest of the

proximal @ site inhibitors). The fact that thi€,, for UQH,

is unaffected by mucidin suggests that the remaining quinone
species binds normally. This would preclude strong interac-

Muller et al.
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