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ABSTRACT: The purple photosynthetic bacterilRinodaulum sulfidophilunhas an unusual reaction center-
(RC-) bound cytochrome subunit with only three hemes, although the subunits of other purple bacteria
have four hemes. To understand the electron-transfer pathway through this subunit, three miRants of
sulfidophilumwere constructed and characterized: one lacking the RC-bound cytochrome subunit, another
one lacking cytochrome,, and another one lacking both of these. The mutant lacking the RC-bound
cytochrome subunit was grown photosynthetically with about half the growth rate of the wild type, indicating
that the presence of the cytochrome subunit, while not indispensable, is still advantageous for the
photosynthetic electron transfer to support its growth. The mutant lacking both the cytochrome subunit
and cytochrome; showed a slower rate of growth by photosynthesis (about a fourth of that of the wild
type), indicating that cytochrome is the dominant electron donor to the RC mutationally devoid of the
cytochrome subunit. On the other hand, the mutant lacking only the cytochmnmene grew
photosynthetically as fast as the wild type, indicating that cytochron®not the predominant donor to

the RC-bound triheme cytochrome subunit. We further show that newly isolated soluble cytockbdhe

with a redox midpoint potential of-238 mV reduced the photooxidized cytochrome subunit in vitro,
suggesting that-549 mediates the cytochronegindependent electron transfer from thg complex to

the RC-bound cytochrome subunit. These results indicate that the soluble components donating electrons
to the RC-bound triheme cytochrome subunit are somewhat different from those of other purple bacteria.

The photosynthetic reaction center complex is the central clarified. In such species, the soluble cytochromes carry
component in the biological conversion of light energy, and electrons directly to the photooxidized bacteriochlorophyll
it forms a cyclic electron-transfer system together with the dimer (1—3, 5).
cytochromebc, complex; soluble cytochromes, and mem- o previous studies have shown that the heme-1 most
branous quinoned{-3). The RC complex of purple bacteria istantly located from the special pair works as the direct
typically consists of L, M, H, and cytochrome subun#.(  gjectron acceptor from soluble electron carri€)sindicating

?I'hef;:ytochfromedsubunit usuall;;qhas fcnﬂtyp?] hemes ﬁmd that all four hemes are involved in the electron transfer from
IS to En re erreb t.(: as a tetra;her_ne Cy(;pct rOIlﬁ)et T ed soluble electron carrier proteins to the special pair in
cytochrome subunit Serves as the iImmediaté electron donorg, i, ax gelatinosusind probably irBlastochlorisviridis.

to the photoomdaed speqal pair O.f bacteriochlorophylls, and However, inRhodaulum sulfidophilumwe found that the
the oxidized hemes of this subunit are rereduced by solublep~ . 0\ cytochrome subunit contains only three heme-
electron carriers such as cytochromé€1—3, 5). Since some binding motifs and the heme-1-binding motif is abseRt

pL_lrpIe bacteria, such a%hodo_ba_ct_elspemes, do not hgve . Methionine residues that are the axial ligands to heme-1 and
this cytochrome subunit, the significance and the physiologi- heme-2 irons inB. siridis were also not present in the

cal importance of the cytochrome subunit are still not fully cytochrome subunit oR. sulfidophilum This unusual cy-
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In this study, we constructed and characterized Fhe A)
sulfidophilummutants lacking the RC-bound cytochrome [ G SmiSp PUFC1/DNC2
subunit, cytochromes,, and both of these to clarify the \ : -
physiological role of the proteins for photosynthetic electron- ,'®%
transfer reactions. The results indicate that the unusual
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cytochrome subunit is involved in but not essential for
photosynthetic growth in this bacterium. Cytochrocaeoes prM>| pufC > I ORFE41
not seem to be the dominant electron donor to RC in the
wild-type cells. The electron transfer from a newly identified B) ig Sm/Sp = c21
soluble cytochromes-549, to the RC-bound cytochrome was ., —
demonstrated. — ~
pstl Clal pstl
MATERIALS AND METHODS ' ' '
. ' . N beho > oA | < ORF274

Bacterial Straings Media, and Growth ConditionsThe .
photosynthetic bacteriufR. sulfidophilunstrains W4 (wild "\
type), PUFC1 pufCmutant), C21 ¢ycAmutant), and DNC2 DNG2

(pufC-cycAdouble mutant) were cultured at 3G in an RCV . _ . _
medium Q) supplemented with 0.35 M sodium chloride and FIGURE 1: Physical and genetic maps Bf sulfidophilum pufC
0.1% yeast extract (DIFCO). lllumination was provided by (&) andcycA(B) regions. ORFs and their directions of transcription

) are represented by open arrows. Insertions of thdgmQ and
60 W tungsten lamps (50 W/nfor photosynthetic growth. Kmr cartridges are indicated. The constructions of PUFQifG

Aerobic growth was achieved by shagia 5 mLculture in mutant), C21 ¢ycAmutant), and DNC2pufC-cycAdouble mutant)
a 50 mL L-shaped tube at 100 strokes per minute in darknessare described in Materials and Methods.

Escherichia colistrains DH%, JM109 @pir), S17-1, and
S17-1 gpir) (10, 11) were grown at 37C in a Luria—Bertani
medium. Antibiotics were added at the final concentrations
given toE. coli cultures [ampicillin (10Q:g/mL), kanamycin
(25 ug/mL), streptomycin (5Q:g/mL), or chloramphenicol

gg # gllmll__))]o?ns(tjrégs) 'msyli:lif;‘d?;Q‘hgl;rrnnf)lilt\/L;Leesre[kr?encaerg;'r; pCYCA10IAKmCm. Plasmid pJSC hassacBgene encod-
# " ing the lavansucrase &acillus subtilis(15). The expression

Construction of the R. sulfidophilum pufC Mutant Strain. ¢ s3cB in the presence of sucrose is lethal for many
The BamHI—Sad fragment of plasmid pUFS1011%) Gram-negative bacteria 1§). The resulting plasmid,
containing thepufCgene encoding the RC-bound cytochrome  h,cycA101AKmMCm, was transferred into tH. sulfidophi-
subunit was blunt ended and then subcloned into aym pufc mutant strain, PUFC1, by conjugation with the
Km'-suicide vector pJP56031§) at Smd—Hincll sites,  opilizing strain S17-1K1). Km' cells grown in the presence
yielding plasmid pUFCO01. The 0.4 kBal fragment of ¢ 504 sucrose were selected as double-crossover candidates,
PUFCO01 spanning thpufC gene was replaced by the 2.0 g the chromosomal insertion was confirmed by Southern
kb Sni/Sp € cassette 14), yielding plasmid pUFCOQR. hybridization. The mutant strain was designated DNC2.
The plasmid was then transferred iRosulfidophiluncells Purification of Soluble Cytochromes and Preparation of
by conjggation with the mobilizing strain S17-1 lysogenized \jembranesCells and membranes & sulfidophilumwere
with Apir (11). Sni Kms cells were selected as double- prepared as described previousk. (The membrane prepa-

crossover candidates, and the chromosomal insertion WaSations were treated with 0.01% Triton X-100 to exclude
confirmed by Southern hybridization. The mutant strain was he effects of residual soluble cytochromes within closed

designated PUFCL1. chromatophores as described previoug)y The supernatant
Construction of the R. sulfidophilum cycA Mutant Strain. after ultracentrifugation of disrupted cells was subjected to
The 2.0 kb SriiSp Q cassette ¥4) was inserted into the  ammonium sulfate precipitation. The fraction precipitated
Clal site of thecycAgene ofR. sulfidophilumin plasmid  petween 40% and 100% saturation of ammonium sulfate was
pCYCA101, which contains a 2.3 Kbsl insert @), to create  collected, dialyzed against 5 mM Tris-HCI (pH 8.0), and
plasmid pCYCA10% (Figure 1). The pPCYCAL0R and the  applied to a DEAE-Sepharose Fast Flow (Pharmacia) column
Km'-suicide vector pJP56038) were digested withKpnl equilibrated with the same buffer. A stepwise gradient of
at polycloning sites and ligated together to construct plasmid sodium chloride was applied for elution. Cytochromes were
pCYCA101QKm. The plasmid was then transferred ifiRo  eluted with 156-250 mM sodium chloride. The cytochrome
sulfidophilumcells by conjugation with the mobilizing strain  samples were further purified by preparative electrophoresis.
S17-1 (1). Sni Kme cells were selected as double-crossover The buffer system was essentially according to Davg).(
Candidates, and the chromosomal insertion was confirmedTWO collared bands were observed. These bands were
by Southern hybridization. The mutant strain was designatedexcised separately and crushed in loosely fitted homogeniz-
C21. ers. Phosphate buffer (10 mM) (pH 7.8) was added to the
Construction of the R. sulfidophilum cycA-pufC Double homogenizer to suspend the crushed gels. The cytochromes
Mutant Strain.The 1.3 kb Km cassette {4) was inserted  were eluted from the crushed gels placed on glass filters fitted
into the Clal site of thecycAgene ofR. sulfidophilumin with paper filters by washing. The two purified cytochromes
plasmid pCYCA101, which contains a 2.3 Rist insert @), were run on SDSPAGE gels (18%). Thec-type cyto-
to create plasmid pCYCAL1@IKm (Figure 1). The direction ~ chromes were stained for their heme peroxidase activity using

of transcription of the Krhgene was the opposite of that of
thecycAgene in this construction. Plasmid pCYCAXKmM

and a Cmsuicide vector pJSC were digested wkba at
polycloning sites and ligated together to construct plasmid
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Ficure 2: Flash-induced absorbance changes in purified membrane Time (hour)

fragments isolated from thR. sulfidophilumwild type (a) and FiIGurRe 3: Growth profiles of wild type (circles), PUFC1 (squares),
PUFC1 mutant (b). Membrane preparations free of soluble com- C21 (triangles), and DNC2 (diamonds) Rf sulfidophilumunder
ponents were suspended with 5 mM Tris-HCI (pH 7.8) supple- photosynthetic conditions (50 WAn The measurements were
mented with 0.1% Triton X-100, 0.5 mM ascorbate, andu®0 started by inoculation dfz¢th volume of late log phase cells grown
DAD. aerobically.

3,3,5,5-tetramethylbenzidine (TMBZ) and 49, by the between the wild type and C21 lacking cytochrogaeT his
m,et,hc’)d of Thomas et al1{). suggests that cytochroneg encoded by theycAgene, does

Spectral and Protein AnalysisOptical densities and not have a major role in the photosynthetic electron transfer

absorption spectra were measured with a UV-160 or UV- in the wild type ofR. sulfidophilum.que\{er, the DNC2
3000 spectrometer (Shimazu). Protein content was deter-Stra'n showed very slow growth (doubling time of about 11.5

mined with a Bradford assay kit (Bio-Rad Laboratories). h), indicating that cy_tochr0|_| ® is the major electron d(_)nor
Flash-Induced Absorbance Change Measuremefhe to thg photosynthetic reaction ce_nter complex mutationally
) ", _devoid of the cytochrome subunit. The growth rate of the
flash-induced absorbance changes were recorded with

single-beam spectophotomete8), In each measurement the NC2 was not changed after re-inoculation in fresh medium
concentration of membranes was adjusteddg, = 2.0. after 4 days of growth, indicating no suppressor effect in

the mutant during the photosynthetic growth. When grown
RESULTS under aerobic dark conditions, the doubling times of all the
mutants and that of the wild-type strain were identical (about
Construction and Phenotypes of Mutants Lacking the RC- 2.5 h) (data not shown).
Bound Cytochrome and CytochromeTheR. sulfidophilum Purification of Soluble Cytochromes from the Cytochrome
pufCgene encoding the RC-bound cytochrome subunit was ¢, Mutant. To elucidate soluble components in the photo-
interrupted by exchanging a 0.4 kb fragment containf{C synthetic electron-transfer system Rf sulfidophilum the
sequences with a Smartridge (Figure 1), and the mutant soluble fractions after the disruption of cells of the wild type
strain was named PUFC1. Figure 2 shows the flash-inducedand C21 grown photosynthetically were examined by redox-
oxidation kinetics ot-type cytochromes in the Triton X-100-  difference absorbance spectra. The changes imtheaks
treated membrane preparations of wild type and PUFCL. By of c-type cytochromes were monitored after reduction by
using the detergent during preparations and measurementsascorbate as shown in Figure 4A. The spectra obtained were
the effects of soluble cytochromes enclosed and attached tovery different between these two strains. In the wild type, a
the chromatophore membranes became negligi)ler( the sharpa-peak was observed at 551 nm. This peak seems to
wild type, fast photooxidation of cytochromes was observed be due to cytochrome, because thei-peak was absent in
as an absorbance decrease at-3520 nm, suggesting the the spectrum of C21. Although the content of soluble
oxidation of the RC-bound cytochrome subunit. On the other cytochromes in C21 was largely decreased, compared to that
hand, no photooxidation of cytochromes was observed in of the wild type, significant amounts aftype cytochromes
the kinetics of PUFC1 membranes, indicating that the RC- seemed to be still present, and the spectrum showed that the
bound cytochrome subunit was absent in the PUFCL1 strain.o-peak wavelength is different from the major peak in the
To identify the photosynthetic electron-transfer compo- spectrum of the wild type. These results indicated tHgpe
nents inR. sulfidophilum the cytochromec, gene ¢ycA cytochromes other than cytochroneg are present irR.
was deleted in the wild-type and PUFC1 strains and namedsulfidophilum These cytochromes may be functionally active
C21 and DNC2, respectively (see Figure 1 and Materials to reduce the RC-bound cytochrome subunit because C21
and Methods). Figure 3 shows the photosynthetic growth had the ability to grow photosynthetically at the same rate
curves of PUFC1, C21, DNC2, and wild-type strains. as the wild type (Figure 3).
PUFCL1, lacking the RC-bound cytochrome subunit, was able The soluble fractions from the wild type and C21 were
to grow photosynthetically, although its doubling time (6.8 separately adsorbed to DEAE-cellulose columns and eluted
h) was longer than that of the wild type (3.3 h). This indicates with a gradient of NaCl. Pink bands were eluted between
that the cytochrome subunit is not essential for photosyntheticfractions from number 4 to number 6, which corresponded
growth but is definitely significant for the photosynthetic to the elution with 156-250 mM NacCl. Panels B and C of
cyclic electron transfer in growing cells. On the other hand, Figure 4 show the absorption spectra of these fractions
there was no significant difference in photosynthetic growth reduced by ascorbate from wild type and C21, respectively.



11214 Biochemistry, Vol. 41, No. 37, 2002 Masuda et al.

A)

| 0.005 O.D.

c21

530 540 550 560 570 580 b

350 400 450 500 550 600

B
) a b
46 kDa =
30— L
21— _
No. 4 14=" .
\N 6=|

. . . , FIGURE 5: Properties of soluble-type cytochromes isolated from
530 540 550 560 570 580 the C21 mutant. (A) Ascorbate-reduced absorption spectra of two
cytochromes purified from C21. The-peaks of the cytochromes
were 549 (a) and 556 nm (b). (B) SB®AGE and heme staining

of cytochromesc-549 (a) andc-556 (b) purified from strain C21.
Molecular mass markers are in kilodaltons.

0.005 O.D.

were still present in C21. On the other hand, thpeak at
551 nm was absent in C21, indicating that this peak was
derived from cytochromes.

The two newly identified cytochromes were further
purified from the eluted samples of C21 by preparative
electrophoresis. Figure 5A shows the absorption spectra of
the purified cytochromes from C21. The-band peak
No.4 wavelengths of the reduced forms were at 549 nm (a) and
556 nm (b). The redox midpoint potentials of the newly
isolated cytochromes-549 andc-556 were+238 and+73
mV, respectively, based on redox titrations in thdand

Wavelength (nm) region (data not shown). On SDS gel electrophoresis,
FiIGUrRe 4: Detection and purification of soluble cytochromes from  ¢ytochromes-549 andc-556 appeared to be about 25 and
the R. sulfidophilumwild type and C21 mutant. (A) Ascorbate- 14 kDa, respectively (Figure 5B).
reduced minus ferricyanide-oxidized difference spectra of chro-  Photosynthetic Electron Transparta a Newly Identified
e st Eommermaone. o St b iy CLOChTome ¢-549.The purified cytochromes»549 anc
were adjus?ted to 2 mg/mL. (B and C) Ascorbate-reduced spgctrac'55_6’ Wgre added separately to membrane fractior3. of
of elution samples from the DEAE column containing cytochromes Sulfidophilumto measure the electron transfer from soluble
from the wild type and C21 mutant, respectively. Numbers 4, 5, cytochromes to the reaction center in the membrdrigsire
and 6 indicate the order of the collected elution samples (see text).6 shows the light-induced changes of the spectra recorded
Conditions for absorption of the supernatants to the DEAE column pafore and after the addition of549. The spectra at 1 ms
and elution of cytochromes by sodium chloride were exactly the .
same in experiments B and C. after the flash (Flggre §A) showed a peak at around 554 nm

due to the photooxidation of the RC-bound cytochrome both

In the wild type, a-peaks ofc-type cytochromes were in the absence and in the presencec@49. On the other
observed at around 549 and 551 nm in fractions 4 and 5 andhand, the spectrum at 100 ms after the flash in the presence
at around 549 nm in fraction 6 (Figure 4B). A small shoulder of ¢c-549 showed a shift of the peak wavelength to around
could be observed at around 556 nm in fraction 6 (Figure 548 nm (Figure 6B, squares), although that in the absence
4B), indicating that three cytochromes with peaks at 549, of the cytochrome showed no such shift. This peak shift
551, and 556 nm seemed to be present in the wild type. Incorresponded to the oxidation 0f549, indicating that the
the C21 strain, am-peak was observed at around 556 nm cytochrome is able to reduce the photooxidized RC-bound
in fractions 4 and 5 and at around 549 and 556 nm in fraction cytochrome subunit. The second-order rate constant of the
6 (Figure 4C). Two soluble cytochromes549 andc-556, reaction was calculated to be 2310 M~1 s™1. At that

530 540 550 560 570 580
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FIGURe 7: Spectra of flash-induced changes in the membrane
B) 6 fragment isolated from the PUFC1 mutant Bf sulfidophilum
Absorbance changes recorded 20 ms after the flash in the absence
4r of soluble electron donors (circles) and after addition qiN\3
cytochromec, (squares) were plotted versus wavelength. The
2 r mixtures were supplemented with 5 mM Tris-HCI (pH 7.8)
supplemented with 0.1% Triton X-100, 0.5 mM ascorbate, and 20
§ ol uM DAD.
o
x 27 the soluble cytochromes to the RC lacking the cytochrome
5 | subunit was also measured in the prepared membrane. The
4 purified cytochromes were added to membrane fractions of
s b the R. sulfidophilummutant lacking the RC-bound cyto-
chrome subunit (PUFCL1). Figure 7 shows the light-induced
8 changes of the spectra recorded at 20 ms after the flash in
. . , , . . , the absence and presence oiSl cytochromec, of R.
'10535 50 545 550 555 560 565 570 575 sulfidophilum.The spectrum in the presence of cytochrome
C; (squares) showed a peak at around 551 nm due to the
Wavelength (nm) photooxidation of cytochrome,, while that in the absence
FiGuRe 6: Electron transfer mediated by cytochrora&49 in Of cytochromec; (circles) did n_ot show any peaks. The
membrane preparations of e sulfidophilumwild-type strain. difference of the spectra confirmed the electron-transfer

Flash-induced absorbance change spectra of membrane preparationgactions from cytochrome, to the RC complex mutation-
of R. sulfidophilumin the absence (A) and in the presence (B) of g|ly devoid of the bound cytochrome subunit. On the other
1 uM cytochromec-549 are shown. Spectra at 1 ms (circles) and g the spectra in the presence of the same concentration

100 ms (squares) after the actinic flash are shown. The mixtures - .
were supplemented with 5 mM Tris-HCI (pH 7.8) supplemented ©f C-549 and/orc-556 did not show any peaks, indicating

with 0.1% Triton X-100, 0.5 mM ascorbate, and 281 DAD. no photooxidation of these soluble cytochromes by the
condition, cytochrome, was shown to reduce the RC-bound membrane fractions in the time range (data not shown). These
cytochrome subunit with a rate constant of 5106 M1 results suggest that cytochromss the major electron donor

s (data not shown), indicating thet549 is actually a better to Fhe RC mut'ationally devoid of thg cyto_chrome subunit.
electron donor to the RC-bound cytochrome subunit than ThiS agrees with the growth properties (Figure 3) showing
cytochromec,. that the strain Iacklng_ both the cytochrome subunit and
On the other hand, cytochromes56 is not a good electron cytochrpmecz resulted in the very slow rate of the photo-
donor to the RC-bound cytochrome subunit. Since beib6 synthetic growth.
and the RC-bound_ c_ytochrome subu_mt absorb at nearly theDISCUSSION
same wavelength, it is almost impossible to detect an electron
transfer between these two cytochromes by spectral analysis We previously reported a unique cytochrome subunit
of light-induced absorption changes as shown for cytochrome bound to the RC ifR. sulfidophilunin terms that it contains
c-549 (Figure 6). We, instead, measured the multiple flash- only three heme-binding motifs instead of the usual f@yr (
induced absorption changes of the membrane preparationdro elucidate the photosynthetic electron transfer through this
in the absence and presence of soluble cytochromes. Typi-subunit, three mutants &. sulfidophilumwere constructed
cally, we excited the membrane preparations with eight and characterized: one lacking the RC-bound cytochrome
successive flashes of 20 ms intervals. The absorption changesubunit, another one lacking cytochromeand another one
of cytochromes are almost identical between the presencelacking both of these. The PUFCL1 strain lacking the RC-
and absence @f556, whereas the absorbance decrease wasbound cytochrome subunit grew twice as slowly as the wild-
observed after each flash in the presence-649 (data not  type strain under anaerobic light conditions (Figure 3),
shown). These observations suggest that there is no apparentdicating that the loss of the cytochrome subunit is
electron transfer frone-556 to the RC-bound cytochrome disadvantageous but not absolutely required for the photo-
subunit within times of milliseconds. synthetic growth irR. sulfidophilumThis growth inhibition
Reduction of the Photooxidized RC Lacking the Cyto- may be caused by a lack of rapid rereduction of the
chrome SubunitThe photosynthetic electron transfer from photooxidized special pair by the bound cytochrome subunit
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(Figure 2). The similar phenotypic effect caused by the
mutation on the RC-bound cytochrome subunit was reported
in another purple bacteriunRubrivivax gelatinosuswhich
has a usual RC-bound tetraheme cytochrome subLgjit (
These results directly show that the RC-bound cytochrome
subunit containing only three hemes still mediates the
photosynthetic electron transfer in this bacterium.

In our recent study, cytochronmsg was shown to be able
to donate electrons to the RC complex in vitro i
sulfidophilum (8). However, the mutational loss of cyto-
chromec, does not have any effect on the photosynthetic
growth (Figure 3), indicating that cytochronog is not a
dominant electron donor to the RC-bound cytochrome
subunit in this bacterium. Two soluble cytochrome£49
and c-556, were identified in the cytochrom& mutant
(Figure 5A), and one of the cytochromesb549, reduced
the photooxidized RC-bound cytochrome subunit with a
higher second-order rate constant (.30’ M~* s ™) (Figure
6) than cytochrome, did (3.5 x 10° M~ s1) (data not
shown). These results suggest x&49 is an actual electron-
transfer component in the photosynthetic electron-transfer
system ofR. sulfidophilum

In the phylogenetically related purple bacterii®hodo-
bacter capsulatysa mutant lacking cytochrone could also
grow photosynthetically 20). Genetic and biochemical

Masuda et al.

related Rhodobacterspecies which lacks the cytochrome
subunit even in the wild type. In these organisms, cytochrome
¢, (and an isocytochrome; in R. sphaeroidésis the sole
soluble electron donor to the RC complexés-8).

Three classes of cytochronm® (c-551) are known in
purple bacteria. Each class is named S (short), M (medium),
or L (long) depending on the number of chain insertid2® (
23). Interestingly, RC complexes in species that have the
L-type cytochromes, tend to lack a cytochrome subunit (e.g.,
Rhodobactespecies), suggesting that the L-type cytochrome
c; of purple bacteria has evolved from the S-type to have
insertions {, 22—24), which may have advantages for an
electron donor to the RC complexes lacking the cytochrome
subunit. The alignment of amino acid sequences of cyto-
chromec, from several purple bacteria revealed that cyto-
chromec; of R. sulfidophilumis an L-type 8), suggesting
that it could not be a good electron donor to the RC-bound
cytochrome subunit. Previous studies with Rieodobacter
species have shown that cytochromes also involved in
other electron-transfer pathways than the cyclic electron
transfer during photosynthesid¢<3). It may be that the
major role ofR. sulfidophiluntytochromec; is not to donate
electrons to the RC-bound cytochrome subunit containing
only three hemes but to donate them to other electron-transfer
components involved in aerobic and anaerobic respiratory

studies have revealed that the membrane-bound cytochromgathways. In this sense, cytochromes also suggested to

¢, mediates electrons from thee;, complex to the RCZ1).

We thought that the cytochrom® homologue might also
be present irR. sulfidophilumand mediate photosynthetic
electron transfer in the cytochrom® mutant. However,
rereduction of the photooxidized RC-bound cytochrome

be involved in sulfur metabolism during photosynthesis, since
this bacterium can grow photolithotrophically with electron
donors such as sulfide and dimethyl sulfide as electron donors
(25—27). Further studies concerning the photosynthetic
electron-transfer componentsk sulfidophilummay allow

subunit was not observed in the membrane preparations ofus to understand the physiological meaning of the presence

the wild-type cells (Figure 2a), indicating the absence of an
active cytochromes, homologue inR. sulfidophilum

The newly identified cytochrome 549 was unique in the
sense that the size of this protein is much larger than that of
other soluble electron donors to the RC in purple bacteria
studied so far (Figure 5BBJ. Our recent study showed that
the low-potential heme-1 most distantly located from the
special pair in the RC-bound tetraheme subunit works as a
direct electron acceptor from the soluble electron carriers
(6). However, this is not the case R. sulfidophilunsince
heme-1 is missing in this bacteriunY)( Therefore, an
alternative docking site for soluble electron carrier proteins
should be present in the RC-bound triheme cytochrome
subunit, and the alternative docking site may be suitable for
an alternative electron donor, possibly an unusual cytochrome
c-549 Further characterization of cytochronees49 is in
progress to clarify its functional role as the electron donor
to the RC-bound cytochrome R. sulfidophilum

Mutational loss of cytochrome, from the PUFC1 strain
lacking the RC-bound cytochrome subunit resulted in a
significant reduction in its ability to grow photosynthetically,
although the C21 mutant lacking only cytochromelid not
show any effects concerning the photosynthetic growth
(Figure 3). In vitro experiments of photosynthetic electron
transfer revealed that the excited membranes of PUFC1
lacking the RC-bound cytochrome were able to oxidize
cytochromec, (Figure 7). These results indicate that cyto-
chromec; is the dominant electron donor to the RC complex
mutationally devoid of the cytochrome subunitf sulfi-
dophilum This situation is similar to that of the closely

of the RC-bound cytochrome subunit as well as the evolution
of photosynthetic and respiratory electron-transfer systems
in purple bacteria.

ACKNOWLEDGMENT

We are grateful to Dr. Makoto Yoshida (Tokyo Metro-
politan University) for the gift of purifiedR. sulfidophilum
cytochromec, and for many helpful discussions, to Drs.
Tatsuru Masuda and Takeshi Obayashi (Tokyo Institute of
Technology) for the gift of a suicide vector pJSC, and to
Dr. Isamu Yamamoto (Hiroshima University) for the provi-

sion of a SMISP Q cassette.

REFERENCES

1. Matsuura, K. (1994). Plant Res. 10,7191—200.

2. McEwan, A. G. (1994Antonie Leeuwenhoek 6651—164.

3. Zannoni, D. (1995) inoxygenic Photosynthetic Bacte(Blan-
kenship, R. E., Madigan, M. T., and Bauer, C. E., Eds.) pp-949
971, Kluwer Academic Publishing, Dordrecht, The Netherlands.

. Lancaster, C. R. D., Ermler, U., and Michel, H. (1995) in
Anoxygenic Photosynthetic Bacte(Blankenship, R. E., Madigan,
M. T., and Bauer, C. E., Eds.) pp 506826, Kluwer Academic
Publishing, Dordrecht, The Netherlands.

5. Nitschke, W., and Dracheva, S. M. (1995) Hnoxygenic

Photosynthetic BacteriéBlankenship, R. E., Madigan, M. T., and

Bauer, C. E., Eds.) pp 77805, Kluwer Academic Publishing,

Dordrecht, The Netherlands.

Osyczka, A., Nagashima, K. V. P., Sogabe, S., Miki, K., Yoshida,

M., Shimada, K., and Matsuura, K. (199&)jochemistry 37

11732-11744.

. Masuda, S., Yoshida, M., Nagashima, K. V. P., Shimada, K., and
Matsuura, K. (1999)). Biol. Chem. 27410795-10801.

6.



Photosynthetic Electron Transfer iR sulfidophilum

8. Yoshida, M., Masuda, S., Nagashima, K. V. P., Vagtize A.,

Shimada, K., and Matsuura, K. (200B)ochim. Biophys. Acta
1506 23—30.

9. Weaver, P. F., Wall, J. D., and Gest, H. (1928¢h. Microbiol.

10.

11.
12.
13.
14.
15.

16.
17.

18.

105, 207—-216.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (198@)ecular
Cloning. A Laboratory ManualCold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.

Simon, R., Priefer, U., and Puhler, A. (19&3p/Technology 1
37—45.

Masuda, S., Nagashima, K. V. P., Shimada, K., and Matsuura, K.
(2000)J. Bacteriol. 1822778-2786.

Penfold, R. J., and Pemberton, J. M. (1982ne 118145-146.
Prentki, P., and Krisch, H. M. (198Gene 29 303-313.

Gay, P., LeCoq, D., Steinmetz, M., Berkelman, T., and Kado, C.
1. (1985)J. Bacteriol. 164 918-921.

Davis, B. J. (1964Ann. N.Y. Acad. Sci. 12404-427.

Thomas, P. E., Ryan, D., and Levin, W. (1976)al. Biochem.

75, 168-176.

Matsuura, K., Fukushima, A., Shimada, K., and Satoh, T. (1988)
FEBS Lett. 23721—25.

19.

20.

21.

22.

24.

25.

26.

27.

Biochemistry, Vol. 41, No. 37, 20Qp1217

Nagashima, K. V. P., Shimada, K., and Matsuura, K. (18€BS

Lett. 385 209-213.

Daldal, F., Cheng, S., Applebaum, J., Davidson, E., and Prince,
R. C. (1986)Proc. Natl. Acad. Sci. U.S.A. 82012-2016.

Francis, E., Jenney, J., and Daldal, F. (199€BO J. 12 1283~
1292.

Dickerson, R. E. (1980Yature 283 210-212.

.Moore G. R., and Pettigrew, G. W. (1990) @ytochromes c:

Evolutionary, Structural and Physicochemical Aspeqgip 255~
305, Springer-Verlag, Berlin.

Matsuura, K., and Shimada, K. (1990) @urrent Research in
PhotosynthesigBaltscheffsky, M., Ed.) pp 193196, Kluwer
Academic Publishing, Dordrecht, The Netherlands.
Appia-Ayme, C., Little, P. J., Matsumoto, Y., Leech, A., and Berks,
B. C. (2001)J. Bacteriol 183 6107-6118.

Hanlon, S. P., Holt, R. A., Moore, G. R., and McEwan, A. G.
(1994) Microbiology 140 1953-1958.

Neutzling, O., Pfleiderer, C., and per, H. G. (1985)J. Gen.
Microbiol. 131, 791-798.

B10258492



