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ABSTRACT. Ubiquinol cytochromee oxido-reductase (EC. 1.10.212¢1) is an integral membrane protein
complex essential to cellular respiration. Structures of the 11-subunit mitochohdtiabmplex were
determined with and without the fungicide famoxadone. Specific inhibition by famoxadone is achieved
through a coordinated optimization of aromataromatic interactions where conformational rearrangements
in famoxadone and in residues lining the inhibitor-binding pocket produce a network of aremuatinatic
interactions that mimic the crystal lattice of benzene. The profound arofstienatic interactions as
supported by prior mutagenesis provide a structural basis for specific prdiggind interaction in a
hydrophobic environment. Dramatic conformational changes, both ib eyid ISP subunits in the inhibitor-
protein complex, confer experimental evidence for a functional role of cytochfmmethe induced
conformational arrest of ISP and allow the identification of a possible intrasubunit signal transduction
pathway that controls the movement of ISP. These results support an inhibitory mechanism that is consistent
with the requirement for ISP movement in the electron transfer of this complex.

Cellular respiration requires coupling of a series of 10) postulates two quinone reaction siteshicl: namely,
oxidation and reduction steps to proton translocation acrossthe Q, site for quinol oxidation and the;@ite for quinone
biological membranes to create a proton-motive force for reduction. It further assumes a bifurcated ET at thesif®
ATP synthesis. The cytochronbelcomplex is an essential ~ where two electrons from a quinol molecule diverge in two
component in the respiratory chain; it catalyzes electron directions: one goes through the high-potential ISP to cyt.
transfer from quinol to cytc and concomitantly translocates cl, ending up in substrate cyd; the other through the low-
protons across membranes—4). Bclis a dimeric multi- potentialb, heme and the high-potentibl; heme sequen-
subunit integral membrane protein compl&x-{); subunit tially, reaching the acceptor quinone at these.

composition varies from three subunits in the prokaryote  Structural information for théacl complex was obtained

Paracoccus denitrificang 11 subunits in eukaryotes as in  primarily from crystallographic studies of eukaryotic mito-
bovine mitochondria. Essential subunits for Eeilinclude chondrialbc1 (6, 11—15). For the bovine complex, the dimer

one cyt.b containing twob-type hemesk{ andb), one has a molecular mass of near 500 kDa and consists of three

cyt. cl

containing ac-type heme, and one ISP containing a regions: a TM region containing 26 membrane-spanning

2Fe-2S cluster. The proton-motive Q cycle hypothesis ( helices, a very large matrix region, and an IMS region. The

three functionally important subunits are either integrated
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to or anchored in the membrane; the dytmonomer has
eight TM helices, whereas cytl and ISP each contain one

*The atomic coordinates have been deposited for release with TM helix with large portions otl and ISP in the IMS.

blication in the Protein Data Bank with i bers 1LOL ) .
Eﬁd 'fﬁ(')ONn. n the Frotein bata Sanicith accessions numbers Crystallographic evidence6( 11—13), augmented by
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* Abbreviations: bcl, ubiquinol cytochrome oxidoreductase; cyt.  ¢|ass | inhibitors such as myxothiazol and stigmatellin block
b, cytochroméb subunit; cytcl, cytochromecl subunit; ISP, iron sulfur

protein subunit; ET, electron transfer;,@uinol oxidation; @ quinone the ET path at the.@ite and thos_e .in class Il like antim_ycm
reduction; QH, ubiquinol; b, low-potential hemeby, high-potential A block at the Qsite. Class | inhibitors are further divided
heme; 2Fe-2S, two iron two sulfur cluster; ArAr, aromatic-aromatic into three subclasses based on their effects on spectroscopic

interaction; TM, trans-membrane helix; IMS, intermembrane space;
MOAS, methoxy acrylate stilbene; UHDBT, 5-undecyl-6-hydroxy-4,7-

properties of théy, heme and the ISP2Q). Class la (e.g.

dioxobenzothiazol; EPR, electron paramagnetic resonance; rmsd, rootMyXothiazol, MOAS) affects 0n|?L heme spectra; class Ib
mean-square deviation. (e.g., UHDBT) causes changes in EPR spectra of ISP, and
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Table 1: Statistics of Crystallographic Data Collection and Structure Refinement

native* famoxadong
Crystallographic Diffraction Data Statistics
resolution (A) 806-2.6 80-2.4
unit cell (AP a=b=153.8, c=596.7 a=b=154.1,c=591.8
Riergé 0.061 0.057
(outer shell) (0.520) (0.339)
completeness 95.2 95.2
(outer shell) (96.7) (96.7)
ano.Rmerge 0.056 0.054
(outer shell) (0.458) (0.309)
ano. completeness 90.0 83.4
(outer shell) (89.8) (72.9)
no. of unique reflections 104,476 123,427
no. of free reflections 2,122 2,461
Crystallographic Refinement Statistics
Ruork 0.261 0.259
Riree 0.297 0.306
no. of atoms 16,800 17,381
no. of residues 2,113 2,135
no. of cofactors 4 4
no. of solvent molecules 447 432
rmsd' bond distance (A) 0.02 0.03
rmsd' bond angles®) 1.9 2.1

a Statistics for both data sets are computed-at cutoff, and both data sets were collected at 1.0 A wavelefigpace group symmetry for
both native and the famoxadone bouel crystal arel4,22. ¢ Ryergeis defined ast|ln; — OhVZlL; wherely,; is the intensity foiith observation of
a reflection with Miller indexh and ,Clis the mean intensity for all measurég and Freidel pairsi rmsd is the root-mean-square deviation of
bond distance or bond angle lit1 crystal with respect to those of standard parameters.

class Ic (e.g., stigmatellin) confers changes in both. Further-in crops @7). The inhibitor has one chiral center; only the
more, classe Ib and Ic inhibitors often lead to elevated redox S-enantiomer is active for inhibition. Binding of this inhibitor
potential of ISP. Multiple orientations and positions of ISP to bclcauses thé. heme spectrum red shift that resembles
soluble domain have been observed in different crystal forms the effect of myxothiazol binding2() but does not produce

(6, 11, 12), and at least two conformational states in the an observable change to the EPR spectrum of ISP. Although
soluble domain of ISP in response to binding of class | the molecular modeling and crystal structure of famoxadone
inhibitors were reported: a fixed and a loose stdt& 22). demonstrated that an extended conformation for the molecule
In the fixed state, ISP binds tightly to cyi.with the 2Fe- was energetically favorabl@8), the conformation in com-

2S cluster very close to the putative, Qte; in the loose plex with bc1l was not investigated.

state, ISP does not prefer any particular position between To understand the mechanism of ET b1, especially
cyt.cland cytb. Binding of class Ib and Ic inhibitors favors  the mechanics that controls the ISP movement, and the mode

ISP in the fixed state, whereas binding of class la inhibitors of inhibition by famoxadone, we investigated the structure
promotes the loose state. The mechanism that triggers ISFof bovinebclin complex with the inhibitor.

movement remains unknown.

Aromatic molecules such as benzene tend to associate withEXPERIMENTAL PROCEDURES
each other in a unique edge-to-face arrangement that was
termed ArAr interaction Originating from local dipoie Protein Purification and CrystallizationThe pUrifiedbCl
dipole interactions between partially positively charged complex from bovine heart mitochondria was prepared,
hydrogen atoms and negatively charged aromatic rings. Thestarting from highly purified succinate-cyt.reductase, as
Ar—Ar interaction has been used to describe benzene in thepreviously reported9). Thebclparticles were solublilized
crystalline stateZ3) and is responsible for the high melting by deoxycholate, and contaminants were removed by a 15-
point of benzene—(5_5 °C) In Comparison, water, with its step ammonium acetate fractionation. Phbed complex in
extensive network of H-bonds, stays liquid abov&) and oxidized form was recovered from the precipitates formed
Cyciohexane, having €H dipoies but |acking the aromatic between 18.5% and 33.5% ammonium acetate saturation. The
ring System, freezes at103.5°C (24) Survey of protein final prOdUCt was dissolved in 50 mM Trs$HCI buffer, pH
structures revealed ample examples of single pair4r 7.8, containing 0.66 M sucrose to a protein concentration of
interactions thought to stabilize folded protei$) Muta- 30 mg/mL, and frozen at80 °C until use. The concentra-
tional studies of ribonuclease demonstrated that a single pairtions of cyt.b and c1 were determined spectroscopically,
of Ar—Ar interaction could provide-1.3 kcal/mol of free using millimolar extinction coefficients of 28.5 and 17.5 for
energy 26). Unlike hydrophobic interactions, the AAr cyt. b andcl, respectively. The homogeneity in redox state
interaction is in principle specific and effective within short- 0f bclwas confirmed spectrophotometrically.
range, favors a hydrophobic environment, and could poten- Purifiedbclcomplexes were adjusted to a final concentra-
tially be exploited to optimize ligand-protein interaction. tion of 20 mg/mL in a solution containing 50 mM MOPS
Famoxadone [5-methyl-5-(4-phenoxy-phenyl)-3-phenylamino- buffer at pH 7.2, 20 mM ammonium acetate, 20% (w/v)
2,4 oxazolidinedione] is a specific,Q@ite bcl inhibitor with glycerol, and either 0.1% of decandyhmethylglucamide
three aromatic rings developed for control of fungal disease or 0.1% of diheptanoyl phosphatidylcholine or 0.16% of
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Ficure 1. Ribbon diagram of the dimeric mitochondrial cigtl complex. The ribbon model is enclosed in a semitransparent molecular
surface produced with the GRASP progra#i)( Colors identifying the subunits are given at the left margin. Position of the membrane
bilayer is delineated based on lipid molecules identified in the structure. The molecule is oriented with the intermembrane space (IMS) side
at top, the matrix side at the bottom, and the mitochondrial inner membrane (MIM) in between. The ribbon diagram was produced with the
programs Molscript42), Bobscript 43) and POVRAY (www.povray.org) interfaced with Gl-render (Esser, unpublished work).

sucrose monocaprate. This solution was set up for crystal-Both programs are part of the HKL program packag®).(
lization as described in previous publicatiofs30). Native Bijvoet pairs were kept separate in all data processing
crystals were grown in either sitting or hanging drops and procedures. The current native data set with reflections
appeared in 34 weeks. The famoxadone boubdll crystals extending to an effective resolution of 2.6 A is superior to
were grown under conditions similar to those of native the 2.9 A data set previously reportes).(For the complex,
crystals except that a 5-fold molar excess of famoxadone reflections beyond 2.4 A resolution fail to follow the Wilson
was added to the protein solution prior to crystallization. Both statistics 82) and were not used in the refinement.
native and famoxadone boubd1 crystal had a rectangular Structure Refinement, Modeling, and AnalyBigfraction
shape ranging in sizes from 0.4 to 0.7 mm and were cryo- data sets for both native and complex crystals were phased
protected at a glycerol concentration of-3€0%. These  separately with coordinates of the 11-subuntit model ).
crystals invariably possess the same symmetry of space groufrhe program REFMAC3J3) was used for initial rigid-body
14,22 and similar unit cell dimensions (Table 1). refinement followed by iterative maximum-likehood and TLS
X-Ray Diffraction Data Collection and Reductid@rystals (translation, libration, and screw tensor) refinement. Between
of bovine mitochondrialbcl complex with and without =~ REFMAC runs,oA (34) weighted Z,—F. andF,—F. maps
bound inhibitor were stable when cryo-cooled to 100 K at were calculated with the FFT program35j and used to
synchrotron radiation sources, permitting several hours of identify and build bound ligand and solvent molecules with
data collection. Data sets reported in this study were collectedthe program O 36), which were included in subsequent
at the beamline BioCARS-CAT of Advanced Photon Source refinement cycles. The initial coordinates for famoxadone
(APS), Argonne National Lab (ANL), and a wavelength of were obtained from the published crystal moda®)(and
1.0 A was used. The native and inhibitor-bound crystals subsequently refined against the diffraction data of a complex
diffracted X-rays anisotropically up to 2.6 and 2.4 A crystal. The statistics for the refinement and model quality
resolution, respectively (Table 1). Raw diffraction frames of both the native and the complbg1crystals are also given
were processed with the program DENZO, and integrated in Table 1. Structure alignment between the native and the
intensities from each diffraction image of the same crystal inhibitor complex, as well as between, Qocket aromatic
were merged and scaled with the program SCALEPACK. residues and the benzene lattice, were performed using the
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Ficure 2: Ribbon representation of the cyt.subunit structure with bound famoxadone. The eight TM helices are as labeled. The two
intercalated hemedy( andby) are rendered as the ball-and-stick model. The bound famoxadone (Fam) is shown as the space-filling model
with carbon atoms in yellow, oxygen in red, and nitrogen in blue. The-2=ecluster from subunit ISP is shown as balls with sulfur in

yellow and iron in orange. Four prominent surface loops AB, CD, DE, and EF are as labeled. Within the surface loops, the helices are
labeled as ab, cdl, cd2, and ef. The molecule is orientated similarly as in Figure 1 and the membrane bilayer is roughly delineated with the
two parallel lines in brown.

least-squares option in O. Anomalous difference FFT cal- creating the so-called {pocket between the two bundles

culations for the native and complex crystal were carried near the IMS side, where the inhibitor famoxadone is located.
out using respectivd="—F~ as Fourier coefficients and The CD loop contains two helices cd1 and cd2 of 15 and 9
separately refined model phases @tated. Main chain and  residues, respectively, arranged in a hairpin, providing a “lid”
side chain conformation analyses between native and com-for the Q, site and contributing residues to the docking site
plex structure were performed with locally written programs  (the ISP crater) for interaction with ISP. The EF loop bridges

(unpublished results). between the two helical bundles as well as takes part in the
formation of the ISP interaction site. Toward the end of the
RESULTS AND DISCUSSION EF loop, there is a 12-residue helix, named ef, situated in a

central position inside the LQpocket. The PEWY motif
(270—-273 in bovine), conserved in all organisms, is found
at the beginning of the ef helix.

Structure of Cytochrome b with Bound Famoxadortee
bclcomplex forms a dimer in solution. In the crystal of space
group 14,22, each asymmetric unit contains a singlel _ e e _
monomer consisting of 11 different subunits with 2,113  Conformational Flexibility and Binding Eironment of
amino acid residues, three heme groups, and 25ee-2S FamoxadoneA difference Fourier synthesis between the
cluster (Figure 1). The refined natibel has the crystallo- ~ famoxadone bound and natibel crystal revealed a large
graphic Riee and Ryor Of 29.7% and 26.1%, respectively piece of unassigned electron density in thgoQcket whose
(Table 1). We cocrystallized bovirtee1 with the fungicide shape and size resembled that of famoxadone (Figures 3 and
famoxadone. The inhibitor boundicl protein behaved 4). The atomic model of famoxadone in the complex was
similarly to native protein in crystallization, but the cocrystals built with the phenylamino group positioned near the binding
yielded better quality X-ray diffraction data sets (Table 1). crater of ISP directly underneath Y278 that is within
The refined complex structure bt1lhas theRyee andRyork H-bonding distance to H161, one of the ligands to 228
of 30.6% and 25.9%, respectively, to 2.4 A resolution. Figure cluster in ISP, while the phenoxyphenyl group remains at
2 shows the structure of the cyh subunit in ribbon  the entrance of the Qpocket (Figures 3 and 6a). In the
presentation with bound famoxadone in the refirszl complex, the famoxadone molecule disgayU shape with
structure. The subunit has eight TM helices, labeled sequen-the phenylamino group and the phenoxy moietysyn
tially from A to H, arranged in two helical bundles: bundle position, exhibiting a markedly different conformation from
| consists of helices AE that incorporates twb-type hemes  that observed in its crystalline state where famoxadone is in
(b, and by); bundle Il is made of helices+H. The two an extendednti conformation 28). Famoxadone is highly
helical bundles contact each other at the matrix side of the flexible by virtue of five dihedral angles in tandem and lack
membrane but separate from each other at the IMS, thusof significant steric hindrance2g); indeed, van der Waals



11696 Biochemistry, Vol. 41, No. 39, 2002 Gao et al.

Ficure 3: Stereopair of the famoxadone-binding environment jp&cket. The famoxadone in the ball-and-stick model (Fam) is enclosed

in the refined E,—F. electron density (dark green cage) contoured atol@bove mean. The nitrogen atoms for famoxadone are in
light-green, oxygens in red, and carbons in black. The secondary structure elements that encompass the bound famoxadgneckethe Q

are from parts of helices C, cd1, and ef as shown. Residues interacting with famoxadone are drawn in the stick models and are as labeled.
Hydrogen bonds are drawn in dotted lines; the water molecule that bridges the hydrogen bonding network is shown as a red ball and is
labeled W. Four ligands to the 2F@S from ISP subunit are shown as stick model. Distances from the bound famoxadonéthé¢mee

and to the 2Fe2S are drawn in black dashed lines.

Ficure 4: Stereopair of the structures of famoxadone in two different conformations. The three parts of the famoxadone are as labeled.
The structure of free famoxadone from crystalline state is in gray, and that bound tq pherkgt of cyt.b is color-coded with carbon

atoms in yellow, oxygen in red, and nitrogen in blue. The two structures are superimposed to each other on the five-member oxazolidinedione
ring.

energies calculated for th®ynand anti conformations are Despite the H-bonding capabilities of the oxazolidinedione
of —1.4 and—3.6 kcal/mol, respectively3({). The anti ring and the secondary amine group (N1), famoxadone
conformation in the crystalline state and #ymconformation prefers a hydrophobic and aromatic environment due to its
in the complex are experimental manifestations of the three exposed phenyl groups. The portion of thegoQcket

conformational flexibility and adaptability of famoxadone where famoxadone binds displays a “quarter-moon” shape,
to its environment. consisting of a front and a back part (Figure 6a). The front
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Ficure 5: Stereopair showing specific AAr interactions between famoxadone ang@@cket residues. Superposition of a crystal lattice

of benzene in the black-and-white stick model onto side chains of aromatic residues centered on the F274 witipiodket @ demonstrated

based on the result of least-squares method. The famoxadone and its protein environment are depicted as stick models with carbon atoms
in yellow, oxygen in red, and nitrogen in blue.

entrance corridor consists of residues from helices C and F,be yet another source of significant interaction that contrib-
the back ceiling is comprised of residues protruding from utes to the famoxadone binding affinity and that can only
the cd1 and cd2 helix, and the back floor and wall are made be derived from a network of AfAr interactions. In the

up of residues from the ef helix (Figure 6a). Deep inside the complex, the U-shaped famoxadone molecule with three
Qo pocket interacting with the phenylamino group of aromatic rings is ideally suited for maximizing interactions
famoxadone are hydrophobic residues M138, G142, V145, with the aromatic ring of F274 (Figures 3 and 5). Least-
1146, 1268, P270, and Y278, of which V145, 1268, and Y278 squares superposition carried out on a part of crystal lattice
are part of the ISP docking crater (Figure 3). At the Q of benzene type 133) and the famoxadone-binding pocket
entrance, forming van der Waals interactions with the centered on the phenyl side chain of F274 shows that the
phenoxyphenyl group are hydrophobic residues M124, F128,three aromatic rings of famoxadone as well as side chains
1146, P270, Y273, F274, Y278, and 1298. Among the three of several aromatic residues (Figure 5) in the f@cket
H-bonds formed between famoxadone and its protein envi- coincide well with the benzene lattice for a network of-Ar
ronment, two are involved in an H-bonding network mediated Ar interactions with good agreement (rmsd of 2.1 A for 10
through a structural water molecule (Figure 3): the N1 and pairs) and matching positions and orientations. In particular,
06 atom of famoxadone are 2.7 and 3.4 A from the water famoxadone deploys all three of its aromatic rings to literally
molecule, respectively; on the protein side, the water grasp the side chain of F274.

molecule is held in place by two H-bonds to the carbonyl  Both famoxadone and the aromatic residues lining the Q
oxygen of K269 and the hydroxyl group of Y131 with pocket have made significant conformational adjustments to
distances of 2.8 and 3.7 A, respectively. Another H-bond is optimize the ArAr interactions. The phenyl ring in the
formed between the carbonyl oxygen (O6) of famoxadone phenoxyphenyl group and the terminal phenylamino group
and the amide group of E271 with a distance of 2.5 A. The have rotated by nearly 9@nd 180, respectively, from their
closest distance of the famoxadone (C7) to the methyl groupmost stable conformation in the crystalline state (Figure 4),
(CMD) of b, heme is 5.7 A, and that from the tip of enabling them to form the AfAr interactions with the
phenylamino group to the CD2 of H161 of ISP, ligand to phenyl group of F274, whose side chain swings nearly 6 A
the 2Fe-2S cluster, is 6.7 A (Figure 3). When a methyl from the native conformation (Table 2, Figure 6a). The fact
group substitutes for the hydrogen atom at position N1 in that the terminal phenoxy ring in the phenoxyphenyl group
the phenylamino group of famoxadone (Figure 4), the)IC is nearly perpendicular to its expected orientation in the
value for inhibition of mitochondrial ET increases by more benzene crystal lattice does not reduce its contribution to
than 3-fold, from 29 nM to 93 nMJ8), demonstrating the  the binding, as here only short range and asymmetrical
importance of the water mediated H-bonding network, which interactions are considered in thg @ocket. Additionally,

is inevitably destroyed by the replacement of the hydrogen F128, Y273, Y131, and F278 form four aromatic pairs with
atom with a methyl group. the bound famoxadone.

Significant Binding Affinity Is Detied from a Network of The network of Ar-Ar interactions expand beyond the
Ar—Ar Interactions. Although the elimination of the H-  first layer, involving next layer aromatic residues such as
bonding network reducescl binding affinity for famoxa- F178 forming a pair with F128 (Figure 5). These observations
done by 3-fold, the methylated famoxadone remains tightly suggest that the very same force, which allows the crystal-
bound to théoclcomplex with an 1G, of 93 nM as measured  lization of the macroscopically nonpolar benzene molecules
in rat submitochondrial particle2®). Therefore, there must  at a temperature as high#%.5°C and presumably stabilizes
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Ficure 6: Conformational changes el complex induced by famoxadone binding. (a) Cross-section of thebayiblecular surface in

the vicinity of the @ pocket. The surface centered on thepQcket is dissected with a vertical plane, and the border of the cutaway surface

is outlined in white except for that lining the,@ocket which is colored magenta. Secondary structure elements anditeme surrounding

the Q site are shown. The famoxadone (Fam) is shown sitting in the quarter-moon-shapedk@ét as the ball-and-stick model with the
nitrogen atoms in blue, oxygen in red, and carbon in yellow. The front entrance and the back gpitek€} are as labeled. Overlaid onto

the Q pocket is the stigmatellin model (Sma) in gray found in the yeast structure for comparison (PDB code 1EZV). The residues undergoing
large conformational changes are shown as stick model with native in red and famoxadone bound in blue. The cdl helix in the inhibitor
bound complex displaced downward by ngaklA is shown as blue ribbon. The 2F&S cluster of ISP is located above thg f@dcket in

a surface depression named the ISP crater. (b) Possible signal transduction pathway on the surfate Résiglues in cytb, which

undergo large conformational changes both in main chain and side chain, are mapped onto the molecular surface. The surface patches are
color-coded with type | residues in red, those contacting ISP neck region in green, those in ISP crater in blue, and the connecting patch in
magenta. The surface is viewed roughly down the membrane normal from the IMS side. (c) Anomalous difference Fourier maps contoured
at 5o above mean for the irons in thel complex crystals with and without famoxadone. The right half in red shows the native anomalous
difference Fourier, and the left half in blue gives the famoxadone bound form with the bound famoxadone as the ball-and-stick model. The
two horizontal lines roughly indicate the mitochondrial inner membrane boundary. The vertical line marks the 2-fold molecular axis.
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Table 2: Largest Changes in Distance between the Same Atoms of Equivalent Residues that Undergo Conformational Changes in the Presence
and Absence of Famoxadone

residue atom distance atom distance
type name type A type A environment

|2 1146 CA 0.9 CG1 1.4 In contact with the phenylamino group of famoxadone.
K269 CA 2.3 NZ 2.3
P270 CA 1.9 CG 2.7
E271 CA 1.1 (6] 4.3
F274 CA 0.7 CE2 5.8

e W163 CA 0.5 CH2 5.4 In contact with the ISP neck region.
G166 CA 2.6 - -
G167 CA 2.8 - -
F168 CA 2.1 Ccz 5.5
D171 CA 2.8 OD2 3.7
D252 CA 3.3 OoD2 7.0 In the middle of EF loop.
P253 CA 3.0 CG 4.0
D254 CA 2.9 OD2 7.2
N255 CA 15 ND2 25
Y256 CA 0.5 CE2 1.4
N263 CA 0.7 OoD1 4.4 In the EF loop and part of ISP binding crater.
T264 CA 0.4 0G1 1.9
P266 CA 0.9 CG 1.8
H267 CA 1.4 CE1l 9.3
1268 CA 1.4 CD1 3.1

2 Residues that are in direct contact with famoxad@riesidues that are not in direct contact with famoxadone but undergo induced conformational
changes.

protein interior, is being employed by famoxadone to bind the inhibitor binding pocket and most noticeably in regions
with high affinity to the Q pocket. The free energy that make contacts with the ISP. The overall rmsd fgr C
contribution to the inhibitor binding from seven aromatic and for side chain atoms between the superimposed native
pairs is estimated to be between 7 and 14 kcal/mol, which and famoxadone bound cyi. subunits are 0.5 and 1.0 A,
is equivalent to that of three H-bond&5 26). Mutations in respectively, reflecting its overall structural rigidity. Using
cyt. bisolated fromS. cereisiaethat greatly alter the binding  the criterion of 5 times rmsd that measures differences in
capability of famoxadone are mostly substitutions of aromatic main chain distances and side chain dihedral angtesufd
residues for aliphatic ones or vice versa in thg g@cket x2) between equivalent residues, it can be shown that large
and provide strong support for the importance of-Ar structural motions in cyb involve residues centered around
interaction in famoxadone binding27). Two mutations those listed in Table 2. For convenience, we refer to those
produce particularly strong effects on thesd@alues: the residues involving in direct contact with and partially
F129L mutant (F128 in bovine) produces a 13-fold increase displaced by the bound famoxadone as type I. Five of them
in the 1G5, (120 vs 1569 nM) by disrupting interaction with  are given in Table 1: K269, P270, E271, and F274 near the
the phenyl ring of the phenoxyphenyl group, whereas the PEWY sequence and 1146 in the cdl helix (Figures 3 and
L275F mutation (F274 in bovine) causes a 20-fold reduction 6a). Type |l residues are not in direct contact with famoxa-
in the 1Go (120 vs 5.8 nM) by gaining three AtAr done but undergo conformational changes in response to the
interactions and thus profoundly enhances the famoxadoneinhibitor binding; they are found concentrated at the end of
binding affinity. Compared to the 3-fold increase indGpon the CD loop and the proline-rich EF loop between helices E
eliminating the H-bonding network, the network of -AAr and ef (Figure 7, Table 2). Surprisingly the largest observed
interactions should be regarded as a dominant force inpositional and dihedral movements involve residues in this
famoxadone binding. This structural knowledge immediately category, which are distributed in a narrow strip on the
suggests ways to improve the binding affinity of famoxadone surface of cytb from the inhibitor binding site to the binding
and, more generally, provides a guideline for achieving high surface for ISP (Figure 6b). The cdl helix, as part of the
affinity ligand-protein interaction in a hydrophobic environ- ISP binding crater, moved negrtl A downward in the
ment. It might be argued that the marked difference in inhibitor complex (Figure 6a), and the F helix shifted slightly
binding affinity as a result of the two mutations, F129L and in the lateral direction, opening up the,@ocket for
L275F, could be due to significant structural distortion on famoxadone binding.
the part of cytb that either enhance or reduce famoxadone- Cyt. b is considered a key player in the functiontodl,
binding ability. This interpretation is not favored since side coordinating actions of various components bl in a
chains of both residues are exposed to the cavity, andcatalytic cycle. One example that demonstrates the central
therefore would not produce significant structural alterations role of cyt.bis the inhibitor binding at @site induced large
if changed. Indeed, F274 in bovine clgtis a natural variant ~ conformational changes in the ISP soluble doméaB).(Type
of L275 in yeast §. cereisiag), and both enzymes are | residues may serve to adjust the size and shape of the Q
functional. pocket in order to accommodate the incoming inhibitor and
Famoxodone Binding Induced Conformational Changes. to sense the presence or absence of inhibitor/substrate,
Structural changes in the cy. subunit due to binding of  whereas the type Il residues relay and/or amplify confor-
famoxadone are observed in the immediate environment of mational changes of type | residues at certain specific sites.
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RC YLLMMGTAFMGYVLPWGOMSFWGATVITGLFGAIPGIGPSLQAWLLGGPAVDNATLNRFFSLH. .
RR LLLMMATAFMGYVLPWGOMSFWGATVITNLFSAIPVVGDDLVTLLWGGFSVDNPTLNRFFSLH. .
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BT LGDPDNYTPANPLNTPPHIKPEWYFLFAYAILRS--------c-eeceeannn IPNKLGGVLAL
SC LGHPDNYIPGNPLVTPASIVPEWYLLPFYAILRS--------ceeeoecaann IPDKLLGVITM
SP FMEPDCALPADPLKTPMSIVPEWYLLPFYAILRA----------------n= IPNFQLGVIAM
LT VFHEESWVIVDILKTSDKILPEWFFLFLFGFLEA= == - - - e re e e e e - VPDEFTGLLLM
RC LGHPDNYVQANPLSTPAHIVPEWYFLPFYAILRAFAADVWVVILVDGLTFGIVDAKFFGVIAM
RR FGEPDNYIPANPMVTPTHIVPEWYFLPFYAILRA--------comecoeannn VPDELGGVLAM

S B i ¢ *

FIGUrRe 7: Sequence alignment of,Qite residues. The §ite residues are composed of two segments:—1832 and 256-294 in bovine
sequence. Sequences include BT taurug, SC S. cereisiae), SP §. pomb} LT(L. tarentolag, RC R. capsulatus and RR R. rubrun).

The helical elements are indicated as consecutive Hs in green and are as labeled. Highly conservedddsideeslored red; moderately
conserved residues are colored blue. Mutations of those residues that are labeled with red * inactivate quinol e¥ijjdatiosd with blue

* reduce quinol oxidation, and that with green * affect ISP assembly. Brown bars underneath the sequence indicate residues interacting
with bound famoxadone; blue bars indicate interaction with ISP.

In this case, the type Il residues are concentrated at three The famoxadone bounkcl effectively produced better
areas on the surface of the clgtsubunit: the docking crater  quality crystals by reducing the cytl and the ISP mobility,
for the ISP soluble domain, the contact surface for the neck hence allowing better crystal packing. However, even with
region of ISP, and the region that connectssige to these  the reduced cell dimension by as much & A along the
two regions (Table 2, Figure 6b). It can therefore be c-axis in the inhibitor boundbcl crystal (Table 1), the ISP
speculated in the context btlfunction that the structural  subunit does not have significant lattice contact with
motif near the PEWY sequence would serve as a switch neighboringbcl molecules. Improved crystal packing as a
undergoing a bimodal motion intec1 catalytic cycle, which result of inhibitor binding may attribute partially to the
is then relayed to the ISP crater and the neck contacting pronounced enhancement of anomalous signals for the ISP
region via the ef loop to either capture or release ISP. iron in the complex crystal; the reduced mobility of ISP has
The most dramatic long-range conformational change is to be a result of inhibitor binding because the anomalous
the switch of ISP from the loose state in the native crystal peak height of cytcl does not increase nearly as much even
to the fixed state in the complex, as evidenced in the thoughitis located in a similar crystal packing environment
anomalous difference Fourier calculations for the native and to the ISP.
famoxadone boundc1crystal (Figure 6¢). The. heme iron Mechanism of Respiratory InhibitiofQH, oxidation at
in the native crystal and that in the complex have anomalousthe Q site is initiated with the removal of the first proton
peak heights of 0.97 and 0.99, respectively, after normaliza- followed by transfer of the first electron to the ISP and the
tion to their respectivey heme irons, suggesting a negligible second electron to the heme. The binding of QiHor QH
change to these two heme groups. In contrast, the normalizedadical intermediate may involve hydrogen bonding of the
anomalous peak heights in the complex for the cgtiron hydroxyl groups with H161 (H181 in yeast) of the ISP
is 0.775, up 41% from 0.551 in the native; that for the 2Fe  subunit and E271 (E272 in yeast) of the dytsubunit, as
2S of ISP is 1.05, up 335% from 0.242 in the native. In implicated in the complex structure of yeast dytvith bound
fact, the anomalous peak for the 2F&S cluster in native  stigmatellin 81). Although structure overlay of the cy.
crystal is at noise level. These data demonstrate that bindingsubunit from yeast with bound stigmatellin to that from
of inhibitor stabilizes both cytcland ISP and strongly favor  bovine with bound famoxadone produces an rmsd of only
ISP in the fixed conformation. The normalized peak height 0.7 A, the difference in binding environment for stigmatellin
of 1.05 for the 2Fe 2S cluster anomalous signal (Figure 6¢) and famoxadone is obvious. First, the headgroup of stigma-
suggests that ISP becomes less mobile upon binding oftellinis 2.7 A from H161 of ISP, whereas the closest distance
famoxadone and places this inhibitor in the same league asbetween ISP and famoxadone is 6.7 A (Figures 3 and 6a).
stigmatellin and UHDBT 13). A redox titration experiment  Second, the side chain dihedral angj2)(of E271 in bovine
in the presence of famoxadone showed a slight elevation (26is 150 away from that in yeast, where it is engaged in a
mV) in the midpoint potential from native for the ISP critical hydrogen bond with stigmatellin. Third, the confor-
(unpublished results), whereas stigmatellin increases the ISPmation of the phenyl group of F274 in bovine (L275 in yeast)
midpoint potential by as much as 250 mV. It is therefore would have interfered with stigmatellin binding. Recent
experimentally evident that redox potential change in ISP is structural and genetic experiments suggested the requirement
not linearly correlated to its mobility or position, a result of domain movement in ISP as part of the electron bifurcation
inconsistent with the notion that midpoint potential reflects mechanism ofbcl function. Thus, the mechanism of ET
ISP equilibrium position in the Qsite 38). inhibition by famoxadone appears 2-fold. One could be a
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simple competition of inhibitor for the substrate binding site and crater, N256Y and N256l in yeast (N255 in bovine,
(39), assuming that famoxadone has far better binding affinity Figure 6a), affect the stability of the 2F&S cluster of ISP

for the Q pocket than that of QHmolecule. The fact that  (40) (Table 2). One of the residues in contact with ISP at
the QH, molecule at Qsite remains elusive crystallographi- the ISP crater which undergoes very large side chain
cally seems to confirm its lower binding affinity. The binding conformational change is the H267 (Figure 6a); it is not
of famoxadone would stop QHrom getting close to the  completely conserved in the sequence alignment (Figure 7);
conserved PEWY motif, and the carboxylate group of E271 yet all substitutions at this position are capable of forming
would not be available for hydrogen bonding. Mutations in  H-bonds. The type Il residues identified here appear critical
residues that are in direct contact with famoxdone (Figure in controlling ISP behavior as supported from prior muta-
7) result in reduced activity or defective in Qldxidation tional studies; their conformational changes illustrate the
(40), suggesting overlapping binding sites between, @htl importance in function of the cylh subunit as a major driving
famoxadone. On the other hand, the incomparable chemicalforce inbcl catalytic cycle and suggest the surface confor-
structures of the inhibitor and substrate and the lack of mational strip as a possible signal transduction pathway
competitive inhibition kinetics undermine this explanation. within the cyt. b subunit serving to amplify the inhibitor

It is possible that the “true” quinol binding site may partially binding signal to the conformational switch of ISP. Although
overlap or is nonsuperimposable with the inhibitor binding speculative in their function, the key residues identified in
site; thus, binding of inhibitor does not interfere with our experiments in cytb subunit which undergo major
substrate binding, although such an argument is not favoredconformational changes upon famoxadone binding provide
by the recent experiment with solid-state NMR technique to an opportunity for future genetic and mutational analyses.
measure théC-labeled quinol signal that is sensitive tg Q
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