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ABSTRACT. The presence of a two-subunit cytochrome (bytl; subcomplex in chromatophore membranes

of Rhodobacter capsulatusmutants lacking the Rieske irersulfur (Fe-S) protein has been described
previously [Davidson, E., Ohnishi, T., Tokito, M., and Daldal, F. (19B®chemistry 313351—-3358].

Here, this subcomplex was purified to homogeneity in large quantities, and its properties were characterized.
As expected, it contained stoichiometric amounts of leynd cytc; subunits forming a stable entity
devoid of the Fe-S protein subunit. The spectral and thermodynamic properties of its heme groups were
largely similar to those of a wild-typbc, complex, except that those of its dyit heme were modified

as revealed by EPR spectroscopy. Dark potentiometric titrations indicated that the redox midpoint potential
(Em7) values of cytochromeby, b, andc; were very similar to those of a wild-tydec; complex. The
purified b—c; subcomplex had a nonfunctional ubihydroquinone (UJQktidation (Q) site, but it contained

an intact ubiquinone (UQ) reductase;®Qite as judged by its ability to bind the; @hibitor antimycin

A, and by the presence of antimycin A sensitive S@miquinone. Interestingly, its(ite could be

readily reconstituted by addition of purified Fe-S protein subunit. Reactivated complex exhibited
myxothiazol, stigmatellin, and antimycin A sensitive aytreductase activity and an EP& signal
comparable to that observed withha; complex when the Qsite is partially occupied with UQ/UQH
However, a mutant derivative of the Fe-S protein subunit lacking its first 43 amino acid residues was
unable to reactivate the purifidg-c; subcomplex although it could bind to its, ®ite in the presence of
stigmatellin. These findings demonstrated for the first time that the amino-terminal membrane-anchoring
domain of the Fe-S protein subunit is necessary for YQxidation even though its carboxyl-terminal
domain is sufficient to provide wild-type-like interactions with stigmatellin at thei@ of thebc; complex.

The ubihydroquinone cytochrome (cyt)oxidoreductase  bacteriumRhodobacter capsulatuthebc; complex is a key
(bc, complex) is an integral membrane protein complex, component of both the photosynthetic and respiratory
present in a wide range of organisms including bacteria, electron-transport chaing,(5).
mitochondria, and chloroplasts (where it is known asliie R. capsulatus hccomplex consists of the o, cyt ci,

complex) (for recent reviews, see rdfss). Itislocatedin  5hq Rieske irorsulfur (Fe-S) protein subunits, which are

the cytoplasmic membrane, and is a site where energy ancoded by th@etABC (focFBCpperon (6), and contains
transduction is coupled to ATP synthesis. In the phototrophic four metal centers. Cyb has two noncovalently bound

hemes,by and b, named after their relatively hight60
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! Abbreviations: cyt, cytochromég: complex, ubihydroguinone cyt of the latter subunit contains its [2Fe-2S] clust@y, (vhile
¢ oxidoreductase; UQAH ubihydroguinone; UQ, ubiquinone; .Q  the amino-terminal part of the former hascdype heme,

ubihydroquinone oxidation site;Qubiquinone reduction site; Fe-S - -
protein, Rieske ironsulfur protein; [2Fe-2S], two-irontwo-sulfur and both of these subunits are exposed to the periplasm. The

cluster of the Fe-S protein; EPR, electron paramagnetic resortance; 0C1 complex also contains two ubihydroquinone (UYH
low-potentialb-type hemepy, high-potentiab-type hemeEnyz, redox ubiquinone (UQ) binding domains named &\d Q sites,

midpoint potential at pH 7.0; SDSPAGE, sodium dodecyl sulfate ; [ P
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sulfonyl fluoride; DDM, dodecyl maltoside; DMSO, dimethyl sulfoxide; ; i Qi 0y ;
EDTA, ethylenediaminetetraacetic acid; PM&methyldibenzopyrazine periplasmic side of the membra - During recent years
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tetramethyl-1,4-phenylenediamine. gathered about cyb and its UQ/UQH binding sites from
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studies of inhibitor-resistant or nonfunctional mutations
located in thebc, complex (1-13). These studies have
revealed a low-resolution topology of these sites which is
now largely confirmed by the recent determination of the
three-dimensional structure of various mitochondibaj
complexes 14, 15). The available structures have estab-
lished the distances between the redox centers obthe
complex and the overall organization of the subunits.
Moreover, the different forms of crystals obtained udig
complexes purified from different species revealed that while
the distances between the oyt and cytb heme groups
remain constant those of the [2Fe-2S] cluster tolgyand
cyt ¢, vary considerablyX5). This finding suggested that
the Fe-S protein may be mobile enough to yield different
forms of crystals in which it occupies distinct positions with
respect to the other subunits of the, complex. Whether
the proposed mobility of the Fe-S protein subunit is an
intrinsic component of Qsite catalysis remains to be seen.
Our earlier work has indicated thBt capsulatusnutants
affecting the universally conserved cysteine and histidine
ligands of the [2Fe-2S] cluster of the Fe-S protein subunit
produce large amounts of cyi and cytc; while they
completely lack the Fe-S protein suburfi6). In chromato-
phore membranes of such mutants, apparenthp@ytd cyt
c1 recognize each other to form a two-subunit complex with
an intact Qsite and an inactive {&ite (17). Purification of
this b—c,; subcomplex was therefore attempted in order to
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at 150 rpm or in 20 L carboys under semiaerobic conditions.
Under the conditions used here, the typical biomass yield
was about 34 g of cells (wet weight) per liter of growth
medium.

Purification of Wild-Type bc Complex and bc; Sub-
complex. The bc; complex andb—c; subcomplex were
isolated from chromatophore membranes by a variation of
the procedure described i8)( Chromatophore membranes
were obtained from frozen cell paste after two passages
through a French pressure cell according2d) @nd either
used immediately or stored frozen-aB80 °C. They were
resuspended to a final protein concentration of 10 mg/mL
in 50 mM Tris-HCI buffer, pH 8.0, containing 100 mM NaCl,
20% glycerol, 1 mM PMSF, and 1 mM EDTA. Dodecyl
maltoside (DDM, 20% wi/v stock) was added dropwise to
this suspension to a final concentration of 1 mg/mg of total
protein. The mixture was stirred for 45 min at°@€, and
then centrifuged at 1200Q0for 90 min. The supernatant
was collected, adjusted to pH 8.0, and loaded onto a DEAE-
BioGel A column (2.6x 55 cm) previously equilibrated with
50 mM Tris-HCI, pH 8.0, 20% glycerol, and 100 mM NacCl
(equilibration buffer). The column was washed first with
2—3 bed volumes of equilibration buffer containing 0.01%
(w/v) dodecyl maltoside, followed by-56 bed volumes of
the same buffer containing 150 mM NaCl. These washes
removed large amounts of photosynthetic pigments as well
as thecbhs-type cytc oxidase 22). The adsorbed wild-

prove that these subunits indeed form a subcomplex in thetypebc, complex, or théb—c; subcomplex, was eluted with
absence of the Fe-S protein. Here we report the isolation 3 bed volumes of a linear 158100 mM NacCl gradient. For

and detailed characterization of a stable, two-subltit,
subcomplex fromR. capsulatus We demonstrate for the
first time for a bacteriabc, complex that the purifieth—c;
subcomplex can regain its cyt reductase activity upon
addition of purified Fe-S protein subunit in vitro provided

thebcg, complex, fractions containing the highest DB&yt
¢ reductase activity were pooled. In the case of lthe,
subcomplex, fractions were monitored for their absorption
at 280 and 420 nm, and for their dithionite-reduaanhus
ferricyanide-oxidized optical difference spectra at 5600

that the amino-terminal membrane anchor of this subunit is nm, and those containing the highest concentrations of cyt

intact. Moreover, we show that in the presence of the Q
site inhibitor stigmatellin a soluble derivative of the Fe-S

b and cytc; were pooled. Under the conditions used, both
the bc, complex and thé—c; subcomplex were typically

protein subunit lacking the membrane anchor can reconstituteeluted between 230 and 270 mM NacCl concentrations. The

a stigmatellin-inhibited @site. The overall findings there-

pooled fractions were dialyzed against the equilibration buffer

fore establish that the amino-terminal membrane anchor of without glycerol, and concentrated using an Amicon Diaflo

the Fe-S protein subunit is required for the formation of an
active Q site, even though its [2Fe-2S]-carrying carboxyl-
terminal portion is sufficient to interact with cyib ap-
propriately in the presence of stigmatellin. The availability
of a reconstitutively activéd—c; subcomplex coupled with

apparatus and a PM30 membrane. The concentrated sample
(25—30 mL) was applied onto a DEAE-Fractogel (Toyopearl
650) column (2.6x 17 cm) equilibrated with the equilibra-
tion buffer without glycerol but containing 0.01% (w/v)
DDM. The column was washed with 3 bed volumes of

an easy in vitro reconstitution assay should be very useful equilibration buffer containing 150 mM NaCl, and eluted

in dissecting the mechanism of UQldxidation at the @
site of thebc, complex.

MATERIALS AND METHODS

Bacterial Strains and Growth ConditionsThe R. cap-
sulatusstrains pMTS1/MT-RBC1 overproducing the wild-
type bcg, complex (8), pF:H135L/MT-RBC1 lacking the
Fe-S protein subunit and overproducing the dytc;
subcomplex 16), and pB:(T163R-G182S)/MT-RBCL1 pro-
ducing a soluble form of the Fe-S protein subui)(have

with 3 bed volumes of a linear 158100 mM NaCl gradient

in the same buffer. Fractions containing the complex

or theb—c; subcomplex were pooled, concentrated as above
using a PM30 membrane, and stored-&0 °C.

Purification of the Fe-S Protein Subunit from the Wild-
Type be Complex and Its Reconstitution to the Purifiedld)
Subcomplex. Reconstitutively activeR. capsulatusFe-S
protein was obtained from purifidat; complex using Phenyl
Sepharose chromatography according?®) for R. sphaeroi-
des except that in the case &. capsulatu2% sodium

been described previously. These strains were growncholate was required for the dissociation of the Fe-S protein

chemoheterotrophically in a “mixed medium” [1 volume of
medium A Q0) + 1 volume of MPYE 6)] containing 0.625
ug/mL  tetracycline [pF:H135L/MT-RBC1 and pB:
(T163FG182S)/MT-RBC1] or 10ug/mL kanamycin
(PMTS1/MT-RBC1) eithern 2 L flasks using a rotary shaker

subunit from thebc; complex. The purified—c; subcom-
plex was reconstituted in vitro with purified Fe-S protein
essentially as described b¥4) with the following modifica-
tions. TheR. capsulatus bc; subcomplex (1.12 nmol) was
mixed with 275ug of lecithin and varying amounts of
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purified Fe-S protein, and the final volume was brought to their lack of optical interference in the 56600 nm region.

150 uL with 40 mM potassium phosphate buffer, pH 7.4 For these experiments, the totad; complex, or theb—c;
containing 0.5 mM EDTA. This mixture was incubated for subcomplex, was adjusted to a protein concentration-& 2

1 h at 35°C, then diluted 2-fold with 50 mM Tris-HCI, pH ~ uM in 50 mM MOPS, 100 mM KCI buffer, pH 7.0, in the
8.0, buffer containing 100 mM NaCl and 0.01% (w/v) DDM, presence of the following mediatord-methyldibenzopy-

and centrifuged at 2200@Gor 4 h. This treatment, which  razine methosulfate (PMSN-ethyldibenzopyrazine etho-
pelleted the reconstitutdat; complex and left the unbound  sulfate (PES), 1,4-naphthoquinone, 1,2-naphthoquinone, and
Fe-S protein in the supernatant, was repeated twice and the-hydroxy-1,4-naphthoquinone at 28/ each and 5Q:M
pellet resuspended in the same buffer to a final concentration2,3,5,6-tetramethylphenylenediamine (DAD). Spectra were
of 40—45 uM cyt ¢;. The DBHy:cyt ¢ reductase activity — taken atEy intervals of 5-20 mV during a reductive titration,
was measured essentially as described ea8iBrut in the and the spectral data thus acquired were manipulated using
presence of 0.02% Tween 20. The assay mixture (2 mL the Labview software program (National Instruments) de-
total volume) contained 40 mM phosphate buffer, pH 7.4, veloped for this spectrophotometer by Dr. H. Ding. The
0.5 mM EDTA, 250ug of lecithin, 0.02% Tween 20, and optical spectra of the individual hemég, b., andc, were

50 uM horse heart cytc. The DBH, was added to a  derived from the titration data using appropri&ecuts.
concentration of 4M from a DMSO stock solution, and The antimycin A induced shift of the cyi absorption

non enzymatic reduction of cytwas followed at 550 nm  spectrum was recorded with a Beckman DU640 spectropho-
with a Hitachi U-3200 spectrophotometer. The reaction was tometer using 2.%M bc, complex, orb—c; subcomplex,
initiated by adding the enzyme, and the rate ofasgduction resuspended in 50 mM Tris-HCI, pH 8.0, buffer containing
monitored at 550 nm was determined using an extinction 100 mM NaCl and 0.01% (w/v) DDM. Samples were first

coefficient essp of 18.5 mM™* cm™ (25. The DBH- reduced with dithionite, and base lines were recorded; then
dependent cytc reductase activity sensitive to thiec antimycin A was added to a final concentration of B0
complex inhibitors myxothiazol, stigmatellin, and antimycin from a stock solution in DMSO, and the reduced plus
A was taken as an indication of the reactivation of bhec; antimycin Aminusreduced spectra were recorded between
subcomplex. 400 and 600 nm.

For EPR analysis, the reconstitution assay was scaled up EPR spectra were obtained using a Bruker Model ESP-
by about 10-fold so that 14 nmol of purifidec, subcomplex 300 E EPR spectrometer, equipped with a helium cryostat.
was incubated with 10 nmol of purified Fe-S protein and The experimental conditions were as described earfer (
treated as above. Small aliquots of the reconstituted sub-26), and are given in the legends of the corresponding figures.
complex were used for SDSPAGE and DBH:cyt ¢ Other Assays and Analytical MeasurementBrotein
reductase activity analyses. The remainder of the sampleconcentrations were determined by the method of Lowry et
was prepared for EPR spectroscopy and its EPR spectrumal. (30), using bovine serum albumin as a standard. One-
recorded as described earli@6]. dimensional SDSPAGE was performed according to

Reconstitution of the -bc; Subcomplex with a Soluble Laemmli 31) using a 15% linear gel. For immunoblot
Form of the Fe-S ProteinFor this purpose, highly concen- analyses, gels were blotted onto Immobilon-P membranes
trated membrane-free chromatophore supernatants of thgMillipore) (32), and monoclonal antibodies raised against
double mutant pB:(T163FG182S)/MT-RBC1 producing a  the subunits of thbg complex fromR. capsulatug21) were
soluble form of the Fe-S protein suburi9f were used. The  used as immunoprobes. Goat anti-mouse 1gG conjugated
concentrated supernatants (18 mg/mL) were divided into two to horseradish peroxidase was used as a secondary antibody,
300uL portions, to one of which stigmatellin was added to and detection of the antigerantibody immunocomplex was
a final concentration of 40M. They were then mixed with ~ enhanced using 3;8liaminobenzidine tetrachloride in the
the b—c; subcomplex (14 nmol) and lecithin (27&) and presence of 0.12% Nigl
incubated fo 1 h at 35°C. Small aliquots were taken to The UQ content of the purifietb—c; subcomplex was
measure the DBkicyt ¢ reductase activityAl), the remain- determined as described I88]. Briefly, 36 nmol of purified
der of the samples was reduced with 201 sodium b—c: subcomplex in 50 mM Tris-HCI, pH 8.0, buffer,
ascorbate, and their EPR spectra were recorded as describecbntaining 100 mM NaCl and 0.01% (w/v) DDM, was
previously @6). extracted with a 10-fold excess of acetone/methanol (1/1,

Spectroscopy. Optical spectra were obtained using a Vv/v) mixture. The mixture was shaken gently for 10 min,
Hitachi U-3200 spectrophotometer Wit 1 cmlight path followed by the addition of an equal volume of petroleum
cuvettes. Cytc; content was calculated from ascorbate- ether. The latter solvent containing UQ was collected,
reducedminusferricyanide-oxidized optical difference spec- washed with 95% (v/v) methanol, and evaporated. The dried
tra using an extinction coefficiemts;—s4> of 20 MMt cm? extract was dissolved in ethanol and the UQ amount
(27). Cytb content was calculated from dithionite-reduced determined using borohydride reduaméhusferric chloride
minusascorbate-reduced optical difference spectra using anoxidized absorption difference spectra and e of 14

extinction coefficientsgy-s74 0f 28 mM~t cm™ (28). Dark mM~1cm™1L,
potentiometric titrations of thé—c; subcomplex, and the Chemicals. DEAE-BioGel A and DEAE-Fractogel (Toyo-
wild-type bc; complex, were carried out according 9], pearl-650) were obtained from BioRad and EM Separation

using a double-beam spectrophotometer (University of Technology, respectively. Dodecyl maltoside was purchased
Pennsylvania Instrumentation Group) fitted with an anaerobic from Anatrace Inc., and lecithin, Tween 20, horse heart
redox cuvette. Mediation between the electrodes, solution, cytochromec, PMS, PES, and antimycin were obtained from
and redox centers was achieved using a collection of redoxSigma. Myxothiazol was purchased from Boehringer-
mediator dyes chosen for their electrochemical potentials andMannheim Biochemicals, and 2-hydroxy-1,4-naphthoquinone
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Table 1: Purification oR. capsulatus bc; Subcomplex from a Mutant Lacking the Fe-S Protein and Its Comparison to the Wildbkype

Complex
(A) Purification ofb—c; Subcomplex
cytb (nmol) cytc (nmol)
step protein (mg) per mg of protein  total per mg of protein  total vyield (%) purificatiefolfl)

chromatophores- DDM 1740 1.20 2088 1.25 2175

DDM extract 1582 1.26 2192 1.27 2009 100.0 -
DEAE-BioGel A pool 100 12.30 1230 8.90 890 6.3 10
concentrated pool applied on Fractogel 60 13.00 780 9.30 558 3.8 10.3
Fractogel pool 43 15.40 662 10.80 464 2.7 12.2
PM30K concentrate 30 15.80 474 11.00 330 1.9 125

(B) Comparison ob—c; Subcomplex tdoc; Complex

cytb content cyt c content DBH,—cyt c reductase activity
b—c; subcomplex 15.8 11.0 0
bc; complex 22.0 15.0 41.0

aNanomoles per milligram of proteif.Antimycin A sensitive activity (micromoles of cyt reduced per milligram of protein per minute).

and 2,3,5,6-tetramethyl-1,4-phenylenediamine (DAD) were

from Aldrich. All other chemicals were of reagent grade or
of highest quality commercially available.

RESULTS

Purification of the b-¢; Subcomplex.The b—c; subcom-
plex was purified essentially as described for the wild-type
bc; complex ). This procedure yielded about 30 mg of
highly pureb—c; subcomplex starting with approximately

1.5 g of chromatophore membranes prepared using 165 g of

cells (wet weight). The only contaminants in the final
preparations of théb—c; subcomplex, and also thec
complex, were about-510% of photosynthetic pigments
associated with the light-harvesting complexes | and Il. A
comparison of the composition and enzymatic activity of
purified b—c; subcomplex andbc; complex is presented in
Table 1. Cytb and cytc, contents (15.8 and 11.0 nmol/mg
of protein, respectively) of thb—c; subcomplex are about
30% less than those of the wild-tyfe; complex (22 and
15 nmol/mg of protein, respectively) although the bytio

cyt ¢, ratios (approximately 1.45 to 1.50) are similar in both

e
N2
N
A PES
00& .\9
N
A\
101
83
50.6 &
35.5
29

Ficure 1: SDS-PAGE and immunoblot analyses of purifibd;
complex and purified—c; subcomplex. Panel A: Approximately

4 ug of total protein was used in each case, and the gel was stained
with Coomassie Brilliant Blue. Panel B: A gel identical to that
shown in panel A was blotted into a PVDF membrane and probed
with monoclonal antibodies specific f&. capsulatuge-S protein.

21

SDS-PAGE patterns, as well as by a high absorption ratio

cases. Assuming that the two preparations are of similar (0.92) of the 411 to 280 nm peaks of the oxidiZedc;

purity, this difference suggests that thec, subcomplex is
more prone to loss of its prosthetic groups during purification.
As expected, the purifietb—c,; subcomplex exhibited no
detectable DBRdependent antimycin A sensitive cgt
reductase activity while the purifigllc, complex had high
DBHy:cyt ¢ reductase activity [about 44mol of horse heart
cyt ¢ reduced (mg of protein} min~!], which was com-
pletely inhibited by antimycin A (Table 1).

SDS-PAGE analysis of purified wild-typé&c, complex

subcomplex (data not shown).

Spectral Properties and Electrochemistry of the Redox
Centers. Theb—c; subcomplex isolated fromR. capsulatus
displayed an optical spectrum characteristic of the
complexes isolated from other sourcé&sl)( Its oxidized
spectrum has a Soret absorption peak at 411 nm, and the
dithionite-reduced spectrum absorption bands at 553 and
558.5 nm, absorption bands at 523.5 and 529 nm, and a
Soret band at 426.5 nm (data not shown). These peak values

revealed three major bands with molecular masses of 41,were essentially the same as those observed with a wild-

31, and 24 kDa corresponding to dytcyt ¢;, and the Fe-S
protein subunits, respectively (Figure 1A). In contrast, the
purified b—c; subcomplex contained only two major bands

with molecular masses of 41 and 31 kDa. Furthermore,

type bc; complex 8).

The effect of the absence of the Fe-S subunit protein on
the spectral and thermodynamic properties of the redox
centerdy, b, andc; was tested by comparison of the-c;

immunoblot analysis using specific monoclonal antibodies subcomplex with the wild-typdoc; complex. The redox
revealed that the 24 kDa Fe-S protein subunit is completely midpoint potential Ey7) values of the individual hemes

absent in thd—c; subcomplex preparation (Figure 1B). The

centers were determined by dark equilibrium titration (Figure

additional bands of higher molecular mass seen both with 2). In theb—c; subcomplex, cyby andb, titrated withEn,7

thebc, complex and with thé—c,; subcomplex correspond
to their aggregated forms as observed previou8Jy (The
high purity of b—c; subcomplex prepared by the protocol

values of 35 and-130 mV while in the wild-typebc,
complex they titrated witly,7 values of 43 and-138 mV,
respectively. Thus, within the limits of experimental errors

used here was indicated by the high cytochrome content and(+£15 mV), no significant difference in thEn; values of
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Ficure 2: Dark equilibrium redox titrations of cyb and cytc,
subunits of purified—c; subcomplex antc; complex. Absorption
of the b-type hemes of th&—c, subcomplex (1.5(M) (panel A)
and thebc, complex (1.6uM) (panel B) was monitored at 560
540 nm as a function of ambief,, The data obtained were fit
using threen = 1 components, and th&,; values thus obtained
are indicated. The wavelength pair 551536 nm was used to
titrate thec-type hemes of purified—c; subcomplex (1.5:M)
(panel C) and purifiedbc; complex (1.6uM) (panel D). The data
obtained were fit using one = 1 component, and th,; values
thus obtained are indicated.

cyt by and b, between theb—c; subcomplex and théc
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A B

b-c, subcomplex bc, complex

T T T

a cyt by
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w 559.6 nm
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Ficure 3: Reducedninusoxidized optical absorption spectra of
cytochromesby, b, and c¢; of purified b—c; subcomplex and
purified b—c; complex. The spectra were derived from the data
obtained during the redox titrations shown in Figure 2 using

complex was observed. A third component referred to as @PpropriateE, values as follows fob—c, subcomplex (panel A)

cyt bisp (18, 35, 36) was also detectable, aiith; values of
160 mV for theb—c; subcomplex and 134 mV for thec,

and bg complex (panel B), respectively: cy, 10 minus200
mV and 2minus190 mV; cytb,, —188minus—24 mV and—187
minus —15 mV; cyt ¢;, 202 minus401 mV and 200minus407

complex were used to obtain the best fit to the experimental mv. Note the modified cyth, spectrum of the purifiech—c;

data shown in Figure 2. Finally, for cyt subunit, very
similar Ey7 values for theb—c; subcomplex (305 mV) and
the bc; complex (295 mV) were observed.

When the optical spectra of cytochromlag b., andc;

subcomplex.

subcomplex was modified (Figure 4) by a signal witlg,
value of 3.69. This EPR resonance, observed inbthe;

QD

were compared, no significant differences were detected inSsubcomplex spectrum, indicates that the conformation of a

the absorption maxima of ¢y and cytc; between théd—c;
subcomplex and théc, complex. However, the optical
spectrum of theb—c; subcomplex was clearly modified
(Figure 3, panels A and B). While cht of a wild-typebc,
complex had a typical split-peak spectrum (558 and 564.8
nm), that of theb—c; subcomplex displayed a single broad

peak with a maximum around 559.6 nm. Considering that

in the chromatophore membrands’), and also following
the BioGel chromatography step (data not shown)bcydf
theb—c; subcomplex still exhibited its typical sphit peak,
this finding together with the lower content of total dyin

large portion of the cyb, heme was modified. Finally, a
significant amount of an EPR signal atga= 6 value
corresponding to a high-spin heme was also detected in both
theb—c; subcomplex and thlec; complex (data not shown),
as previously reported for the,; complex fromR. sphaeroi-
des(37).

UQ Content and the (Bite of Isolated b¢; Subcomplex.
UQ content of the purifieth—c; subcomplex was determined
as described under Materials and Methods to assess the
occupancy of its Q binding sites. It contained about 0.5 nmol
of UQ/nmol of cytc,, a value which is within the same range

the purifiedb—c; subcomplex suggested that the conforma- determined previously (0-53.0 UQ&k,) for a purified wild-

tion of cyt b, was modified, and part of it was lost, during
the final steps of purification and storage.

EPR Characteristics of Cyt b Hemes of the Isolateatp
Subcomplex.The low-spin cyto hemes of thdac, complex
exhibit unusual EPR spectrdd), and theirg, values (3.78
and 3.45 for cyb, and cytby, respectively) are known. Thus,
the EPR characteristics of the dyt andb, of isolatedb—c;

type bc, complex @). Thus, theb—c; subcomplex isolated
here was similar to a wild-typlec; complex with the lowest
UQ content. However, because of the absence of the Fe-S
protein subunit, it was not possible to assess to what extent
the UQ molecules present in the purifibetc; subcomplex
were associated with its inactive, Qite.

The intactness of the Qsite of the purified b—c;

subcomplex antic, complex were compared to further assess subcomplex and its UQ content were probed using antimycin
the extent of the perturbation detected by optical spectros-A. This inhibitor binds nearby the iGite (14, 15), and

copy. While the cyb hemes of the purifieb—c, subcom-
plex, and thébc, complex, have similag, signals p, = 3.79
for cyt b and 3.46 for cyby], on the other hand, the overall
line shape of the EPR spectrum obtained usingbthe;

induces a shift in the optical spectrum of dyt (38, 39).

The antimycin A induced spectral shift observed with the
b—c: subcomplex was similar to that exhibited by a wild-
type bc, complex, with minima at 421 and 555 nm and
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SDS-PAGE and EPR analyses. The presence of the 24 kDa
Fe-S polypeptide, which was undetectable previously in the
purified b—c; subcomplex (Figure 1), became evident upon
reconstitution (Figure 7, panel A). Similarly, the ERR=
1.90 andgyx = 1.80 signals which were absent in the EPR
spectrum of théo—c; subcomplex (Figure 7, panel B, trace
B) became comparable to that of the complex (trace A).
The shift of the Fe-S protein subumgjf = 1.80 signal from
1.765 to 1.800 in the reconstitutdd-c; subcomplex sug-
gested that the Qsite of the reconstituted sample was
competent to bind UQ/UQBappropriately, although it was
partially empty 83).

The Amino-Terminal Anchor Domain of the Fe-S Protein
Subunit Is Required for the Reconstitution of theSiie of
the b—c; Subcomplex.Very recently, we have described a
R. capsulatusnutant which produces a soluble form of the
Fe-S protein subunit via proteolytic cleavage at its amino-
terminal position 4419). This soluble derivative of the Fe-S
protein subunit has an intact [2Fe-2S] cluster withEp
value similar to that of a wild-type complex even though it
is no longer anchored to the membrane. The availability of
this mutant provided us the opportunity to probe the role of

B corresponds to the spectrum obtained by subtracting arithmetically the amino-terminal membrane anchor to the Fe-S protein

the spectrum of théc, complex from that ofo—c; subcomplex
multiplied by 2. Theb—c; subcomplex (12@M) andbc; complex
(200 M) were reduced with 4@M ascorbate and rapidly frozen
in liquid nitrogen. EPR spectra were taken under the following
conditions: temperature, 10 K; microwave frequency, 9.4 GHz;
microwave power, 5 mW; modulation amplitude, 12.5 G; modula-
tion frequency, 100 kHz.

maxima at 560 nm (Figure 5A with inset). Thus, antimycin
A binds to the isolatedb—c, subcomplex in a way similar
to the wild-typebc; complex.

Finally, the functional intactness of the §ite of theb—c;
subcomplex was also probed by monitoring its antimycin A
sensitive, ubisemiquinone radical signaljat 2.005 using
EPR spectroscopy. Upon addition of this inhibitor to the
purified b—c; subcomplex, the antimycin A sensitive ubisemi-

subunit for its binding to the Qsite of thebc; complex.
Thus, chromatophore membrane supernatants containing a
soluble form of the Fe-S protein subunit prepared as
described in 19 were used to reconstitute the—c;
subcomplex. However, no DByt ¢ reductase activity was
recovered under the same experimental conditions which
fully restored the activity ob—c; subcomplex when an intact
Fe-S protein subunit was used. Furthermore, additional proof
that the soluble derivative of the Fe-S protein could not
reconstitute the Qsite of b—c; subcomplex was obtained
by EPR spectroscopy. Like the purified Fe-S protein, the
soluble derivative also had no pronounced ERR= 1.80
signal, and it did not respond to the addition of stigmatellin
(Figure 8, traces A and B), as described previously for the
bovine @0) and R. capsulatug19) soluble Fe-S protein

quinone radical disappeared in a manner similar to that subunits. Unlike with the intact Fe-S subunit (Figure 7),

observed with the wild-typédc, complex (8) (Figure 5B).

this EPR g signal was not restored when the-c; subcom-

The data indicated that at least a fraction of the UQ detectedplex was incubated with the soluble form of the Fe-S protein

in the purifiedb—c; subcomplex was associated with its Q
site which was able to generate a stabjaiQlsemiquinone
radical like the wild-typebc, complex.

Reconstitution of UQKOxidation Actbity of the Isolated
Inactive b—c; Subcomplex with Purified Fe-S Protein
Subunit. Incubation of purifiedb—c; subcomplex and the
Fe-S protein subunit at 38C as described under Materials
and Methods led to the recovery of the DBtependent cyt
¢ reductase activity of thb—c; subcomplex (Figure 6). The

subunit (Figure 8, trace D). Thus, the amino-terminal anchor
of the Fe-S protein is required for the reconstitution of a
catalytically active Q site of thebc; complex.

Next, considering that the carboxyl-terminal portion of the
Fe-S protein subunit carrying the [2Fe-2S] cluster interacts
closely with cytb at the @ site, as revealed by the very
recent genetic4Al) and structural15) studies, we postulated
that stigmatellin would mediate binding of the soluble Fe-S
protein subunit into the Qsite. Indeed, when thé—c;

amount of recovered activity increased as a function of the subcomplex was incubated with the soluble form of the Fe-S
amount of Fe-S protein subunit added. The highest activity protein subunit in the presence of stigmatellin, an ERR
was reached at a ratio of 1 mol of Fe-S protein subunit to 1.782 signal identical to that observed with a wild-type

1.3 mol of purifiedb—c; subcomplex. The recovered activity
[approximately 0.32«mol of cyt c reduced min* (mol of

cyt ¢1)~t or 10.2 umol of cyt c reduced min' (mg of
protein) '] amounted to approximately 25% of that of the
wild-type bg complex, and was inhibited completely by
addition of antimycin A and myxothiazol (Figure 6, inset).
Additional proof that the recovered DBHyt c reductase
activity was indeed due to reconstitution of the purified Fe-S
protein subunit to thé—c; subcomplex was obtained by

complex in the presence of this inhibitor was obtained (Figure
8, trace E). Thus, the soluble form of the Fe-S protein
subunit can occupy theQite of theb—c,; subcomplex at a
position similar to that of the intact Fe-S protein in the
presence of stigmatellin. Therefore, the overall data revealed
that for reconstitution of a catalytically active, Qite, at least
two interaction points, one provided by the amino-terminal
anchor and the other by the carboxyl-terminal domain of the
Fe-S protein, are necessary.
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Ficure 5: Antimycin A induced spectral shift of reduced dyt of purified b—c; subcomplex (panel A). The inset depicts the 5880

nm region of the spectra obtained using the same samples. The effect of antimycin A on tige=EPR radical signal exhibited by the
purified b—c; subcomplex is shown in panel B. The-c; subcomplex (53tM) was suspended in 50 mM Bis-Tris buffer, pH 9.0, and
reduced with dithionite to arft, value of 0 mV. The sample was rapidly frozen, and EPR spectra were taken under the following
conditions: temperature, 100 K, microwave frequency, 9.25 GHz; microwave power, 0.5 mW; modulation amplitude, 5 G; modulation
frequency, 100 kHz. After recording this spectrum, the sample was thawed, antimycin A was added to a final concentrafibm ¢tfie.0
sample was frozen, and its EPR spectrum was re-recorded.
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FiIGurRe 7: SDS-PAGE and EPR analyses of the ¢; subcomplex
0.1+ / reconstituted with purified Fe-S protein subunit. Panel A: 4, 3.5,
1 2 3 4 5 and 3ug of total protein was used fdo—c, subcomplex, purified
Fe-S protein subunit, and reconstitutedc; subcomplex, respec-
/ tively, and the gel was stained with Coomassie Brilliant Blue. Note
the appearance of the 24 kDa band corresponding to the Fe-S protein
subunit. Panel B:bc; complex (trace A, 11 nmolh—c; subcom-
plex (trace B, 14 nmol), purified Fe-S protein subunit (trace C, 10
mol Fe-S protein / mol b-¢, subcomplex nmol), andb—c; subcomplex (trace D, 14 nmol), reconstituted as
described under Materials and Methods using 1 mol of Fe-S protein/
1.3 mol ofb—c; subcomplex, were reduced with 48 ascorbate
and rapidly frozen in liquid nitrogen. The EPR spectra were taken

: ; : using the following conditions: temperature, 20 K; microwave
the absence®) and in the presencer] of 0.2 umol of antimycin power, 5 mW: modulation amplitude, 12.5 G: modulation fre-

A per milligram of protein, and DBKdependent cyt reductase e
s ; ; quency, 100 kHz; microwave frequency, 9.4 GHz. Note the
activity was measured as described under Materials and MethOds'appearance of the EP§ = 1.900 andg, = 1.800 signals upon

The inset shows the DB}-tyt c reductase activity obtained under o Y h ;
the same conditions u%;% (1) purifié, complyax (2) purified re%ons_iltutlon of the purified—c; subcomplex with the Fe-S protein
' ! subunit.

b—c; subcomplex, (3) purifieth—c,; subcomplex reconstituted with

the Fe-S protein subunit (1 mol of Fe-S protein/1.3 mobeft, . . . . .
subcomplex), (4) reconstitutea-c, subcomplex+ 0.2 umol of active state. Although little is known about the interactions

antimycin A per miligram of subcomplex protein, and (5) between the subunits of the, complex, the ability to isolate
reconstitutedb—c; subcomplex+ 0.15umol of myxothiazol per it as a physical entity indicated that clgtand cytc; can
milligram of subcomplex protein). associate with each other to form a subcomplex in the
absence of the Fe-S protein both in vivb/( and in vitro.

DISCUSSION The purifiedb—c; subcomplex contained slightly lebsand

In the present work, thR. capsulatus bc; subcomplex c-type hemes in comparison to the purifiecd complex, and
lacking the Fe-S protein subunit was purified to homogeneity removal of the Fe-S protein subunit modified slightly the
in large quantities, and characterized in detail. The purified spectral characteristics of its hefng leaving theE,; values
b—c; subcomplex remained stable upon storage & °C of its hemesby, b, andc; similar to those of théb—c;
for over 1 year without significant loss of its reconstitutively complex. It therefore appears that the Fe-S protein subunit

pmol cyt ¢ red/ nmol cytc, / min

5
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Ficure 6: Reconstitution of the cyt reductase activity of the
purified b—c; subcomplex. Various amounts of purified Fe-S protein
were incubated with 1.12 nmol of purifido—c, subcomplex in
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Ficure 8: EPR spectra of thb—c; subcomplex reconstituted with a soluble derivative of the Fe-S protein subunit in the presence and
absence of stigmatellin. (A) Soluble derivative of the Fe-S protein subunit (18 mg/mL); (B) soluble derivative of the Fe-S protein subunit
in the presence of 30M stigmatellin; (C) purifiedb—c; subcomplex (14 nmol); (D and E) purifidat-c; (14 nmol) incubated with the

soluble derivative of the Fe-S protein subunit as described under Materials and Methods in the absence and pregevicgtigh®&aellin,
respectively; (F) purifiedoc; complex (10 nmol). Note the appearance of the ERR= 1.782 signal after reconstitution of the-c,
subcomplex with the soluble derivative of the Fe-S protein subunit in the presence of stigmatellin. The EPR conditions used were as in
Figure 7.

does not tightly shield cyb,. from solvent exposure, an cyt b in mitochondria, while it has almost no effect on the
observation consistent with the three-dimensional structurelevel of the other subunits of the; complex 43). However,
of thebc, complex and with the proposed movement of the since these subcomplexes have not yet been purified either
Fe-S protein subunit during Qsite catalysis 14, 15). from C. reinhardtiior from S. cereisiae, how they compare
Furthermore, as expected, the elimination of the Fe-S subunitto that of R. capsulatugemains unknown. On the other
does not affect the properties of the €te in terms of its hand, in vitro elimination of the Fe-S protein from beef
interactions with antimycin A or its ability to stabilize a mitochondrialbc; complex has been accomplished either by
semiquinone intermediate. its dissociation using a detergedgj or via proteolysis40),

The effect of in vivo removal of the Fe-S protein from and the obtained Fe-S protein-depleted mitochondrial
the bc; complexes varies between different species.RIn complexes46) have properties similar to those of bacteria.
capsulatug17), removing the [2Fe-2S] cluster has little effect The most striking result obtained in this study is our ability
on the steady-state presence of thelcgind cytc; subunits to reconstitute the cyt reductase activity of thd—c;
in chromatophore membranes. However, @idamydomo- subcomplex upon addition of purified wild-type Fe-S protein
nas reinhardtimutant ac21 missing the Fe-S protein subunit (Figure 9). The reconstituted complex exhibits good activity
of the cytbsf complex contains apparently 50% less €yt  (about 25% of that of a wild-type complex), and the assay
cyt bs, and SU IV subunits in comparison to a wild-type developed here is simple and sensitive, and can be readily
strain @2). Equally, yeast mutants with deletion of the Fe-S scaled up for physical measurements requiring large amounts
protein subunit exhibit a dramatic decrease in ty¢ b of sample materials, such as an EPR spectroscopy. Recon-
amount 43, 44), and it has been suggested that the Fe-S stitution of the cytc reductase activity of dc complex
protein is required for maintenance of the wild-type level of depleted of its Fe-S protein subunit has been reported
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Ficure 9: Schematic representation of the reconstitution ofihe; subcomplex with purified intact Fe-S protein subunit, or with a
soluble derivative of it lacking its first 44 amino-terminal amino acid residues containing its membrane anchor domain, in the presence and
absence of stigmatellin.
previously for the beef heart mitochondriad; complex @4, These findings establish clearly that both the amino-terminal
45) but not for any bacterial species. This was possible and the [2Fe-2S] cluster-containing carboxyl-terminal por-
because of the overproduction of the; complex and the  tions of the Fe-S protein need to be intact for a catalytically
availability of R. capsulatusnutants which facilitated its  active Q site.
purification (L7). In addition, the use of Tween 20, which In summary, this work established that an inactivec;
inhibits reduction of cytc by the Fe-S protein via theQ  subcomplex, containing only the cigtand cytc; subunits,
site independent oxidation of ubihydroquinone, possibly by can be purified to homogeneity in large scale from chro-
acting as a quencher of superoxide and semiquinone radicalsnatophore membranes ofa capsulatusnutant lacking the
thus formed (+5), rendered possible the detection of low, Fe-S protein. The purified—c; subcomplex has properties
but specific, @ site dependent (i.e., sensitive to myxothiazol) similar, but not identical, to those of the purifibd, complex,
cyt ¢ reductase activity of the reconstituted complex. and can be reactivated for cgtreductase activity upon
The in vitro assay developed here was exploited to probe addition of purified Fe-S protein subunit provided that the
whether the amino-terminal anchor of the Fe-S protein transmembrane anchor of the latter subunit is intact. The
subunit is essential for steady-statg €}te catalysis. The availability of a facile in vitro reconstitution assay for a
very recent geneticd(l) and structurali4, 15) data suggest  simple bacteriabc; complex is very promising for dissecting
that a specific segment composed of the amino acid residueghe series of events that take place during U@kidation
(M3sNASADVKA 46 in R. capsulatuslocated between the  at the Q site of thebc; complex.
end of the transmembrane anchor and the beginning of the
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