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ABSTRACT. Structures of mitochondrial ubihydroquinone:cytochranoidoreductasedc; complex) from

several animal sources have provided a basis for understanding the functional mechanism at the molecular
level. Using structures of the chicken complex with and without inhibitors, we analyze the effects of
mutation on quinol oxidation at the @ite of the complex. We suggest a mechanism for the reaction that
incorporates two features revealed by the structures, a movement of the iron sulfur protein between two
separate reaction domains on cytochraznand cytochromé and a bifurcated volume for the,Qite.

The volume identified by inhibitor binding as the Qte has two domains in which inhibitors of different
classes bind differentially; a domain proximal to hemewhere myxothiazole and-methoxyacrylate-
(MOA-) type inhibitors bind (class Il), and a distal domain close to the iron sulfur protein docking interface,
where stigmatellin and B-undecyl-6-hydroxy-4,7-dioxobenzothiaole (UHDBT) bind (class I). Displacement

of one class of inhibitor by another is accounted for by the overlap of their volumes, since the exit tunnel
to the lipid phase forces the hydrophobic “tails” to occupy common space. We conclude that the site can
contain only one “tailed” occupant, either an inhibitor or a quinol or one of their reaction products. The
differential sensitivity of strains with mutations in the different domains is explained by the proximity of
the affected residues to the binding domains of the inhibitors. New insights into mechanism are provided
by analysis of mutations that affect changes in the electron paramagnetic resonance (EPR) spectrum of
the iron sulfur protein, associated with its interactions with thesi@ occupant. The structures show that

all interactions with the iron sulfur protein must occur at the distal position. These include interactions
between quinone, or class | inhibitors, and the reduced iron sulfur protein and formation of a reaction
complex between quinol and oxidized iron sulfur protein. The step with high activation energy is after
formation of the reaction complex, likely in formation of the semiquinone and subsequent dissociation of
the complex into products. We suggest that further progress of the reaction requires a movement of
semiquinone to the proximal position, thus mapping the bifurcated reaction to the bifurcated volume. We
suggest that such a movement, together with a change in conformation of the site, would remove any
semiquinone formed from further interaction with the oxidized [2Fe-2S] center and also from reaction
with O, to form superoxide anion. We also identify two separate reaction paths for exit of the two protons
released in quinol oxidation.

The ubiquinol:cytochrome oxidoreductases family of  bacteria and (as th&f complex) in the photosynthetic chain
enzymes (thebc, complexes) are central components of  of oxygenic photosynthesis (see réfs6 for recent reviews).
many electron-transfer systems, occurring ubiquitously in The enzyme catalyzes the oxidation of quinol, the reduction
respiratory and photosynthetic chains of mitochondria and of cytochromec (or plastocyanin in chloroplasts), and the
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subunits, and a fourth subunit of unknown function, are Inhibitors at the Q site fall into two main classe8—
present12, 13. The functions of many of the supernumerary 30). UHDBT and stigmatellin (class |) interact specifically
mitochondrial subunits are not well understood, but they are with the [2Fe-2S] center, perturbing its spectroscopic and
not thought to have a direct role in catalysis. The crystal- redox properties, and prevent its oxidation by cyt(23—
lographic structures have provided a new perspective on the26). Myxothiazole and MOA-type inhibitors (class Il) do not
relation between structure and function. interact with the [2Fe-2S] center but shift the spectrum of

extensively studied. Much of the mechanistic work has been 0ccupation by inhibitors is mutually exclusivex-29), and
done in photosynthetic bacteria, where the option of flash the crystallographic studies have shown that stigmatellin,
excitation provides a greater experimental flexibility, and UHDBT, myxothiazole, and MOA-stilbene occupy an over-
molecular engineering protocols have allowed exploration lapping volume {—11). Further information on the oc-

of function through specific mutagenesis. A modified Q cycle cupancy of the @site has been obtained though study of
(1-3, 6, 14-21) accounts well for the experimental data. the interaction of the occupant with the [2Fe-2S] center of
Quinol is oxidized at the gsite of the complex in areaction the reduced ISP, observed through changes in the EPR
with a relatively high activation barrie2(). One electron  spectrum. In addition to the effects observed with stigmatellin
is transferred to a high-potential chain and the other to a and UHDBT @3—26), a well-defined spectral change giving
low-potential chain, in the so-called bifurcated reaction. The rise to a band ag, = 1.80 has been characterized when
high-potential chain, consisting of the ISP, cytand cytc quinone and the reduced ISP are both presghit87). The

(or cy), transfers the first electron from quinol to an acceptor dependence on ambient redox potential, and on the extent
(cytochrome oxidase in mitochondria, the oxidized photo- of extraction of quinone, has lead Ding and colleagues to
chemical reaction center in photosynthetic systems). Becausesuggest a double occupancy of the site by weakly,f@nd

QH, oxidation is the limiting step and proceeds through a strongly (Qs) binding quinone specie84—37). Inhibitors

high activation barrier, the reaction at the §)e appearsto  of either class eliminate EPR signals ascribed to both species
be a concerted electron transfer to the high- and low-potential (34, 35. Support for occupancy of the,@ite by more than
chains. It is generally supposed that an intermediate semi-one species has been suggested by Brandt 2@lof the
quinone is generated at the, ite, but this has not been basis of kinetic studies interpreted as showing noncompetitive
detected 21, 22. The low-potential chain consists of two  binding of MOA-type inhibitors in the presence of substrate
cytb hemes, which form a pathway through which electrons quinol.

are transferred across the coupling membrane from the Q Although the modified Q-cycle mechanism is well sup-

site to tg? Qsige. T.O prc;vid_e the tV\;]o electro_r:js_ at tgeg‘@e_ ported, there remain several problems in understanding the
required for reduction of quinone, the Qlte oxidizes 2 €quiv. o chanism of catalysis at the molecular level. Most signifi-

?g qumc_)tl n successwe tulmtt_)velrﬁz- glhe f|rst_ elgctrontﬁtt_ cant is the paradox of the bifurcated reaction. The semi-
e Q site generates a relatively stable semiquinone that ISquinone intermediate formed in quinol oxidation must have
reduced to quinol by the second electron. The overall reaction

enerates four protons in the periplasmic space (the side ofa low enough potential to reduce dyt but does not react
gene P : perip P . with the oxidized ISP at a significant rate, despite the strong
positive protonic potential, or P side), and the formation of

; o thermodynamic gradient favoring this reaction. A more
quinol uses up two protons from the cytoplasmic side (the detailed understanding of the structtfenction relationshi
N side, ofnegative protonic potential). Bifurcation of the 9 P

reaction at the @site is essential for proton pumping and ﬁ;;hrfo\?vaéaeg::c rso't/?;ezjegu';ffaa Csrtrgghj(;alrgorz}ie::a;gg (th|s
for conservation of the free energy released in the reaction, P y y Cry grap

and occurs with high stoichiometric efficiency: 10). The structures have alregdy revealeq a hitherto unsus-

pected complexity in the reaction mechanism. The extrinsic
head of the ISP serves as a mobile domain, ferrying redox
equivalents between reaction interfaces onag\dnd cytb
through a 22 A movement( 11, 38-40).

1 Abbreviations: be; complex, ubihydroguinone:cytochronsexi- In this paper, we present details of the structures of the
doreductasehy, higher potential cytochrontehemesby, lower potential ~ chicken heart mitochondridic; complex in the native state
cytochromeb heme; cyt, cytochrome; EPR, electron paramagnetic gnd in cocrystals with inhibitors7), as these pertain to

resonance; [2Fe-2S] or ¥, iron sulfur cluster of the Rieske-type - - .
iron sulfur protein; ISP, Rieske-type iron sulfur protein; ¥S&hd ISP, operation of the @site.The structures show no evidence for

oxidized and reduced states of the iron sulfur protein;sISPISF:, occupancy of the @site by more than one species. In the
iron sulfur protein docked at cytochrorbeor cytochromee; interface, context of the structures, we discuss studies of function in

respectively; MOA -methoxyacrylate, or similar group, acting as the strains in which mutation affects the, Gite. We discuss the

pharmacophore of a class of inhibitors of thesQe; Q, ubiquinone or .
quinone; O, ubisemiquinone anion: Q ubiquinone bound in the ~ Pathways by which protons are released, and we propose a

primary acceptor quinone pocket of the bacterial reaction center; Q mechanism based on single occupancy for the site that fits
ubiguinone bound in the secondary acceptor quinone pocket of the the available data and explains how the bifurcated reaction

bacterial reaction center; QHubisemiquinone, neutral form; QH . .
ubihydroguinone or guinol: QF ubihydroguinone anion: (Gsite. works. Preliminary accounts of some of this work have

quinone reducing site; Qsite, quinol oxidizing site; Qor QH,, appeared elsewheré,(11, 40-43).
ubiquinone or ubihydroquinone at the $ite; Q, Q.H>, ubiquinone or

ubihydroquinone at the Qsite; Qs and Qu, strongly and weakly METHODS AND MATERIALS
binding quinone molecules bound to the Qte; -PEWY-, highly

conserved span of cytochroniewith this sequence in single-letter ; ; i
amino acid code; SQ, ubisemiquinone (protonation state unspecified); CryStaHOQraphlc MethodsThe CryStaIIOQraphIC determi

UHDBT, 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole; UHNQ, 3-un- na_ltion of th_e structures of_ the complex from chicken heart
decyl-2-hydroxy-1,4-naphthoquinone. mitochondria has been discussed at length elsewhgre (

QH, + 2 cytc®™ + 2H" = Q+ 2 cytc™ + 4H",
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Coordinate data sets have been deposited in the Brookhaveronstrained to the volume available to myxothiazole. The
Protein Data Bank as files 1bcc (native complex with quinone [2Fe-2S] cluster, the heme, and their ligands were frozen
at Q site, lipids, and detergents), 2bcc (complex with during the energy minimization. Water molecules in the
stigmatellin), and 3bcc (complex cocrystallized with stig- putative water chain were based on the data ofiiefwith
matellin and antimycin). Refined structures have also been some relaxation to accommodate residue changes in different
solved at similar resolution for the chicken complexes with structures.
myxothiazole or MOA-stilbene bound. Refinement data for
all these structures are included in a companion pag®r ( RESULTS
Additional structures containing other inhibitors including ) .
UHDBT, and other MOA-type inhibitors, have been solved ~ Structure of the @Site.The structural studieg'¢-10) have
and are currently under further refinement (E. A. Berry, and confirmed the general features anticipated from sequence
Z. Zhang, unpublished work) but are referred to only briefly analysis, structural prediction, biochemical and biophysical
in this paper. studies, and the position of residue changes leading to
Inhibitors were modeled to fit electron densities in separate inhibitor resistancel(, 3, 5, 4§ and have provided a wealth
crystal structures containing each inhibitor. Crystals were Of additional detail. Spans in the sequence predicted to
grown in the presence of inhibitors at saturating concentra- contribute to the function are highlighted in Figure 1(top),
tions, as detailed previously) At the present resolution, ~Which shows a ribbon representation of the <ge of one
the positions of individual atoms are not resolved, so atomic functional monomer from the chicken heart mitochondrial
structures shown should be regarded as preliminary. bc; complex. The structure is from 2bcc, which contains
Graphic representation of the structures was realized bystigmatellin bound at the site. Superimposed on the stigma-
use of Chime [Molecular Design Limited (MDL), Chemscape tellin structure are models of myxothiazole and MOA-
Chime, version 2.0.3), a plug-in for the Netscape browser Stilbene, to show the general features of the common volume
(Netscape Communicator, version 4.04). Surfaces wereand the overlap. Residues at which mutagenesis leads to
calculated by using theurfacefunction of Chime, with a  inhibitor resistance or introduces changes in function at the
1.4 A probe. Q. site are shown as stick models, to indicate their location
Molecular Engineering Protocold/olecular engineering ~ relative to the site.
of cyt b of Rb. sphaeroidesvas performed as previously Sequence similarity across the bacterial/mitochondrial
described 44), and specific plasmids and protocols will be evolutionary divide shows a strong conservation, so the three
described in detail elsewhere. Kinetic characterization of subunits may be taken as representative of the catalytic core
mutant strains5—19, 21 and characterization of interac-  of the complex fromRhodobacteispecies, where much of
tions between quinone and the ISP by EPHRI) (used the molecular engineering and kinetic characterization has
established protocols, and experimental details will be also been done. We have constructed homology models of the
be given separately. three catalytic subunits, using tRé. sphaeroidesequence,
Computer ModelsHomology modeling was carried out  with the structure of the catalytic subunits from the chicken
with the module Modeller45) in the CHARMm package  heart mitochondrial complex as a template. In aspects of the
of programs (Molecular Simulations Inc.). The energy structure relevant to this paper, the homology models
minimization to eliminate improper atomic overlaps and poor followed closely the mitochondrial structure, and we have
geometry was performed with CHARMm/X-PLOR running chosen to use the latter for discussion, since that is the
on an SGI Indigo2 computer. During preliminary minimiza- primary structural data. Aligned sequences of byfrom
tion, backbone atoms of conserved residues were constraineddiverse species are shown in Figure 2, annotated to show
The coordinate bonds of prosthetic groups and the metal the structural features referred to in the discussion below
ligand bonds were held constant by distance constraints atand the architectural roles of conserved residues.
all stages of energy minimization. Modeling of the quinones
at the @ site was performed with SCULPR) (Interactive
Simulations Inc.) running on a PC computer. After removal
of the coordinate data for the incumbent inhibitor, the

The site is defined by three major features:

(i) The first feature is a concave, exterior-facing surface,
which provides the docking interface for the ISP, shown by

quinone abstracted from file 4rcr (photochemical reaction the [2Fe—28].center,_ and His-161. The surface is highly
center) was positioned at the, §ite to mimic the inhibitor. ~ cOnserved 8, see alignment in Figure 2) and contains at

For occupancy of the distal domain, the protein (stigmatellin- 'S @pex in the stigmatellin-containing structure an opening
containing structure) was frozen, and, after preliminary P€tween the distal lobe of the,Qite and the exterior, through
position to replace the inhibitor, the quinone was tethered which His-161 contacts the inhibitor. This docking interface
to the His-161 and Glu-272 and then relaxed with SCULPT, IS discussed in greater detail in a companion pap8y. (

to eliminate van der Waals overlap and to minimize the (ii) The second feature is a bifurcated volume in which
global free energy. This positioned the quinone symmetrically electron density is seen in crystals containing myxothiazole,
between the two ligands, with a distance appropriate for MOA-type inhibitors, UHDBT, or stigmatellin (Figures 1
H-bonding, and in conformation with the stigmatellin and 3). From their known action at the site, their occupancy
volume. Two H-atoms were added to convert the model to defines this as the quinol binding pocket. The volume is
a quinol. For occupancy of the proximal domain, the quinone formed by the following spans: the C-terminal end of helix
ring was positioned to replace the inhibitor in the myxothi- C (shown in blue in Figure 1, top), the connecting loop to
azole-containing structure, so as to match approximately thethe cd1l amphipathic helix (in green-blue), the ef loop,
position of the pharmacophore, and then relaxed while the including a coil from the end of the helix E (in green), the
protein was kept frozen. In this position, the quinone was -PEWY- turn (in yellow), the short ef helix (in orange)
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Ficure 1: Overview of the Qsite in the stigmatellin-containing structure. (Top) Tow complex is shown as a ribbon structure, with cyt

b in gray, but the spans contributing to the site are colored as follows: helix C, in blue; the connecting loop to the cd1l amphipathic helix,
in green-blue; a coil from the end of helix E, in green; the ef loop, including the -PEWY- turn, in yellow; the small ef helix connecting the
-PEWY- turn to transmembrane helix, in orange; and the N-terminal end of helix F, in red. Most of the resbdfasybeen cut away to

reveal the site. Residues at which mutation changes the function of,te#eCare shown as wire-frame models. Helpds shown as a
wire-frame model in magenta, with the Fe atom as a space-filling sphere. The ISP is shown by a pale-blue ribbon, with the cluster atoms
as space-filling spheres. Ligands to stigmatellin (His-161 of ISP and Glu-272 bj eye shown as tubes with CPK coloring. Stigmatellin

is shown as a red tubular structure. Models of myxothiazole (orange) and MOA-stilbene (blue), abstracted from separate structures in the
same reference orientation, are superimposed on the stigmatellin structure to show the overlap in occupancy. (bottom) Surface of cyt
viewed from the lipid phase, looking down the tunnel into thes@@e pocket. The red dots show the volume of stigmatellin. Stigmatellin

is shown as a red tubular structure. Structures for myxothiazole (yellow) and MOA-stilbene (cyan) are superimposed on the stigmatellin
structure to show the overlap in occupancy. Hempés shown as a ball-and-stick model in green, with the Fe atom as a space-filling
sphere. The ISP is shown as a blue ribbon, with the cluster as space-filling spheres, and with His-161 as a CPK-colored tube. These panels
are presented as stereopairs for crossed-eye viewing.

connecting the -PEWY- turn to transmembrane helix, and (iii) The third point of note is that the structure of the site
the N-terminal end of helix F (in dark red). The ends of the brings together spans distant in the sequence. A number of
transmembrane helices flare out to provide the volume in H-bonds involving side chains of conserved residues (@138
which the inhibitors bind, and the amphipathic helices and V264, Q138-N261, W142-N261, and W136-A60) hold

the -PEWY- loop form other bounding walls and the docking these together. As discussed below, the site shows consider-
interface for the ISP. A tunnel connects the site to the able expansion upon binding inhibitors, and this loose
membrane phase. One domain of the bifurcated volume, thestitching might facilitate these accommodations.

proximal lobe, is near hemb_ and is occupied by the From the structures of Zhang et ar),( neither the cyb
pharmacophore side chains of myxothiazole or the MOA- nor the cytc; subunit appears to undergo any large-scale
type inhibitors (Figures 1 and 3B,C). The second domain, change in structure on binding inhibitors. In contrast, the
the distal lobe, is close to the ISP interface, and opens ontolSP changes its position dramatically on binding stigmatellin
it through a hole that is visible when the surface is mapped (7; see Figure 3C) or UHDBT7 8, 10. Kim et al. (1L0)

by a 1.4 A radius probe. The rings of stigmatellin and noted that, in crystals containing MOA-type inhibitors,
UHDBT bind in this volume (Figures 1 and 3A). The tails density of the [2Fe-2S] cluster was lost from a binding
of all the inhibitors extend toward the membrane phase domain near cyb, and we have noted a similar but less
through the common channel of the tunnel (Figure 1B).  marked effect in our structure89). Although there are no
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HHHHHHHHHHHHTTTCCCTTTHHHHHHHHHHHTTTHHHHHHHHHHEHHHHEHHHHEHHHHHEH

====p======] (--mab----} I B ]
49 60 73 80 84 98
Chicken LMTQILTGLLLAMHYTADTSLAFSSVAHTCRNVQYGWLIRNLH ANGASFrFFICIFLH-----
Yeast LVIQIVTGIFMAMHYSSNIELAFSSVEHIMRDVHNGYILRYLH ANGASFFFMVMFMH-----
Spinach bg FLVQVATGFAMTFYYRPTVTDAFASVQYIMTEVNFGWLIRSVH RWSASMMVIMMILH-----
Bacillus TVIQILSGMFLTMY ¥YVPDIKNAWESVYYLONEVAFGQIVRGMH HWGASLVIVMMFLH-----
Sulfolobus LIFEIITGALTALYYTPSDP YTSTTYLISQVPYGALLFSLH SWGAYVMIFAMLVH-----
Aquifex FAIQIISGMVLILYYNLQSQTLLT~VHLLDNGRNSLRMALQAHTRTGANFFMAIVYLH-----
Chlorobium FVIQILTGLLLLQYYKPTETDAFASFLFIQGEVPFGWLLRQIH AWSANLMIMMLFIH---~~
Rubrum MIIMIATGIFLAMS YTAHVDHAFDSVERIMRDVNYGWLMRYMH ANGASMEFIVVYVH-----—
R. sphaeroides LVLQIVTGIVLAMHYTPHVDLAFASVEHIMRNVNGGFMLRYLH ANGASIFFIAVYLH-----
h hxxxs cc ccccvvvve 1 1 1

HHHHHHHHHHHTTTTCHHHHHHHHHHHHHHHH CTTTTHHHHEHHTTTTTTTTHHHHHHHHHHHHHHHHA

=C========] {----- cdl------ } {-cd2-} [========D======
125 140 160 180

Chicken LTLMATAFYGYVLPWGQMSFWGATVITNLFSA IPYIGHTLVEWAWGGFS VDNPTLTRFFALH FL--
Yeast ILTIATAFLGYCCVYGQMSHWGATVITNLFSA IPFVGNDIVSWLWGGFS VSNPTIQRFFALH YIL--~
Spinach bg VLTASFGVTGYSLPWDQIGYWAVKIVIGVPDA IPVIGSPLVELLRGSAS VGQSTLTREYSLHTFV-~
Bacillus MVMMGLGFTGYLLPWDMKALFATKVGLQIAFA VPLIGPATKTLLAGDPEIVGAQTLARFFATHVFF-—
Sulfolobus GLTLTEAYLGYSLPYNLIS WVATTTGLNLFG--ISLETIVNPNQP GIMSGV DPLVQRFEVFH WI--
Aquifex FVLILTALSGYLLPWGQLSYWGFIVITEIPGSPIFKAIAETIVLWMKGGYV VIDVTLGRVEGSHVLI--
Chlorobium LLSLGFGFTGYLLPWNELAFFATQVGTEVPKV AP GGAFLVEILRGGPE VGGETLTRMFSLHVVI--
Rsp. rubrum LLMMATAFMGYVLPWGQMSFWGATVITNLFSA IPVVGDDIVTLLWGGFS VDNPTLNRFFSLH Y1--

R. sphaercides LAMMATAFMGYVLPWGOMSFWGATVITGLFGA IPGIGHSIQTWLLGGPA VDNATLNRFFSLH YL--
tthhtshpphhssspsiippidtsit si  ss ss s vv vvvi s =xssxrvsxx 1 xx

TTCTHHHT TCCCTT TTCCCCCCHHHHHHHHHHHTTCCCCCCCCCCCCCCCCTTTTHHHHHHHHHHHH

{---ef----} [s=====F====
251 260 280 292
Chicken LGDPENFT PANPLV TPPHIKPEWYFLFAYAILRS IPNKLGGVLALA---
Yeast LGQPDNYI PGNPLV TPASIDPEWYLLPFYAILRS IPDRLLGVITMEF~~~-
Spinach SU IV LEPSMIGE PADPFA TPLEILPEWYFFPVFQILRT VPNRKLLGVLLMA~~-
Bacillus LCLTVAHP-TADPTD TTYIPLPDWYFLFLYQLLKY SYASGPYTVIGAIVMP--—
Sulfolobus IASMIPFD-EYNPINAAQAPPLPDWYFLFIYFFYKA IDPSSASIIF~-—-
Aquifex FLPPENFE PANPLK TPAHIAPEWYLLGYYEVFRS IPSKFWGEFVAFN~-—
Chlorobium GV KANPLSPAPLGIKPEWYFWAQFQLLK DFKFEGGELLA---
Rubrum FGEPDNYI PANPMV TPTHIVPEWYFLPFYAILRA VPDKLGGVLAMF---
R. sphaeroides LGHLDNYI EANPLS TPAHIVPEWYFLPFYAILRAFTADVWVVQIANFISFGIIDAKFFGVLAMEF---
sssccsce  ssii i1 cd tpspts tdssdd si is st tt

FIGURE 2: Sequences of ¢y, cyt bg, and subunit IV from representative species. Conserved residues are shown in bold-face roman type
if conserved within the mitochondrial family and in bold-face italic type if completely conserved. The secondary structure is encoded above
the aligned sequences as H (helix), T (turn), E (sheet), or C (coil), and the helices are named as previously sidggegi®d The
architectural role of each conserved residue is shown below the alignment by the following code: h, heme contacts, not ligand; I, heme
ligand (Fe or propionate); x, dimer contacts; ¢, monomer contadats tg vise for ISP tail; s, structural, within cyt (H-bond stitching or
hydrophobic packing); i, ISP interface; t, tunnel frong §te to lipid phase (the common volume of occupancy); p, proximal lobe,of Q

site; d, distal lobe of @site and also the opening from the §ite onto ISP interface (residues also interface with ISP).

major structural changes in cigtupon binding inhibitors at  stigmatellin (but resistance to myxothiazole or mucidin has
the @ site, there are significant local changes to allow not been reported). Residues shown in green indicate sites
accommodation of the occupant. at which resistance to both classes of inhibitor is found.
The occupancies by stigmatellin, myxothiazole, and MOA-  Stigmatellin-Binding SiteThe rings of stigmatellin occupy
stilbene are illustrated separately in Figure 3, in whichtxyt the end of the pocket distal to herbg and the tail exits the
is represented by its surface. The protein ofleytas been  site toward the lipid through the tunnel. The tunnel constrains
cut away to reveal the occupants. In Figure 3A, stigmatellin all occupants so that their volumes overlap in this and in
occupies the distal domain. In this position, the distance from the adjacent space inside the binding pocket. The side chains
the hemeb, is about twice that for the occupants of the of M125, E272, A126, and F129 (from the proximal side),
proximal domain. In Figure 3B,C, the myxothiazole- and P271, F275, 1147, L295, and Y279 from the distal side, and
MOA-stilbene-containing structures show the inhibitors with A278, which makes no contacts, contribute the surface of
the pharmacophore occupying the proximal domain, close this common volume. Stigmatellin binds at a distance of
to hemeb,. In these structures, the ISP was close togyt  ~11—12 A from the nearest atom of herbe In the presence
and separated from the dytdocking interface by a distinct  of stigmatellin, the ISP is found closely docked at the
cleft. concave interface. A strong density connection is found
Residues at which mutation affects inhibitor binding at between the headgroup of stigmatellin and H161 of the ISP
the Q site are shown in greater detail in Figure 4. The (7, 11, 3§. We have modeled this as a H-bond between N
residues are color-coded to indicate the effect of mutation of H161, and carbonyl and O-methyl groups of stigmatellin.
(40). Analysis for inhibitor resistance has not been systemati- The side chains of L150, 1269, L282, R283, Y279, V344,
cally studied at all sites, and where resistance to one inhibitorand V146 line the aperture in cyt through which H161
has been demonstrated, this does not necessarily mean thaiccesses the stigmatellin.
other inhibitors have been tested. Mutations at residues The side chain of Glu-272 of the -PEWY- loop projects
shown in yellow lead to resistance to myxothiazole or into the Q pocket in the stigmatellin structures, close enough
mucidin (but resistance to stigmatellin has not been reported).to H-bond with the OH group of the second ring of the
Changes at residues shown in red lead to resistance tanhibitor (Figure 3A). This configuration was not detected
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Ficure 3: Bifurcated volume of the Qsite, shown by the surfaces of the protein. (A, top) Stigmatellin-containing structure. The surface

of the protein (excluding prosthetic groups) was calculated by use of the Chime surface function and colored white. The surface has been
cut away to show the gpocket, with stigmatellin (tube model with C atoms shown in yellow) in place, with the ring in the distal domain.

The hemeb, (ball-and-stick model shown in CPK colors) is visible at upper right. The [2Fe-2S] cluster (lower left) is shown by spheres,
and the ISP is represented by a cyan ribbon, with the side chain of His-161, which provides a ligand to the cluster and also to stigmatellin,
shown as a tube model with C atoms in blue. Glu-272, a ligand fronbgcig similarly shown, in CPK coloring. The volume of the
inhibitor is shown by the dotted surface. (B, middle), Myxothiazole-containing structure. Coloring is as for panel A, except that myxothiazole
is shown as a tube model with C atoms in orange. The pharmacophore group is shown in the proximal domain, glottletQThe

[2Fe-2S] is not visible, because it has rotate to thecI@&sition. (C, bottom) MOA-stilbene-containing structure. Coloring is as for panel

B but with the inhibitor with C atoms shown in green.

in previous analyses (3bcc) but emerged from the refinementbacter sphaeroidgg1—3, 5, 43; and see Figure 4, top). The
of 2bcc and has been subsequently confirmed by furtherside chains of M125, F129, 1147, and L295 contribute to
refinement of the electron densities for crystals used for 3bcc.the surface seen by the inhibitor, and modifications might
In the native structure, and with both proximal-domain be expected to change the packing. Several “stigmatellin-
inhibitors, the side chain is rotated away from the pocket resistance” residues seem to play a more structural role, since
(Figure 3B,C), so the new configuration in the stigmatellin- they do not impinge on the site. G137 and N256 contribute
containing structures likely represents an important ligand to a polar patch of H-bonded residues, including S140 and
for the distal domain occupant. Strains with mutations at this the backbone O of Y132, which hold these two spans, distant
position inRb. sphaeroideE295D, -Q, or -G) were resistant  in sequence, in close apposition to form the site. The side
to stigmatellin and showed inhibited rates of Qbxidation chain of W273 points away from the site to make a H-bond
and a raisedn, (43), consistent with this liganding function.  with conserved S89. Conserved T148 is close to the distal
Other residue changes in chtleading to stigmatellin  lobe but points away from the pocket and forms a part of
resistance have been reported at positions M125, F129, G137the lipid-facing surface of the funnel of the quinone access
1147, T148, N256, W273, V292, and L295 (or equivalent port. V292 is~8 A away from the site and also contributes
residues in yeast, mousehodobacter capsulatus Rhodo- to the funnel surface. It is not obvious how changes at either
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FiIGuRE 4: Residues at which modification leads to inhibitor resistance. The residues are shown as tube models, numberedtirthe C
enclosed by their transparent surfaces to show how they contribute to the binding domains. Myxothiazole-resistant sites are shown in
yellow; stigmatellin resistance sites are shown in red. Residues at which modification leads to resistance to both inhibitors are shown in
green. Separate structures are shown for the myxothiazole- (top) and stigmatellin- (bottom) containing structures. The inhibitors are shown
as ball-and-stick models, colored white and cyan, respectively. The spans of cytodhoomigibuting to the @site are shown as a blue

ribbon. The ISP is shown as an orange ribbon, with the [2Fe-2S] cluster as small orange spheres. Note that, in many cases, several mutations
have been generated at a site, with differential effects on inhibitor binding, depending on the nature of the change. The color coding is
therefore somewhat simplistic.

of these residues would lead to stigmatellin resistance, unless/133. The pharmacophore of myxothiazole is not identical
through specific interactions with the “tail” not yet detected to that of the MOA-type inhibitors but could be modeled in
in structures. a similar configuration. Although myxothiazole or MOA-
Binding Site for Myxothiazole and MOA-Type Inhibitors. stilbene is closer to hemb, than stigmatellin, helix C
Myxothiazole and MOA-stilbene bind in the same cavity as separates the inhibitor binding pocket from the heme face
stigmatellin but are displaced5.5 A toward hemdy, and and from His-183, the ligand to the Fe of herne This
the center of the membrane. In the presence of these class Imakes it unlikely that this histidine could provide a ligand
inhibitors, the position of the ISP was close to cytas in to the occupant, as previously suggested for ubiquiBB). (
the native structure, suggesting that no strong interactionsThe heme edge comes forward toward the binding pocket,
of these inhibitors with the ISP occur, consistent with the but there are no contacts between myxothiazole or MOA-
lack of redox or spectral change induced by their binding type inhibitors and hemb,.
(24, 25, 27—29). Structures with well-defined densities have In both the MOA-stilbene and myxothiazole structures,
also been obtained for cocrystals with several iodinated the side chain of Glu-272 had rotated out of the pocket
homologues of MOA-type inhibitors, which have aided compared to the stigmatellin structure. This rotation opened
determination of the orientation of the pharmacophore group the volume for occupation by the pharmacophore side chain,
(E. A. Berry, and Z. Zhang, unpublished results). For MOA- which would otherwise be occluded by overlap. In the “out”
stilbene, the essential carbonyl oxygen of the MOA-type position, the side chain pointed away from the binding pocket
pharmacophore2@) was modeled as forming a weak H-bond and toward an exterior cavity that connects to the P phase.
with backbone NH of Glu-272 of the -PEWY- loop. The The edge of hemb_ with the propionate side chains, with
methoxy group of the pharmacophore points to a polar Arg-83, also faces this aqueous cavity, and the polar side
volume including backbone atoms of F129, M139, S140, and chains of E272, Y132, S140, and Y274 contribute to the
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exterior surface. On their other sides, these residues also forrmove to close the aperture, insulating thesi@e more from
part of the surface of the proximal domain of thgg@cket. the aqueous phase. This closure involves a rotation of 1147
Most mutations reported at these residues have led towithin the pocket and a-3.5 A displacement of Y279 to
disrupted function or slowed electron transfer. Although the make a H-bond with backbone O of 1269. This moves the
backbone NH of E272 is modeled as forming a H-bond to ef loop and the 1269 side chain rotates to close the gap
MOA-stilbene, mutations at this residue (E295G and E295Q (Figure 5). As noted above, the rotation of E272 out of the
in Rb. sphaeroidesumbering) led to stigmatellin resistance pocket is likely to be of functional significance in proton
(5, 43 but not resistance to myxothiazole. The side chain release and may be linked indirectly, through coupled
presumably plays no role in binding of the class Il inhibitors. displacements, to the closure of the gap. Compared to the
The backbone configuration of the -PEWY- loop is tightly native structure, in which the side chain is also rotated, the
constrained by H-bonding, which is maintained in each of displacement of the -PEWY- loop to accommodate the
our structures. inhibitor brings E272 further from the £binding domain.
Residues where changes modifying myxothiazole binding  Changes similar to those induced by the inhibitors would
but not that of stigmatellin have been reported are A126, have to accompany any occupation of the pocket by quinone
Y132, V133, M139, G143, and F275 (Figure 4, bottom). species. Since only one inhibitor species occupies the volume
They contribute to the surface of the Qite in the proximal at a time, the changes associated with their binding may be
domain. The residue equivalent to F275 is leucine in yeast, taken as indicating the accommodations necessary to fit
and a change there to phenylalanine, serine, or threonine gaveccupants to either the distal or proximal domains.
myxothiazole and mucidin resistance. Sites at which mutation Mapping the Bifurcated Reaction onto the Bifurcated
introduced resistance to both myxothiazole and stigmatellin Structure: Interactions of Quinone with the Reduced ISP,
include M125, F129, L295, G137, N256, and W273. The As Detected by Changes in the EPR Spectr@ome
first three impinge on the common surface for both inhibitors; occupants of the Qsite modify the EPR spectrum of the
the others have an indirect structural role as discussed abovereduced ISP. Effects of occupancy can be summarized as
Conformational Changes on Binding Inhibitors at the Q follows. The inhibitors UHDBT, UHNQ, or stigmatellin
Site.On binding stigmatellin, the ISP moves from the cyt induce a new band &k ~ 1.78 and a shift of the, band to
interface to an intimate docking on dyt This allows N of lower values 23—26). In the absence of inhibitors, the
H161 of the ISP to H-bond to carbonyl and O-methyl O spectrum reflects the state of the quinone p&1—«37).
atoms of the inhibitor, to provide the main force constraining When the Q pool is oxidized, a signal at the= 1.800 is
the ISP head in this position. Changes in byat the ISP observed. When the Q pool is reduced or Q is completely
docking interface, discussed in detail in a companion paper extracted, or with myxothiazole bound at the €te, thegx
(38), include rotation of Y279, 1269, and 1147 away from line shape changes from a sharp peak at 1.80 to a shallow
the entrance of the pocket to allow access of ISP His-161 peak at 1.765. In extraction experiments, Ding et 34—
and a repositioning of K288 on the docking surface. This 36) observed an intermediate line-shape at 1.783 whén
allows the side-chain NHto form a new H-bonding  Q/bc complex (in addition to that bound asJQvas present.
configuration, including contacts to ISP. Deeper in the They interpreted the two signals as due to separate species,
pocket, the main effect is an enlargement of the volume of a tightly binding quinone, &, that was bound-10-fold more
the site through a substantial displacement of the -PEWY- tightly than a loosely binding quinone,.£(34—36).
loop in one direction and of the cdl helix in the opposite  Distribution of Residues at Which Mutation Results in
direction. This widens the volume by2.0 A. As noted Modified Function: Distinct Domains and Modes of Action.
above, Glu-272 rotates to point into the binding pocket and Two binding processes contribute to the catalysis at the site,
form a H-bonds with the OH of stigmatellin. We believe one involving a binding of the ISP at its docking interface
that this rotation is of importance in release of the second and a second involving binding of quinol in its pocket
proton from the site49). Hydrophobic residues F275, F129, (Scheme 1). Since the residues contributing to these functions
and L282 rotate to accommodate the inhibitor. Although at are not a common set, mutations might be expected at the
the present resolution the significance of these changes mustlifferent interfaces, at either of which changes could modify
be speculative, impaired function on site-directed mutagen- the function of the site. The extensive work from Ding et
esis of each of these residues has demonstrated theial. (34—37) on occupancy of the site in different mutant
importance to function. strains as reflected in thgx = 1.80 signal of the [2Fe-2S]
Structural changes from the native configuration are also center has contributed a valuable set of data on interactions
apparent in cocrystals with myxothiazole. In contrast to the of the occupant with the ISP. In collaboration with Ding and
stigmatellin structure, the ISP head is found close tocgyt ~ Dutton, we have made similar measurements on some of
as in the native structure, and residues at the docking surfaceour mutant strains fronRb. sphaeroideé43; B. Barquera,
do not undergo any large-scale changes compared to theR. Gennis, H. Ding, P. L. Dutton, and A. R. Crofts,
native structure. Rotations within the pocket lead to an unpublished results). The results of these experiments are
expansion of the proximal domain to accommodate the summarized in Table 1 and Figure 6, which shows residues
inhibitor, but the movement of the cd1 helix relative to the where change leads to a modifigd= 1.80 signal.
-PEWY- loop is less pronounced than that seen with  We can distinguish phenotypes for several different classes
stigmatellin. Although the general orientation of side chains of mutational change:
is similar to the native structure, the differences when (i) Residue Changes Around the Proximal Lobe of the
compared to the stigmatellin structure are quite marked. Binding PocketResidue changes at M125, Y132, G137, and
Rotation of E272 out of the pocket stops it from blocking E272 (yellow) and F129 (orange, in Figure 6), which lead
the proximal domain. Residues lining the ISP access channelto loss of activity without loss of thg, = 1.80 signal, cluster
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Ficure 5: Cchange in conformation of the aperture through which the ISP accesses stigmatellin, upon binding of myxothiazole. The
residues forming the aperture are shown as ball-and-stick models enclosed by their transparent surfaces. lle-147 is highlighted as a blue
surface. Spans of cyt contributing to the @site are shown by a blue ribbon, and the ISP is shown by a green ribbon, with the cluster as
space-filling spheres. The stigmatellin-containing structure is shown with the inhibitor as a cyan tube (top); the myxothiazole-containing
structure is shown with the inhibitor as a yellow tube (bottom).

Scheme 1 in this position as well, since all three share the property of
interaction with the ISP. In support of this, Ding et al. showed
that introduction of a positively charged residue at one of
these sites (F144H, -K, and -Rp. capsulatusiumbering,

E.c;"HISPC® S E.c; +ISPc™ + H*
ISPc™ S ISPR™

E.bL.QH; equivalent to F129 in yeast) led to a marked increase in the
Q7 SNISP™ redox potential of the bound quinone couple, suggesting a
E.b E.bL.QHISP™ 5 [E.by .QH HISPE™] S E.by + Q + HISP™(free) tighter binding of the reduced form of the couple, which they
ISP NN <7 QH, explained by formation of an ion pair between the basic
E.byISP™ residue introduced and an anionic species, suggested to be a

ubihydroquinone anion, QH
at the proximal end of the pocket, closer to the heme of ¢yt 110 mutations at E272 (E295D, G-, and -Q Rb.
b, w_herg_the pharmacophore of myxoth|gzole and. MOA- sphaeroidepare particularly interesting from a functional
type inhibitors binds. Many of the myxothiazole resistance erspective 43, Table 1). These all showed an inhibited
strains also have residue changes at this end of the pocke lectron transfér with maximal rates of 11%. 5% a6
(yellow and green in Figure 4), and mutations at all the above . T P .
respectively, of that in wild type under the same conditions.

residues except E272 show myxothiazole resistance. If the . . .
However, occupancy of the (Zite by quinone in the two

ox = 1.80 signal reflects an interaction between Q andeiSP ; - & )
then it seems reasonable to conclude that these mutationS/OWest strains, as indicated by tge= 1.800 signal, was
the same as in wild type. In the stigmatellin structure, E272

do not interfere with the binding of either of these species. ’ i
In line with this, for several of these straind7j, additon ~ forms & H-bond with the inhibitor, and we suggest below

of stigmatellin showed the same EPR line shape change aghat a similar H-bond with the quinol substrate might be
seen in wild type. However, mutations at these residues doformed. From the lack of effect on tlig = 1.800 signal, it
prevent oxidation of Qi The structures show that stigma- seems unlikely that any ligand to the quinone is modified in
tellin binds at the distal end of the pocket, which suggests the mutant strains, suggesting that E272 does not form a
that quinone (in the configuration giving rise to the= ligand to quinone. The loss of a ligand to stigmatellin on
1.80 signal) also binds there. It seems highly likely thatQH mutation of E272 accounts for the otherwise anomalous
(in the configuration in which it undergoes oxidation) binds resistance to this inhibitor, which is in contrast to the
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Table 1: Comparison of £Site Occupancy (as Judged by= 1.80 Signal) with Activity and Inhibitor Resistance for Cytochrom#utant$

Ok activity resistance or hypersensitivity
residue Rhodobactemutant) peak location size (QH: oxidation) myxothiazole stigmatellin
M125 (M140RY} 1.800 normal none (p$ I, S I, (L,N, D)
F129 (F144W,YY 1.800 normal normal
F144S, Vy 1.800 medium moderate I,G,L,N I,G, L
F144N, Iy 1.8-1.78 small slow S, A Y
F144G, Ly 1.78 small slow
(F144Hy 1.800 normal moderate
(F144KYy 1.791 normal slow
(F144RY 1.818 normal norfe
G131 (G146A, \y 1.77 empty none (p3$
Y132 (Y147A, Sy 1.800 normal v. slow (p9
(Y147F, V¥ 1.800 normal moderate
(Y147A, S. F. V, stig) 1.786 normal na
G137 (G152R) 1.800 normal fast T,D,E,H, R, K,
C, Y, I,FLVN
G143 (G158A) 1.800 normal fast
(G158S) 1.800 normal moderate
(G158wWy 1.77 small very slow
(G158V, L, I, C, N¥ 1.765 empty none
T145 (T160F (empty) v. slow (ps)
T145 (T160R, S, C, L, ¥ (partially occupied) slow R,S,C,/LY)
T148 (T163R) 1.765 empty v. slow \(, L, 1) A C
pP187 (P20219 1.80 medium fast
p187 (P202L, stig) 1.783 medium na
N256 (N279Y’¥ 1.80 large moderate Y, K, | Y, K, |
1269 (1292F% 1.78 small none (p3
pP271 (P29419 1.77 v. small none (p3
p271 (P294L, stig) 1.80 medium na
(P294Sy 1.80 large moderate
E272 (E295Q9 1.81 large v. slow D,Q
(E295G} 1.80 large slow
L282 (L305D} 1.77 small slow
(L305A)¢ ps
K288 (K329GY} 1.77 v. small moderate
(K329A) ps
G291 (G332 moderate
(G3321y 1.77 medium none (p$
(G332Dy 1.77 small moderate

aResidue numbers are for chicken (first columnRbrodobactefsecond column)? Other residue changes at this site giving inhibitor resistance
(shown in lightface type) or hypersensitivity (shown in boldface type). Data are from téddia from refss and34—37. ¢ En Q4/Q.H. raised by
binding QH™. ¢ Data from ref43 and B. Barquera, R. Gennis, H. Ding, P. L. Dutton, and A. R. Crofts.

myxothiazole resistance for mutation to other residues in this The variable effects on turnover number would then be
set. explained by the decrease in the residence time of the ISP
(i) Residue Changes Around the Distal Lobe of the at the docking interface, and therefore the probability of
Binding PocketConsistent with the model developed above, formation of the reaction complex. We discuss the interface
changes to residues impinging on the stigmatellin binding between cyb and the ISP at greater length in a companion
domain lead to loss of thg, = 1.80 signal (F129, orange; paper 88).
G143, 1269, and L282, magenta; and P271, blue, in Figure
6). It seems likely that such mutations interfere with the DISCUSSION
binding of Q in this domain, and they have variable effects  Functional Aspects: Kinetics of the Partial Reactions of
on electron-transfer rate and inhibitor binding. In general, Quinol Oxidation. High-Potential Chain and Deéry of
as might be expected, many of the mutational changes givingOxidizing Equiialents to the @ site. When inhibitors bind
resistance to stigmatellin are found in this set (red and greenat the Q site of cytb, they prevent quinol from delivering
residues in Figure 4). Mutations at E272 are an interesting electrons to the [2Fe-2S] center of the ISP and simplify the
exception; they led to stigmatellin resistance and inhibited electron transfer in the high-potential chain so that the
electron flow but no loss offy = 1.80 signal. reactions of its components can be examined separately.
(i) Residue Changes at the Interface with the ISP. UHDBT or stigmatellin also prevents the ISP from reacting
Changes at K288, L282, T148, G143, and 1269, which can with cyt ¢; (23—26). In Rb. sphaeroideoxidizing equiva-
be seen to project into the ISP interfacial surface in Figure lents from the photochemical reaction center (RC) are
5, eliminate theg, = 1.80 signal (red and magenta in Figure delivered to cyt; by cyt ¢, with aty, of about 15Qus. The
6). In some cases this was associated with complete loss ofelectron transfer from the ISP to cgt, measured in the
activity, but some of these strains showed turnover at an presence of myxothiazole, cannot be resolved because it is
inhibited rate. It seems likely that the mutations in this set not rate-determining. However, kinetic arguments suggest
interfere with the ISP binding and prevent formation of the that the rate constant must be in the ramgd® st (19,
complex between Q and ISPthat gives rise to this signal.  21). The reactions of the ISP with its partners (Qbbdund
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Ficure 6: Residues at which mutation produces a modifige 1.80 band. The view is approximately the same as for Figure 4, but the
residues are color-coded according to their effect ongghe 1.80 signal, as follows: yellow, normal occupancy but no or little turnover
(M125, Y132, G137, and E272); red, empty but moderate rate of quinol oxidation (K288, and G291); orange, some mutants are “yellow”
and some “red” (F129); magenta, empty and little or no rate (G131, G143, T148, 1269, and L282); violet, partially occupied, slow rate,
hypersensitive to myxothiazole (T145); blue, P271, where mutant P271L has “magenta” characteristics and mutant P271S has “yellow”
characteristics. Residues are shown as tube models, identified by labels abtfzon®s, enclosed by their transparent surfaces. Inhibitors

are shown as ball-and-stick models; stigmatellin (bottom) is green, myxothiazole (top) is white. The iron sulfur protein is shown as a green
ribbon, with Leu-142 colored brown and Gly-143 colored gray. Changes at these residues also modify the kinetics sit¢han@ the

o« = 1.80 signal. The [2Fe-2S] cluster is shown by small CPK-colored spheres.

at the Q site of cytb and the heme of cy¢t;) require a pool), reflecting binding from the pool and oxidation of @H
movement of~22 A between two reaction domains on these bound at the @site. The kinetics showed saturation as [H
separate subunit¥ (11, 38, 39. In the temperature range in the pool increased, typical of a catalytic site, but the
< 30 °C, these reactions are rapid compared to the rate- maximal rate was reached with the pool still partly oxidized
limiting step and do not contribute to the activation barrier (15, 21, 50. When the competition between QEnd Q for
for quinol oxidation 21, 39. We have suggested that, apart the site was included in a kinetic mod&ll}, a higher binding
from binding in reaction complexes, from which it is released constant for quinol than quinone to the, @te (~30—50
by reaction, the forces constraining the ISP head are weak.times) was needed to account for the saturation.
and the movement is rapid and stochass)( Oxidation of Bound Quinol; the Actated Step.The
Bifurcated Reactionln the absence of £xsite inhibitor, estimated rate constant for the oxidation of bound quinol
and when quinol is available as substrate, the bifurcatedwas~1700 s at 25°C (21). The reaction had a relatively
reaction occurs, and electrons are delivered to both high- high activation energy, which was independent of the degree
and low-potential chains. Because the reduction ofbgyt  of reduction of the quinone pool. Because the activation
by cyt b, is not rate-limiting (6, 21, the overall reaction  barrier was the same under all conditions of reduction of
can be assayed by measuring the rate of reduction dficyt the pool, Crofts and Wang suggested that the activated step
in the presence of antimycin to prevent further electron must be after the binding of quinol, in the step leading to
transfer to the Qsite. In a detailed study of the kinetics as formation of the transient semiquinone. The product of
a function of temperature, Crofts and Warf) developed probability of occupancy of the site by Qldnd the forward
a model that accounted for the kinetic features of quinol rate constant determined the overall rate. The activation
oxidation. For the operation of the,Qite after delivery of energy was the same at pH 7.0 and 8.9 for the same initial
an oxidizing equivalent, the reaction mechanism involved concentration of substrate, as determined by degree of
the following steps: reduction of the poolZ1).
Formation of the Reaction Complekhe reaction kinetics Oxidation of Semiquinone, Oxidation of Heme and
were second-order (first-order with respect to LQhl the Release of producwWith both hemes oxidized before flash
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activation, no transient reduction of cht was seen. The  was very small and thaAG° " was large and positive and
reduction of cyby , measured when henbg was prereduced,  might contribute a significant part of the activation barrier.
had kinetics similar to those of cyay reduction when both  This view has recently been reinforced by similar observa-
b hemes were oxidized before the flash, showing that electrontions in mitochondrial preparationg3). In the presence of
transfer between the hemes was more rapid than the rate-O,, an antimycin-insensitive electron transfer is observed,
limiting step (L6). The activation energy was not changed and this has been attributed to reduction oft® O,~ by
by the reduction of cyby before activationZ1). semiquinone (recently reviewed in r&7). Similarly, under
Overall Reaction.In the uninhibited chain, the second anaerobic static-head conditions, electrons accumulate on
turnover of the Q site could be followed through the hemeb,, due to back-pressure from the proton gradient, but
electrogenic processes monitored by the electrochromicflux is minimal and mainly attributable to proton leakage or
carotenoid change. The kinetics showed a monotonic processQ,~ formation rather than mechanistic decouplisd ,(58.
indicating that the second turnover followed the first without It is clear from the low leakage rate that if any semiquinone
any lag. This would require release of quinone and binding is formed, it is unable to reduce the high-potential chain
of quinol, both of which must occur if500us (15, 18, 19, directly. Several different explanations have been proposed
51). to account for this paradoxical behavior, which need to be
Although the CroftssWang model provided an excellent reevaluated in the new structural context.
fit to the kinetics over a wide range of conditions, the model g\ nctional Role of the Proximal Lob&he functional

needs some refinement in light of the new structural gignificance attributed to the bifurcated volume of thg Q
information. In particular, the reaction schemes previously sjte depends heavily on interpretation of the= 1.80 signal

proposed for the gxsite need to be extended to take account ang the various effects leading to its modification. The
of the movement of the ISP. Since both quinol and the ISP fg|jowing explanations for this signal have previously been

head are mobile species, formation of the enzywuebstrate  gyggested:
complex requires docking of both in an appropriate config- (i) Double-Occupancy ModelsDing et al. @4—36)

uration, as summarized in Scheme 1, interpreted changes in thgg signal in the context of their
In this scheme, cyb with hemeb, is represented by-E P 9 9 .

. double-occupancy model. They suggested that the species
bi, cyt ¢, and its heme are represented byand the interacting with the ISP to transfer the first electron would
docking of the ISP is indicated by subscripts C and B to . 9 oo

likely be the strongly binding componentyQIn the context

indicate enzyme substrate complexes on ogt and cytb, ? ) .
respectively. The movement of the ISP requires that five of the structure, this would have to occu_py_the d|sFaI domain.
Because of the apparently weak binding, Ding et al.

catalytic interfaces participate in turnover, rather than the suggested that & would be the exchangeable species

three in current Q-cycle mechanisms. through which coupling to the quinone pool could occur.

The modifications above are demanded by the structure. ? . .
~ ~"The signature of the weakly binding species, the EPR band
Other aspects of the Croft&Wang model have been chal at g, = 1.80, was therefore ascribed tq,QBrandt et al.

lenged on other grounds: (i) Several different grougs . ; S . .
36 952_54) havegproposed(t)hat catalysis invol\?es a syner- (3Q) had previously interpreted kinetic experiments with
gis:tic interaction between two quinones occupying the site MOA-type |n_h|b|tors as indicating that. quinol and inhibitors
simultaneously (double-occupancy models). (ii) It has been fggé?mbmsdu mgi&??ﬁg%g t?g\fi?étse S%nd or:?\;gr rggaeble-
suggested that the activation barrier involves the binding of oceu aync gn?odelsG( 52 54) %n the basizpof this inter-
quinol (through the need for deprotonatio6) $2—54) rather pancy I : h
than events after formation of the enzyrmibstrate com- pretation, Brgndt gnd colleagues, 62-54) have extended
their “catalytic switch” model to suggested a proton-gated

plex. (iii) It has been suggested that the rate-limiting step is . . : . )
S B charge-transfer mechanism, including sym proportionation
the second electron transfer on oxidation of semiquinone and_ .. . . : !
within a quinhydrone-like structure at the, Qite.

that the latter is formed as a relatively stable intermediate in = "
the transition complex9; 56). (i) Single-Occupancy Modelsin the Crofts and Wang

Several different mechanisms have been proposed tomodel Ql),therite react_ion proceeded via a single bound
resolve the paradox of the bifurcated reaction (see below), QHz: which competed with Q for occupancy. From an

which combine some of the modifications suggested-iiii ~ analysis of the structure, Crofts et afl0f suggested that
above with a variety of switching mechanisms controlled theg«= 1.80 signal was due to the reduced ISP docked at
by later redox eventss( 10, 52-56). the interface on cytb (ISP; configuration), interacting

Paradox of the Bifurcated ReactioAntimycin, by block-  directly with quinone in the distal domain of the, Qite,
ing the Q site, acts as an effective inhibitor of net electron and that the signal is lost yvhenev_er this complex cannot form.
transfer by thebc; complex. Under steady-state conditions 1hey suggested that all interactions of thed@e occupant
in the presence of antimycin, the low-potential chain becomesWith the ISP must be from this distal position and that the
reduced, removing hemie, as an acceptor of the second reactions involved a single occupant.
quinone. The high-potential chain remains oxidized, so that (i) Functional Dimer. De Vries et al. 82, 33 had earlier
the Q site is poised with excess of substrate (quinol and proposed that thic; complex operates through a functionally
ISP™) so as to favor formation of the semiquinone product dimeric structure. They suggested that the different EPR
of the first electron-transfer reaction. The behavior under signals were associated with different states of the ISP in
these conditions is referred to as oxidant-induced reduction.the two monomers of the dimeric complex and that turnover
Crofts and WangZ41) could detect no myxothiazole sensitive required exchange of redox equivalents between monomers.
semiquinone under these conditions and therefore concludedGopta et al. §5) have recently suggested a dimeric function
that the equilibrium constant for formation of semiquinone from kinetic experiments ifikb. sphaeroides
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The structures provide a basis for deciding between
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to product (P). This would be the case only with a weakly

double- and single-occupancy models. Although it has beenbinding inhibitor, with on and off rates rapid compared to

claimed that the bifurcated volume of the §ite provides a
structural justification for double occupandg)(the follow-
ing points do not support double occupancy:

turnover. Inhibitor titrations of the single turnover of thg Q
site assayed by flash activation Bb. sphaeroideghro-
matophores show unambiguously that myxothiazole and

(1) None of the structures shows any well-resolved density MOA-type inhibitors bind tightly from the membrane phase.

in the uninhibited site. At the least, a tightly boundsQ

Dissociation of the inhibitors was several orders of magnitude

species would be expected in the Ding and Dutton model slower than the turnover time of the reaction (A. R. Crofts,

(34, 35). From the relatively low quinone content of the
crystals €1 Q/cytc,), and the occupancy of the; Gite by
a well-defined quinone~<0.79 in both monomers, calculated

M. Guergova-Kuras, S. Hong, unpublished results). The use
of such a scheme was therefore inappropriate, and the
conclusions derived by Brandt et aB0j were not justified.

from electron densities), we can conclude that, in our native The inhibitors show noncompetitive effects because they

crystals, the binding at the;@ite is stronger than at the,Q

remove enzyme from the reaction mixture by binding tightly

site and that the quinone content is accounted for by the Q to E, not because they bind to ES.

site occupant®). In the structure of Xia et al8], the authors
reported no loss of density from the Qocket upon binding

of Q.-site inhibitors, although a loss of density was observed
at the Q site upon binding of antimycin, and this was

(4) From the double-occupancy mechanism of Ding et al.
(34—36), it might be expected that the catalytic site would
contain two distinct sets of ligands to provide for the
differential binding of the two species. From the structure,

attributed to displacement of quinone. Since their crystals the two quinones would have to occupy the two domains.

also contained substoichiometric levels of quinon®.(75
Q/complex), these results would also suggest that {fst€)
binds the quinone more tightly than the &lte.

(2) In our structures, all the Qsite inhibitors occupy

Although numerous single-site mutations that differentially
affect binding of stigmatellin or myxothiazole (or inhibitors
of equivalent class) have been characterized, no similar
differential effects on @, and Qshave been observed4—

overlapping volumes (see Figures 2 and 4). The tunnel 37, 40, 43.

through which the tails access the lipid phase has a cross- (5) The EPR spectrum of the [2Fe-2S] center in the
sectional area not much greater than that of a tail. Occupancyisolated ISP fragmen&) hasgs, gy, andg, values similar
would be constrained in the tunnel, and the adjacent volumeto those in the complex in the presence of myxothiazole,

of the pocket, to one entity. Compared to the native structure,

occupancy by either class of inhibitor led to an expansion

consistent with the fact that myxothiazole and MOA-type
inhibitors do not modify the spectral or redox properties of

of the pocket. If a disordered quinone occupied the pocket the ISP, and did not displace the ISP from the position in

in the native structure in either domain, inhibitor binding

our native structure. These factors suggest that the ISP does

would lead to displacement, and expansion would not have not interact with any @site occupant in the presence of these
been expected. Occupancy by two quinones would requireinhibitors. By extension, thg, = 1.80 signal is due to some

a major expansion of the protein to widen the tunnel and

liganding function specific to the quinone-occupied complex.

the adjacent volume. From the substantial expansion of thelt seems likely that this function is a direct interaction

site on binding inhibitor, it seems unlikely that any quinone
species of similar volume (much less two) was displaced.
The structures are in good agreement with inhibitor
competition studies23—29), which have shown that tailed
Qo site inhibitors are mutually exclusive occupants. Ding et
al. (34) showed that tight-binding inhibitors of either class
could eliminate the EPR signals attributed to both §hd
Qow at concentrations stoichiometric with the complex,

between the quinone at the, Gite and the reduced ISP at
the docking interface on cyt (40) and that the contacts seen
between stigmatellin and the ISP in the stigmatellin cocrystals
demonstrate the spatial location of this interaction. This
conclusion is well supported by the effects of mutation noted
above.

(6) The remaining evidence for double occupancy comes
from interpretation of the change igx line shape when

presumably by displacing the occupant. These results suggestiuinone is extracted from chromatophoré&g,(35. Para-

that only one tailed inhibitor species can occupy this volume
(but see refl0) and that occupation by inhibitor displaces
all ubiquinone 10.

(3) Brandt et al. 80) interpreted inhibitor titrations of

doxically, as noted above, other properties attributed to the
Qos and Q,, species were similar. This paradox could be
resolved if the line shape change reflected only one species.
However, this would require a different interpretation of the

steady-state turnover as showing a noncompetitive inhibition gx = 1.783 signal. We do not claim to explain this signal,

of quinol oxidation by MOA-type inhibitors. From this work,
and binding studies, they concluded that inhibitor and
substrate could bind simultaneously at the $te. This
conclusion seems in contradiction with the structure, with
the extensive literature on competition between different
classes of inhibitord3—29), and with the effect of inhibitors
on thegy signals shown by Ding et al34). In interpreting
their kinetic data, Brandt et al.3Q) used a classical
noncompetitive scheme in which the inhibitor could bind to
both enzyme (E+ | = EI) and enzyme substrate complex
(ES+ | = ESI). Such a scheme is only appropriate under
conditions in which all equilibria determining the concentra-
tion of ES are rapid compared with the dissociation of ES

but we note several possibilities:

(i) Interpretation ofgy = 1.783 in terms of a tight-binding
species ignores complications arising from the heterogeneity
in distribution of redox components. Statistical effects on
distribution at random will ensure that the components are
not evenly partitioned into reaction domains (cf. &8). If
each component partitioned separately, the range of sto-
ichiometric ratios in individual domains would vary widely
from the mean ratio (normally 2:1:1 for RCbcy:cyt ¢,),
especially in a partitioned system like chromatophore
vesicles. Extraction, or reconstitution of fully extracted
chromatophores, to the point giving rise to thes Qgnal
would also leave a random distribution of quinone. Even if
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a tight-binding Qs species were present, in the chromato- al. (22) have recently argued the same case in the context of
phores with an excess of Q, one would expect to see a sharghe mitochondrial complex. The structures provide an ad-
peak at 1.80 due to £, while in another fraction, the ditional perspective; because of the large distance between
guinone would be low, leaving sonbe; complex without a its two reaction interfaces, the reduced ISP would be
quinone, with a shallow peak at 1.765. This mixture of insulated from its acceptor until liberated by dissociation of
populations would give in the overall population a peak the reaction complex. If the probability of dissociation were
representing the convolution of these two spectra, at alow enough, this would ensure that the dissipative reaction
position intermediate between them. A fraction of the= would be slow and the bifurcation therefore efficient.
1.783 peak could be attributed to such a mix. However, this explanation requires that the pathway for
(i) Because of the kinetic importance of the reaction transfer of the second electron to helmeshould have a
complex between ISP and quinol, it seems quite possiblevery high intrinsic rate constant compared to the pathway
that some preferential local binding that would favor a local to ISP*.
concentration of the ISP head might occur and increase the (2) The efficiency of the bifurcation (or the failure of the
probability of formation of the complex{). It is possible semiquinone to reduce the oxidized [2Fe-2S] center) could
that thegx = 1.783 peak reflects a preferential occupancy possibly be explained if the displacement of the ISP subunit
of such a standby position on extraction of quinone. removed it from the interface with the,Qite. It would then
(iii) If the ISP is mobile, the environment of the [2Fe-2S] no longer be available to act as an oxidant for the semi-
center (including interaction between the spins of the reducedquinone. However, this explanation seems simplistic, since
[2Fe-2S] center and the oxidized dyt 24), and the protein  in the oxidized state the ISP would have to detach easily
interactions of the ISP, will reflect a heterogeneity of binding from its association with cyt;, and the structures show that
domains. Any change in occupancy of these might lead association constants for the oxidized ISP at both docking
to redistribution. Some perturbation of the spectrum of the interfaces are smal39). Since the diffusion time is short,
[2Fe-2S] center might be attributed to these changes. we might expect the oxidized ISP to be readily available to
In view of these difficulties, we believe that, before a the Q site, regardless of occupancy, unless some specific
compelling case can be made for double occupancy, morechange at one or other of the catalytic interfaces hindered
direct evidence is needed to show that the= 1.783 band access.
is due to a quinone tightly bound as a separate species at (3) Following an idea of Lancaster and Michéll} based
the Q site. The anomalous factors outlined above can be on work with reaction center structures with stigmatellin in
explained in the double-occupancy model only through ad the Q site, Link (66) suggested an alternative role for the
hoc hypotheses. The changes of the= 1.80 signal have a  reaction complex. If electron transfer could occur within the
simple interpretation, in line with a single occupancy: (a) reaction complex without dissociation, the resulting inter-
The g« = 1.80 signal is associated with a complex formed mediate state would include a ligand between the semi-
between quinone bound in the, Qite at the distal end and quinone and the reduced ISP. Link6] suggested that
the reduced ISP docked firmly at the interface with cyto- ligation would change the redox properties of both species,
chromeb. (b) The signal is lost whenever this complex as seen in the inhibiterlSPed complexes 23—26). If the
cannot form. (c) Only one quinone species occupies the site.E, of the ISP were raised enough, this would constrain the
With respect to the functional dimer model, the structures ISP from reaction with cyt; until the semiquinone was
show that both pairs of quinone processing sites are widely oxidized:
separated in the dimeric structure35 A for Q sites,~49
A for Q, sites) and connected only through their access to QH, + ISP*+ b " — [QH'—ISF"ed-bL+] —
the common lipid or aqueous phases. Although, as pointed ed L 1n od "
out by Xia et al. 8), the cytb, hemes are quite close together {Q-ISP**b}" = Q +ISP*"+ b+ 2H" (1)
(~21 A between parallel hemes), there is no indication from
kinetics studies or inhibitor binding that rapid redox exchange  In the context of an electron-transfer chain with fixed redox
occurs between monomers in the compl&d)( These centers, these two features of the reaction complex provided
structural features make it unlikely that cooperation between an attractive explanation for the paradox of the bifurcated
sites can be important to function as suggested in thereaction. However, a significant difference between this
mechanism of De Vries et al. mechanis@2,(33; see also ~ scheme and that of Crofts and Wang lies in the electron-
ref 55). transfer process associated with the transition state. In the
Bifurcated Reaction: Possible Factors That Might Reat Link model, the transfer of the second electron represents
Reaction of the Semiquinone with FSPSeveral different the limiting step.
mechanisms have been proposed to resolve the paradox of (4) Kim et al. (L0) have favored a model in which “the
the bifurcated reaction. (1) The properties of the reaction two electrons of ubiquinol in the complex are transferred
complex at the Qsite, formed as a prelude to the oxidation simultaneously, one to FeS, and the second to hbrfe
reaction, might determine the fate of the reaction products. but they did not suggest a mechanism by which this could
In the model proposed by Crofts and Waig)( the reaction happen.
complex would persist until dissociation to products on  (5) Brandt and von Jagow6®) proposed a “catalytic
transfer of the first electron. The high activation energy, and switch” model, in which they suggested that redox-linked
the fact that the semiquinone product was not detectable,conformational changes might prevent the occupant of the
provided possible constraints on the equilibrium constant. quinone binding pocket from reacting with the ISP at critical
Rapid removal of products would ensure an efficient bifurca- points in the reaction cycle. This general idea is in line with
tion in the normal forward electron transfer.nd&imann et  the movement of the ISP seen in the structui®@sad the
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changes in conformation on binding inhibitors. Since similar exclude the Link mechanism, because interactions between
changes likely accompanying changes in occupancy by spins might make both invisible to EPR. Other spectroscopic
catalytic intermediates, these might provide a mechanism formethods might be used to test this hypothesis. In addition,
such a switch. lwata et al9( have extended this idea in the as noted by Brandt5@), the oxidant-induced reduction
context of the intermediate (int) position found for the ISP conditions may bias the reaction against semiquinone
head in one monomer of the6s crystal form. They have  production. This would be the case if a semiquinone anion
suggested a catalytic cycle with three states and switchingwas the product and the charge on ferrohdimexerted a
determined by redox events in thecytochrome chain. Kim  local Coulombic effect.

et al. 10) have suggested that a switch from a bytound For the models discussed above, the forward reaction
to a free state is linked to electron transfer between hemesproceeds from a reaction complex between quinol in the
b, andb. distal lobe, and oxidized ISP at the docking interface on cyt

(6) Displacement of the semiquinone to a position deeper b. We f{avor a model in which electron transfgr to form the
in the pocket and closer to its reaction partner, thebgyt ~ Semiquinone weakens the bond between His-161 and the

heme, so as to remove it from the reaction interface seen byoccupant, and bond breakage leads to dissociation of the

ISP would also discourage the dissipative reaction. We have f€action complex to form a bound semiquinone species

suggested this as a modification of the Crefdang model ~ Unliganded by the free IS, which is the other product.
(7, 11, 40). We suggest that this is the activated step. We argue below

— that further advancement of the reaction would involve a
The possibilities numbered above are not all mutually displacement of the semiquinone from the site of its

exclusive. The properties of the reaction complex formed at formation in the distal lobe to the proximal lobe, closer to
the Q site are likely to be critical. Earlier work from this hemeb,. This movement is represented in eq 2 by the

lab had shown that the rate of quinol oxidation is determined ¢ ,,scripts t indicating distal (d imal (o) d ;
by the probability of quinol binding, as shown by the second- zgcjggﬁ:y:o Q indicating distal (d) or proximal (p) domain

order nature of the reactiorl§, 21, 50. We have more
recently shown evidence that the oxidized ISP in its ox ox
dissociated form reacts to form the complex and that the pH QH, +FeS," +b — [QdH2K_ Fe,S, b =
dependence of the rate in the acidic range reflects the . redy 1 5 .. red
availability of this species4(l, 42, 49. Neither binding Qi —HFe,S, b ] = Qb + HFe,S,™ (2)
process contributes to the activation barrier, which is in the
reactions after formation of the complex. We had previously
observed that the activation barrier was the same at pH 7.0,
and 8.9 21) and have reported preliminary experiments to
extend this range down to pH 5.82). The lack of any pH
dependence over this range would exclude dissociation of
QH to QH™ as the event determining the activation barrier.
A full discussion of these results, and the contrasting data

where 2x 104> K > 2 x 10°8. Several lines of evidence
suggest that the equilibrium constant for the first electron
transfer is very small and that the semiquinone is unstable
(21). In the coupled steady state, helmeand cytc; are
poised near their midpoint$®), so a relatively unstable
semiquinone would be necessary to generate a reductant of
sufficient power to donate to cit and drive electrons across
i . . the membrane against the proton gradient. The production
of Brandt and Okun & 52-54), will be provided ina o -js furtheregidence thaFt)astror?g reductant is%enerated
separate pape6y). at the site $7). For the reaction of eq 2, Crofts and Wang

We have argued above that the structural information (21) estimated a maximal value &f2 x 1074 for the overall
makes it unlikely that the site functions through double equilibrium constant, based on their inability to detedRin
occupancy, and our kinetic data show that the activated stepsphaeroidesany significant semiquinone under conditions
is after formation of the enzymesubstrate complex, noton  of oxidant-induced reduction that would be expected to
dissociation of QH The remaining reaction pathways that maximize the concentration by mass-action effe¢tsethann
seem plausible are single-occupancy models. In the modelet al. 2) have obtained the same result with mitochondrial
of Link (56), the electron distribution between the quinol preparations; they showed that the semiquinone previously
and the ISP favors formation of semiquinone in the reaction attributed to the Qsite by De Vries et al.33) was not seen
complex, and dissociation of the complex occurs after when specific @site inhibitors were present. The maximal
transfer of the second electron. In the model of Kim et al. value discussed by Crofts and Wang was based on an
(10), electron transfer occurs from the reaction complex at estimate of the signal-to-noise ratio of the EPR measurements
the distal domain, and the suggestion of a simultaneous(64; K. Andrews, A. R. Crofts, and R. Gennis, unpublished
electron transfer implies that the concentration of intermedi- results); the Juoemann et al. 32) data show a somewhat

ate is vanishingly low. In the modified Croft&Vang model, better signal-to-noise ratio, so this value could now be set
dissociation of the complex occurs on the first electron lower. A minimal value K > 2 x 1078) is provided by the
transfer to form semiquinone (which remains in thesipe) ~45 kJ/mol activation energy2(, 39).

and ISP¢ (available for diffusion to cyt;). In all mecha- Role of the Proximal DomainNone of the reaction

nisms, the reaction complex is a single species, and thecomplexes discussed above have properties that account for
activation barrier is in the reaction leading to dissociation the critical importance of residues in the proximal domain
of the transition state. The Link model would clearly be more of the Q site. Since quinone can bind in mutant strains with
attractive if additional evidence was available to demonstrate an inhibited electron transfer, it seems likely that the substrate
the expected semiquinone and reduced [2Fe-2S] at the Q can also bind at the site and form a reaction complex with
site. As Jmemann et al.32) have pointed out, the failureto  ISP>* (see above). The inhibition of oxidation in these
detect any semiquinone at the site does not necessarilynutants must therefore reflect some other effect relating to
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occupancy of the proximal end of the pocket, or to function. domain, knax = 2.51 x 10° s when —AG = 1 (65).
For M125, Y132, G137, and F129, the effects of mutation However, this presupposes that an appropriate through-bond
to introduce myxothiazole resistance clearly point to an effect pathway to span this distance would be available; the
on occupancy of the inhibitor and suggest that the inhibitory structure shows that the intervening protein is from helix C,
effect on electron transfer might also reflect a constraint on perpendicular to the path, and with no contacts to the distal
occupancy by a reaction intermediate. For E272, both thesedomain occupant, so this.x value is likely too high. The
roles are indicated. Rotation to the out positions removes atrue rate constant will depend on the matching betweA®
physical blockage of the proximal domain, and a functional and A, both of which are related to the activation energy
role in proton release seems like§d. through the Marcus equationG* = (1 + AG® ")%/4A (see

In the absence of evidence for a firmly bound quinone in ref 66). SinceAG® ' for reduction of hemds, is close to 0
the site, the inhibition of electron transfer by mutations in (15, 23, 1 ~ 4AG¥, giving a value of~2 eV for an activation
the proximal domain could most readily be explained by a energy of 4550 kI}mol™. Applying these values to the
need for movement of the semiquinone into this domain to equation given by Moser et al. (Dutton’s ruléB), we obtain
bring it closer to cytb, to allow rapid electron transfer. a rate constant of 1585 The product of the rate constant
Because the reaction complex forms with quinol in the distal and the concentration of the semiquinone substrate would
domain, the reactants are rather distant from the heme  determine the rate of the reaction, but estimations of these
which acts as an acceptor for the second electron. Movementvalues are not independent. There is an interesting tradeoff
of the semiquinone to the proximal position would decrease between rate constant and semiquinone concentration that
the reaction distance (from11 to 5.5 A) and increase the depends on the contribution of semiquinone stability to both
reaction rate for reduction of henbe. It would also increase  occupancy andG for the second electron transfer. For the
the distance between the semiquinone and the [2Fe-2S] centedistance of 11 A from a distal domain occupant, a value for
in the ISR configuration and thus eliminate any possible 4 of 2 eV (higher values would give lower rates), and
through-ligand electron-transfer pathway to the ¥*SFhis published values foE, of the redox centers, no obvious
kinetic impediment would be enhanced if conformational combination of reaction parameters would provide a rate for
changes similar to those seen on binding myxothiazole or reduction of hemeb, as fast as that measured. If the
MOA-stilbene helped to insulate the pocket (Figure 5). This occupancy was determined by the activation barrier (fQH
insulation would also protect against reduction of © ISP ~ 2 x 1078), as seems to be implicit in the mechanism
superoxide. Such protection would likely have been an Kim et al. (10), the maximal rate would be< 1 st
important development in the early evolution of the complex, (depending on choice df), 3 orders of magnitude less than
which allowed safe operation of the bifurcated reaction at needed. The Marcus relationship would limit mechanisms
ambient [Q]. The possibility of such a movement is to those in which electron transfer from the distal domain
supported by the deeper position in the pocket of myxothi- occurred after the activation barrier, allowing only those
azole compared to stigmatellin (cf. Figures 3, 4, and 6), and models in which the activation barrier is in the first electron-
by the occurrence of similar changes in photochemical transfer reactionql).
reaction centers. Stowell et ab3) have shown a substantial For the modified CroftsWang mechanism, the first
movement of @ when it is reduced in its binding pocket, electron transfer would be through the bridging His-161 and
including a displacement of 4.5 A from a distal to a proximal the intrinsic rate constant would be very high and would
location, and a twist of 180around the tail. The movement not provide a kinetic constraint, even with a high value for
at the @ site would have to occur within the measured A. However, the expected concentration of semiquinone
reaction time of~30us, so a similar kinetics for movement  product could be very low2(l), and the rate constant from
at the Q site could be much faster than the rate-limiting the distal domain could then be limiting. Since the second
step. Alternative positions for quinone binding in thg Q electron transfer would be after the activation barrier, the
pocket are also apparent from the work of Lancaster and value forA would certainly be lower than for the first electron
Michel (61). transfer. For electron transfer from the proximal domain, the

Structural and Theoretical Constraints on the Rate Con- rate constant would be at least 3 orders of magnitude higher
stants.We have noted above a critical difference between than from the distal domain. The distance between myxothi-
the modified Crofts-Wang mechanism and the Lird6)( azole and the heme edgR & 5.5 A) is appropriate for
mechanism. The step with a high activation barrier occurs electron transfer from semiquinone in the proximal domain,
on the first electron transfer in the former and on the second giving kmax = 5.01 x 10" st when —AG = A. The
electron transfer in the latter. Constrains on rate constantintervening protein contacts both occupant and hbmrend
determined by distance in the structures, and the high so provides several possible pathways. Even if the activation
activation barrier, limit the choice of mechanism, as discussedenergy determined the concentration of semiquinone, a rate
below. of (1-3) x 10° s* (depending on choice of) would be

For the models of Link%6) and Kim et al. 10), the second  expected, compatible with the measured rate. Contrary to
electron transfer to hem# has to occur from semiquinone the suggestions of diemann et al.22) and Kim et al. {0),
in the complex with ISP. Because the reaction complex the failure to detect a semiquinone at the siie does not
involves a tight liganding to the ISP, it must be formed at preclude a movement from distal to proximal domains.
the distal end of the pocket. From the structures we canIndeed, the constraints of distance, redox poise, activation
estimate maximal rate constants for the electron transfer frombarrier, andi map out a limited set of options for models;
semiquinone to hema , using the crystallographic distances if the time-averaged concentration of semiquinone is in the
(7). ForR = 11 A, the distance between stigmatellin and range suggested by experiment (see above an®ief2,
the heme edge, appropriate for semiquinone in the distal 39, and42) andJ is greater than 1, the measured rate would
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require movement to the proximal domain. We discuss the (d) We suggest that, as a necessary step, the semiquinone
energy landscape of the reaction at the e in greater moves in the pocket to the proximal end, near hémevhich
detail in the context of measurements of the activation facilitates its rapid oxidation (Figure 7C,D). This movement
energies for the partial reactions over the pH range-8.9 also requires changes in the protein conformation, which may
(39, 42, 67). contribute to the activation barrier. Although in normal

The slowed electron flow in mutants with residue changes turnover the semiquinone is rapidly oxidized, under static
in the proximal pocket (see above) is of interest in this head conditions, since cyb is poised half-reduced, a
context. As discussed above, we would anticipate that, in I<_|net|cally S|gn|f_|cant (buF not necessarily detectable)_popula—
these strains, the reaction complex of eq 6 would still form tion of semiquinone might be expected at the site. The
at the distal lobe. We have suggested that these strains wer&0vement of semiquinone to the proximal domain and
inhibited by a constraint that prevented occupancy of the closure of the aperture (Figure 5) would insulate it from
proximal lobe. If electron transfer normally occurred from further reaction with the reoxidized ISP, or with,@nd thus
the distal configuration10, 56, an alternative explanation ~Minimize the decoupling of electron transfer from proton
for the inhibition will be required. If the reaction complex ~PUmping or formation of superoxide anion.
could dissociate with high probability so as to liberate't$P (e) The semiquinone passes its electron to thdchieme,
we would expect to see a rereduction of @ytand c; and thence to hemay, and the quinone exits the,@ite. In
decoupled from the bifurcated reaction. The kinetics therefore the absence of antimycin, the electron is transferred to the
provide a test of the stability of the complex. In our Q-site occupant.
experiments, these strains show a strongly inhibited electron  (f) At some point between steps ¢ and e, the second proton
transfer to the high-potential chain, suggesting that, if it js released. The structures suggest that this occurs through
forms, the reaction complex does not readily dissociate (B. protonation of Glu-272 and rotation of the side chain,

Barquera, and A. R. Crofts, unpublished results). followed by dissociation and exit of the*Hvia the water
chain proposed in ref7 and discussed above (Figure 7B,C)
CONCLUSIONS (49). Since rotation of Glu-272 away from the pocket is

required to allow movement to the proximal domain, this
; . > would suggest that deprotonation of the semiquinone occurs
for turnover of the Q site of the complex, as illustrated in before oxidation (after step ¢ and before step d above), so

Figure 7_: o . _ that the semiquinone anion moves and donates to ligme
(a) Oxidizing equivalents are transferred to the site through (steps d and e).

cyt c; and the ISP. The mechanism involves a movement of
the ISP between reaction domains on cytand cytb, as
suggested previoushyf and discussed at length in separate
papers 88—40).

(b) The reaction proceeds from an enzynsebstrate
complex between the oxidized ISP and quinol at thesi@.
Formation of the complex involves binding of Qldt the
distal end of the @pocket and binding of the oxidized ISP,

In summary, we suggest the following overall mechanism

(g) Meanwhile, the reduced ISP can deliver an electron
to cyt ¢, by tethered diffusion 38, 39 and return in the
oxidized form to initiate another turnover of the, Qite.

This mechanism is compatible with all the structural and
kinetic data presently available, and it explains the efficiency
of the bifurcation process with satisfactory parsimony.
However, we recognize that other mechanisms are possible.
ST ) . X As discussed at length above, we believe that double-
in its dissociated form, at the interface on by-igure 7A). occupancy models are unlikely. Double occupancy would

The site changes conformatlon to accommodate the SUb'requireavery substantial expansion of theste, especially
strates. The stigmatellin structure suggests that the compleXpa tunnel to the lipid phase, and none of the structures, or

involves hydrogen bonding from His-161 of the ISB&nd  {he prior competition experiments, suggest that this could
Glu-272 of cyth. The ISP acts as a H-carrier, to remove the 55560 with high probability. However, we cannot rule out
electron and the first proton on oxidation of @Ho such a possibility. If future work shows that two quinones
semiquinone41, 49 (Figure 7B,C). The His released on 5 occupy the Qsite, some modification of the model of
oxidation of the ISP, either immediately (at pH above the ping et a1.'4, 35 would be needed. From the structure, it
PK of ~7.6 on the oxidized form) or before formation of s ¢jear that all interactions with the ISP must occur from
the next reaction complex (at pH below th)p the distal domain, and the pattern of mutational change

(c) Electron transfer from QHto the ISP leading to  suggests that thg, = 1.800 signal reflects an interaction of
formation of semiquinone is the reaction with a high Q in this domain with ISPY. Since the signal is diagnostic,
activation barrier Z1). Since the equilibrium constant for Q,, would have to occupy this distal site and,sQhe
formation of semiquinone is too small to measure, formation proximal site, with the latter as a more permanently bound
of the semiquinone is improbable, the reaction complex species acting as an electron shuttle to hbmen formation
between quinol and ISPis relatively long-lived, and the  of the semiquinone on the former. Among single-occupancy
positive AG® for formation of semiquinone likely contributes  models, we favor that outlined above, since it provides an
to the high activation barrier. The semiquinone is a transient explanation for the importance of the proximal domain and
species because, once formed, it is removed rapidly. Because mechanism for protection against @roduction. However,
the subsequent reactions of both high- and low-potential we cannot rule out models in which electron transfer occurs
chains are not rate-determining, electrons appear at theto hemeb, from the distal domain. For such models, the
acceptor termini (cyt for the high-potential chain and cyt constraints of energy barrier and distance on rate constant
by for the low-potential chain blocked by antimycin) with  rule out electron transfer from a semiquinone in the distal
the same kinetics, determined by the rate-limiting step. domain that involves the activation barrier.
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4. rotation
2.
rotational
displacement

Ficure 7: Mechanism of the bifurcated reaction. Qyis shown by the protein surface, and the other catalytic subunits are shown as
ribbons (ISP is light blue, cyt; is dark blue), with prosthetic groups shown as ball-and-stick models, except for the [2Fe-2S] cluster, which

is shown as spacefilling spheres. The lsyheme is colored red (A, D) or orange (B, C), and hamis green-blue (B, C). Quinone species

at the Q site were modeled in structures with the inhibitor removed, as follows. For panels A and B, the stigmatellin-binding structure was
used. For panels C and D, the myxothiazole-binding structure was used. The quinone was positioned as detailed in the Materials and
Methods section. (A) Reaction complex between,ldund in the distal domain (C atoms in orange in panel A, gray in panel B), and

ISP bound at the interface on cipt Note Glu-272 shown in the position in the stigmatellin-containing structure, which also provides a
H-bond to quinol. The water molecules in the water channel are abstracted from the model constructed for a steered molecular dynamics
simulation of the ISP movemendT). (B, C) Reactants in the positions for the enzyrsabstrate complex (left) or the enzymgroducts

complex (right), with the separate processes contributing partial reactions discussed in the text. The numbers show a possible sequence of
reactions. (D) The reaction complex has dissociated to products, and théh&Pmoved to the position close to @yt The quinone (or
semiquinone anion, gray in panel C, orange in panel D) has flipped to the proximal domain. Note the position of Glu-272, now rotated out
of the pocket, and connecting to a channel into lzyftom the P-side aqueous phase. The water channel was relaxed to prevent steric
overlap with the side chain.
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