Biochemistry1998,37,12293-12300 12293

Membrane-Bound Cytochrom® Couples Quinol Oxidoreductase to the P840
Reaction Center Complex in Isolated Membranes of the Green Sulfur Bacterium
Chlorobium tepidurh

Hirozo Oh-oka,* Masayo Iwaki and Shigeru Itoh

Department of Biology, Graduate School of Science, Osakadusity, Osaka 560-0043, Japan, and
National Institute for Basic Biology, Okazaki 444-8585, Japan

Receied January 12, 1998; Resed Manuscript Receed June 22, 1998

ABSTRACT. The reaction of quinol oxidoreductase and membrane-botgde cytochromes was studied

in chlorosome-depleted membranes isolated fréhiorobium tepidum Rapid oxidations ofc-type
cytochromes were detected after flash excitation. Their re-reductions occurred in parallel with the reduction
of cytochromeb, especially in the presence of antimycin A, whereas reductions of both cytochomes
and b were suppressed by added stigmatellin. These results indicate the tight coupling between the
photosynthetic reaction center and quinol oxidoreductase. Turnovers of two types of cytochruanes
detected. One was assigned to the monoheme-type cytoclorddesignated cytochrom®), which is

known to be tightly bound to the reaction center complex. The other was aciigpe cytochrome,
cytochromec-556, which functions the same as cytochroope The steps of electron-transfer scheme,
menaquinol— Rieske FeS centet- cytochromc-556 — cytochromec, — P840, are estimated to have
reaction times of 20 ms and 560, 150, and:40 respectively. We conclude that quinol oxidoreductase
and the reaction center complex @hlorobium tepidumare linked by two distinct membrane-bound
cytochromesg, andc-556, with no involvement of water-soluble cytochromes.

The cooperation of quinol oxidoreductase with the reaction bacteria transfer electrons from sulfide or thiosulfate to
center (RC) complex characterizes photosynthetic energy NADPH in an unidentified electron-transfer pathway that
conversion. In plants and cyanobacteria, the photosystemcouples the quinol oxidoreductase to the PS I-like RC.
(PS) Il RC donates electrons to the quinol oxidoreductase Elucidation of this coupling mechanism might give insight
(cytochromebg/f complex) via a quinone pool and then to into the origin and mechanism of the cyclic electron transfer
PS | RC via water-soluble small proteins plastocyanin or around PS | of the oxygenic photosynthesis.

cytochromecs (1). In purple photosynthetic bacteria, the g cytochroméc, (or be/f ) complex catalyzes oxidation
RC is partially homologous to PS Il RC, providing both ¢ qinol by water-soluble cytochromeor plastocyanin,
reducing and oxidizing powers to the quinol oxidoreductase \ypqse reaction is coupled with proton transfer with an overall
(cytochromeb/c, complex) via a quinone pool and water-  goichiometry of 2 H per electron 7, 8). A remarkable
soluble cytochrome,, respectively, to form the cychg: SYStem  faature of the complex is the “oxidant-induced reduction”
2 3?I. IM(_arr?braner—]bound _cytor?h(;ortr)te also func;uons N of cytochromeb. One of the electrons liberated in the two-
paraliel with cytochrome, |n.R odobacter capsu aufg). electron quinol oxidation reduces cytochrolmeand the other
However, the electron mediator or mediators that connect reduces cytochrome; (f) [via a Rieske iror-sulfur (FeS)

quinol oxidoreductase with the RC complex have not been center] b ; .-
) A i ) y the Q-cycle mechanism originally proposed by
identified in green sulfur bacteria (Chlorobiaceds)) Gram- Mitchell (9) and now supported by the three-dimensional

negative, strict anaerobes that form_ a phylogenic group structures determined by recent X-ray crystallographic studies
separate from the other photosynthetic bactedja (These (10, 11). The function of quinol oxidoreductase in green
sulfur bacteria has been suggested by the presence of a
T This work was supported by Grants-in-Aid for the International quinone pool 12), by photooxidation of cytochromie-562
Cooperative Research Program: Joint Research (08044203) to H.O.,(lg), by antimycin A-sensitive photoreduction of cytochrome
and for Scientific Research (08458214) and Priority-Area Research on b (14), by electron paramagnetic resonance detection of a

Decoding Earth Evolution Program (09214220), Single Electron Device - . -
(10127224), and Molecular Biometallics (10129232) to S.I. from the Rieske-type FeS centerl§), and by photoreduction of

Migiitry %f Education, Sgience, gndldctl:lturgdof Japo«l’:\n- 6.850 cytochromeb-562 concomitant with the oxidation of cyto-

0 whom corresponaence snou e addressed. F&¢-6- - _ . :

5425, E-mail: ohoka@bio.s¢i.0saka-u.ac.jp. chromec-551 (16). However, the connection between quinol
+Osaka University. oxidoreductase and the RC complex has not been clearly
8 National Institute for Basic Biology. shown in these studies, which were performed under

1 Abbreviations: RC, reaction center; PS, photosystem; SQR, sulfide- ; i inati ; i
quinone reductase: BChI. bacteriochlorophyll: SEFAGE., sodium continuous illumination using crude membrane preparations.

dodecyl sulfate-polyacrylamide gel electrophoresis; TMBZ, 3535- The activity of 5U|ﬁqe"qumone reductase (SQR), which
tetramethylbenzidine; MQ, menaquinone. catalyzes the reductions of cytochro&53 andb-563 by
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menaquinol and sulfide, has also complicated the situation5 mM EDTA and 10 mM cysteine) with added protease
(17). Moreover, a transcription uniftf-operon) that encodes inhibitors as used previously to isolate the RC compRs} (

the Rieske FeS protein and cytochroimén Chlorobium and were disrupted by four passages through a French
limicola (18) lacks a region encoding cytochrorogthat is pressure cell at 20 000 psi (138 MPa). Residual cells and
normally contained in thébc-operons of the other proteo- large membrane fragments were removed by a series of
bacterial genomed 6, 20). The counterparts of cytochrome  differential centrifugations at 23 5@0for 20 min and at

¢, and of water-soluble cytochrom® have not yet been  4000Q for 60 min. The resulting supernatant§0 mL)

identified in green sulfur bacteria. enriched in bacteriochlorophyll (BCh§ content was laid
Three water-soluble-type cytochromes;-551,¢-553, and on top of the discontinuous sucrose gradients [40, 42.5, 45,
¢-555, are known to be contained in cells®f limicolaf. 47.5, and 50% (w/w) sucrose in buffer A] and centrifuged

thiosulfatophilum(21—23). Cytochromec-551 (a dimer of ~ in an Hitachi RP 56-2 angle rotor at 2000@0for 17—19 h.
27-kDa cytochrome) is an electron acceptor for a thiosul- Broad green bands spread around the 45% layer were
fate—cytochromec reductase and does not seem to be collected with a Pasteur pipet. The chlorosome-depleted
contained in some species of Chlorobiaceae (€.gibrio- membranes were obtained by centrifugation at 3g5001
formé), which cannot use thiosulfate. Cytochron&53 is h after three fold dilution of the collected fraction with Buffer

a flavo-cytochromec (11-kDa cytochromes plus 47-kDa B (50 mM Tris-HCI, pH 8.0, containing 1 mM EDTA and
flavoprotein subunits) and serves as a sulfidgtochrome 2 mM dithiothreitol). Before the centrifugation, a solution
c reductase. Cytochrome555 (cytochromec-554 in C. of the glucose oxidase/catalase syst@®) bad been added
tepidumused in this paper), molecular mass 10 kDa, gives to the diluted suspension and left for 280 min in an

a characteristic asymmetriaalabsorption peak, as does algal anaerobic chamber to completely remove any residual
water-soluble cytochromes, which is an electron donor to  oxygen. After centrifugation, the membranes were resus-
PS | RC @4). Cytochromec-555 seems to mediate electron pended in 4 mL of buffer B, giving a final absorbence of
transfer between the RC complex and cytochrom&s1 ~17 A at 810 nm.

andc-553 in intact cells, as shown by Okumura et @B)( Water-soluble cytochromes were isolated basically ac-
who reported photooxidation of this cytochrome when it was cording to the method of Meyer et a2Y). The asym-
added to isolated membranes. Albouy et ab)(reported  metricala-absorption peak of low-molecular-mass (10-kDa)

the flash-induced oxidations of CytOChrorT‘lB§52,C-554/ Cytochromec was at 554 nm irC. tepiduminstead of at
555, andc-553 and assumed their oxidation times tove 555 nm as found irC. limicola.

ms and~70 and 30us, respectively, in intact cells df. W if d sodium dodecvl sulf | lamid |
limicola f. thiosulfatophilum However, coupling of the € periormed sodium dodecyl su atpo yacrylamide ge
! electrophoresis (SDSPAGE) by the method of S¢hager

reactions between qumol_ OX|d_0_reductase and the RC complexet al. 36) and stained the separated protein bands with
has never been clearly identified.

) Coomassie brilliant blue. We stained heme with'3,3-
Apart from the water-soluble cytochromes listed above, (eamethylbenzidine (TMBZ) according to the method of
monoheme-type cytochron®552 with a molecular mass  rhomag et al.37). Samples for SDSPAGE were solubi-
of 23 kDa—designated hereafter “cytochromg to char- ;64 a5 described previouslgd) except the concentration
acterize its functional similarity to the membrane-bound ¢ p-mercaptoethanol was reduced to 1%. A kit of molec-

cytochrome, in R. cgpsulatu$4)—is tighj[ly bound_ to the ular-mass markers was purchased from Bio-Rad Laboratories.
RC complex ofC. tepidum(27, 28), C. limicolaf. thiosulf-

atophilum(29), or C. vibrioforme (30, 31). Each of the two Absorption an_d chemically oxidized-minus-reduced dif-
molecules of cytochrome, donates an electron to P840 in ference absorption spectra at 290 and 77 K were measured
a reaction time of 15@s (28) and shows an anomalously PY @ home-built spectrometer equipped with an image

high dependency on the viscosity of the medium so that the Intensifier-coupled diode array and cryostag)( Samples
heme-containing moiety of cytochroragseems to fluctuate ~ Were suspended in buffer B containing 60% (v/v) glycerol.

on the RC surface by anchoring to the membrane via its NH F1ash photolysis was performed as previously described, at
terminal three transmembrane helic8g)( Here, we report ~ '00mM temperature4(). Samples were placed in airtight
the mediation of the electron transfer between quinol CUVettes to avoid oxidative degradation of the redox centers.
oxidoreductase and the RC complex by cytochramand Antimycin A and stigmatellin were purchased from Sigma
by the newly identified cytochrome-556, which serves a  and Fluka, respectively.

function like that of cytochrome;.
RESULTS

MATERIALS AND METHODS
Determination of Cytochromes ¢ Bound to the Isolated

Chlorobium tepidunwas cultured as described by Wahl-  Membranes. Chlorosome-depleted membranes with a low
und et al. 83) in 20 L of medium. Cells 2 days old were content of water-soluble cytochromes were isolated from
harvested by centrifugation and treated immediately to isolate broken cells of C. tepidumby a series of differential
their membranes to avoid damage to the cytochrome activity. centrifugations and discontinuous sucrose-density gradient

Chlorosome-depleted membranes were prepared accordingentrifugation. Membrane-associatedype cytochromes
to a previously reported method34, 35 with some were analyzed with SDSPAGE followed by heme staining,
modifications as follows. All the procedures were carried as shown in Figure 1. Three TMBZ-stained bands with
out under anaerobic conditions at room temperat@®.(  apparent molecular masses of 23, 21, and 17 kDa were
The harvested cells (3415 g wet weight) were suspended detected (Figure 1, lanes 2). The most prominent staining
in 50 mL of buffer A (50 mM Tris-HCI, pH 8.0, containing  was given by the 23-kDa band, which migrated to the same
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1 2 3 4 respectively, suggesting the reduction of low-poterttiand
(A) b-type hemes.
i As shown in Figure 2B, the amplitude of the 548.5-nm
- peak of cytochrome; in the RC preparation was nearly equal
to that of the 548.5-nm peak in the ascorbate-minus-
-

—— ferricyanide difference spectrum of the membranes if we
- adjusted the concentration of the latter to give a 10% higher
- peak at 820 nm for BChh. By subtracting the ascorbate-
minus-ferricyanide difference spectrum of cytochrome
- from that of the membranes, we obtained a spectrum for a

c-type heme with the longes-peak wavelength at 77 K
Ficure 1: SDS-PAGE analysis of membrane-bourndtype (Figure 3, upper panel). Using the same ratio, we also
cytochromes stained with (A) Coomassie brilliant blue or (8) Substrated the spectrum of cytochromédrom a rather flat
TMBZ. Lane 1, molecular-mass markers: phosphorylagg7.4 peak at 553 nm of the membranes at 290 K (Figure 3, lower
kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), panel). The spectrum of the additional high-potential heme

caijblonic anhy?;isg I(<?|51 ')‘Dla): Sgybﬁla” trypsinénhilbitto(rj(21.5tl)(Da), thus obtained showed a peak at 556 and 553.5 nm at 290
and lysozyme (14.5 kDa); lane 2, chlorosome-depleted membranes , : :
of C. tepidum(equivalent to 0.4:g of BChla); lane 3, RC complex and 77 K, respectively, the height of the peak being about

of C. tepidum(equivalent to 0.9:g of BChl a); lane 4, water- half that of cytochrome,. These results allow us to interpret
soluble cytochrome-554 of C. tepidum(equivalent to 1.3.g of the more-intensive heme-staining band of hemebserved
protein). in the SDS-PAGE analysis (Figure 1) and suggest that the
content of heme-556 in the membranes is less than that of
position as the cytochromeg (Figure 1, lanes 3) that was hemec,.
contained in the purified RC compleg§). Water-soluble Cytochromec, is known to serve as an immediate electron
cytochromec-554 with a molecular mass of 10 kDa was donor to P840 (the primary electron donor@florobiun)
detected by neither SBPAGE analysis (Figure 1, lanes with a redox midpoint potentiaEy) of +170+ 10 mV 25,
4) nor optical analysis (discussed below). The other heme-43). Preliminary measurements of the membranes poised
containing bands detected at 21 and 17 kDa in Figure 1 seem@t several moderate redox potentials gave almost invariant
to indicate thus-far-unidentifiecttype cytochromes because —Sspectra with peaks at 553 nm, even though the peak heights
their molecular masses differed from those of all othgpe ~ differed (data not shown). This suggested, therefore, that
cytochromes reported in this organism. Moreover, these two Poth hemes, and ¢-556 have similar redox potentials of
bands do not seem to be degradation products of the 23-150-200 mV.

kDa cytochromes, because the three TMBZ-stained bands 1 he results in Figures-13 indicate the presence of three
can obviously be assigned to the theg/pe cytochromes c-type and twob-type hemes in the isolated membranes of

optically discriminated at 77 K (see next section). géctggg?emwﬁgiggzr?hrgecsﬁo?:ﬂg C_55a6t ;nggrézd;tcggzbgr

Chemically Induced Difference Absorption Spectra of 550 nm at 290 or 77 K, respectively, was reduced by
Cytochromes.The absorption spectra of cytochromes con- dithionite. However, both of thb-type hemes which absorb
tained in the isolated membranes were measured at roomat 560 or 557 and 563 or 561 nm at 290 or 77 K, respectively,
and cryogenic temperatures. In the presence of ferricyanide,reduced only by dithionite.
no a-peaks of cytochromes were detectable at 290 K (Figure  Flash-Induced Absorption Changes of Cytochroniégsh-
2A, lower panel, trace a). Addition of ascorbate produced induced absorption changes of tletype heme(s) were
a peak centered at 553 nm with an 11-nm half-bandwidth monitored at 553540 nm (Figure 4A) in the isolated
(Figure 2A, lower panel, trace b). Exactly the same spectrum membrane preparation. Flash excitation induced a rapid
was obtained in the hydroquinone-reduced membranes (notbleach of thec-type heme followed by rapid re-reduction.
shown). Addition of dithionite (Figure 2A, lower panel, trace The re-reduction rate slowed a little in the presence of
c) increased the absorbance @653 nm and induced antimycin A (Figure 4A, trace b), a compound known to
additional bands in the 560-nm region. inhibit cytochromeb oxidation at the @site of quinol

. oxidoreductaser( 44). Upon addition of stigmatellin, which
The heme species were further analyzed by measurement. . quinol oxidation at the @site (7, 44), the re-

at77 K @1, 42). The 553-nm peak of the ascorbate-reduced o, ction was substantially suppressed (Figure 4A, trace c),
membrr?mes split into two peaks at 548:5 and 553.5 nm at ¢ has been reported previously by Okumura et2&). (n

77 K (Figure 2A, upper panel). The position and the shape ¢qntrast, reduction of the-type heme monitored at 560 nm
of the 548.5-nm peak were almost identical to thosg of was markedly increased by the addition of antimycin A
cytochromec,, measured as the ascorbate reduced-mlnus-(pigure 4B, trace b) and was fully suppressed by stigmatellin
ferricyanide oxidized difference spectrum in the purified RC (Figure 4B, trace c). The fast re-reduction ratecetfpe
complex ofC. tepidum(28) (Figure 2B). Cytochrome,, heme and a small reduction/oxidation bftype heme

on the other hand, showed a peak at 552 nm with a 7-nmgpserved in the absence of the inhibitors also suggested the
bandwidth at 290 K. Therefore, tt@. tepidummembrane  activity of quinol oxidoreductase (Figure 4, trace a). These
must contain an unknown high-potentietype heme in  measurements were performed in the presence of 2 mM
addition to cytochrome,. The dithionite-minus-ascorbate dithiothreitol, which fully reduced cytochromesandc-556
difference spectrum at 77 K in Figure 2B further indicated but not the low-potential cytochromesndb; ascorbate had

a shoulder at 550 nm and two peaks at 557 and 561 nm,the same effects. The reduction rates of cytochromes,



12296 Biochemistry, Vol. 37, No. 35, 1998 Oh-oka et al.

(A) (B)
77K 77K
‘ 0.02
c-b
& N~
9 =
g O b-2
;= S P ————
é c% cz
< =
2 | 290K
2 c-b
\
AN
\_ﬁ
Lo Pt e 1 CZ ] I

540 550 560 570 540 550 560 570

Wavelength (nm) Wavelength (nm)

Ficure 2: (A) Chemically induced absorption spectracefandb-type hemes in the membranes®f tepidumat 290 (lower panel) and

77 K (upper panel). The samplégo = 1.6), suspended in buffer B containing 60% glycerol (v/v), was oxidized by the addition of a small
amount of potassium ferricyanide (trace a) and then reduced by an excess amount of sodium ascorbate (trace b), followed by further
reduction with sodium dithionite (trace c). (B) Chemically reduced-minus-oxidized difference absorption spectadif-type hemes at

290 (lower panel) and 77 K (upper panel). Shown are the ascorbate-minus-ferricycaridg émd dithionite-minus-ascorbate difference
spectra (c— b). The spectrum of cytochroneg in the purified RC complexAgio = 1.6) is also shown (see text for details).

TIK (A) AAssz 540

g 0.02 a (NO)

E cz

&) c556 b (AA)

8

& [ 200K 1ms

< ¢ 3

“ €556 AA 12X 10"
N (B) Megs
540 550 560 570 b
wavelength (nm)

Ficure 3: Comparison of the difference absorption spectra of 2
cytochromesc;, and c-556 at 290 (lower panel) and 77 K (upper c 200 ms
panel). The spectrum of cytochrome556 was obtained as T
described in the text. flash A lax10-2

however, were accelerated more by dithiothreitol than by Ficure4: Flash-induced absorption changes monitored at (A)553
ascorbate, which suggests the electron donation from the540 Bm (Cyto%chror_r(ljec) and (B) SbGS r:jm (cytochromé) 0:3
uinol pool (discussed later). membranes o€. tepidum Traces a, b, and ¢ represent no addition
g .p ( L ) . . (NO) or additions of 20uM antimycin A (AA) or 20 uM

In Figure 5, the kinetics were measured over a wider time stigmatellin (ST). Measurements were carried out at 295 K.

range, between 4s and 1 s, with a time resolution of5. Concentrations of samples were adjusted tApg = 2.0.
Note that the kinetics in the shorter time ranges are expanded,
given the logarithmic expresion of timex-@xis). The In the absence of inhibitors (closed circles in Figure 5),

absorption changes of P840 were also monitored at 540 nmthe re-reduction of cytochrome was simulated as a
(panel A). The P840 formed by the flash excitation was combination of three exponential phases withvalues of
re-reduced with a time constartt,§ of 40 us, parallel to 560 us and 20 and 500 ms, whose estimated contributions
the oxidation of heme. The reaction time was faster than to the total amplitude were 78, 12, and 10%, respectively.
that ¢1e = 150us) observed in the solubilized RC prepara- Small absorption changes at 563 nm were also detected at
tions 28, 32). The incomplete re-reduction of P84after ~0.5 ms and over a longer time range. The kinetics in the
the full oxidation of hemec indicates a small difference  presence of antimycin A (open circles in Figure 5) was fitted
between their redox midpoint potentia8f. As expected, by the 41% (e = 560 us), 44% (e = 20 ms), and 15%
these kinetics were not affected by the addition of inhibitors. (ty. = 500 ms) contributions of each phase. The reduction
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Ficure 5: Redox changes of P840 and cytochrormesdb after

the flash excitation, monitored by absorption changes at 540 nm
(inverted) (A), 553-540 nm (B), and 563 nm (C) betweenus

and 1 s inmembranes o€. tepidum Each kinetics represents no
addition (closed circles) or additions of 20 antimycin A (open
circles) or 20uM stigmatellin (closed squares). The other experi-
mental conditions were similar to those in Figure 4.

of theb-type heme proceeded in parallel with the re-reduction
phase of thee-type heme. In the presence of stigmatellin
(closed squares in Figure 5%90% of the total amplitude
decayed in the slow phasi{= 500 ms) with no absorption
change of cytochromb.

Spectral Changes of Cytochromegime-resolved differ-
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A. no add.
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—0—3.75ms
—a&— 10ms
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—o— 4ms

—e— 38ms

540 56

wavelength (nm)
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Ficure 6: Time-resolved flash-induced difference absorption
spectra ofc- andb-type cytochromes in the absence of inhibitors
(A) or in the presence of antimycin A (B) or stigmatellin (C) in
membranes o€. tepidum Times shown are those after the flash
excitation. Each data point was obtained from the kinetics as
measured in Figure 5. The spectrum of cytochragie the purified

RC complex is also shown (dotted curve).

(A)

557 nm

ence absorption spectra were measured after flash excitation.

In the absence of inhibitors, a difference spectrum with a
sharp peak at 552 nm was observed after A25Figure
6A). The narrow spectrum indicated the fast oxidation of
cytochromec,. A shoulder at~556 nm then increased (see
the spectrum at 250s and later), suggesting the subsequent
oxidation of cytochrome-556. Re-reduction afterward was
not accompanied by any significant spectral changes.

In the presence of antimycin A, a spectrum just after the
flash excitation also showed a narrow bleaching at 552 nm
(Figure 6B). At 625us after the flash, the peak height
decreased without significant changes in the 560-nm region.

Its further decrease accompanied a parallel increase in the

absorption at 563 nm, showing the concomitant reduction
of b-type cytochrome. The maximal amplitudes of the

absorption peaks at 552 and 563 nm were nearly equal to

(B)
§ 1000 ms
ﬁ 1X103
5

tHrett nen

each other, suggesting a one-to-one stoichiometric reactionFIGURE 7: (A) Time courses of the absorption changes monitored

betweerc- andb-type hemes. This clearly demonstrates the
oxidant (oxidized cytochrome)-induced reduction of cy-
tochromeb expected from the Q-cycle modé)(and clearly
indicates the tight coupling of quinol oxidoreductase with
the RC complex.

Time-resolved spectra obtained in the presence of stig-
matellin indicated the sequential oxidations of texype
hemes more clearly (Figure 6C). The difference spectrum
at 125us showed a narrow peak at 552 nm. The 556-nm
shoulder then developed by 1 ms, after which the spectral
shape did not change substantially until 38 ms. However,
the spectrum at 12Bs gave a bandwidth somewhat wider
than that of cytochrome, (the dotted curve in Figure 6C),
suggesting that some part of the hemB56 had already
been oxidized even at this time.

at 552 and 557 nm in the presence of stigmatellin after flash

excitation. (B) Multiflash-induced absorption changes monitored

at 553-540 nm in the presence of stigmatellin. Absorption changes
were induced by six laser flashes at 200-ms intervals. The other
experimental conditions were similar to those in Figure 4.

To determine the reaction times of the twemtype
cytochromes in the faster time ranges, we measured the
absorption changes at 552 and 557 nm in the presence of
stigmatellin (Figure 7A). Their absorbances decreased with
tye values of 554s at 552 nm and 15fs at 557 nm. On
the other hand, Figure 3 indicates the peak and isosbestic
wavelengths for cytochrome, to be at 552 and 545/557
nm, respectively; those of cytochroneeb56 are 556 and
545/562 nm, respectively. The absorption change at 552 nm
is thus expected to result from a mixture of cytochroroes



12298 Biochemistry, Vol. 37, No. 35, 1998 Oh-oka et al.

andc-556 and that at 557 nm to be almost exclusively from

cytochromec-556. The actual oxidation time of cytochorme ;?FB _
¢, could be estimated as 4@ from the kinetics at 552 nm, o te & ke
when we eliminated the contribution of cytochrom®56 Fp \

at 552 nm by using the time course at 557 nm (not shown).
In the absence of the inhibitors, both cytochroncesnd
c-556 were re-reduced in parallel, withe values of 50Qus
(Figure 6A).

We also examined the number of photooxidizable heme L
molecules per P840 by using multiple flash excitations in ﬁ
the presence of stigmatellin. The total extent of the
absorption change monitored at 553 nm after a train of six ISl
flashes was nearly twice (1.8-fold) that after the first flash cyte-556 \ @ ; ),cht c,
(Figure 7B). Similar experiments in the presence of sucrose FIGURE 8: Schematic illustration of quinol oxidoreductase (cyto-

monolaurate detergent, which is expected to dissociatechromebic) and the RC complex il€. tepidum Conformational
membrane-bound protein complexes and to decouple theirgating of membrane-bound cytochromenediates electron transfer

mutual linkage, also showed a 2.2-fold absorption change between the two complexes.
after the six flashes (data not shown). These results indicate
that 2-3 molecules ot-type hemes can be oxidized by P840. P

quinol

Rieske 2Fe2S <

hemes by and by

DISCUSSION Rieske Fe-S —> heme ¢-556 (¢, ?)

. - 20 ms < 560us
Oxidant-Induced Reduction of Cytochrome Im the heme c, P840
present work, we have demonstrated the reduction of the 150s 40us

b-type cytochrome coupled with the re-reduction of the flash-

oxidized c-type hemes (the oxidant-induced reduction of 1 fiagh excitation oxidized P840 and then hemneith
cytochromeb). The results |_nd|cat¢ the tight coupling of tye = 40 us. The hemes, andc-556 equilibrated to each
electron transfer between quinol oxidoreductase and the Rcother withtye = 150us. The oxidized hemes were partially

complex inC. tepidum re-reduced, presumably by the Rieske FeS center without
The effects of antimycin A and stigmatellin on the kinetics changes in the redox state of hentieftye < 560 us); this

of the c- andb-type cytochromes observed in this study are \yas followed by their complete re-reductions, which occurred

very similar to those reported in the typical cytochrob®® i parallel with the reduction of cytochromie as in the

complex in m|tochor_1dr|a or purple photosynthetic bact_erla presence of antimycin Afe = 20 ms). Apparently, hemes

(7, 45) and are well interpreted by the Q-cycle mechanism o 54 ¢.556 sequentially mediate the electron transfer

(9). Antimycin A is known to inhibit the quinone reduction o veen Pg4dand quinol oxidoreductase. Therefore, heme

at the _ane dea}cent to herﬂm, aqd stigmatellin inhibits ¢-556 functions as a counterpart to hemen the ordinary

the quinol QX|dat|on at thg ane_ adjacent to hemta. (44), cytochromeb/c; complex (although it is still possible that

as shown in the three-dimensional structures of the cyto- hemec-556 is on more of a side path). The tbetype

chromeb/c, complexes 10, 11). The low extent ob-type hemes that absorb at 560 and 557 and at 563 and 561 nm at

heme reduction detected in the absence of inhibitors may290 and 77 K, respectively (see Figure 2), will thus serve as
also be interpreted as the concomitant oxidation obthge , resp y 9 '
hemesby and b, respectively, or vice versa. The rate of

heme (hemé,) on the @site coupled to the oxidant-induced . :
reduction of theb-type heme (heme,) on the Q-site ©). the electron f|OW from quinol also depgnds on the reduc.tlon
: , . level of the quinone pool. The function of low-potential
The.ammo auql sequences @hlorobmmcytochromeb . hemec-552, which is reducible only with dithionite (see
and Rieske protein show some homologies to those of thelrFigure 2), remains to be studied
counterparts in the cytochronbgf complexes of chloroplasts ' '
and cyanobacterialf). The high sensitivity of quinol What then is the role of water-soluble, low-molecular-
oxidoreductase irC. tepidumto antimycin A, however, =~ mass (10-kDa) cytochromein green sulfur bacteria? The
contrasts with the low sensitivity of the cytochrorbgf cytochromec-554 inC. tepidum(c-555 inC. limicola) might
complex to this inhibitor, suggesting different structures operate between the quinol oxidoreductase and the RC
around the @sites as revealed by the comparison between complex in parallel with cytochrome or csss (1) or both,
their amino acid sequencekg]. The features presented here or it might be specifically involved in the metabolism of
rather resemble those of the cytochrobie; complex {7, sulfide or thiosulfate oxidation(s). Kjeerulff et al4)
45). The most remarkable feature of the quinol oxidoreduc- reported difficulty in obtaining transformants that lack
tase in the isolated membranes®f tepidumseems to be  cytochromec, in C. vibrioforme, which suggests an indis-
the tight coupling with the RC complex, which is mediated pensable function for this cytochrome in the electron-transfer
only by the membrane-bound cytochronsand c-556. pathway. It is not clear, however, how the reaction scheme
Reaction Scheme from Quinol to P840he results inthe  described above helps to interpret the recently postulated
present study suggest the following electron-transfer se-cytochrome reactions in intact cells, which support somewhat
quence and reaction times (see also Figure 8). different reaction times and absorption peak§)(
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Stoichiometries of c-Type Hemes to P84lhe contents  organized in this sequence as one transcriptional €imit (
of c-type hemes in the membranes can be estimated fromoperon) in most proteobacteriaq 20). In Chlorobium the
the chemically induced difference absorption spectra at 290 petC gene could not be identified with a sequential gene
K (see Figures 2 and 3) by assuming the (difference) cluster ofpetAandB (fb-operon) (8). A crude fraction rich
absorptivities as followsAe = 20 mM~1 cm? for the o-peak in cytochromeb from the membranes df. limicola also
of each heme, Aegso = 52 mM~1 cm™! for P840, andkgig lacked cytochromec; and contained a small amount of
= 100 mM* cm for BChl a. We recalculated the value cytochromec, (49). However, the present results suggest
of Aegso from the P840 difference absorption spectrum that cytochromec-556 plays the role of cytochrome,
obtained in the isolated RC complex by usifiggso = 100 although its estimated molecular mass of 21 or 17 kDa is
mM~1cm~!to minimize any error caused by the overlapping somewhat smaller than those of the ordinary cytochrome
bleach or shift of antenna BCllaround a 810-nm region  molecules (36-35 kDa) (9, 20). Recently, an unusual
observed in membranes (data not shown). The presentcytochromec; (29 kDa), showing an NHterminal portion
membrane preparation was estimated to contain (per molesimilar to the subunit IV obg/f complexes, has been reported
of BChl a) 0.043 and 0.026 mol of high-potential henes in Bacillus subtilis(50). The primary structure of cyto-
andc-556, respectively, and 0.028 mol of low-potential heme chrome ¢c-556 is therefore of interest and now under
¢-552. The molar ratios of the hemes ¢-556,c-552, and investigation.
total BChla to the P840 were then calculated to be 2.1, 1.3, The electron-transfer scheme in Figure 8 seems to
1.4, and 55, respectively. Because the purified RC complex constitute a reasonable energy conversion systert.in
of C. tepidumhas two identical molecules of cytochrorme tepidum The E,, values for P840 and cytochronug are
per P840 28), we could therefore expect almost equal +235+4 10 mV and+170+ 10 mV, respectively45, 43).
amounts of quinol oxidoreductase (cytochrdofeg complex) Although theE, value of heme-556 is unknown, it should
and the RC complex when we considered the stoichiometry be close to the reported160 mV E,, value of a Rieske FeS
to be ~2 cytochromes;, per 1 cytochrome-556. center (5), judging from the partial reduction by the Rieske

The experiments in Figure 7B indicated the 1.8-fold larger FeS center detected in this study. The time-resolved
absorption change at 553 nm after the series of six-flash difference spectra observed at longer times seem to indicate
excitations. This suggests the existence e882molecules a mixture of hemes, andc-556 in the ratio of 1.0 to 07
of photooxidizablec-type hemes per P840 (note that heme 1.0. This suggests that tlg, of hemec;, is 0—10 mV more
¢-556 has lower absorption at 553 nm), as was estimated bypositive than that of heme-556. TheE,, values of—70
Okumura et al.Z5) in the C. tepidummembranes. Franken and—140 mV were reported for hemds andb,, respec-
and Amesz47) also detected the turnover of 2 henogser tively (17), values 106-150 mV more negative than those
RC in the Prosthecochloris aestuarimembranes. They of their counterparts in plant chloroplasts, cyanobacteria, and
interpreted the finding as showing the sequential electron purple bacteria. However, menaquinone-7 (MQ-7) with an
transfer between 2 hemes with similgg, values but with En = —81 mV (12) in the Chlorobium membrane has a
slightly different peak wavelengths in tetraheme-type cyto- reducing power strong enough to operate the Q-cycle.
chromec. However, their results might be better understood Another major quinone in the same membrane, 1-oxo-MQ-7
as the sequential function of the high-potential hemesd (Chlorobiumquinone), with a more positive, (+35 mV),
¢-556. In fact, the anomalously high viscosity dependence might be involved only in the SQR activity51). The
of the oxidation rate of heme they reported is a unique  membrane-bound cytochromes and c-556, which are
feature of the reaction of cytochroreg(32). These results  situated close to each other, seem to efficiently connect the
are thus consistent with the conclusion of the present studyRieske FeS center and P840, even with small energy gaps.
that >2 hemes-at least 1 or presumably 2 hemgsand 1 The connecting system is apparently very different from that
hemec-556—are linked to P840. The precise stoichiometry between cytochromds/f complex and PS | RC in the
of the cytochromes that actually function in the coupling oxygenic photosynthetic organisms),(although the con-
between quinol oxidoreductase and the RC complex is now nection on the reducing side @hlorobiummembranes still
under investigation. remains to be studied.

In other species of green sulfur bacteria, the membrane- The coupling of quinol oxidoreductase and the RC
bound cytochromes as well as their coupling to quinol complex has also recently been demonstrated by flash-
oxidoreductase or to the RC complex (or both) have not yet induced turnovers adf- andc-type hemes in whole cells of
been clearly shown. The isolated RC complex ©f Heliobacillus mobilis(52). Similar membrane-bound cyto-
vibrioforme was reported to contain 0.8-1.2 molecules of chromes might be involved in the coupling reaction because
cytochromec, (30, 31), which shows 84% homology of the heliobacteria (Heliobacteriaceae), which are Gram-
amino acid sequences to the cytochrompef C. tepidum positive photosynthetic bacteria containing the PS I-type RC
(32). The 32-kDa, tetraheme-type cytochromeecently complex 63), are considered to have no water-soluble

isolated from the membranes Gf limicola (48) was not, cytochromes %4).

however, detected in the present membraneS.dépidum The properties of cytochrome, resemble those of the

(see Figure 1). membrane-bound cytochronog that functions in parallel
Architecture of Quinol Oxidoreductase in C. tepidum. with cytochromec; in R. capsulatug4). Cytochromec,,

typical cytochromeb/c; complex contains 1 heme on which has 199 amino acid residueS5( and a single
cytochromec,, a high-potential [2 Fe2 S] center on Rieske  membrane-spanning helix in the Mterminus, donates an
protein, and high- and low-potential hemes on cytochrome electron to the RC complex;{, < 100us) and is re-reduced

b (see Figure 8). They are encoded on genes designateadtoncomitantly with the reduction of cytochrorbe That their
petA B, andC (or fbcF, B, andC), respectively, which are  functions are analogous seems to be supported by the
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common structural features of their Btermini anchored
to the membranes, although their amino acid sequences show

no meaningiul Slm”aml.e.s to each other. In summary, We. chromes Japan Scientific Societies Press, Tokyo, Japan, and
have shown that the efficient electron-transfer system medi- Springer-Verlag.

ated by the cascade of membrane-bound cytochromes so far24. Yamanaka, T., & Okunuki, K. (1968) Biochem. 63341

reported inR. capsulatuss also distributed in a different 346. )

phylum of photosynthetic bacteria, Chlorobiaceae. This 25 Okumura, N., Shimada, K., & Matsuura, K. (19&4jotosynth.
system might represent the one of the early forms in the .o iﬁf‘é&l 1D25301|‘i’30‘1' P., Robert, B., & Nitschke, W. (19)r

evolution of energy-coupling between membrane-bound e 30- o T '

J. Biochem. 249630-636.
supermolecular complexes. 27. Kusumoto, N., Inoue, K., Nasu, H., & Sakurai, H. (1924#nt
Cell Physiol. 35 17—25.
28. Oh-oka, H., Kamei, S., Matsubara, H., lwaki, M., & Itoh, S.
(1995) FEBS Lett. 36530—34.
29. Oh-oka, H., Kakutani, S., Kamei, S., Matsubara, H., lwaki,
M., & Itoh, S. (1995)Biochemistry 3413091-13097.

30. Okkels, J. S., Kjeer, B., Hansson,, Svendsen, |., Mgller, B.
L., & Scheller, H. V. (1992)). Biol. Chem. 26,721139-21145.
31. Kjeer, B., Jung, Y.-S., Yu, L., Golbeck, J. H., & Scheller, H.

V. (1994) Photosynth. Res. 4105-114.
32. Oh-oka, H., lwaki, M., & Itoh, S. (1997Biochemistry 36
9267-9272.

22. Kusai, K., & Yamanaka, T. (1973iochim. Biophys. Acta
325 304-314.
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