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ABSTRACT. Multiple instances of low-potential electron-transport pathway inhibitors that affect the structure

of the cytochrome (cytpbc; complex to varying degrees, ranging from changes in hydroquinone)(QH
oxidation and cyt; reduction kinetics to proteolytic accessibility of the hinge region of the-isnifur-
containing subunit (Fe/S protein), have been reported. However, no instance has been documented of any
ensuing change on the environment(s) of the [2E8] cluster. In this work, this issue was addressed in
detail by taking advantage of the increased spectral and spatial resolution obtainable with orientation-
dependent electron paramagnetic resonance (EPR) spectroscopic analysis of ordered membrane preparations.
For the first time, perturbation of the low-potential electron-transport pathway tsjt€inhibitors or

various mutations was shown to change the EPR spectra of both the®mes and the [2FS]

cluster of the Fe/S protein. In particular, two interlinked effects gki@ modifications on the Fe/S
subunit, one changing the local environment of its [2B&] cluster and a second affecting the mobility

of this subunit, are revealed. Remarkably, different inhibitors and mutations at or neardite iQduce

these two effects differently, indicating that the events occurring at ttsit€affect the global structure

of the cytbc;. Furthermore, occupancy of discretgsiie subdomains differently impede the location of

the Fe/S protein at the 3ite. These findings led us to propose that antimycin A and HQNO mimic the
presence of Qbkland Q at the (Xsite, respectively. Implications of these findings in respect to the@®

sites communications and to multiple turnovers of thelytare discussed.

The hydroquinone (Qf):cytochrome (cytt oxidoreduc- bacterial subunits have the same chemically active centers
tase (cytcy)! is an essential component of the mitochondrial and also share the same interwoven homodimeric architecture
and most bacterial respiratory electron-transport pathways(3, 4). In one monomer, the amino terminal transmembrane
(1. A sister complex, the cybef, is also a part of the  (TM) anchor of the Fe/S protein subunit lies across the
photosynthetic electron-transport chains of the chloroplasts carboxyl-terminal TM helix of the cyt; and the loop region
of higher plants and algae as well as of cyanobact@jia ( connecting theA andB TM helices as well as a portion of
The bacterial cytbc, are typically comprised of three  the A TM helix of cyt b. Conversely, its membrane external
catalytically active subunits that are the dyt(with two domain bearing the [2Fe2S] cluster oscillates between the
b-type hemesy, andby), the cytc; (with a c-type heme), ¢yt b and cytc; subunits of the opposite monomé)(The
and the iron sulfur (Fe/S) protein with a high-potential [2Fe  jmplications, if any, of such an elaborate architecture
28] cluster {). A comparison of the three-dimensional inyolving the Fe/S protein subunit being shared by both
structures of the mitochondrial, chloroplast, and bacterial monomers is not yet understood.
enzymes demonstrate that, despite the reduction of the

subunit composition from the eukaryotic counterparts, the It is currently thought that, during a complete catalytic

turnover of the cytbg, the Fe/S protein oxidizes in two
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“genuinely concerted” mechanism without invoking any SQ with the Q-site occupants at the cigtsurface. Our findings
intermediates &, 9). Remarkably though, macromovement indicate that both the nature of the molecule residing at the
of the Fe/S protein is not required for the @bkidation per Q; site as well as the absence of the layttofactor influence

se at the @ site, although it is essential for its multiple the environment and the interactions of the Fe/S protein with
turnover and the steady-state enzymatic activity of the cyt the Q-site occupants. The implications of these findings on
bc: (10, 11). In any event, after each Qhrbxidation, the the steady-state turnover mechanism of the logt are
remaining electron at the Qite is conveyed to cyt hemes discussed.

b, and by then finally © a Q or SQresiding at the Q

reduction (Q site on the opposite negative (N) side of the MATERIALS AND METHODS

ir::tee r::gﬁ\?;g:gﬂ;i%ﬁﬂzrgtgng Nggsli_cljrelieo?‘(':ﬁeﬂrheesribr[:awnqe resul Bacterial Strains and Growth Conditionall Rhodobacter

in th t translocation of protons across the membrane and;t:apsulatusstrains were grown in mineral-peptone-yeast-

In the ne S lon o p S across i r . extract-enriched media (MPYE) under semi-aerobic condi-

contribute to the formation of a proton motive force that is tions in the dark at 35C, as described previouslg@). The

used to_ produce ATPSI_' . construction and growth phenotypes of the H212N and
.D?Sp'te the complexity .Of the cataly_tlc events Fhat OCCUr 112171, D, and R mutants have been described previously

within the cyt bc,, deleterious short circuit reactions that in refs 8 and 22, respectively.

could decrease its energetic efficiency are extremely rare ( Preparation and Spectroscopic Analysis of Ordered Mem-
8). For example, the yield of an apparent bypass reaction, ) )
brane SamplesChromatophore membrane isolation was

whereby an oxidized Fe/S protein reoxidizes another QH X . . :
: carried out as described previously in r28. Ordered
molecule at the Qsite when the cyb hemes are reduced, b | . dified f h
is very low (~1—2%) (12). Although electron-transfer rates membrane sample preparation was modified from those
) outlined in refs24 and25 and described in detail in r&f6.

and thermodynamic considerations can rationalize the cata- : X
lytic safety of the cytbc; during its initial Q-site turnover Chemical deple.t|on of Q from chro.matophore m_embr_anes
(<1 Q per reaction center) was carried out as outlined in ref

ﬁéltggrmlze;nggg rIT;aI’\:\)I/hEXFi)r?:Ir:Té enrtglsgggggiaszltlirrnergﬂrj: 27. Using membrane samples, EPR spectra were recorded
' p'e, why, P Y ' between angles of-0180° from the magnetic field vector

electrons deposited to the heimefollowing a QH; oxidation . ; X
at the Q site do not leak back to an oxidized aytvia the using 3 rotational intervals for 8120 gnd 10 steps
o . ST . thereafter. EPR spectroscopy was carried out at sample
natural oscillation of the Fe/S proteih3d—15). Similarly, it
. : . . temperatures of 10 or 20 K on a Bruker ESP 300E
is not obvious why the macromovement of the extrinsic o , i
. . ! S spectrometer (Bruker Biosciences), fitted with an Oxford
domain of the Fe/S protein, during which it interacts closely : . .
with the solvent-exposecth, cd, andefloops of cytb (10 instruments ESR-9 helium cryostat (Oxford Instrumentation
P b P y ' Inc.). Additional spectrometer settings were as indicated in

16, 17), is required for multiple turnovers of the cpi;. : : ; ;
These and other observations often raise the issue of whethetrhe captions of the figures. For orientation-dependent spectral

g . . acquisition, a goniometer of homemade design, sufficient for

there exists in the cybc; some mechanism(s) preventing . ;
> . . consistent reproduction of angular values2(5’), was
the occurrence of short circuits, especially during the onset " .. X . X .
. g S utilized. Stock solutions of antimycin A, HQNO (Sigma
of subsequent gsite turnovers. A distinct possibility for such : : . .
: ) . . . Aldrich Inc.), or stigmatellin (Fluka Inc.) were prepared in

a mechanism might be to coordinate thesige events tightly dimethyl sulfoxide and added at desired concentrations to
with the initiation of subsequent Qtbxidations at the @ y

. -~ _the membrane samples prior to drying or freezing. Except
site by.cytcl reox_|d|zed ['2|.:.eZS] clusters. ngeral observa otherwise noted, concentrations of antimycin A, HQNO, and
tions hinting at this possibilityl8—20) and various proposals

elaborating aspects of i2(Q) have been reported. We have stigmatellin were 10, 30, and /5 “.I per ~30 mg/mL total .
. Lo , chromatophore membrane proteins, respectively. Chemical
also observed that various inhibitory events, which perturb

electron transfer from the Q2o the Q sites, affect thermol- reduction of the samples was achieved by addition of Na

; : . ; . ascorbate (SigmaAldrich Inc.) to 5 mM final concentra-

ysin-mediated proteolytic cleavage of the hinge region of L g
. 4 T . tions. EPR samples were stored in liquid thtil spectra

the Fe/S protein subuni2{). These inhibitory events include were recorded
binding of antimycin A or HQNO, mutating specific;Qite '
residues or ligands of hentw,, a_nd imply that the steady- ResyLTS
state positions of the Fe/S protein at thelogurface change
accordingly. However, no direct information exists on how  Antimycin A and HQNO Binding to the Qite Are Sensed
the interactions of Fe/S protein and its [2F2S] cluster with throughout the Natie or Mutant Cyt b¢ Lacking an Intact
the Q site or its occupants change in response i@ Low-Potential Electron-Transfer Chaiis a prelude to a
events. detailed probing of the interactions between thea@d Q

In an attempt to gain evidence ofQQ; site interactions, sites, we initially examined if the binding of,Qite inhibitors
we have undertaken a detailed study to monitor the behaviorantimycin A or HQNO toR. capsulatusative and selected
of the [2Fe-2S] cluster located at the P side of the membrane mutant cytbc; affected the EPR spectra of the dyhemes.
in response to various perturbations that occur at or near theAddition to the wild-type membrane preparations of either
Q: site on the N side of the membrane using electron of these inhibitors conveyed small but significant spectral
paramagnetic resonance (EPR) spectroscopy and native oglterations of either the shapes or positions of thebgyas
mutant-derived ordered membranes. In this work, we presentdescribed previously in re28, and b, hemes EPRg,
the first EPR spectral evidence that various events affectingtransitions (Figure 1).
the low-potential electron-transfer pathway of the bgt A small but reproducible shift in thg, position of theb,
also affect the steady-state interaction of the Fe/S proteinheme, from 3.783 in the untreated native membranes to 3.779
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Ficure 1: EPR spectra of the wild-type cithemeg, transitions in the presence or absence p§i@ inhibitors. Nonordered membranes

were prepared in the presence (gray traces) or absence (black traces) of antimycin A (A), HQNO (B), and asttistiggimatellin (C).

For clarity, theg, transition of theb, heme (boxed) is shown at a higher magnification in the lower portion of each panel. EPR spectra of
ascorbate (5 mM) reduced frozen membrane solutions were recorded at 10 K, 9.443 GHz microwave frequencies, and modulation amplitudes
of 10 G.

or 3.775 upon addition of antimycin or HQNO, respectively, = Moreover, spectral line shape broadening and decreased
was seen. While the magnitudes of the peak position shifts orientation dependence, as evidenced by plotting the ampli-
were small, the spectral maxima were sharp and well-defined,tudes of theg, and g, transitions as a function of the angle
allowing accurate assignments. Moreover, mutants lacking of the membrane versus the magnetic field vector, were also
either theby heme iron-liganding histidine (H212N) or the observed (Figure 3C). Use of ordered membrane preparations
Qi-site Q-liganding histidine (H217R and L) residues also of comparable quality was ensured by monitoring the
caused pronounced changes in the bytheme EPRg, transition of the immobile cyby heme (Figure 3D). Previous-
transition and line shape even in the absence of any inhibitorly, broadening of thgj transition in ordered membranes has
(g,=3.790 for H212N or 3.789 for H217R) as compared to been associated with increased mobility of the Fe/S protein,
those seen in the wild-type cit; (g, = 3.783) (Figure 2). as induced by the class 1l,Gite inhibitor myxothiazol or
The data indicated that changes induced by inhibitor binding by chemical depletion of Q from chromatophore membranes
occurring on the N side of the membrane are propagated(26). In these cases, the total amount of the Fe/S protein
throughout the protein complex to its P side. residing at the cyb surface was diminished, and the EPR

Addition of Antimycin A to Ordered Membrane Samples g, transition of the [2Fe-2S] cluster shifted to slightly lower
Alters the EPR Spectral Shape of the [2F2S] Cluster of magnetic field positions. Furthermore, in similarly ordered
the Cyt be. In contrast to what was observed with the cyt membranes, increased mobility of the Fe/S protein was also
by andb. hemes, addition of either antimycin A or HQNO accompanied by a diminished orientation dependence of the
to membranes exhibited no discernible effect on the EPR [2Fe—2S] cluster spectrum2@). The similarities of these
transitions of the [2Fe2S] cluster in nonordered (or powder) observations to the data obtained by addition of antimycin
sample EPR spectra (Figures 3 and 4), as has been describedl suggested that the membrane embeddedbcythas an
earlier £6). Unlike the tensor-averaged powder sample EPR increased mobility of the Fe/S protein subunit. Thus, in the
spectra, use of ordered membrane samples increases botpresence of this inhibitor, the Fe/S subunit appeared to move
the spectral resolution of a given transition in the EPR spec- more freely and, consequently, interacted less with the Q
trum and also yields specific information about the relative site occupants. However, because addition of antimycin A
orientation (and the relative numbers of different orientations) does not decrease the redox midpoint potential of the{2Fe
of a metal cluster in a given sample. Therefore, we also ex- 2S] cluster, determined by the titration of ggsignal (data

amined ordered membrane samples from wild-tRoeap- not shown), the head domain of the Fe/S protein still lies
sulatusmembranes to probe the effects qfsie inhibitors probably at the cyb surface near itefloop (29).
on the interactions of the [2F€S] cluster of the Fe S pro- HQNO Binding at the (Site Also Alters the Steady-State

tein with the Q site of the cytbc,. Unlike what was seen in [2Fe—2S] Cluster Emironment.HQNO also binds at the,Q

Figure 3A, upon antimycin A addition, EPR spectra of simi- site of the cytoc, and inhibits the enzyme activity in a man-
larly treated ordered membrane samples exhibited markedner similar to antimycin A0, 31). However, the interactions
shifts at both they, andg transitions (Figure 3B and Table 1). of HQNO with the cytb are different from those observed
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Ficure 2: EPR spectra of various low-potential chain mutantsady¢meg; transitions in the presence or absence of antimycin A. Mutants

H217R (A), H217L (B), and H212N (C) derived nonordered membranes were prepared in the presence (gray traces) or absence (black
traces) of antimycin A. For clarity, thg, transition of the cyb, heme (boxed) is shown at a higher magnification in the lower portion of

each panel. Chemical reduction and spectrometer settings were as described in Figure 1. Note that because the H212N mutant lacks the cyt
by heme, no correspondirg transition is observed

with antimycin A as indicated by both its lower binding To ensure that the effects on the [2R2S] cluster EPR
affinity (32) and the comparison of the crystal structures spectra seen with antimycin A and HQNO are not due to
containing NQNO 83). NQNO is a structurally similar  their binding to the Qsite, either of these ite inhibitors
molecule to HQNO and antimycin A. Complementary to alone or in combination with stigmatellin were added to

what was observed with antimycin A, addition of 30 Q-depleted membranes. Under the experimental conditions
HQNO also affected the EPR spectrum of the [2BS] used here, neither HQNO nor antimycin A had any signifi-
cluster in ordered membranes (Figure 4A). cant effect on the line shape or orientation dependence of

Remarkably though, the effects induced by HQNO were the [2Fe-2S] cluster in the absence of Q. Moreover, in each
distinct from those seen with antimycin A, in that the changes case, subsequent addition of stigmatellin yielded spectra
observed were limited predominantly to the portion of the similar to those seen with this (3ite inhibitor when
spectra associated with tlg transition. When compared nonchemically treated native membranes were used (Figure
with untreated ordered EPR spectra, thetransition was 5). These data imply that neither of thg-€ite inhibitors
broadened by over 35 G at its maximum amplitude, while directly interacts with the [2Fe2S] cluster nor does either
its position in the magnetic field sweep was changed to only inhibitor grossly alter the binding and interactions of stig-

a slightly higher value (Table 1). In addition, unlike that seen matellin with the Q@ site.

with antimycin A, the orientation dependence of the spectra Mutations that Affect the €Bite Semiquinone Radical
was unchanged in the presence of HQNO when comparedAnion Stability Alter the [2Fe2S] Cluster EPR Spectrum.

to those derived from untreated native samples (Figure 4B). The amino acid residue H217 of cytis thought to be
Thus, while binding of HQNO to the cyi¢ also induced a  involved in liganding Q at the (Bite 22, 33, 34). Previous
change in the environment of the [2F2S] cluster at the  characterizations of mutants where this residue were sub-
Qo site, it has done so without increasing the tendency of stituted with leucine, aspartate, and arginine (H217L, D, and
the Fe/S protein to move more freely at or away from the R, respectively) indicated that the ability to form a stable
cyt b surface. SQ at the Qsite was severely diminishe@2). Although

The [2Fe-2S] Cluster Emrironment in Q-Depleted Mem-  the EPR spectra of the [2F2S] clusters of the mutant
branes Is Modified by the Tight Binding,ite Inhibitor cyt bc, obtained using powder samples were similar to
Stigmatellin but Not by Antimycin A or HQNOhe EPR those seen using wild-type membranes (Figure 6A), when

spectra of the [2Fe2S] cluster of the wild-type cybc ordered membranes were examineddh&ansitions of the
containing ordered membranes that are chemically depleted2Fe—2S] clusters in different mutants exhibited various
of Q are broadened, and the positions of theand gy, extents of broadening (Figure 6B).

transitions are shifted up- and downfield, respectively (Table The characteristigs = 1.80 signal, indicative of the [2Fe
1). Additionally, these EPR spectra lack significant orienta- 2S] cluster interacting whit a Q residing at the xite, was
tion dependence upon rotation of the sample in the spec-almost entirely lost (perhaps with the exception of the H217L
trometer (Figure 5). mutant), and a new transition maximum localizedgat
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Ficure 3: Orientation-dependent EPR spectra of the [2E8] cluster of the Fe/S protein using ordered wild-type membranes treated with
antimycin A. Wild-type nonordered (A) and ordered (B) membranes were prepared in the presence (right portion of panel) or absence (left
portion of panel) of antimycin A (1&M). For ordered membrane samples, only the spectra acquired at orientation versus the magnetic
field where theg, (gray traces) ogy (black traces) transition amplitudes were maximal are shown. Polar plots gf (8¢ left portion) and

o« (C, right portion) transition amplitudes as a function of the rotation of the membrane plane versus the magnetic field are displayed to
illustrate the change in orientation dependence before (white circles) and after (gray boxes) inhibitor addition. Maximal (black) and minimal
(gray) amplitude containing spectra of the membrane embeddds, tyemeg, transitions and the resulting polar plots of the dependence

of these amplitudes as a function of the sample rotation in the spectrometer cavity before (white circles) and after antimycin addition (gray
triangles) have also been illustrated to show the similarity of membrane layering in each sample (D, left and right, respectively). Membranes
were prepared as described in the Materials and Methods, and the EPR spectra were recorded at 20 K, 9.443 GHz microwave frequencies,
with modulation amplitudes of 12 G.

1.79 appeared (Figure 6B and Table 1). Moreover, the Elimination of the Cyt b High-Potential Heme, iAlso
position of theg, transitions seen with the H217R and L Affects the Interactions of the [2F@S] Cluster of the Fe/S
ordered membranes were also shifted to higher magnetic fieldProtein with the Q Site. Elimination of the cytb high-
values,g, = 1.898 versugy, = 1.895 seen with wild-type  potential heméd, by replacing its axial-liganding histidine
samples (Figure 6B and Table 1). Even in the H217D mutant at position 212 with an asparagine (H212N) yields a mutant
that has the most favorable formation of SQ at thesi@ cyt b, that is both stable and able to oxidize @&t the Q
among the strains tested, a smaller (though still substantial)site @, 22, 35). As in the case of the wild-type c¥i; or its

shift of the g, transition to 1.897 was observed (Figure 6B H217R, L, and D mutant derivatives, using powder samples,
and Table 1). Finally, the orientation dependence of the EPRthe [2Fe-2S] cluster EPR spectrum of the H212 mutant
spectra of ordered membrane samples of these mutants wasnzyme was virtually unchanged from the native enzyme
affected more than that induced with HQNO but less than (Figure 7A). On the other hand, it was again possible to
that mediated by addition of antimycin A to the native discern changes in these EPR spectra using ordered mem-
enzyme (Figure 6C). Because reoxidation of reducedbgyt brane samples (Figure 7B).

is defective as evidenced by perturbations of the antimycin  Similar to the other low-potential pathway inhibited cyt

A sensitive SQ EPR signal at the §te in the H217L, D, bc, mutants, thegy transition broadened significantly, but
and R substitutions2@), the EPR data indicated that even unlike the H217 derivatives, this transition retained its 1.80
partial inhibitions of the low-potential pathway were suf- value. Despite this retention, tige= 1.8 transition appeared
ficient to change the environment of the [2F2S] cluster diminished because a broader spectrum centered at a lower
at the Q site in the cytbc,. g value grew in beneath it (Figure 7B). In the EPR spectra
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Ficure 4: Orientation-dependent EPR spectra of the [2E8] cluster of the Fe/S protein using ordered wild-type membranes treated with
HQNO. Wild-type nonordered (A) and ordered (B) membranes were prepared in the presence (right portion of panel) or absence (left
portion of panel) of HQNO (3&M). As in Figure 3, only the spectra acquired at orientation versus the magnetic field whexe(ghay

traces) orgy (black traces) transition amplitudes were maximal are shown for ordered membrane samples. Polar plags (&, thedt

portion) andgy (C, right portion) transition amplitudes as a function of the rotation of the membrane plane versus the magnetic field are
displayed to illustrate the change in orientation dependence before (white circles) and after (gray boxes) inhibitor addition. Membranes
were prepared as described in the Materials and Methods, and the EPR spectrometer settings were essentially the same as those describe
in Figure 3.

Table 1: EPRg Transition Positions and Spectral Widths from Various Ordered Membrane Samples

transition position (g) transition width (Gauss)
Ox Oy Ox Oy
wild type
no inhibitor 1.804 1.895 161 31
+stigmatellin 1.782 1.893 170 32
+myxothiazol 1.773 1.902 208 48
+antimycin A 1.776 1.902 207 46
+HQNO 1.794 1.893 226 38
-Q? 1.765 1.900 ~220 51
+antimycin A (+stigmatellin) 1.765(1.783) 1.900(1.890) ~220(168) 51(36)
+HQNO (+stigmatellin) 1.765(1.783) 1.900(1.890) ~220(181) 51(39)
H212N mutant 1.803 1.899 200 48
+antimycin A 1.799 1.903 209 50
H217L mutant 1.802 1.902 208 52
+antimycin A 1.774 1.903 206 49
+stigmatellin 1.782 1.893 173 32
H217D mutant 1.795 1.902 227 55
+antimycin A 1.778 1.903 197 48
H217R mutant 1.790 1.901 206 52
+antimycin A 1.775 1.904 206 50
+HQNO 1.783 1.897 225 39

aValues in parentheses refer to those obtained in the presence of stigmatellin.

of the H212N mutant, thg, position also shifted to a lower  the data indicated that elimination of the dyt heme also
magnetic field position (i.e., higheyvalue) at its maximal changed the environment of the [2F2S] cluster at the Q
amplitude, and this shift was intermediate between what hassite, but the mobility of the Fe/S protein at the bysurface
been observed with the native dyt; and with myxothiazol- was intermediate between untreated or HQNO-treated versus
inhibited or Q-depleted enzyme (Table 1). Last, the H212N antimycin A-treated samples.

samples also exhibited a diminished degree of orientation The [2Fe-2S] Cluster EPR Spectra of Mutants with a
dependence of the EPR spectra of the [2B8] cluster in Defectve Low-Potential Pathway Are Also Affected by
similarly ordered membrane samples (Figure 7C). Overall, Antimycin A.Antimycin A appeared unique in inducing a
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(Figure 8), also similar to that seen with the wild-type cyt
bc,. Equally similar to wild-type cybc, samples, addition

of HQNO to membranes derived from the H217R mutant
dramatically changed the EPR spectral line shape in the
portion correlative with they, transition. Thus, the finding
that antimycin A acted in a similar fashion both in the wild
type and in various cybc, mutants with defective low-
potential chains clearly indicated that the drastic increase of
the mobility of the Fe/S protein head domain appeared to
be an intrinsic property of the binding of this inhibitor to
the Q site and not due to either a perturbation of the low-
potential chain or a change in the general occupancy of the
Qi site per se.

DISCUSSION

We have previously reported the monitoring of gross
changes in the equilibrium location of the Fe/S protein in
the cyt bg as a function of inhibitors and single-site
mutations by the utilization of thermolysin-mediated cleavage
(21). With the native enzyme, this proteolytic cleavage was
completely inhibited or unchanged by the addition of the
Q,-site inhibitors stigmatellin or myxothiazol, respectively,
and surprisingly was enhanced by the-si@e inhibitor
antimycin A. Similarly, enhanced proteolysis of the extrinsic
domain of the Fe/S protein in isolated proteins or partially
solubilized membrane preparations was also observed with
cyt b H212N and H217L, D, and R mutants, which have
defective low-potential chains. Enhancement of cleavage by

traces) transition amplitudes were maximal are shown. Membranesantimycin A was not additive to the levels of proteolysis
were prepared as described in the Materials and Methods, and thewith the mutant enzymes, because they already exhibited

EPR spectra were recorded at 20 K, 9.443 GHz microwave
frequencies, with modulation amplitudes of 12 G.

complete lack of the orientation dependence of the {2Fe

2S] cluster EPR spectrum among the various means of

inhibition of the low-potential pathway that were tested in
this work. This observation suggested that, in addition to or
instead of a mere inhibition of electron transfer, other

components acting more specifically might also be respon-

sible for the increased mobility of the Fe/S protein at the Q

site. Therefore, we also examined the effects of adding

antimycin A to mutants that are already defective for the
function of the low-potential pathway, such as the H217L,
D, and R or H212N substitutions. Remarkably, addition of
this inhibitor to the membrane samples derived from H212N
or H217R induced a nearly complete lack of orientation
dependence of the [2F&S] cluster EPR spectrum (Figure

cleavage levels significantly above that of the wild type prior
to inhibitor addition 21). Structural data correlating the
specific positions of the [2Fe2S] cluster of the Fe/S protein
in the presence of inhibitor86) suggested that the extent
of the cleavage reaction reflected the position of the extrinsic
domain of the Fe/S subunit in the wild-type and mutant
enzymes 21). However, because the proteolysis occurred
at the hinge region of the Fe/S protein, these experiments
provided no direct data about the location of the [2B8]
cluster in the cytbg. Thus, EPR spectroscopy was under-
taken to more directly monitor the effects of various Q
inhibitors on modifying the location of the [2F&S] cluster
at the Q site.

EPR spectra of cybcg [2Fe—2S] clusters in powder
samples exhibited no obvious changes upon addition of
antimycin A or HQNO in our hands (Figures 3 and 4).

8, and H217L and D not shown). In addition, the EPR spectra However, both antimycin A and HQNO affected not only

of these mutants treated with antimycin A had thgiand
O« transitions shifted to higher and lower magnetic figld

the EPR transitions corresponding to thesfe adjacent cyt
by heme 83, 36) but also those of the cyi, heme on the

values, respectively, as listed in Table 1. Upon subsequentopposite side of the membrane. Indeed, in line with our

addition of stigmatellin, the EPR spectra became indistin-

observations, long-range effects induced hy &hd Q-site

guishable from those seen in the presence of stigmatellininhibitors or Q-site mutationsZ2) on the local environment

alone (see, e.g., Table 1 for H217L), indicating that the

of the cytb hemes have been detected previously using

antimycin A-induced changes seen in the mutants defectiveconventional optical spectroscopie?(37).

in the low-potential chain could be nullified by a tight binding
Qo-site inhibitor such as stigmatellin. This is similar to that
seen with a wild-type cyibc, (not shown but comparable to
the cytb EPR spectra in Figure 1). On the other hand, HQNO

EPR Spectroscopy of Ordered Membrane Samplesdte
that Q-Site Inhibitors or Low-Potential Chain Mutations
Affect the Interactions of the [2Fe2S] Cluster with the @
Site.Encouraged by the ability of EPR spectroscopy to reveal

addition to the membranes derived from the H217R mutant both local and distant structural effects of both inhibitor
for example did not affect the orientation dependence of the binding and mutagenesis on the dyt we have taken

EPR spectra of the [2F€2S] cluster of the Fe/S protein

advantage of the increased spectral and spatial resolution



Oriented EPR Analysis of €5ite Inhibitors and Mutants of the Cyic Biochemistry, Vol. 44, No. 31, 2009.0527

Ordered membranes
1.803

(A) Powder (B)

1.803

. 1,790

H217L

H217D

H217R

0 degrees ——
90 degrees
3500 3600 3700 3800 3900 4000 3500 3600 3700 3800 3900 4000
Magnetic Field (Gauss) Magnetic Field (Gauss)
©)
90 &90
O wild £ l&@
A uzll?:w a® 04
A O o) S
ik S %
0000 o o?:;% S
o© TN 8
S 2 g
1800 S0 180 %*;, — 0

gy

Ficure 6: Orientation-dependent EPR spectra of the [2E8] cluster of the Fe/S protein using ordered membranes from the low-potential
chain defective H217L, D, and R mutants. EPR spectra of the H217L, D, and R mutants (upper, middle, and lower, respectively) using
nonordered (A) and ordered (B) membranes are shown. The characteristic wilgltypes gy transition maximum and the new maximum

g = 1.79 are specified with dotted vertical lines. Polar plots similar to those presented in Figures 3 and 4 are shown in C to illustrate the
diminished orientation dependence of the EPR spectra of the H217R mutant (gray triangles) as compared to similarly untreated wild-type
(white circles) membrane preparations. Spectrometer settings were as described in Figure 3.

associated with oriented EPR analysis of ordered membraneadded to Q-depleted membranes (Figure 5), indicating that
samples to probe the possible effects related to the-f2Fe the changes seen in the [2F2S] cluster environment are

2S] cluster of the Fe/S protein at the, Qite. The data
provided direct evidence that binding of the<gie inhibitors

mediated by the binding of this inhibitor at the &ite.
Additionally, the HQNO-mediated changes to the [2RS]

on the N side of the membrane or mutations severing the cluster EPR spectrum of ordered membrane samples de-

low-potential chain of the cyibc, affected the environment
of the [2Fe-2S] cluster of the Fe/S protein at the §te on

pended upon the presence of Q at thes@@e. The second
set of changes also exhibit similarly dramatic modifications

the opposite P side of the membrane. Remarkably, we haveof the line shape of the EPR spectra, but in these cases, the
observed for the first time a variety of changes in the EPR orientation dependence of these spectra were also perturbed.

spectra of the [2Fe2S] cluster of the Fe/S protein upon
addition of antimycin A or HQNO to both the wild type and
specific mutants (Table 1).

Orientation dependence of the EPR spectra of ordered
membrane samples can provide important information about
the mobility of the Fe/S protein extrinsic domain. Previously,

Specifically, we have detected two types of changes a decrease of the orientation dependence of the EPR spectra,
associated with the changing occupancy or structure of theusing similarly oriented membrane samples, was correlated
Qi site on the [2Fe-2S] cluster EPR spectra. The first set of with the increased mobility of the Fe/S protein extrinsic
changes, exemplified by those complexes with HQNO bound domain away from the cyb surface 26). Remarkably,
at the Qsite, modified only the line shape of the EPR spectra. although both antimycin A and HQNO changed the environ-
While NQNO (and presumably HQNO) is thought to also ment of the [2Fe-2S] cluster at the gsite, only addition of

bind at the Q site of the cytbc, in a manner similar to

antimycin A decreased the orientation dependence of the EPR

stigmatellin 83), no evidence was seen that it does so under spectra. Thus, even though both of these inhibitors abolish
the conditions used here. In fact, no change in the {2Fe cytb reoxidation upon its reduction via theQite turnover,
2S] cluster EPR line shape was detected when HQNO wastheir effects on the interactions of the [2F2S] cluster with
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FiGUre 7: Orientation-dependent EPR spectra of the [2E8] cluster of the Fe/S protein using ordered membranes from la,dyeme-

less mutant H212N. EPR spectra of the H212N mutant using nonordered (A) and ordered (B) membranes are shown. The characteristic
wild-type g = 1.8 gy transition maximum is specified with a dotted line in each panel. Polar plots similar to those presented in Figures 3

are shown in C to illustrate the diminished orientation dependence of the H212N mutant (gray squares) as compared to similarly untreated
wild-type (white circles) membrane preparations. Spectrometer settings were as described in Figure 3.

the Q site differ significantly, as if the individual inhibitor-  in the presence of antimycin A. However, the increased
bound states were mimicking discrete steps or intermediatesmobility does not appear to encompass a large displacement
of Q-site catalysis. from the niche near the cytsurface, because otherwise one
Various mutants with inherently defective low-potential Would have observed a decreased redox midpoint potential
chains of the cybc, such as H212N lacking the cigt; or for the [2Fe-2S] cluster of the Fe/S protein, as seen with
the H217L, D, and R modified in the stabilization of the SQ Myxothiazol addition 29) (data not shown). Remarkably,
at the Qsite, were also examined. In the case of the H217R the effects of @site inhibitors on the interaction of the [2Fe
mutant, untreated membrane samples already had a-[2Fe 2S] cluster with the @site are not reflective of redox-related
2S] cluster EPR line shape lacking a clga= 1.8 transition ~ changes within the components of the low-potential pathway.
and a somewhat decreased orientation dependence. Whehhis observation indicates that the physical interaction of
treated with antimycin A, they looked similar to those the molecule at the (3ite and its chemical nature are more
obtained using the soluble portion of the Fe/S protag) (  directly correlated to the two different types of effects seen
or to the ordered samples containing native logt either ~ With the [2F2S] cluster.
treated with myxothiazol or chemically Q depletezb), Structural Basis of the Differential Effects of Antimycin A
Conversely, the orientation dependence of these spectra wasersus HQNO on the Interactions of the [2FRS] Cluster
still visible with samples treated with HQNO. On the other of the Fe/S Protein with the Bite. Examination of the
hand, in the case of the H212N mutant samples, a significantavailable three-dimensional structures of thelmytwith Q;-
portion of thegy = 1.8 transition, thought to be indicative site occupants indicate that, while both antimycin A and
of the Fe/S< Q interaction, was still detectable in the NQNO (a structural analogue of HQNO) displace Q from
absence of antimycin A. After antimycin A treatment, this the Q site, they use an overlapping but nonidentical set of
signal broadened in the high field portion of theransition residues as binding ligands (upper and middle panels of
and the orientation dependence was diminished but not lostFigure 9). @-site coordination of antimycin A involves the
completely. This is in contrast to the similarly treated H217R amino acids K251 and D252 as well as H2R/ ¢apsulatus
mutant cytbc,. Apparently, mutations with a defective low- numbering) located in the TM helic&andE, respectively.
potential chain already have a partially increased mobility Additionally, van der Waals interactions with 149 and A52
of the Fe/S protein even in the absence of thén@ibitors, of helix A and the heméy propionates of the cyit subunit
and addition of antimycin A but not of HQNO further are observed in the various solved structures with antimycin
diminished the orientation dependence of the [2E8] A present 83, 36). TheD helix, in addition to coordinating
cluster EPR spectra. Because the effects induced by the Q the Q-site inhibitor, also contains the H198 and H2R. (
site mutations and by antimycin A were not synergistic, the capsulatusiumbering) residues that are the axial ligands of
FelS protein appears to have reached a maximum mobilitythe Fe atoms of the cyg, andby hemes, respectively. The
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Ficure 8: Orientation-dependent EPR spectra of the [2E8] cluster of the FeS protein using ordered mutant membranes from low-
potential chain defective mutants treated witks@e inhibitors. EPR spectra of the H212N and H217R mutants in the presence of antimycin

A (10 uM) (upper and middle panel, respectively) and H217R mutant in the presence of HQN@{3®ower panel) obtained using

ordered membranes are shown on the left. For the middle panel, a comparison of the relative change in the amplitbdehefitbg,

transition is depicted in the lower left boxed portion in these antimycin-treated samples versus the H217R samples depicted in Figure 5. In
each case, polar plots similar to those shown in Figure8 8re also shown on the right to illustrate the effects of theit@ inhibitors on

the orientation dependence of the EPR spectra. Spectrometer settings were as described in Figure 3.
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Ficure 9: Molecular determinants for the binding of antimycin A and HQNO to thesi@ of the cytbg. The chemical structures of
antimycin A, NQNO, and ubiquinone are shown in the uppermost panel. The middle panel depicts the individual interactions of these
inhibitors as seen in the various crystal structures (from left to right, 1PPJ1, 1NU1, and 1NTK, respectively). Portiors (@lubg D

(green), and (brown) helices surrounding the-&ite occupants (antimycin A, NQNO, and Q, respectively, in red) are shown. The NQNO
structure shows remarkable differences with respect to its proximity to both liedix Ser35 residue and the edge and propionates of the

cyt by heme (not shown). In the lowermost panel, a cartoon is shown to depict; iee@ccupied with either QHred ring) mimicked

by antimycin A and the [2Fe2S] cluster in a more “distal” position or Q (white ring) mimicked by HQNO and the {2&%] cluster in

a more “proximal” position, to illustrate the;@ite occupancy structural effects on the relative mobility of the Fe/S protein at.theQ

E helix has few interactions with the other helices of byt membrane and affect differently the conformation of the cyt
away from the N-side Q-binding niche and interacts only b portion of the @Q site and the mobility of the Fe/S protein.
minimally with the carboxyl terminal TM helix of the cyt These expectations are in agreement with earlier studies using
subunit. Very interestingly, it is linked directly to the solvent- second-site suppressor88( 41) and steered molecular
exposecefloop that contains the conserved PEWY sequence dynamics computationgt®), which indicated that changes
at the P side of the membrang, @6, 39), which interacts affecting the conformations of thed and ef loops would
closely with the extrinsic domain of the Fe/S protein during affect the mobility of the Fe/S protein that interacts closely
its large-scale movemenig, 40, 41). On the other hand,  with these surface loops. Moreover, communication of the
NQNO, while still interacting with thé& helix residues K251  Q;-site inhibitor occupancy through an increased rigidity of
and D252, is more distant from the 149 and H217 residues the D helix is in line with the alterations of thg transition
of the A and D helices, respectively, which are intimately positions observed in the EPR spectra of the lgyheme
involved in the binding of antimycin A (middle panel of upon binding of antimycin A. It has been proposed that
Figure 9) 83). constraining the conformation of this heme shiftgitsalue
Thus, binding pockets of these two inhibitors overlap but to a lower magnetic field valuetd, 45). Similarly, the EPR
do not superimpose, as indicated by earlier works on the spectra of the [2Fe2S] cluster in ordered membrane samples
locations of cyth mutations conferring resistance tg-§je of the cyt by-less mutant H212N are consistent with a
inhibitors @2). An immediate consequence of the adjacent relaxation of the conformational constraints of this sdbne
but structurally distinct subdomains of cigtoccupied by helix via the loss of the histidineiron interactions of the
these molecules is that the structural impacts of their binding, cyt by heme. Consequently, even when antimycin A is added
although similar, would be nonidentical, as seen here with to this mutant, the changes in the position and shape of the
both native and mutant cyic;. For example, antimycin A [2Fe—2S] cluster EPRY, transition are small, amounting to
will change the conformational rigidities of thfe D, andE a loss in theg, = 1.8 transition, and the EPR spectrum of
helices in a different manner than NQNO and presumably the [2Fe-2S] cluster still retains a portion of its orientation
HQNO, while both of them competitively exclude Q and its dependence (e.g., Figure 7). Likewise, the H217L, D, and R
derivatives from the Qsite. Consequently, the conforma- mutations that modify the hydrogen-bonding interactions
tional constraints inflicted by these inhibitors would be between the @site resident and thB helix leave behind
transmitted via thé\, D, andE helices to the P side of the only the strong interactions with tHehelix. In the absence
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of this interaction with antimycin A, the conformational for the onset and maintenance of multiple turnovers of the
constraint upon th® helix is essentially abolished, while  cyt bc;, where the mobility of the Fe/S protein is known to
both the changes in the line shape and orientation dependencke crucial, now need to be addressed further.

induced by antimycin A appear enhanced. Because the
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