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ABSTRACT. Previously [Roberts, A. G., and Kramer, D. M. (20@ipchemistry 4013407 13412], we
showed that 2 equiv of the quinone analogue 2,5-dibromo-3-methyl-6-isopropylbenzoquinone (DBMIB)
could occupy the @site of the cytochrome (cyt)sf complex simultaneously. In this work, a study of
electron paramagnetic resonance (EPR) spectra from the orientbgf cpimplex shows that the Rieske
iron—sulfur protein (ISP) is in distinct orientations, depending on the stoichiometry of the inhibitor at the
Qo site. With a single DBMIB at the @site, the ISP is oriented with the 2F2S cluster toward cyf,
which is similar to the orientation of the ISP in the X-ray crystal structure of théogfytomplex from
thermophilic cyanobacteriuiastigocladus laminosus the presence of DBMIB, as well as that of the
chicken mitochondrial cybc; complex in the presence of the class Il inhibitor myxothiazol, which binds
in the so-called “proximal niche”, near the dyt heme. These data suggest that the high-affinity DBMIB
site is at the proximal niche {pocket. With>2 equiv of DBMIB bound, the Rieske ISP is in a position
that resembles the IgPosition of the chicken mitochondrial clgt; complex in the presence of stigmatellin
and theChlamydomonas reinhardtiiyt bsf complex in the presence of tridecylstigmatellin (TDS), which
suggests that the low-affinity DBMIB site is at the distal niche. The close interaction of DBMIB bound
at the distal niche with the ISP induced the well-known effects on the-2BeEPR spectrum and redox
potential. To further test the effects of DBMIB on the ISP, the extents off eptidation after flash
excitation in the presence of photosystem Il inhibitor DCMU were measured as a function of DBMIB
concentration in thylakoids. Addition of DBMIB concentrations at which a single binding was expected
did not markedly affect the extent of cytoxidation, whereas higher concentrations, at which double
occupancy was expected, increased the extent dfaxitlation to levels similar to that of cytoxidation

in the presence of a saturating concentration of stigmatellin. Simulations of thg-#iRor orientations

of the 2Fe-2S cluster versus the physical orientations based on single-crystal studies oftibecoyhplex
suggest that the soluble ISP domain of the spinactbgiytomplex can rotate by at least % 3vhich is
consistent with long-range ISP domain movement. Implications of these results are discussed in the context
of the X-ray crystal structures of the chicken mitochondriallogtcomplex and thél. laminosusandC.
reinhardtii cyt bsf complexes.

The cytochrome (cyt)bsf complex is the central enzyme  the stroma (n-side) to the lumen (p-side), contributing to the
of photosynthetic electron transport in cyanobacteria and formation of proton motive force (pmf), which is used by
higher-plant chloroplasts and is both functionally and the CR-CFo ATP synthase to drive the synthesis of ATP.
structurally analogous to the mitochondrial and bacterial cyt  Electron and proton transfer through the complex is
bc; andbetype complexes1—10). The complex transfers  thought to occur via the “Q-cycle”, which was first proposed
electrons from plastoquinol (PQ}Ho a soluble redox carrier, by Mitchell, and later modified by several groupsl{-16).
plastocyanin or cyte, for delivery to photosystem I. The  |n the Q-cycle, PQHlis oxidized at the quinol oxidase {Q
oxidation of PQH is followed by the release of protons from  sjte, which is formed at the interface between the lgyt
protein and the “head” domain, which extends into the
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agueous phase, of the “Rieske” irogulfur protein (ISP) (i.e., quinone, quinol, and semiquinone) may occupy the Q
(17, 18). The first electron from PQ¥is channeled through  site simultaneously during turnover of the enzyme, rapidly
the “high-potential chain”, which is comprised of the Rieske oxidizing the reactive semiquinone and preventing the bypass
2Fe-2S cluster in the ISP, and the dyheme in the cyf reactions 45—48). Evidence of the “double-occupancy”
subunit, forming an unstable plastosemiquinone *jR@d mechanism has come from several EPR studiés47, 49,
releasing two protons into the p-side of the membrane. The 50) and a nuclear magnetic resonance (NMR) stusly 6f

PQ is oxidized to a PQ by the “low-potential chain” the cytbc; and cytbsf Rieske 2Fe-2S clusters, which can
consisting of cyt, and cytby, which are ligated to the cyt  be used to probe the occupancy at thes@@e. The effects

bs subunit (2, 13, 19). Therefore, the electron transfer chain  of quinones 45, 47) or inhibitors @¢8—50, 52) on the 2Fe-

is bifurcated, with one electron going directly to the high- 2S EPR spectra suggest the presence of a high-affinity niche
potential chain and the other crossing the membrane throughand a low-affinity niche in the gxite to allow rapid exchange
the low-potential chain. The plastoquinone (PQ) resulting with the quinone pool 51, 53). Several X-ray crystal-
from PQH oxidation at Q is rapidly exchanged with a  lographic and spectroscopic studidd,(54—56) of the cyt
PQH, and the process is repeated. Overall, the oxidation of bc; complex have revealed that different classes gkite
PQH; at the Q site results in the release of two protons into inhibitors bind to two distinct niches within the,@ite, the
the lumen or p-side of the membrane, and the formation of “distal niche” which binds inhibitors such as stigmatelliry
plastoquinone (PQ), which is rapidly exchanged with a RQH 57) and 5n-undecyl-6-hydroxy-4,7-dioxobenzothiazole (UH-
A second turnover of the gite will result in the accumula-  DBT) (56, 58) and the “proximal niche” which binds=j-
tion of two electrons on the low-potential chain, which j-methoxyacrylate (MOA) inhibitors and myxothiazdl @
together can reduce a PQ molecule at the quinone reductas&9—61). Other models of quinol oxidation show only one
(Q) site, which is formed at an interface between thelgyt  quinoid species occupying the,Qite during catalysis that
subunit and subunit 1V, to PQitaking up two protons from  can move between the proximal and distal niches of the Q

the n-side of the membrane. site (32) or catalyze oxidation in a concerted fashion between
The Q-cycle is engaged over a wide range of conditions, these niches6().
both in vitro 20) and in vivo @1), implying that side The plastoquinone analogue DBMIB, which was identified

reactions which short-circuit bifurcated electron transfer are as a potent inhibitor of the {ite (L8), has rather interesting
minimized @2). Structural and spectroscopic studies of the effects on the cybsf complex. [Though most work has been
cyt bc; complex and the cyitef complex have suggested that done with DBMIB on the cybsf complex, at least some of
the structure of the Qsite and domain movement of the its effects have also been observed intmgitcomplexes 19,
ISP are important for preventing the short-circuiting of 62).] Studies using the partially oriented clggf complex
bifurcated electron flow. X-ray crystal structures of the cyt show that saturating concentrations of DBMIB shift the ISP
bc; complex and the cybsf complex showed that the head domain orientation from one similar to that of ¢3&
hydrophilic head domain of the ISP is tethered by a flexible one similar to that of ISP(33), which is very similar to the
“neck” to a membrane-spanning anchdy 17, 23—27). The ISP orientation in the presence of stigmatell®3)( In
head domain can undergo large rotational changes withaddition, saturating concentrations of DBMIB cause a
respect to the membrane-spanning anchor, depending at leastramatic lowering of the redox midpoint potenti&) of
on the redox state of the complex, whether inhibitors are the 2Fe-2S cluster (from 310 to 180 mVB4), in contrast
bound at the @pocket, and the crystal forml (17, 23— to stigmatellin and UHDBT, which cause an increas&in
27). A number of different ISP positions have been identified, (55, 58, 65). Thermodynamically, the reduction &, with
the extremes being the I§Bosition, which places the 2Fe DBMIB binding reflects preferential binding of the inhibitor
2S cluster close to the Qite and cyb,, where it can interact  to the oxidized 2Fe2S cluster of the ISP. We do not yet
with Q, site occupantsl( 17, 23), and the ISP position, know why this is the case, but it could reflect closét.p
which places the ISP near cgt or cyt f, where electron matching 66) between hydrogen bond donors and acceptors
transfer can occur between these moieties. Intermediateof DBMIB [pK, = 5.6 (67)] and H161 of the oxidized ISP
positions between the ISRNd ISR positions have also been [pKa ~ 7.7 and 9.0 §8—70)] versus DBMIB and H161 of
identified 28, 29). the reduced ISP K, = 12.5 for both protons7l)]. The

When the ISP of the cybc; complex is in the ISP change in redox midpoint potential is accompanied by large
position, the 2Fe2S cluster is close enough to allow changes inthe EPR spectrum of the reduced form, character-
oxidation by the cyftc; subunit, but is too far from the Q ized by a shift in thegy, from 1.89 to 1.94 72). Studies of
site to effectively oxidize ubiquinol. In the ISRposition, the redox dependence of EPR spectra in the presence of
the 2Fe-2S cluster is too far from cyt; to allow oxidation excess DBMIB revealed more complex behavior, likely
of the 2Fe-2S cluster, but allows the oxidation of the reflecting the interaction of the 2F&S cluster with oxidized
ubiquinol by the 2Fe 2S cluster 12, 26, 30, 31). Therefore, DBMIB, a bound DBMIB semiquinone species and the fully
motion of the hydrophilic ISP head domain is needed to reduced hydroquinone of DBMIB (i.e., DBMIBH) (33, 64).
allow the 2Fe-2S cluster to interact with both the ubiquinol It is noteworthy that the Q-cycle is hypothesized to involve
at the Q site and cytc;, providing a structural mechanism the transient production of a,Q@ite semiquinone, which is
for bifurcation of electron flow at the {xsite 31). Several thought to occur at or near the activated intermediate for
groups have provided evidence for similar ISP domain the catalytic cycle12, 14).
movement in both the cyc, and cytbsf complexes 30, When we looked at DBMIB binding in more detail, we
32—-44). found that 2 equiv of DBMIB can occupy the,Gite

In addition to the movement of the ISP in Qte catalysis, simultaneously, each with distinct effects, implying two
it has been previously suggested that two quinoid speciesinhibitor binding sites in the Qpocket £0). The two sites
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have different affinities for DBMIB, the high-affinity site,
with aKp of ~137 nM (73) and the low-affinity site with a
Kp of 50 uM (50). Although the occupancy of the high-
affinity site leads to inhibition of the complex, binding to
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equations 44, 85). A qualitative description of this method
is described in re86.

Structural Alignment of the Cyt band Cyt lsf Complexes.
Using the alignment feature of DS Viewer Pro version 5.0

the low-affinity site leads to the large changes in the EPR (Accelrys, Inc., San Diego, CA) and the dythemes from

spectrum of the 2Fe2S cluster 12—74).

the respective structures, the X-ray crystal structures of the

In this work, we extend the earlier studies to show that chicken cytbc, complex (7), Chlamydomonas reinhardtii

the orientation of the ISP is differentially affected by binding
of one or two DBMIB molecules in the £pocket. These
results have two important implications. They tell us by how

cyt bsf complex 84), and theMastigocladus laminosusyt
bsf complex @4) were aligned. We chose to use the byt
hemes as reference because the relative positions of their

much the ISP head domain can pivot, an issue not yetirons and the heme planes change little between theeyt
resolved by the X-ray structures, and where each of theand cythsf complexes 1, 24, 84, 87, 88). The overlap

DBMIB molecules likely interacts within the £pocket.

MATERIALS AND METHODS

Preparation of Oriented Cyt db Samples.The cyt bef
complex was isolated from spinach thylakoid®0,( 44)
essentially as described by Hurt and Hauska, {6) with
some modifications as described in 42t Partially ordered
samples were prepared from the purified gftcomplex as
reported previouslyg3, 77—80) and with modifications in
ref 44. For oriented samples with stoichiometric amounts of
DBMIB, the concentration of DBMIB was matched to the
concentration of cyt, as measured by the 10 mM ascrobate
reduced minus 100M ferricyanide oxidized induced-band
at 554 nm § = 25 mM~* cmt (81)]. For oriented samples
with superstoichiometric concentrations of DBMIB, the
concentration of DBMIB was set to 1 mM. To minimize
the amount of DBMIB reduction by ascorbate to its weak
binding quinol form 83, 64), samples were briefly exposed
to 1 mM ascorbate and immediately frozen in liquid nitrogen,
which did not appear to significantly affect the DBMIB-
induced shifts in the 2Fe2S cluster EPR spectra.

between the cyb hemes from the respective structures was
good, with an average deviation &fl A, allowing us to
compare the orientation of the ISPs from the respective X-ray
crystal structures.

Kinetic Measurements of the Extent of Oxidation of Cyt f
Measurements were made using a flash kinetic spectropho-
tometer built in-house as described in 8fwith modifica-
tions described in re®0. Absorbance measurements were
taken at 545, 554, and 572 nm (3 nm band-pass filters at
half-height), and cytf redox changes were calculated as
described in reB6. For the measurements, thylakoids (30
ug of chlorophyll/mL) in suspension buffer [50 mM-(2-
hydroxyethyl)piperaziné¥'-2-ethanesulfonic acid (HEPES)
(pH 7.6), 10 mM MgC}, 10 mM NaCl, and 330 mM
sorbitol] with 5u«M methyl viologen, 1ug/mL gramicidin
(as an uncoupler), 1AM 3-(3,4-dichlorophenyl)-1,1-dim-
ethylurea (DCMU), and 1 mM ascorbate were used. The
concentration of the cyisf complex in the thylakoid samples
was determined using the 10M ferricyanide minus 10 mM
ascorbate reduceag-band absorbance at 554 nm of €yt
= 25 mM~t cmY). Preparations with cyt concentrations
from 50 to 75 nM were used, with very similar results after

EPR Spectroscop¥lectron paramagnetic resonance spec- normalization.

tra were obtained using a Bruker 200tt EPR spectrometer

(Bruker Instruments, Billerica, MA). The sample temperature

RESULTS AND DISCUSSION

was regulated using a GFS-300 transfer tube, an ESR-900 The Orientation of the ISP Is Dependent on the DBMIB
helium cryostat, and the model ITC4 temperature controller Stoichiometry at the Site.The physical orientation of the

(Oxford Instruments, Oxford, U.K.). The data were acquired
using a CIO-DAS1401/12 digital 1/0O board (Computer
Boards, Inc., Mansfield, MA) connected to a Pentium
personal computer and software written in Microsoft Visual
Basic version 6.0 (Microsoft, Redmond, WA). The EPR

2Fe-2S cluster and the soluble head domain of the ISP can
be correlated to the orientation of tlyg, gy, andg, EPR
transitions of the 2Fe2S cluster 83, 44). On the basis of
pulsed EPR studies of single crystals of thelogitcomplex

and ligand field theory, thg, gy, andg, transitions are found

acquisition parameters are provided in the figure legends. roughly on the Fe Fe axis (Fe), the axis perpendicular to a

The orientation of the Mylar sheets within the magnetic field

plane formed by the FeFe and S-S axes (p), and the-S5

was adjusted and measured using a Varian E-229 goniomete(s) axis, respectivelyd(l, 92). This g-axis orientation was

(Varian, Inc., Palo Alto, CA) with an accuracy of ap-
proximately+1°. To ensure that the orientation of the 2Fe

used in this work to interpret EPR data from oriented
samples, allowing us to estimate the position of the ISP with

2S cluster EPR transitions was not an artifact of sample respect to the membrane plane.

differences in the cybsf complex on the Mylar sheets, the
orientation of theg, = 3.6 transition of the cylb hemes §2,

In one X-ray structure of the bovine cyic; complex
without Q, site occupants, the ISP was proposed in one of

83), whose position and orientation are highly conserved in the structures to be in the “ISPposition (28). Using the

all the X-ray crystal structures of the clgt; complex and
the cytbsf complex that have been determined to ddte (
24, 29, 56, 84), was determined as described in 4&fand
found to be virtually identical in all the samples that were
tested (data not shown).

Simulation of the Orientation of the 2F@S g-Tensor.

symmetry between the chithemes of the cytbg dimer, we
generated the approximate C2 axis between thebcyt
complex monomers, which should be nearly perpendicular
to the membrane plane. The dyt; complex has a 2Fe2S
cluster whose Fe, p, and S axes form angles of°1040.4,

and 11.7, respectively, with respect to the membrane plane.

The EPR spectra of the oriented membrane samples wereThe ISP in the X-ray crystal structure with the distal<gie
simulated in a two-step procedure, using Mathematica occupant, stigmatellin, was proposed to be in thegISP
version 4.1 (Wolfram Research, Champaign, IL) and standardposition, and the 2Fe2S cluster forms angles of ap-
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Ficure 1: Orientation of the 2Fe2S EPRg-tensor with>2 equiv

of DBMIB (A —C), without inhibitors (B-F), and with 1 equiv of
DBMIB (G—1). The EPR transitions are shown as followgyx
transition in panels A, D, and @, transition in panels B, E, and

H, andg;, transition in panels C, F, and |. EPR spectrometer settings
were as follows: microwave frequency-e9.429 GHz, microwave
power of 6.32 mW, gain of 4.6« 1CP, time constant of 1000 ms,
modulation amplitude of 1.6 mT, center field of 370 mT, sweep
width of 200 mT, sweep time of 2 min, temperature of 20 K, and
modulation frequency of 100 kHz.

proximately 80.4, 9.2°, and 0.9 for the Fe, p, and S axes
(92), respectively, with respect to the membrane plane. In
ref 28, an intermediate position was found for the 225
cluster forming angles of 55°718.1°, and 27.3 for the Fe,

Roberts et al.

the 2Fe-2S cluster of the ISP (data not shown and 1&3s
and 50). In other words, as previously observe®B), the
line shape of the 2Fe2S EPR signal is very different in
the presence of a saturating amount of DBMIB or DBMIBH
With excess DBMIB (Figure 1AC), the 2Fe-2S g-tensor
axes lie 68, 9°, and 23 from the membrane plane for the
ox = 1.89,0, = 1.94, andy, = 2.01 transitions, respectively,
with a mosaic spread of50°, as previously observe®3).
Although superstoichiometric amounts of DBMIB induced
dramatic shifts in the 2Fe2S EPR spectra of the cyf
complex 60, 72), we expected the orientation of the EPR
transitions to the physical axes to be similar to those of
untreated samples, since the strong nitrogen couplings of the
two histidine nitrogens of the ISP in the presence of
superstoichiometric DBMIB were similar to that of the
uninhibited cytbsf complex @3). The calculated-tensor
orientation of the ISPposition with stigmatellin (i.e., 54°1
26.3, and 22.4 for theg,, gy, andg, transitions, respectively,
relative to the membrane plane) was relatively close to that
found with excess DBMIB. This confirms the previous
conclusion that the ISP is shifted into the ESposition by
excess DBMIB 83).

The 2Fe-2S clusterg-tensor for the cytbsf complex
without Q, site occupants (Figure BF) makes angles of
41°, 4%, and 18 from the membrane plane for thg =
1.75,9y = 1.89, andy, = 2.03 transitions, respectively, and
a mosaic spread of50°, as was seen previousI®3, 44).
The difference in the orientation of thgtensor in the
presence of excess DBMIB and no DBMIB is°5®vhich is
similar to the angle of 56 between the ISP and ISR
positions of the chicken cyic; complex @6). Since it was
shown previously that with excess DBMIBJ) the ISP was
in the ISR position, the 53 displacement of the ISP in the
presence of excess DBMIB and no DBMIB implies that the
orientation of the ISP in the absence of DBMIB is in the
ISP: position as was previously assert&8,(44).

With 1 equiv of DBMIB, the orientation of the ISP

p, and S axes, respectively, with respect to the membraneg tensor was 49 40°, and 16 for thegy, = 1.745,9, = 1.89,

plane.

The relationship between the physical structure of the
cluster and they-tensor axes is known. Single-crystal EPR
studies of the bovine cyibc; complex in the presence of
stigmatellin showed that thg,, gy, andg, transitions were
on average 30 17°, and 27, respectively, from the physical
(molecular) axes of the cluste8, 92). In the ISR position
as defined by the cyibc; complex with stigmatelin, thex,
gy, and g, axes were calculated to make angles of 54.1
26.3, and 22.4 with the plane of the membrane, respec-
tively. Since the ISP position varies considerably between
species and crystal form4,(30), we compared the experi-
mentalg-tensor orientations below to the calculatgténsor
orientation for the ISP position.

andg, = 2.03 transitions, respectively. The overall orientation
was similar the orientation of thgttensor for the ISP in the
absence of @site occupants, and is consistent with that
observed in the X-ray crystal structure of thie laminosus

cyt bef complex with a singly bound DBMIB24). The
mosaic spread of the orientations of the 228 cluster EPR
transitions in the presence of one DBMIB was significantly
increased upon binding of DBMIB, from 80n the unin-
hibited control to 79, indicating an increased heterogeneity
in the orientation of the soluble head domain. The differences
in mosaic spread were not artifacts of sample preparation,
because the orientation of thetransition of cytb is identical
under all the conditions of this study (ré# and data not
shown). Consistent with the higher mosaic spread, small

Figure 1 shows the variation of the EPR signal intensity shifts in EPR line shapes were previously observed for the
as a function of the orientation of the membrane plane in gy transition of the 2Fe2S EPR spectrum with 1 equiv of
the magnetic field of the EPR spectrometer in the absenceDBMIB, shifting the gy value of 1.740 in the uninhibited
of inhibitor, with one DMBIB per cybesf complex monomer,  cyt bgf complex to 1.745%0).
and excess DBMIB. We expected the DBMIB to be primarily =~ There were strong similarities between the binding of a
in its oxidized form, since a minimum amount of ascorbate single DBMIB to the cytbsf complex and the binding of
was used (see Materials and Methods), which would convertproximal @ site inhibitors to the cybc complex. The cyt
DBMIB to its weakly bound quinol form 33, 64). In bc, complex ofRhodobacter capsulatuia the presence of
addition, the observed DBMIB-induced EPR transitions were myxothiazol also showed small shifts in thetransition from
consistent with the interaction of an oxidized DBMIB with a gy of 1.765 in the presence of myxothiazol to theof
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1.770 for quinone-extracted membrands)( The orientation
of the 2Fe-2S clusterg-tensor was similar to that in the
ISPz position, but again with significantly higher mosaic
spread than uninhibited control84). This was interpreted

as reflecting an increase in the number of subpositions that

the ISP could adopt in the presence of the inhibi&?) (

Because of the similarities of proximal inhibitor binding
and the high-affinity DBMIB binding, we propose that the
high-affinity DBMIB site is in the proximal @site niche,
similar to the binding sites for other proximal niche inhibi-
tors, e.g., myxothiazol and MOA-stilbene in the dyt;
complexes 82, 45, 48). Addition of a saturating amount of
DBMIB (Figure 1A—C and ref33) then shifts the ISP
effectively into an ISPB position, resembling the effects of
distal niche inhibitors such as stigmatellib7( 63).

The Effect of DBMIB on the Extent of Cyt f Oxidation
Supports the Hypothesis of Two Distinct Binding Sites within
the Q Pocket.To test our proposal that DBMIB is both a
proximal and distal niche inhibitor, we assayed the flash-
induced extents of cytt oxidation over a range of DBMIB
concentrations. When the quinone pool is oxidized and
photosystem (PS) Il electron transfer is blocked by DCMU,
flash excitation of ko to Proo” will lead to equilibration of
oxidizing equivalents among-&, cyt f, 2Fe-2S, and PC.
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Ficure 2: Relative extent of oxidation of cytafter eight flashes

as a function of DBMIB concentration in thylakoids. The extents

of oxidation of cytf were measured as described in Materials and
Methods.

oxidation, consistent with DBMIB acting as a redox mediator
(67). The effects at higher DBMIB concentrations were
insensitive to co-addition of stigmatellin, indicating that they
likely did not involve the @ site reactions (data not shown).

We were thus unable to meaningfully extend the titration to

The extent of oxidation of these electron carriers should vary higher DBMIB concentrations. Nevertheless, the data taken

depending on the ability of the 2F@S cluster to rapidly
transfer electrons to cyt which in turn will be related to its
position, mobility, and redox potential. When the ISP is in
the ISR position, where it is close to cyft the ISP can
equilibrate oxidizing equivalents with cyt PC, and P700
However, when the ISP is locked into the kSposition,
where it is too far from cyf, the oxidizing equivalents will
remain on cyf, PC, and P700, leading to a relatively higher
extent of oxidation of cyf and PC. Thus, the extent of
oxidation of cytf and PC can serve as a probe of ISP domain
position. Because the cyto-band (i.e.,A = 554 nm) is

over the useful concentration range, where the effects on
the re-reduction rate were small, suggested that the pivoting
of the ISP into the ISPposition, where the 2Fe2S cluster
would not readily interact with cykt occurred at a DBMIB
concentration well above its half-inhibitory concentration,
which is in the hundreds of nanomolaf3j. We interpret
this as reflecting differences in the effects of binding of
DBMIB to the high- and low-affinity sites. Binding to the
high-affinity site effectively inhibits the enzyme (data not
shown and refg3and95), but does not induce large changes
in the ISP position, as observed in the oriented EPR data

relatively unobstructed by chlorophyll absorbance and the (Figure 1), and thus does not affect the equilibration of

extinction coefficient is considerably higher than that of PC,

electrons between the 2F2S cluster and the other carriers

we chose to look at its extent as a probe of ISP domain in the high-potential chain (Figure 2). This also implies that
position. The number of flashes used to excite the samplesbinding to the high-affinity site does not greatly alter the

was optimized to maximize the difference in the extents of

redox potential of the 2Fe2S cluster since this would also

cyt f oxidation between samples where the ISP was locked affect the extent of flash-induced dybxidation. On the other

in the ISR position (i.e., with 5«M stigmatellin) and samples
where the ISP was free to move between the; 18R] ISR
positions (i.e., without uM stigmatellin). The maximal
difference in the extents of cybxidation was observed with
a train of eight saturating flashes, which only partially
oxidized the cytf (data not shown). Larger numbers of

hand, binding to the low-affinity site forces the ISP to adopt
the ISR position, preventing rapid equilibration with the
other high-potential chain carriers. The DBMIB concentration
dependence of the appearance of larger extents off cyt
oxidation is qualitatively consistent with the appearance of
theg = 1.94 EPR shift in the isolated chtf complex 60),

saturating flashes led to essentially complete photooxidationbut with significant differences between [DBMIB] that

of cytfin the presence of BM stigmatellin (data not shown).
Figure 2 shows the relative extent of dybxidation after a
train of eight saturating flashes as a function of DBMIB
concentration in DCMU-treated thylakoids. To account for

caused they shift and the elevation in the extents of dyt
oxidation. This discrepancy could have resulted from dif-
ferences in preparation; the experiments presented here were
performed with thylakoids, whereas the EPR experiments

small differences between sample preparations, the extentwere performed with detergent-isolated, purified complexes.

of oxidation was normalized to the maximal extents of
oxidation after>20 flashes in the presence of DCMU, but
in the absence of cylsf inhibitors.

The extent of flash train-induced cf/oxidation showed
a distinct sigmoidal behavior, which could be interpreted to
indicate aKp of ~5 M. At DBMIB concentrations o100
uM, we found significantly increased rates of citre-

Alternatively, the redox mediator effects at high DBMIB

concentrations may have masked part of the titration curve.
Comparison of ISP Domain Mements in the Cytband

Cyt bg Complexeslt was clear from crystal structures that

the ISP of the cytbg complex can undergo quite large

conformational changes, with the head domain rotating about

56° (17, 26). The situation with the cyibsf complex has been

reduction after the flash train, and decreased extents ofless clear. In particular, the structures of the lmficomplex
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Ficure 3: Superimposed structures of the dyd; and cyt bef
complexes, showing the relative positions of the important structural
features. (A, blue) 2Fe2S cluster of the chicken cyic; complex

in the ISR, position in the presence of stigmatellin. (B, red) 2Fe
2S cluster, the position of tridecylstigmatellin (TDS), and E78 of
cyt bg of the C. reinhardtii cyt bgf complex. (C, yellow) 2Fe2S
cluster, the position of TDS, and E79 of d¢yof the M. laminosus
cyt bef complex. (D, green) 2Fe2S cluster and (dark gray) the,C
backbone trace of the Rieske ISP of the chickenbzytcomplex

in the proposed ISPposition. (E, purple) Cyf heme and (light
gray) the G backbone trace of thel. laminosuscyt f subunit.

of M. laminosusin the presence and absence of tridecyl-
stigmatellin (TDS) or DBMIB suggested a rotation of only

~25° (24), considerably smaller than that suggested by
previous EPR studies on other specig3 @4, 63). Adding

Roberts et al.

presence of TDS. The orientations of TDS and E79 oftcyt
in the C. reinhardtiicyt bef complex are also very similar to
the analogous positions of stigmatellin and byE272 of
the chicken cytbg complex (L7, 84). In contrast, the
orientation of the 2Fe2S cluster of theM. laminosuscyt

bef complex in the presence of TDS (Figure 2C) is shifted
approximately 20from the ISR position of the chicken cyt
bc, complex (Figure 2A and ret?) or the C. reinhardtii
cyt bef complex (Figure 2B and re84). In addition, the
headgroup of TDS is facing away from the gte and the
E78 (analogous to E272 of the chicken bgt complex) is
shifted away from the Qsite (17), implying that the
interactions of inhibitors and substrates at thedije are
considerably different for th®l. laminosuscyt bef complex
and theC. reinhardtii cyt bsf complex or the chicken cyt
bc; complex. In the absence of inhibitors or substrates, the
ISP of the chicken cybg complex in the crystal structure
of Zhang and co-worker4) is shifted into a position known
as the ISR position (Figure 2D). The distance between the
2Fe-2S cluster in the ISPposition and the iron of the cyt

f heme is~20 A (24, 84), which is approximately the same
as the distance between the @ytiron and the 2Fe2S
cluster in the ISP position of the chicken cytbc; complex
(17). The G, backbone of the ISP of the chicken dyt;
complex in the ISP position does not overlap significantly
with the G, backbone of cyf from M. laminosusimplying
that it is possible for the soluble head domain of the ISP to
occupy this position. The 2F€S cluster in the 1ISPposition
lies ~35° from the position of the 2Fe2S cluster of thévl.
laminosuscyt bsf complex in the presence of TDS (Figure
3C), which is consistent with the observed 2ifference in
the orientation of the soluble head domains of the ISP’s in

to the confusion were disparate results on mutation of the the X-ray crystal structures of thkl. laminosuscyt bef

region thought to act as a flexible tether, anchoring the

complex @4). On the other hand, the positions of the 2Fe

soluble domain to the transmembrane domain between the2s cluster in the chicken cyic; complex in the presence of

cyt bc; and cytbsf complexes. In the cylbc; complex from
Rb. capsulatusinserting or deleting residues in the tether
region dramatically altered the activity of the enzyme as well
as the conformation of the ISB4, 96). In contrast, mutations

in the predicted tether region in the dydf complex from
Synechococcusp PCC 7002 had comparatively little effect
on the turnover and growt7), suggesting either that the

stigmatellin and in th&. reinhardtii cyt bsf complex in the
presence of TDS are55° and 57 from the ISR position,
respectively. This implies that the angular displacement of
the ISP of theC. reinhardtiicyt bsf complex is considerably
larger than that implied by thd. laminosusyt bef complex,

and similar to that observed in the chicken bgt complex.
This large displacement is also consistent with the displace-

movements were less important or that the effects of the ment inferred from difference in the orientations of the EPR
mutation on the tether region affected these movements less2Fe-2S g-tensors between the spinach ¢yt complex in

In this work, we confirm earlier qualitative assessments

the presence of excess DBMIB and in the absence of

that the ISP soluble domain rotates by a large amount uponDBMIB.

addition of a saturating amount of DBMIB®). A similar

In the M. laminosusstructure, there are no apparent

extent of rotation in the presence and absence of stigmatellinhydrogen bonds between the ISP and TDS or DBMIB, and

could be inferred from previous EPR studies of the oriented
cyt bef complex 63). Further, using numerical simulations
of the EPR data44) as well as estimates of the relationship
between thg-tensor and molecular axe82d), we were able

it is uncertain whether the maximum extent of ISP displace-
ment into the ISP position had been achieved. In fact, the
small apparent angular displacement of the thermophilic
cyanobacterialyl. laminosuscyt bsf complex could represent

to give quantitative estimates of the angular positions of the increased “stiffness” in the ISP tether, as an adaptation to a
ISP soluble domain under different conditions and estimate higher growth temperature [i.e., 455 °C (98)].

the extent of possible ISP rotation.

Figure 3 shows the positions of the 2F2S cluster of the
superimposed X-ray crystal structures of thelogtand cyt
bsf complexes. In the presence of stigmatellin (Figure 3A),
the 2Fe-2S cluster in the cybc, complex is in a position
that is close to the cy, that is known as the ISfposition.
This is virtually identical (Figure 3B) to the position of the
2Fe-2S cluster of theC. reinhardtii cyt bgf complex in the

A Model of Two DBMIBs in the {Bite and Its Relation-
ship to @ Site CatalysisScheme 1 shows the proposed
orientation of the DBMIB molecules in the hypothetical Q
site pocket of the cyibsf complex, using the highly conserved
structural features from the X-ray crystal structure of the
chicken cytbc, complex andC. reinhardtii cyt bsf complex
(17, 84). Kinetic and orientation data support binding of the
first (tightly bound) DBMIB to the Q site in a fashion that
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Scheme 1: Ball-and-Stick Model of the,@ite Showing
the Hypothetical Positions of Two DBMIBs in the,@ite
Pocket

2Fe-2S
cluster

ﬁ H161

o&ﬁ Qop

AR
Qop %Dﬁ)

aWithin the Q site, E272 of cyb, the 2Fe-2S cluster, and H161
of the Rieske ISP are shown, using chickenlmytcomplex numbering
(17, 84). The labels O and Br denote the positions of the oxygen and
bromine atoms on DBMIB, respectively. The first tightly bound DBMIB
is bound at the proximal niche, while the weakly bound DBMIB is
bound at the distal niche. The weakly bound DBMIB is hydrogen
bonded to the carboxylate side group of E272 onlzyblack line)
and Ne of H161 on the ISP.

E272

is similar to that of the proximal gXite inhibitors, myxothia-
zol and MOA-stilbene X7). We show this DBMIB to be in
the proximal niche of the gXsite in a position similar to that
of myxothiazol or MOA-stilbene in the X-ray crystal
structures of the chicken cyic, complex (7). This is also
consistent with the position of the single DBMIB bound at
the Q pocket in theM. laminosuscomplex @4).

In the presence of superstoichiometric concentrations of
DBMIB, our data support binding of a second (less tightly
bound) DBMIB in the @ site pocket, similar to the case for
the distal Q site inhibitors, stigmatellin and UHDBT. The
DBMIB should be bound to the distal niche of thg €Xe in
a fashion similar to that of stigmatellin in the X-ray structure
of the chicken cybcg complex (7). One oxygen atom from
a quinone ketone group forms a hydrogen bond wt of
the Rieske ISP H161 and the carboxylate side group of the
cyt b E272 for the chicken cytbc; complex or E79 for the
C. reinhardtii cyt bef complex. The close interaction of the
DBMIB with H161 of the ISP is consistent with the large
effects of binding of the second DBMIB on the 2F2S EPR

spectrum, as well as the suggested strong spin coupling of

DBMIB semiquinone with the 2Fe2S center §3, 64).
Implications for Substratelntermediate, and Product
Binding Properties of the QPocket.Because DBMIB is
structurally similar to the substrate PQ, it is reasonable to
suggest that its binding may at least partly mimic that of the

substrate, and perhaps that of some intermediate species.

Similar arguments were made for the binding of stigmatellin
(17, 61). We have previously presented evidence that two
molecules of DBMIB bind to the gpocket £0). The current
work suggests that the high-affinity site is similar to the so-
called proximal niche, as found, for example, for myxothiazol
or MOA-stilbene bound to cybc; complexes, or DBMIB

Biochemistry, Vol. 43, No. 24, 2004713

bound to theM. laminosus kf complex. The low-affinity
site, on the other hand, is similar to the so-called distal niche,
typified by stigmatellin in both cytbg (17) and theC.
reinhardtii cyt bef structure 84). These suggested assign-
ments are strikingly similar for the Qand Q,, binding sites
(for the strong and weak £Qbinding sites, respectively)
proposed by Dutton and co-workers in their double-oc-
cupancy models4(7, 48).

Our finding of two DBMIB sites also reconciles the single
DBMIB-containing crystal structure dfl. laminosuswith
what has been previously reported about the action of
DBMIB (24), i.e., that it strongly influences both the redox
potential and the EPR spectrum of the 228 cluster §4).
Indeed, we found that there is nothing sterically preventing
the soluble head domain from assuming thegl$Bsition
(see ref24 and data not shown). Since the Qte of M.
laminosusappears to bind to TDS in a manner quite distinct
from that of the Qsite of theC. reinhardtiicyt bsf complex,
this would suggest that the binding of DBMIB to the Q
site of M. laminosusmight also be distinct24, 84).

Moreover, the binding of DBMIB at the §site and the
similarities in the rotation of the soluble ISP head domain
between the ISPand ISR positions between the chtf and
cyt bc; complexes (with the possible exception of tife
laminosussystem) imply that the mechanisms of catalysis
and the structure of the ite for the cytbsf and cytbg
complexes are highly conserved, despite substantial differ-
ences in the tertiary structures of the complexiedly, 24,

84). This supports previous viewq,(24) that ISP domain
movements are a key part of cgt; and cytbef catalysis,

and further suggests that any large evolutionary changes in
the structure of the complexes were offset to allow the ISP
domain movements to continue.
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