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ABSTRACT. We have previously reported that mutant strainRbbdobacter capsulatubat have alanine
insertions {-nAla mutants) in the hinge region of the iron sulfur (F8) containing subunit of thbc
complex have increased redox midpoint potenti&dg) (for their [2Fe2S] clusters. The alteration of the

Em in these strains, which contain mutations far from the metal binding site, implied that the local
environment of the metal center is indirectly altered by a change in the interaction of this subunit with the
hydroquinone oxidizing (g site [Darrouzet, E., Valkova-Valchanova, M., and Daldal, F. (2Q0Biol.

Chem. 2773464-3470]. Subsequently, thg&, changes have been proposed to be predominantly due to

a stronger or more stabilized hydrogen bonding between the reduced [2Fe2S] cluster andsitee Q
inhabitant ubiquinone (Q) [Shinkarev, V. P., Kolling, D. R. J., Miller, T. J., and Crofts, A. R. (2002)
Biochemistry 4114372-14382]. To further investigate this issue,F& protein-Q interactions were
monitored by electron paramagnetic resonance (EPR) spectroscopy and the findings indicated that the
wild type and mutant proteins interactions with Q are similar. Moreover, when ghgvias chemically
depleted, thée, of the [2Fe2S] cluster in mutalbic; complexes remained more positive than a similarly
treated native enzyme (e.g., the [2FeEz]of the +-2Ala mutant was 55 mV more positive than the wild
type). These data suggest that the incre&sedf the [2Fe2S] cluster in thé-nAla mutants is in part due

to the cluster’s interaction with Q, and in part to additional factors that are independent of hydrogen
bonding to Q. One such factor, the possibility of a different position of theS-at the Q site of the

mutant proteins versus the native enzyme, was addressed by determining the orientation of the [2Fe2S]
cluster in the membrane using EPR spectroscopy. In the case afZhk mutant, the [2Fe2S] cluster
orientation in the absence of inhibitor is different than that seen in the native enzyme. However, the
+2Ala mutant cluster shared a similar orientation with the native enzyme when both samples were exposed
to either stigmatellin or myxothiazol. In addition £ extracted membranes af2Ala mutant exhibited

fewer overall orientations, with the predominant one being more similar to that observed in the non-Q-
depleted membranes of tHe2 Ala mutant than the Q-depleted membranes of a wild-type strain. Therefore,
additional component(s) that are independent pfs{fe inhabitants and that originate from the newly
observed orientations of the [2Fe2S] clusters intméla mutants also contribute to the increased midpoint
potentials of their [2Fe2S] clusters. While the molecular basis of these components remains to be
determined, salient implications of these findings in terms gkife catalysis are discussed.

The ubihydroquinone: cytochrome (cgtpxidoreductase A sister complex, the cytbsf, is also a part of the
(cyt bc)! is an essential component of the mitochondrial photosynthetic electron transport chains of the chloroplasts
and most bacterial respiratory electron transport pathways.of higher plants and algae as well as of cyanobactdria (
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JW.C. the iron sulfur (Fe-S) protein that contains a high potential
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cluster containing protein (FeS), ubiguinone (Q), cytochrome(cyt side of the membrane. The enzyme also recycles the two
b), ubihydroquinone (Qb), ubihydroquinone: cytochrome (cy9 remaining electrons from two Qtbxidations to regenerate

oxidoreductase (cydc), 5-n-undecyl-6-hydroxy-4,7-dioxobenzothiazole ; . . . ;
(UHDBT), quinone reduction site () quinone oxidation site (£, a QH at its Q reduction (Q site on the opposite side of the

midpoint potential E), mosaic spread factomny). membrane. Coupled to these electron-transfer events, the cyt
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bc, also translocates protons across the membrane andipon the Fe-S head domain position at the, Qite (18).
contributes to the formation of an electrochemical gradient Subsequently, Shinkarev et al. (2002) have proposed that
of protons that is used to produce ATP. Remarkably, the changes in the strength or stability of a hydrogen bond
enzyme achieves all of these tasks with a small overall between the [2Fe2S] cluster and @ §)te occupant might
thermodynamic driving forceAE, of about 225 mV) viaa  be sufficient to explain thés,, changes and the lack of
unigue mechanism of electron transfer that bifurcates the two mobility observed with various inhibitors arnAla mutants
electrons emanating from a single @Hxidation to two (20). This proposal also implied that electron-transfer coupled
different terminal acceptors located at either side of the to breaking and reforming of the hydrogen bond with Q may

membrane (for a review see réfor 5). explain how the FeS protein movement and substrate
Crystallographic evidence first revealed that the [2Fe2S] product formation may be initiate®Q, 21).

cluster containing portion (or the head domain) of the-Be To gain a more detailed understanding of these observa-

protein, which is the initial oxidant of Qfht the @ site, is tions and their implications of a possible link between the

located at either the surface of clt or near the cytc; Em variations and Qcatalysis, we have undertaken studies

subunit, or at an intermediate position between, dependingdirected at probing whether ti&, changes observed in the

on the inhibitor occupancy of the (&ite 6—10). Subse- +nAla mutants are solely mediated by the interactions of

quently, several groups have shown biochemically that athe [2Fe2S] cluster of the F€S protein with the Q site
large-scale domain movement (i.e., macro-movement) be-occupants. Upon extraction of the,dg, we found that the
tween these positions is essential for multiple turnovers of E,, exhibited by the [2Fe2S] clusters of the mutant decreased
the enzyme by demonstrating that mutations interfering with while still remaining significantly higher than a similarly
the movement yielded nonactive enzymég, (12). While treated native enzyme. Furthermore, continuous wave EPR
the macro-movement of the head domain from thelzyt (CW-EPR) analysis of ordered membranes for orientational
surface to the vicinity of the cyt; allows for favorable dependence of the [2Fe2S] cluster spectra revealed that the
distance-dependent coupling for both the RH2Fe2S}* predominant orientation of the F& protein head domain
cluster, and the [2Fe2%] cluster-cyt ¢, electron transfer  in a+nAla mutant o = 2) in the absence of inhibitors was
reactions to proceed at physiologically acceptable rates ( different with respect to that of the native enzyme. Overall,
13), it may also limit unwanted side reactions. Movement the findings indicate that an altered environment of the
of the Fe-S protein, following reduction of its metal center, [2Fe2S] cluster in the-nAla mutants also contributes to their
away from the Q site has also been proposed to trigger raisedE,. The implications of these findings are discussed
bifurcation of the two electrons from the Qldxidation to in terms of Q site catalysis of the cyic,.

opposite sides of the membrang4). However, arguing

against this proposal is the observation that in mutants unabley,aTERIALS AND METHODS

to perform the macro-movement Qkbxidation can still

proceed under appropriate conditiod$)( In essence, the Bacterial Strains and Growth Conditionéll R. capsu-
movement of the FeS protein coupled to an apparent latus strains were grown in mineral-peptone-yeast-extract
instability of the semiquinone formed at the &ite could enriched media (MPYE) under semi-aerobic conditions in
allow for the seemingly simultaneous transfer of the second the dark at 35°C, as described previouslyl?). The
electron to the hemia_ (5). In any event, although the critical ~ construction and growth phenotypes of the mutants used here
bifurcation is readily observed experimentally, the mecha- are also described in rdf2.

nistic details still remain unknown and are the focus of many  Preparation and Spectroscopic Analysis of Ordered Mem-

current studies. brane Sample<Chromatophore membranes were isolated as
Recently, a set of alanine insertior-rfAla) mutations described previously2@). A method of ordered sample

located in the hinge region of the +& protein ofRhodo- preparation was modified from those outlined in r2&8&and

bacter capsulatubave been characterized as having impaired 24. Briefly, chromatophore membranes25 mg/mL total

or slowed head domain macro-movements from thesic@ protein) treated as appropriate with 5 mM sodium ascorbate

(12, 16—18). Interestingly, these mutant enzymes exhibited and inhibitors were layered onto Mylar strips cut to fit within
raised redox midpoint potential€Ef) for their [2Fe2S] a quartz EPR tube (707-SQ-250, Wilmad Glass Inc.). Mylar
clusters by as much as 140 mV versus the nativebcyt strips were held in place by glass frames, and dried fer 48
(12, 15, 18). Moreover, the raiseét,'s were not additive 72 h under an approximately 80% humidity controlled
with that induced by the addition of the poteng §ite class chamber using saturated ZnClAdditional aliquots of

| inhibitor stigmatellin (4—15, 18), and they could be chromatophore membranes were deposited on top of the
lowered to a similar value seen with the native enzyme upon previously dried layers until the desired sample quantity on
the addition of the @site class Il inhibitor myxothiazoll@). the Mylar sheet was reached. In this way, logt containing

The photosynthetic revertants of these mutants, a singlechromatophore membranes were compressed into a very
amino acid substitution in thef loop for the+1Ala strain small sample volume, enhancing the signal size two to three
and the loss of one of the added alanine residues in thetimes over what can be achieved using frozen liquid
+2Ala strain, often pointed to proteitprotein interactions  chromatophore samples. The signal was further increased
with the cytb during the macro-movement of the+8 head by the mutual alignment of thg-tensor axis with respect to
domain to thec; position as the cause of the slowed, or the the magnetic field. Hence, the signal-to-noise ratio for the
lack of, enzyme turnoverl§, 17, 19). Thus, the overall EPR spectra thus obtained was excellent. Using layered
spectral, kinetic, and thermodynamic changes observed withmembrane samples, EPR spectra were recorded betWween 0
these mutant enzymes have led to the possibility thaEthe  to 180 from the magnetic field vector using $otational

of the [2Fe2S] cluster of the cyic; might be dependent intervals for 0 to 120 and 10 steps thereafter. Analyses
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Ficure 1: Potentiometric dark titrations of the ERRtransition of the [2Fe2S] cluster of the +8 protein in the wild type and thénAla

mutants. Qo reduced or Qo oxidized EPR spectra (A) taken atL00 (solid lines) and-200 (dotted lines) mV, respectively, are shown,

and in each case the correspondindransitiong-value is indicated by a vertical line. EPR spectra were recorded at 20 K, 9.45 GHz with
modulation amplitude of 12 G, and microwave power attenuated to 2 mW. Chromatophore membranes isolated from wild type (open
squares) and-1Ala (closed up triangles)}-2Ala (closed down triangles), ant3Ala (closed squares) mutants were titrated (B) as described

in Materials and Methods in thg, range of—50 and 200 mV. In each case, normalizgd. 0 amplitudes (with the minimum amplitude
subtracted from each) were fitted taona= 2 Nernst equation.

of the data obtained were carried out as described i@3ef RESULTS
to deduce the amplitudes of various EPR transitions corre-
sponding to the [2Fe2S] cluster of the dyt; as follows. The Increase in the f of the +2Ala Strain [2Fe2S]
(g) transition: in the chromatophore membranes, because aCluster Is Not Due to a Change of the Stability of the
cyt be, independent signal overlaps with tige region of ~ Reduced [2Fe2SJUQH, or —UQ Complexeslt is known
the [2Fe2S] EPR spectrum only the low field shoulder of that class II Q site inhibitors such as stigmatelli2) or
this transition was used in quantifying its amplitudgy)( ~ UHDBT (27, 28) considerably increase tifi, of the [2Fe2S]
transition: the derivative shaped signal of dyetransition  cluster of the Fe'S subunit of the cybc, by stabilizing its
was integrated from baseline to baseline as this proved toreduced form, while class | Qsite inhibitors such as
be the most consistent means of measurement, free of thenyxothiazol or MOA-stilbene decrease it slightl®0( 29,
effect of anyg-strain associated with orientation dependence; 30). Moreover, the EPRj transition of the [2Fe2S] cluster
(g transition: the maximum amplitude of this transition of the Fe-S protein responds to they3 redox state, with
versus a point on the baseline that is orientation neutral the g« = 1.8 signal titrating with arEn,; of approximately
(typically, the high field end of the spectrum) was recorded. 90 mV (31). The g« transition changes from a narrogv=
The gy signal in many of the samples approaches that of a 1.80 trough when th@p is oxidized to a broadey = 1.77
derivative signal because of the high degree of orientation trough when theQyq, is reduced, and to a very broad=
of the sample. Very little difference was observed between 1.76 signal when Q/Qfidepleted membranes were used.
the values derived from the measurements that used peaklhese changes have earlier been interpreted as an indication
intensities rather than integration of the peaks. The math- of the interactions between the [2Fe2S] cluster and the Q/QH
ematical simulation of the orientation dependence of the EPRmolecules residing at the Qite (32). Thus, to probe any
amplitudes was described in detail elsewh&®.( possible link between the increadeds observed in mutants
Potentiometric Titrations and EPR Spectroscopgten- affecting the linker region of the FeS subunit and the Q
tiometric titrations were carried out as described in28&f site residents, we had previously determined Ehe by
except that potassium hexachloroiridate was used in lieu oftitrating the amplitude of the, = 1.8 signal exhibited by
potassium ferricyanide at redox poisdés’'¢) greater than  the 6Pro mutant, and found that it was unaffecté8).(
approximately 450 mV, as in rdf7. EPR spectroscopy was Following the proposal of Shinkarev et a20j that a more
carried out at liquid helium temperatures using a Bruker ESP stable or stronger interaction between the reduced [2Fe2S]
300E spectrometer (Bruker Biosciences), fitted with an cluster and Q residing at the,Gite could explain the
Oxford instruments ESR-9 helium cryostat (Oxford Instru- increased [2Fe2S] clustEr,'s observed in the FeS subunit
mentation Inc.). For orientation-dependent spectral acquisi- linker domain mutants, we have extended this analysis to
tion, a goniometer of homemade design, sufficient for the+nAla mutants (Figure 1A). Accordingly, the assumption
consistent reproduction of angular values2(5°), was here being that if the reduced form of the [2Fe2S] cluster is
utilized. stabilized by a stronger interaction with UQ then g of
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the gk signal transition should become lower (or the oxidized
form of the UQ at the Qsite should be stabilized).

Titration of the amplitude of they = 1.80 transition in
these mutants as a function®ffrom 0 to 200 mV revealed
that in no case did thEn7 (approximately 90 mV) change
significantly from that observed in the wild type (Figure 1B).
These data indicated that neither Q, nor£idrmed a more
stable complex with the reduced [2Fe2S] cluster of the e
subunit in the mutant strains than the wild type. Interestingly,
we noted that at lowekEy's (<50 mV) where the Qg was
predominantly reduced, the line widths of the [2Fe2S] EPR
spectra of thet2Ala and+3Ala strains were narrower than
that seen with the wild-type strain (Figure 1A). Upop.§
reduction, thegy transition shifted from 1.803 to 1.786 or
1.805 to 1.780 in the-2Ala or +3Ala mutants, respectively,
while it shifted from 1.803 to 1.771 in the wild-type strains
under similar conditions. The larger valuesgfseen with
the +2Ala and+3Ala strains upon reduction of thep£g

Cooley et al.

Stigmatellin-treated samples yielded similar orientations
versus the membrane plane for the [2Fe2S] clusters of the
Fe—S subunits in all strainsg-sim = 80° £+ 2, gy—sim =
0° + 5, g-—sm = 7° £+ 5 with a mosaic spread factomy)

(a number that describes the relative disorder within a sample
(23) and can be thought of as a measure of the scatter in
orientation of the Fe'S subunit relative to the membrane)
of 0.25 + 0.057 rad) (Figure 3A). Thus, all mutants
responded to stigmatellin like the wild-type dyd;. Remark-
ably, simulation of the polar plots corresponding to the
+2Ala mutant in the absence of inhibitor required a larger
m (0.4 versus 0.2%5 rad for the wild type) to yield the
predominang-transition angles (Figure 3B). Simulation of
the +2Ala mutant with thisn value gavegy—sim, Gy—sim, and
O--sim that were very different from those of the [2Fe2S]
cluster in wild-type cytbc, or in stigmatellin-treated
membranes derived from either the wild type or th2Ala
mutant (Figure 3B, gray arrows). The observation of a

suggested that in the mutants the [2Fe2S] cluster waschanged cluster orientation and the highneeded for the

experiencing a local environment different from that in the
wild-type cytbc;. This suggestion led us to probe whether
their Fe-S protein head domains were in different positions
from that of the native cybc;.

The Orientation of the [2Fe2S] Cluster in the2Ala cyt
bc, Relative to the Membrane Plane Is Different from that
of the Wild-Type cyt hcComplex.To further probe the
altered environment of the [2Fe2S] cluster of the-BSe

simulation pointed out that in the uninhibited ascorbate
reduced+2Ala mutant cytbc, preparations more than one
population of Fe-S subunits with differently oriented
[2Fe2S] clusters were present.

Addition of myxothiazol to crystals of bovine chic; has
been shown to displace the +8 head domain away from
the b position, observed when stigmatellin is in the €jte,
to another location close to the “intermediat86) or thec;

subunit in thet+-2Ala mutant, the angular dependence of the (“distal”) (6, 36) positions. In agreement with these crystal-

EPR signal of this metal cluster with respect to the membrane lographic observations, an increased disorder (or mosaicity)
plane was monitored using ordered membrane preparationsof the [2Fe2S] cluster orientation was observed when
This technique has been used previously to determine themyxothiazol was added to membranes derived from either

orientations of the [2Fe2S] clusters of the-F& subunits
from cytbg, or cytbsf treated with different @site inhibitors
or metal ions 23, 24, 33, 34, 35). In this case, Mylar-

the wild type or+2Ala strains (x = 0.39+ 0.057 rad), as
the corresponding polar plots became more ovoid in shape,
losing their distinct maxima (Figure 4).

based ordered membrane samples were prepared from the It should be noted that despite the disorder observed

wild type and thet-nAla strains in the presence and absence
of the @ site inhibitor stigmatellin, and changes in the
intensities of they,, gy, andg, transitions were recorded upon
the rotation of the samples in the cavity of the EPR
spectrometer (Figure 2).

with the [2Fe2S] cluster EPR transitions, the overall order
of the membranes as judged by the hebpeEPR tran-
sition remained unchanged (data not shown). Therefore,
the observed disorder with myxothiazol addition was
related solely to disorder in the F& subunits and their

To assess the overall ordering of the membrane prepara-orientations. Moreover, when the orientational dependence
tions from sample to sample, the changes in the amplitudeof the transition amplitudes were simulated, angular values

of the EPR transition a = 3.4 (Aby) corresponding to heme
by of cyt bc, were compared to the maximgy transition at

g = 1.90 (Maxg) corresponding to the [2Fe2S] signal of
the Fe-S subunit. While some variability in the ordering of

from the membrane plane @—sim = 50°, Qy—sim = 27°,
and g,—sm = 27° were observed for both the wild type
and +2Ala strains. Thus, upon the addition of myxo-
thiazol the Fe-S subunit head domain was allowed a higher

the membrane preparations on Mylar sheets was observeddegree of rotational freedom in a location away from the

only those preparations with a relatively equivaléxtiy/
Maxg, value were used for analysis. The amplitudes of the
O« Oy, andg, transitions for each sample were plotted as a
function of the angle of the Mylar sheet from the magnetic
field vector, from O to 180, to yield “polar plots”. Initially,

“b position”.

Effects of the Absence of UQ at the, Qite on the
Thermodynamic Properties and Orientation of the [2Fe2S]
Cluster of the cyt bc The presence of an additional [2Fe2S]
cluster orientation in thé-2Ala cytbc, when no inhibitor is

the angular values corresponding to the maximum amplitudesadded, and the lack of any appreciable change in the

of the g transitions were estimated visually (Figure 3).

interactions of this metal cluster with Q or Qled us to

Subsequently, more quantitative global simulations of the examine whether the additional orientation reflected a
polar plots derived from the changes in amplitude in the three position of the Fe-S subunit head domain independent of
g transitions for each spectrum were carried out as previouslyQ at the Q site, and whether this position contributed to

reported in ref23 (see Materials and Methods). These
simulations allowed us to deduce the orientations forghe
transitions ¢x—sim, Oy—sim, 9-—sim) Of the predominant popula-
tion of [2Fe2S] clusters of the F&S subunit versus the
membrane plane.

raise the metal centdt, in the +nAla mutants. Isooctane
extracted chromatophore membranes that are depleted of the
Quool Were prepared, as reported earl29,(32) and described
briefly in Materials and Methods. Upon complete extraction,
membranes derived fromt2Ala and wild-type strains



Oriented EPR Analysis dbc; Mutants Biochemistry, Vol. 43, No. 8, 2002221

(A) +Stigmatellin ®) i No Inhibitor

1Ala

\

)

I'. ————— 0 degrees -----

\ —— 90 degrees ——
.

3200 I 34IOO N 36IOO I 38IOO I 4000 32|00 ‘ 34.00 I 36|00 I 38|00
Magnetic field (Gauss) Magnetic field (Gauss)

Ficure 2: EPR spectra of ordered membrane samples showing the [2Fe2S] cluster oftBepFedein in the wild type and thénAla
mutants. In each case, maxingglandg, amplitudes (dashed spectra) are observed with the Mylar sheet-membrane plaf@mt @.e.,
parallel to) the magnetic field vector, while thg maximum is reached in the spectra recorded when the Mylar sheet-membrane plane is
at 9C from (i.e., perpendicular to) the magnetic field vector. Spectra were acquired in the presence (A) or absence (B), aitthe Q
inhibitor stigmatellin (30xM) with the spectrometer settings the same as those in Figure 1.

contained<1.0 Q per reaction center (as estimated by dependence at low potentials, the amplitude ajjtsansition
methanol/hexane extraction, data not showg, 32), in titrated in thek, range from 200 to 450 mV revealed BrR
agreement with earlier report83). Complete depletion of 55 mV more positive than that of similarly treated wild-
the Q.o from the membranes used in these experiments wastype membranes (275 mV) (Figure 5B). Therefore, only a
further confirmed upon their redox titration, as the [2Fe2S] fraction of the raised,, of the +2Ala mutant was due to
cluster g transition seen in the Q-depleted membranes the interactions between the [2Fe2S] cluster and Q, while
remained unmodified within thE, range from—2100 to 200 the remaining portion appears to be mediated by components
mV (Figure 5A). other than the @site inhabitants.

Interestingly, thegy transition of the +2Ala mutant To further ascertain the orientation of the [2Fe2S] of the
Q-depleted membranes CW-EPR powder spectra remained-e—S subunit in the absence of Q in the 8ite, ordered
narrower than that seen with similarly treated wild-type membranes were prepared using Q-depleted samples. The
membranes (Figure 5A). In addition, Q-depleted membraneslayered membranes displayed a level of order similar to those
from the +2Ala mutant exhibited a [2Fe2S] clustex used previously, as assessed by monitoring/thg/Maxg,
transition ¢ = 1.786) similar to that seen with non-Q- ratio, indicating that Q depletion did not perturb their ability
depleted membranes at poidggs where the Q@ was fully to be uniformly layered onto Mylar sheets. Remarkably,
reduced (Figure 1B). While thg; transition of the [2Fe2S]  Q-depleted membrane samples from th@Ala mutant
cluster in the Q-depletedt2Ala membranes showed ri6, displayed significantly less mosaic spread as compared to
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FiGure 3: Polar plot of the amplitudes of thg, gy, andg, transitions of the [2Fe2S] cluster of theF8 protein in the wild type and
+nAla mutants in the presence or absence of stigmatellin. Data obtained with the wild type (closed trianbfda)(closed circles),
+2Ala (open squares), antd3Ala (open diamonds) mutants are shown from left to right forgheg,, and g transitions together with
calculated fits shown as solid lines. Note that the maximum irgftteansition amplitudes is near the ©&270C axis, while theg, andg,

maximal amplitudes are symmetric around tffe-080° axis. The fitting procedure is described in Materials and Methods. Dashed and
solid arrows indicate the maxima obtained from fits for th2Ala mutant and for all other cases (which are identical), respectively. In all
cases, panels A or B correspond to the data obtained in the presence or absence of stigmatéiin (30

the Q-containing membranes (0.13 versus approximately stigmatellin or Q was present at the, &te. This finding

0.407 rad) (Figure 6).

The gy—sim Gy—sim, andg,—sim transitions for these samples,
62°, 21°, 8, respectively, were very similar to those
determined for the noninhibited2Ala membranes (i.e., 59
17°, 22°, respectively). These findings implied that the

pointed out that these two molecules might form a similar
hydrogen bond with one of the [2Fe2S] cluster liganding
histidine residues (H161 in chicken numbering) of the-Be
protein of the cybc;. Together with the finding that addition
of myxothiazol to cytg crystals causes the [2Fe2S] cluster

orientation of the [2Fe2S] cluster revealed upon Q-depletion to move away from its stigmatellin bound position on the
was also present in the non-Q-depleted samples, but wascyt b surface, the spring loaded model suggested that the

masked by contributions from other positions induced by

increases or decreases in thgof the [2Fe2S] cluster upon

the interactions of the head domain with Q present in the addition of stigmatellin or myxothiazol, respectively, are the

Qo site of the cythg.

DISCUSSION

Additional Components other than Hydrogen Bonding of
[2Fe2S] Cluster to the @Site Occupant Influence thenE
of the Fe-S Protein.Shinkarev et al. proposed that hydrogen
bonding of the [2Fe2S] cluster of the +& subunit of the
cyt bg with the Q site occupants dictates thg, and EPR
spectral changes (i,&x transition position and amplitude),
observed in the presence of, @ite inhibitors such as
myxothiazol or stigmatellin, or in thé-nAla mutants 20).
This proposal led to the “spring loaded” mechanism that
would control the movement of the head domain fromtihe
to the ¢; positions upon QK oxidation @1). The spring

result of the presence, absence, or increased strength of a
hydrogen bond between the +8 protein head domain with
the Q site inhabitant Z1). Furthermore, Shinkarev et al.
extended their proposal to encompass simitarchanges
that have also been seen with thenAla hinge region
mutants even in the absence of stigmatellid (On the other
hand, it could also be envisioned that a changed flexibility
of the hinge region that undergoes coil-to-helix transitions
during the macro-movement alters its spring-like properties,
thus causing a greater binding constant of the-&do the

Q. site @, 37). In any event, the lack of a spring to dissociate
the Fe-S head domain from the d3ite would increase the
stability or strength of the hydrogen bonding between the
reduced Fe S protein and the Qsite inhabitants in these

loaded mechanism was fostered by the observation that aStrains. Such an increase in the binding strength could then
hydrogen bond is easily envisioned between a stigmatellin €xplain the increaseé&, and impaired macro-movement

molecule in the Qsite and the FeS head domain in thie
position in various cytc; structures §, 10). In addition,

observed with thet-nAla hinge mutantsZ0).
These attractive suggestions enticed us to examine in detail

orientation selective ESEEM measurements by Samoilovathe E,, of the EPRgx = 1.8 transition of the [2Fe2S] cluster

et al. 1) suggested a similar asymmetric nitrogen hyperfine
interaction for the [2Fe2S] cluster of the-F8 when either

in various Fe-S protein hinge mutants. The position of the
o« transition is known to reflect the [2Fe2S] clusters
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Ficure 4: Polar plots of the amplitudes of thg, gy, and g,
transitions of the [2Fe2S] cluster of the+8 protein in the wild
type and+2Ala mutant in the presence of myxothiazol. The wild
type (closed squares) ant?Ala (open squares) are shown with
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Ficure 5: EPR spectra and potentiometric dark titrations of the
EPRg, andg, transitions of the [2Fe2S] cluster of the-F8 protein
in Q-depleted membranes from the wild type and th2Ala
mutants. EPR spectra (A) of isooctane extracted chromatophore
membranes prepared as described in Materials and Methods from
a wild-type strain (left) and-2Ala mutant (right) ofR. capsulatus
were recorded aEq’'s of +200 mV (Q.o Oxidized, upper trace)
and—50 mV (Quyo reduced, lower trace). Note that thetransition
at 1.786 observed in Q-depleted membranes from-d#la mutant
does not respond to the redox potential changes, indicating that no
interaction between Q and the reduced [2Fe2S] cluster of th&SFe
protein is detectable. (B) Potentiometric dark titrations of the EPR

solid curves generated from the calculated fits and the spectrometerdy transition of the [2Fe2S] cluster of the £& protein in

settings were as in Figure 2.

interactions with the @ site inhabitants 31). Thus, any

Q-depleted membranes of the wild type (triangles) anditBéla
mutant (squares) between 150 and 550 mV. In each case, normal-
ized g, amplitudes were fitted to @ = 1 Nernst equation to

change in the hydrogen-bonding interactions between thedetermine theemz.

[2Fe2SIdand UQ or UQH might also affect thé&,, of this
EPR transition. Our findings with theénAla mutants confirm

(18). According to this proposal, the, changes seen with
various hinge mutations or different,(ite occupants,

and further extend our previous data from a different kind including inhibitors, would reflect various populations of the
of hinge mutant (6Pro, where six consecutive residues hadFe—S head domains in different positions, interacting when
been substituted with six prolines), which also has a high possible with both the Qsite inhabitants as well as other

En for its [2Fe2S] cluster 12), in that all showed no
significant difference in theEy,'s of the EPRgy = 1.8

components at the cytportion of the Q site. For instance,
different position(s) at the cyi surface may either exclude

transitions of the mutants and the wild type (Figure 1). As water from the metal center, or form specific tyt- Fe—S

no difference in the stability of the [2FeZS}UQ or

protein—protein interactions as those observed earll®) (

[2Fe2SF—-UQH, complexes could be detected in all cases, or proposed by molecular dynamics simulations of the head

the molecular basis of tHg, changes observed in thenAla

domain movement3g). Interactions such as these are as

mutants cannot be explained solely by the presence, absencdikely to perturb the geometry or strength of the hydrogen-
strength, or stability of the His161-UQ hydrogen bond as bonding network of the [2Fe2S] cluster and affect both the

proposed by refO.

En and EPR spectral shape as might a hydrogen bond to the

An alternative proposal, originating from the properties liganding histidine. Similawgy transitions ¢ = 1.786) are
of various hinge region mutants and their photosynthesis- seen in the case af2Ala mutant when the ¢Xsite contained

proficient revertants, previously suggested thatEhef the
[2Fe2S] cluster of the FeS protein reflects its location at
the Q site, or simply, the interactions of the +8 protein

either QH or was depleted of Q (Figures 1 and 6). In these
cases, we propose that the geometry of the cluster, or of the
hydrogen-bonding network around it, are altered producing

head domain with its environment when in various positions g-values distinctly different from those seen with the soluble



2224 Biochemistry, Vol. 43, No. 8, 2004
Ex 90
8 7] %
d
t‘ ?
e Q @
O O\\
180 e 0
@] ”: \\‘
I 1Y
i 1
1 1]
1 I
1 1
1 [
N J,'
';?;
gy 90
200 A
AN
! )
Iz{fiﬂ 4 il
; v
N L .. J
270
g, 90
(=)
0 mﬁ%ﬂﬁm QQJ
/ﬂ ----- “\\ 't’_‘ ]
H \\ '/ %‘.
10— jo
1 N I
i N ]
\m ’/' ha ’/
O AO extracted | O A @ non-extracted

270
FIGURE 6: Polar plot of the amplitudes of the,, g,, and g,
transitions of the [2Fe2S] cluster of the-F8 protein in Q-depleted
membranes from the-2Ala mutant. Q-depleted (open symbols)
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(Figure 5) indicated that the [2Fe2S] cluster of the-Be
protein in this strain experienced a new environment that is
not observed in wild-type membranes lacking Q. The new
environment, characterized by a narrower EPR spectrum
(gx = 1.786) and a raisedE,, of the [2Fe2S] cluster
(approximately 330 mV), is independent of the, Qite
inhabitant and its hydrogen-bonding capability. Thus, the
EPR line shape ané,, appear to be derived solely from
protein—protein or changed solvent interactions resulting
from a mutation increasing the length of the-F=& protein
hinge region located over 15 A away. Thg of the [2Fe2S]
cluster of thet-2Ala membranes lacking Q is 55 mV higher
than the wild type without Q, while the nonextracte@Ala

bc, complex [2Fe2S] cluster has &g, 90 mV above that of
the wild type with Q. Thus, about 50% of th&, may be
attributable in thet2Ala mutant to specific interactions with

Q in the Q site, while the remainder is the result of
differences in the position of the F& head domain.

The exact molecular mechanism of how the legnviron-
ment in this mutant provides this additional stability to the
reduced form of the [2Fe2S] cluster is unknown. Along with
a perturbation of the strength of a hydrogen-bond interaction
of the Q site inhabitant to one of the histidine ligands of
the [2Fe2S] cluster, a change to a more hydrophobic
environment in the presence of Q, an indirect effect of Q
binding bringing the head domain to a such a region, or even
a combination of all of these factors, could account for the
increasedE,, of the [2Fe2S] cluster. In particular, any
additional hydrogen-bond interaction not originating from
the Q site occupants would be of particular interest as
individual hydrogen-bonding interactions with a high spin
iron (FE*/Fet) can significantly alter thé&,, of the metal
center 89). Obviously, the extended linker region mutants
are of relevance for understanding the movements associated
with the binding, dissociation, and swinging away of the
Fe—S head domain from the cyt Q, site during QH
oxidation in the cythg.

Multiple Positions of the FeS Protein Head DomairAs

and native (shaded symbols) chromatophore membranes Wer&L - Fe-S head domain moves from the surface to a

prepared as described in Materials and Methods, and the experi-

mental settings were identical to those described in Figure 3.

(gx = 1.764), or myxothiazoldy = 1.77) treated forms, and
even from those that interact with UQy(= 1.803) or
stigmatellin gx = 1.783) (L8). These data are incompatible
with the hypothesis that Q+-br myxothiazol containing cyt
bc,, or the soluble form of the FeS subunit, all exhibit
similar gy values attributable to the loss of a hydrogen bond
to the [2Fe2S] cluster2Q). The data presented here with
the +nAla strains and previously reported with the 6Pro
strain (8), clearly indicate that while the EPR spectrum

position nearby the; subunit during its macro-movement
(15), a number of different positions are present simulta-
neously in the cybc, population. This heterogeneity makes

it difficult to precisely correlate the position of the +8
head domain with its chemical properties as, at a first sight,
the native enzyme appears to reside in oriented samples in
much the same orientation in the presence or absence of
stigmatellin (Figure 3A,B). However, it is likely that this
orientation is easily detected simply because it is the only
fixed position that the wild-type FeS head domain can
adopt from among the distribution of orientations along its

changes in all cases, the extent of broadening and thepath. The other positions would contribute a relatively broad

positions of the EPR transitions are distinct for the different
[2Fe2S] clusters when the,6d is reduced. Overall, our data

are more readily accounted for by a change in the position,

thus a change in the local environment, of the-Beprotein
head domain at the cyt surface including, but not limited
to, the loss or gain of a hydrogen bond via the histidine
ligands of its [2Fe-2S] cluster to a,Qite occupant.

The Orientation in Q-Depleted Membranes Contributes
Significantly to Raising the [fof the [2Fe2S] Cluster of
the Fe-S Protein in thet+2Ala Mutant.Oriented prepara-
tions using Q-depleted membranes of #@Ala mutant

range of orientations to the overall EPR spectrum and would
appear mainly in the orientational spreadwrThe presence

of multiple transient positions is clearly observed in myxo-
thiazol-treated samples, where the fixed position seen in the
native enzyme is eliminated by the presence of this inhibitor
leaving only the poorly oriented intermediate positions. The
Ox transitions seen with myxothiazol or QHalbeit broader,

are centered at a lower field and have larger amplitudes than
that seen with a soluble F& head domain. The limited
remaining interactions between the F®& protein head
domain and the cyb surface could explain why the EPR
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spectra obtained in the presence of myxothiazol or at low wild type + 2Ala
En's are distinct from those obtained with a soluble+% .
protein head domain fragment. +Stig
In view of the problems discussed above regarding the
assignment of the EPRy transition changes to a single
phenomenon, the determination of, ®ite occupancy in + o0
different mutant strains must be approached carefully. The stigmatellin
mutations themselves, especially those located at theSFe
protein head domain and clytinterface (9, 40), may cause
changes in the position of the £& protein at the @site,
independent of the £Xsite occupant. One such case appears
to be the+2Ala mutant, as the more rounded shape of the
polar plots obtained using ordered membrane preparations,
and the need to use a largey to simulate them indicated Q
the presence of multiple subpopulations of the FeS head
domain with different orientations. Considering that in the
+2Ala mutant the macro-movement of the-F& protein
head domain is highly restricted%), the range of orienta-
tions seen here likely corresponds to various positions that
the head domain can explore via small displacements, or
micro-movements, at the surface of dytduring Q site
catalysis 18). The fact that one of the observed subpopu-
lations seen with the-2Ala mutant oriented EPR spectra in
the absence of inhibitors becomes a homogeneous predomi
nant population in Q-depleted membranes, as implied by a
small my needed to simulate the predomingptransitions,
suggests that at least two major orientationally distinct
subpopulations exist in this case. One subpopulation corre-
sponds to FeS proteins interacting with Q (with g« =
1.8 similar to wild type), and the other one possibly
corresponds to a population interacting only with the
surface when either Q+br no Q @x = 1.786) are at the
site (Figure 7). Moreover, in the case of th€Ala mutant,
the EPR spectrum recorded at an angle that yields the

maximalgx amplitude is consistent with multiple (.:omponenFs FIGURE 7: Schematic representation of multiple positions of the
contributing to its shape (e.g., note the broad wing extending Fe-s subunit head domain in the presence or absence, sft@
to lowerg values and higher fields from the relatively sharp occupants in wild type anét2Ala mutant cytoc,. A portion of the
g« = 1.80 maxima at approximately 3775 G). An additional Ccytb surface b, in blue-green) and itsfloop in the vicinity of the
transition is discernible in the region of 1.78 (Figure 2), Qo site, drawn as a small cleft for binding of its occupants, and the

- - - L - location of cytc; (ci, in gray) are depicted. AA refers to the location
where in the wild type in the absence of inhibitor or in the ¢ ihe two alanlinels inserted in the hinge region of the-Sesub-

presence of stigmatellin only a single component is observed.unit. Wild type (left column) and-2Ala (right column) strains with
The orientations of the FeS head domain subpopulations  stigmatellin (upper), UQ (middle), no Q (lower) at the Site are
seen with the+2Ala mutant either in the absence of Shown.Multiple positions of the F€S subunit head domain (shades

S . of blue-violet ovals) are shown with a given contribution of each
inhibitors or in Q-depleted membranes are nearly the Sameposition to the EPR spectrum (shown underneath) indicated by the

(Figures 3 and 5), which suggests that the orientation might jeve| of transparency. In both strains, the fixed position of the $e
correspond in the native enzyme to a position occupied just subunit head domain induced by stigmatellirStg) is represented
after the freshly formed Q molecule leaves these and by a single, darkly shaded oval, while its multiple positions in native
immediately before the arrival of a new @Hmnolecule (Q) and in Q-depleted (no Q) membranes by using multiple shades.

. - . L L In each position, the straight red arrow represents the direction of
(Figure 7). This catalytically significant position of the ,."ro Fe ayis of the [2Fe2S] cluster (shown as two yellow and

reduced [2Fe2S] cluster is only readily visualized in the two gray dots), while the curved arrow and its length refers to the
+2Ala mutant because the macro-movement of the$e  span of its mobility, when applicable. In the case of th2Ala

subunit is blocked, presumably by tle&loop of the cytb mutant, a red star schematizes the clash of theS=subunit head

(17, 19). It is more difficult to observe this state in the case domain to theefloop of cytb.

of the wild-type cytbc because the FeS subunit would be

in many different transient positions with no single dominant Pecome more restricted, and hence the EPR line shape is
orientation (Figure 7). Similarly, when the native membranes narrower. Thus, this position seen with thAla mutant

are poised at aBy near 0 mV where th@po is completely might be a “resting position” where the only interactions with
reduced, the EPR spectrum of the [2Fe2S] cluster reflectsthe Fe-S head domain involve cyt and not Q or QH

stigmatellin

9,=178

gy =176

those Fe-S head domains that have completed,@bkida- Such a resting position is reminiscent of the orientations
tion but are not associated Wi Q at the Qsite. As the observed in earlier cybc, structures §, 41), and with the
head domain becomes increasingly hindered in-t2é\la oriented cytbc, preparations that were frozen with their

and-+3Ala strains, the environments of the [2Fe2S] cluster Fe—S subunits oxidized2d).
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In summary, our findings indicate that the position of the
head domain of the F€S subunit plays a significant role in

determining both the shape of the EPR spectrum of the

[2Fe2S] cluster and itEn, both in the presence and in the
absence of interactions with Q. Moreover, they reveal that

the

+nAla hinge mutants that cannot undergo macro-

movement can still perform micro-movements of the head
domain between the stigmatellin position and the newly

found Fe-S head domain position seen in the absence of

Q. The significance, if any, of this latter position as a step

during Q site catalysis, and the precise molecular interactions

that affect both th&,, and the EPR) factors of the [2Fe2S]
cluster remain to be determined in future studies.
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