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ABSTRACT: Activation of photosynthesis (PS) gene expression by the PrrBA two-component activation
system inRhodobacter sphaeroid@s4.1 results from the interruption of an inhibitory signal originating
from the cbb; cytochromec oxidase via its interaction with oxygen, in conjunction with the Rdx redox
proteins. The CcoQ protein, encoded by teNOQPoperon, which encodes thabh; cytochromec
oxidase, was shown to act as a “transponder” that conveys the signal derived from reductant flow through
cbhs to oxygen, to the Prr system. To further define the elements comprising this signal transduction
pathway we considered th@rC gene product, which to date possessed no definable role in this signal
transduction pathway despite its being part of pheBCA gene cluster. Similar to mutations abb; and

rdx, suitably constructegrrC deletion mutations lead to PS gene expression in the presence of high
oxygen. Unlike mutations that remoebhbs; terminal oxidase activity or Rdx function, the PrrC deletion
mutant shows no effect upatky; activity, nor does it affect the ratio of the carotenoid (Crt) spheroidene
(SE) to spheroidenone (SO). Thus, the PrrC deletion mutant behaves identically to the CcoQ deletion
mutant. Taking these and previous results together, we suggest that PrrC is located upstream of the two-
component PrrBA activation system in the signal transduction pathway but downstream adjlghe
cytochromec oxidase and its “transponder” CcoQ. The PrrC deletion mutant was also shown to lead to
an increase in the DorA protein under aerobic conditions as was shown earlier ébbttreutant. Finally,

PrrC is a member of a highly conserved family of proteins found in both prokaryotes and eukaryotes, and
this appears to be the first instance in which a direct regulatory role has been ascribed to a member of this
protein family.

Rhodobacter sphaeroide®.4.1 is a purple non-sulfur  of photosystem formation when cells are growing photo-
facultative photoheterotroph that displays a remarkable ability synthetically 6, 7).

to live under a variety of environmental conditions. It can  Extensive analyses in this and other laboratories have
grow aerobically and anaerobically by respiration, fermen- igentified a number of regulatory components involved in
tatively, and it can also grow photoautotrophically and photosystem formation, namely, (1) the PrrBA two-compo-
photoheterotrophically under anaerobic conditions in the pent activation system, (2) the AppApsR antirepressor/
light. While growing aerobicallyR. sphaeroidepossesses  repressor system, (3) the outer-membrane-localized TspO
two cytochromee oxidases1—3), the abundaraa; oxidase,  protein, and (4) FnrL7, 8). Null mutations inprrA (9), farL
which has a low affinity for oxygen, and the less abundant (10), andappA(11) renderR. sphaeroidesither unable to
cbb; oxidase, which has a high affinity for oxygen and is grow photosynthetically or otherwise severely compromised
presumed to function primarily under semiaerobic conditions ynder photosynthetic conditions. Null mutationpjysR(12)
(4). In addition, R. sphaeroidedias also been shown to  and some mutations iprrB, like PrrB78 (L3), turn on PS
possess the genes encoding at least two quinol oxidasegene expression, under aerobic conditions. In addition, and
(Mouncey, Gak, Choudhary, and Kaplan, manuscript in most importantly, mutations in theeoNOQPoperon, encod-
preparation). ing thecbb; cytochromec oxidase 14), and the downstream
When oxygen tensions fall below3% (semiaerobic  (dxBHIS operon (4) (Roh and Kaplan, manuscript in
conditions), the photosynthetic apparatus or intracytoplasmic preparation) or in genes encoding constituent elements of
membrane (ICM) is induced and arises as invaginations from the electron transport chain (Oh and Kaplan, manuscript in
the cytoplasmic membrané)( The ICM contains a reaction  preparation) lead to synthesis of the ICM under aerobic
center (RC) and two light-harvesting (LH) pigmerirotein  conditions. To our knowledge this is the first detailed
complexes, the B808850 and the B875. Thus oxygen is demonstration of an electron transport chain and associated
the primary regulator of ICM presence. In addition, the downstream elements directly regulating gene expression.

intensity of light incident to the culture is also a regulator With remarkable insight at the time, Cohen-Bazire et al
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Table 1: Bacteria and Plasmids

strain genotype/phenotype source
E. coliDH5aphe F~ ¢80dacZAM15 A(lacZYA-argF)U169recAl endAl hsdRA(rk—, mk™) 9
SUpE444~ thi-1 gyrA relAl pheTn10dCm
R. sphaeroides
241 wild type W. R. Sistrom
CCOP1 2.4.tcoP:QTp" 14
PRRA2 AprrA::QSp St PS  RC B875 B800—-850" Crt~ 13
PRRC4 2.4.frrC in-frame deletion from codon 31 to 129, both inclusive;"PS this study
PRRCA1 2.4.prrCAAEC00109Eco0109P::Q SnT Sp; PS 13
Plasmids
p18Not pUC18 withNotl sites at both ends of the MCS 53
pBluescriptll Ap withT3 and T7 promoters Stratagene
pRK415 Tet 54
pCF200Km pCF200 derivativé 1.4-kbBanHI Km" DNAP in the Nrul site of tetfrom pCF200; KmSni Sg 55
(pucB—lacZ transcriptional fusion)
pCF1010 pLV106 modified to contain unigést, Notl, Nsil, Aurll, Std, BspgMIl, and Xbd restriction sites 56
between the 2.0-k Sni/Sg and the 5.1-kllacZYA, IncQ/IncP4 (transcriptional fusion vector)
pJE1263 pBSllI derivative containing an approximately 5.2-kb insert harboring the Prr region; Ap this study
pJE1883 pBSIHincll—Clal/~268-bpNrul —Clal fragment from pUI1643; internal fragment porC; Ap" this study
pJE1884 pBSIPst —Xhd/~324-bpPsi —Xhd fragment from pJE82; internal fragmentporA; Ap" this study
pJE1891 puUI1168ma/~0.4-kbNcil from pUI11643 this study
pJE1893 puUI1158md/~0.4-kbNrul-Ecc0109I from pUI11643 this study
pJE2120 pBSIEcARV/~310-bpEcoRV—Aatll ¢ internal fragment teph Ap' this study
pJE2198 pRK418pnl/Kpnl fragment containingprrC::phoAl this study
pJE2200 pRK41&pnl/Kpnl fragment containingprrC::phoA2 this study
pJE2864 pSUP20Bst¢/~1.8-kbEagP fragment withpuq263-bpEag —Xmn)::sacBfrom WS215 this study
pJE3383 pJE1263 derivative containingraC in-frame deletion from codon 31 to 129, both inclusive this study
pJE3387 pJE2868cdA/~3651-bp fragment containing thprrC in-frame deletion this study
pSUP203 pBR325 derivative; M&Ap" Cnt Tet 57
puUI1156 pBSII containingghoAgene with MCS in front in a specific reading frame d
puI1160 pUI1156BanHI® containing thephoAgene with MCS in front in a different reading frame this study
pul1643 pBSBanH|—HindlIl, 4-kb BanHI—Hindlll fragment cloned from chromosome | of 2.4.1;'Ap 13
pul1645 pRK415Ecl13611, Xha 1.3-kb fragment containingrrC from 2.4.1 transcribed opposite to the 13
vectortetandlac promoters; Tt
puUI1663 pUI1830 ufB—lacZ transcriptional fusion)/approximately 1.2-BanH|° fragment from pUC4K at  this study
Nrul in tetconferring Kni; SnT Sp (pufB—lacZ transcriptional fusion)
pul1664 pCF101Orul/approximately 1.2-kiBarHI” fragment from pUC4K alrul in tet conferring this study
Km'; Sni Sg (transcriptional fusion vector)
puI1830 pufB—lacZ transcriptional fusion; Shsp Tet e
pWS215 p18Nofuq0.8-kbPst —Xmn)::sacB W. Smith

apPS indicates cells are photosynthetically incompetent; R@&licates cells do not have reaction center pigr@nbtein complexes’ The 8
overhangs were made blunt with Klenow fragment of DNA polymerase | before cldiilitg 3 overhangs were made blunt with DNA polymerase
before cloningd M. Wood, J. M. Eraso, and S. Kaplan, unpublished data.Gong and S. Kaplan, unpublished results.

demonstration of redox regulation of gene expressioR.in
sphaeroidesarose from the work of Hallenbeck et all§

of anaerobic respiration iR. sphaeroide2.4.1. PrrC is a
member of a family of proteins that are well conserved

17), which showed defined redox effects on the transcrip- throughout evolution. The implications pertaining to its
tional regulation of Calvin cycle gene expression following regulatory role in redox regulation of gene expression will
the addition of the electron acceptor, DMSO, to cells growing be discussed.
photoheterotrophically. In consideration of these and other

observations, we proposed the presence of a redox signalingcFXPERIMENTAL PROCEDURES

pathway inR. sphaeroidegvolving thecbhb; cytochromec
oxidase/Rdx protein(s), which serve as the primary oxygen
sensor to generate a signal inhibitory for PS gene expression
This signal is ultimately transmitted to therrBA two-
component activation system to regulate PS gene expressio
CcoQ, a component of thebl; oxidase, was then shown to
be involved in the transduction of the oxygen-sensing
inhibitory signal from thecbh; oxidase to a downstream
regulatory element, proposed to be either PrrC or PrrB, a
membrane-localized histidine kinasks(19). In this report

we present evidence implicating the involvement of PrrC in

Bacterial Strains, Plasmids, and Growth Conditions.
Bacterial strains and plasmids used in this work are described
in Table 1.Escherichia colistrains were grown at 37C on
LB medium @Q0) supplemented, when required, with the
r'1’ollowing antibiotics: tetracycline (Tet), 20g/mL; ampi-
cillin (Ap),* 150 ug/mL; kanamycin (Km), 25ug/mL;
streptomycin (Sm) and spectinomycin (Sp), @§/mL. R.

1 Abbreviations: Ap, ampicillin;cbhs, cbhs-type cytochromec
oxidase; CQ, carbon dioxide; Crt, carotenoids; CTAB, hexadecyltri-
methylammonium bromide; DMSO, dimethyl sulfoxide; DMSOR,

this signal transduction pathway, and on the basis of our dimethyl sulfoxide reductase; ICM, intracytoplasmic membrane; Km,
genetic data we propose that PrrC is the link between CcoQkanamycin; KU, Klett units; LH, light-harvesting; PCR, polymerase

and the PrrBA two-component activation system. Additional
evidence reveals that the redox-dependent signaling via th

I chain reaction; Prr, photosynthesis response regulator; PS, photosyn-
thesis; RC, reaction center; SE, spheroidene; SIS, Sistrom’s medium;
€50, spheroidenone; Sm, streptomycin; Sp, spectinomycin; Tet, tetra-

Cco/Rdx proteins is also, in part, involved in the regulation cycline; TM, transmembrane; Tp, trimethopri®, omega cassette.
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sphaeroide®.4.1 strains were grown at 3C on Sistrom’s overlapping sequence allowed for the amplification of a
medium A (SIS) 15) containing succinate as the carbon product 1351 bp in length, which is the secondary PCR
source and supplemented as required with the following product and which contains the in-frame deletion within
antibiotics: tetracycline, kg/mL; kanamycin, 25:g/mL; prrC, as well as an intagbrrA gene. This DNA fragment
streptomycin, spectinomycin, and trimethoprim (Tp) /& was purified with the QIAquick gel extraction kit (Qiagen
mL each. Chemoheterotrophic cultures were grown aerobi- Inc., Santa Clarita, CA) and restricted with the restriction
cally on a rotary shaker or sparged with 30%-®9% N,— enzymesPst and Puull to yield a fragment of 1283 bp,
1% CG. Photosynthetic cultures were grown at a medium which was cloned into pJE1263 previously digested Wik
incident light intensity of 10 W/and sparged with 95%  andPuull. This plasmid was called pJE3383, and it is 4935
N>—5% CQ. Strains grown anaerobically in the dark were bp in length.

cultured in SIS medium supplemented with 0.1% yeast To cross the in-frame deletion into chromosome | at the
extract in the presence of DMSO as electron acceptor. prrC locus, pJE3383 was digested wixiba and Hindlll,
Potassium tellurite (KreOs;) was used at 10g/mL to inhibit to release a 3651-bp fragment containing [pineC deletion

E. coli growth when necessary. mutation, an intacprrA gene, and flanking sequences on

DNA Manipulations and Analysi§tandard protocols or ~ Poth sides. This fragment was cloned into pJE2864, a newly
manufacturer’s instructions were followed to isolate plasmid créated suicide vector foR. sphaeroidespJE2864 is a
DNA, as well as for restriction endonuclease, DNA ligase, PSUP203 derivative with an-1.8-kb Ead fragment from
and other enzymatic treatments of plasmids and DNA WS215 containing guc:sacB transcriptional fusion, in
fragments. Enzymes were purchased from New EnglandWhich theXmrl site at the proximal end of theucBgene
Biolabs, Inc. (Beverly, MA), Promega Corp. (Madison, WI), Was_fused_ tosacl?, encoding the levansucrase &CI”U.S'
U.S. Biochemical Corp. (Cleveland, OH), Boehringer Mann- Subtilis This cloning generated a DNA fragment containing
heim Biochemicals (Indianapolis, IN), and GibcoBRL (Rock- the downstream regulatory region (DRS)puic(29) starting
ville, MD). Chromosomal DNA for sequencing was extracted &t theEad site, fused tasacB This fusion contains only 18

by the CTAB (hexadecyltrimethylammonium bromide)/NaCl codons of thepucBgene and the shoguc promoter, thus
procedure 21). offering a very small target for recombination with the

chromosome at theuc locus. The expression afacBin
the presence of sucrose is lethal for sphaeroide$26).

The resulting plasmid, pJE3387, was conjugated into
PRRAZ2 cells, and cells undergoing single crossover events
were selected by plating exconjugants on Tet, usipbel;
to select againdk. coli growth.prrA is located immediately
downstream ofprrC. Whereas PRRA2 cells are incapable
of growth under photosynthetic condition8),( the Tet
exconjugants were photosynthetically competent, due to the
presence of a wild-typprrA gene in pJE3387. The streak-
purified Tet exconjugants were then challenged with sucrose

Computer ProgramsSequence analyses were performed
with the computer programs DNA Strider (Institute de
Recherche Fondamentale, Commissariat a 'Energie Atom-
ique, France) and Oligo 4.0 (National Biosciences Inc.,
Plymouth, MN). Blast searches and secondary structure
predictions were performed with the Expasy molecular
biology server (http//www.expasy.ch). ClustalW (http//
www.cris.comiketchup/genedoc/shtml) and Genedoc (http//
www.clustalW.genome.ad.jp) were used for alignments.
Image Tool from the University of Texas Health Science

Center in San Antonio (UTHCCSA) was used to quantitate as described2g), in the absence of Tet, and the cells were

protein amounts in Western blots. . . e
) ] ) _ - grown under photosynthetic conditions. These conditions

_Conjugation TechniquesPlasmids were mobilized by  \ere chosen so as to allow for high expression of the
triparental matings fronk. coli DH5oPhe strains intdR. anaerobically regulated shoptuic promoter, and therefore
sphaeroidestrains as described elsewhe22)( increase the levels of levansucrase in the cells. Additionally,

Construction of the in-Frame Deletion Mutation in prrC. it had been previously demonstrated that the absence of PrrC
The protocol for the construction of in-frame deletion does not prevernR. sphaeroidesells from growing photo-
mutations has been described previoushd, (24). With synthetically (3). Isolated genomic DNA from T&tphoto-
puUI1643 as the template, two primary PCR reactions were synthetically competent recombinants was analyzed by PCR
performed with primers PrrC DEL1 FWD '(&TCAGCGC- and subsequent sequencing, to show the presence pfr®e
GATCGTGTCGGGTTCGGATCTGCCGAGGAAGAC- in-frame deletion and the wild-type naturemfA. The strain
3) and PrrC DEL2 REV (BGGTCAGGAACAGCAG- was designated PrrC4.
GAACGACAGCTGCG-3), and with PrrC DEL1 REV Construction of the prrC::phoA Translational Fusions.
(5-GTCTTCCTCGGCAGATCCGAACCCGACACGATCG- Two DNA fragments containing the sanperC promoter
CGCTGAC-3) and PrrC DEL2 FWD (5GGTGCGACTG- sequence were used. One extended td\ibiesite, prior to
GTTCAGCGCGGGCTGCG-3, to generate two 40-bp the sequence encoding the putative transmembrane domain
overlapping DNA fragments (455 and 821 bp in length, (TM), and the other extended to tked0109I site, after the
respectively), both bearing the same 297-bp in-frame deletionpresumed TM sequence. These fragments were made blunt-
within prrC in the region of overlap. Thus, 99 codons were ended (see Table 1) and cloned into Bma site of the
deleted fromprrC, extending from codon 31 through codon PhoA fusion vectors pUI1160 and pUI1156, respectively,
129, leaving a presumed cryptierC gene comprising 132 to create plasmids pJE1891 and pJE1893, which contain in-
codons. The 41-mer PrrC DEL1 FWD and PrrC DEL1 REV frameprrC::phoAtranslational fusions. Since these plasmids
are complementary to each other. The two overlapping do not replicate irR. sphaeroidgghey were restricted with
primary PCR products were used as templates for the Kpnl, and theKpnl fragments containing therrC::phoA
secondary PCR, using the two outside primers, PrrC DEL2 fusions were cloned at th&pnl site of pRK415 in an
FWD and PrrC DEL2 REV, and recombination within the orientation opposite to that of the residégtipromoter. These
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were designated pJE219&(C::phoAL) and pJE22000¢rC:: structedprrC interruption mutations confer polarity on a
phoA2), respectively. prrC—prrA transcript. In addition, data obtained with the
Quantitative Determination of LH Spectral Complexes. related organisnRhodobacter capsulatishowed the exist-

Crude cell-free lysates were prepared by passage through @nce of an operon encompassing the gesee< regA (prrC
French pressure cell, followed by centrifugation. The Mein- and prrA homologues) andhorA (38), an spb (39) homo-
hardt equation was used to determine the levels of LH logue.

spectral complexes after spectrophotometric analysis of the The transcriptional organization of th@r region inR.
samples, as described elsewhege2(7). All analyses were  sphaeroides2.4.1 was determined by use of riboprobes
performed in duplicate at least twice and the data presentedinternal to the geneprrC, prrA, sph andprrB (for which

are the average of the values obtained. the data are not shown) in Northern blot analysis by isolating
Carotenoid Analysehotopigments were extracted and total RNA from anaerobic dark-grown cells. The results are
analyzed as described previoushb(28). shown in Figure 1A. Whereas thspb probe (lane 3)

RNA Isolation and Northern-Blot Hybridization Tech- hybridized to two transcripts of approximately 430 and 1500
niques.RNA was isolated from cells grown anaerobically PP, corresponding tspb and prrA—sph respectively, the
in the dark and assayed as described previo@sly29, 30). prrC probe (lane 2) hybridized to only one transcript of

Radioactive probes were made from highly purified ~1400 bp, corresponding rrC—prrA. The smaller band
plasmid DNA containingrrC (pJE1883)prrA (pJE1884),  Within lane 2 corresponds to a degradation product of the
andspb (pJE2120) (Table 1). The relative RNA concentra- 2Pove-mentioned transcript. TperA probe (lane 1) hybrid-
tions in the blots were normalized for differences in 12€d to three transcripts, of which the smallesz00 bp, is
concentration during loading by use of-f2P]JdCTP-labeled ~ the strongest and corresponds gA. Additionally, the
DNA probes encodin®. sphaeroidesbosomal RNA 81). ~1400- and~1500-bp mRNAs that hybridized to thprC

Enzyme Assays and Protein Determinatioh) f-Galac- and spb probes, respectively, were also hybridized by the

tosidase Assays. R. sphaeroidedtures used for the deter- pFrA probe: Thege result; are depictgd schematically in
mination of3-galactosidase activity were grown as described Figure 1B, in which potential tranggrlptlon terminators are
previously ), and assays were performed as described /S0 denoted. TherrB probe hybridized to one transcript
elsewhere32). The data provided are the averages of at least O_f approxmately 1550 bp, which corresponds to a mono-
two separate experiments each performed in duplicate. cistronic prrB gene (.dat.a not shown). In contrast to the
(B) Cytochrome ¢ Oxidase Aciliy. Cytochromec oxidase transcriptional organization of this rggion iR capsulatus _
activity was measured spectrophotometrically by monitoring we found no ev&dsnci\ior lghe ﬁXﬁtencel doL a trinscrlpt
the oxidation of reduced horse heart cytochram&igma, encorr:pgs;sn;)g)rrt | prrt 1950% bW. ich wou ave been
St Louis, MO) at 550 nm and 3T (33), and the experiment expected 1o be al leas pIn Size. .
was performed as describetld], but without the addition The ?‘b9ve results taken together with those descnbed
of myxothiazol. The data provided are the averages of at earlier indicate thaprrC and prrA are transcribed coordi-

least two separate experiments. The NADI reaction was alsc)nately, and therefore deletion/interruption mutations made

performed as described elsewhesd)( in our laboratory withQ2 cassettes4Q) are partially polar
(C) Alkaline Phosphatase Assayslkaline phosphatase on prrA, a gene previously shown to be very important in

was assayed as previously describ&®, (36). The data gilggcggifsjgetllljg)] on PS gene expression when present in

provided are the averages of at least wo separate experi- Construction of the in-Frame Deletion Mutation of prrC.
ments, each performed in duplicate. . To ascertain the role of tharC gene without the complicat-
(D) Immunoblot Anal_yses. R. s_phaeromteﬁs Were grown ing effects on the downstream gepgA, we constructed
and assayed as described previouSly 4nd electrotransfer an in-frame deletion mutation withjorrC. The construction
of the proteins and detection with polyclonal antibodies is described under Experimental Procédures The extent of
against alkaline phosphatase and DorA and secondary goaf; . qajetion was such that tperA promoter internal within
anti-rabbit alkaline phosphatase immunoglobulin were per- prrC, (which is located~145 bp upstream of therrA
formed as descrlbe_dS(S, 37). TCA precipitations were initiation codon), was left intact, as judged by the full and
performed as described elsewhe6)( complete levels ofprrA-dependent downstream PS gene
RESULTS expression, also see below. The strain was designated PrrC4.
When grown on SIS agar plates in the presence of oxygen,
Transcriptional Organization of the prr RegioRrevious mutant PrrC4 gave rise to stable colonies with a darker red
complementation data involving a PrrA mutant strain with pigmentation than the wild type. This darker pigmentation,

the prrA gene suggested that there was a promotepifiok similar to the pigmentation observed in cells containing
immediately upstream of the gen®).( This presumptive  multiple copies oprrA (9), is an indication of the production
promoter lies within the 'Jegion of the upstreamrrC gene, of the photosystem under aerobic conditions. Similar pig-

which overlapsprrA (13). In addition, the presence of a mentation has additionally been observed in mutant strains
second promoter, located upstreampofC was suspected  defective in thecbbs cytochromec oxidase and Rdx proteins
on the basis of the observation that apparent polar mutations(14, 19) (Roh and Kaplan, manuscript in preparation), as
of prrC, prrC1, and prrC2 (13) expressed phenotypes well as in the in-frame deletion mutation in Cco@9.

consistent with a decrease finrA activity, i.e., a reduction Phenotypic Analysis of PrrC4: Analysis of LH Spectral
in LH spectral complex levels and PS gene expression. It Complexes in PrrC4Previous mutants isolated in our
was therefore important to determine whetpeC andprrA laboratory that show a deep red coloration when grown under

are cotranscribed and to ascertain whether previously con-aerobic conditions have been shown to synthesize the
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Ficure 1. Northern hybridization analysis @iirA, prrC, andsph Cells were grown in Sistrom’s medium supplemented with 0.1% yeast
extract anaerobically in the dark, in the presence of DMSO. (A) Total RNA was extracted, and after electrophoresis the Northern blots were
probed with internal riboprobes to the three genes. Approximatelygldf RNA was loaded per lane. Lanes 1, 2, and 3 refer to riboprobes
internal toprrA, prrC, andsph respectively. Numbers refer to the sizes of the different transcripts. (B) Schematic representatiqoriof the
region. The location oprrB, prrC, prrA, andspbis indicated by the shaded areas. The arrows indicate the direction of transcription and
the different transcripts. T1, T2, and T3 refer to putative transcription termin&t@swere calculated with the program Oligo 4.0. Numbers
represent lengths of genes and intergenic regions.

photosystem aerobically. To show that this was also true for These data suggested that the in-frame deletion mutation
the deletion mutant PrrC4, crude extracts from aerobically in prrC led to the oxygen-insensitive formation of the
grown cultures of this mutant, as well as wild type, were photosystem, which is normally repressed in wild type under
prepared, and the levels of the LH spectral complexes, aerobic conditions. This is to be contrasted with data
B800—-850 and B875, were measured spectrophotometrically previously obtained with the interruption mutations, which
(Figure 2). Whereas the wild-type produced reproducibly had a polar effect oprrA (13) and thus support the premise

negligible levels of the LH spectral complexes (0-62.005
and 0.06+ 0.001 nmol of Bchl/mg of protein, for the B860

that prrA is expressed normally in PrrC4. Finally, this
phenotype is similar to the phenotypes of the previously

850 and B875, respectively), mutant PrrC4 exhibited 10 and constructecccoP and rdxB interruption mutations1(4) and

21-fold, 0.2+ 0.004 and 1.28t 0.1 nmol of Bchl/mg of
protein, increased levels of B86@50 and B875, respec-
tively. Higher levels of the B875 with respect to the B800

theccoNandccoQin-frame deletion mutationd 9). In these
mutant strains we know that thar region is intact and
functions normally 14, 18).

850 were expected on the basis of similar findings showing When the levels of the LH spectral complexes were
that the B806-850 LH spectral complex requires preferen- determined from wild-type and PrrC4 cells grown anaero-
tially higher amounts of the yellow carotenoid spheroidene bically in the dark in the presence of DMSO as electron

(SE) for assembly28) than does the B875 LH complex.
Also bacteriochlorophyll (Bchl) is limiting under aerobic
conditions (9) and is preferentially used in the assembly of
RC and B875 complexed{, 42). For a direct comparison,
a CcoQ\ mutant produced 0.F 0.1 and 5. A4 0.9 nmol of
Bchl/mg of protein, for the B806850 and B875, respec-
tively (19).

acceptor (Figure 2), the LH spectral complex levels were
virtually identical between the mutant and wild type, although
the levels of LH spectral complexes were much higher
compared to aerobic conditions, as anticipated. When the
LH complexes were examined in the previously described
PrrC deletion/interruption mutantd3) under these same
conditions, significantly lower levels were observed, namely,
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Ficure 2: Spectral complex formation in wild-type and PrrC4 mutant cells. Cells were grown aerobically (A) sparged with a mixture of
30% O, 69% N,, and 1% CQ in Sistrom’s medium or in Sistrom’s medium supplemented with 0.1% yeast extract anaerobically in the
dark (B), in the presence of DMSO. Cells were harvested at a cell density of approximately 20 and 50 KU, respectively, and passed through
a French press, and cell-free lysates were prepared for spectral analysis. Samples contained approxiinatelg/inL protein. Units
represent nanomoles of Bchl per milligram of protein. Light blocks represent the LHII (B8®0 LH complex). Dark blocks represent the

LHI (B875 LH complex). Experiments were performed in duplicate. Standard deviations were less than 10%.

Table 2: Light-Harvesting Complexes in Wild Type and Pri#C4 their cognate apoDrOte'_nS' namefyyc for the 88,09_850
B800-850 5875 SE/SO rafo and puffor_the B875, might be Qerepressed. This had been
e 253 od 1 :‘ougq pr?wously fg)lr otht;:]r mu:aﬂg&sc(g;’, r%)B ?'Edccot%
A - : : eading to a similar phenotypel4, 18, . Thus, the
PrrC4 41.6 233 31 promoter activities of thepuc and puf operons were
2 Cells were grown photoheterotrophically at 10 W/rnits are determined by use dicZ transcriptional fusions, and the
2?%%22'22&2%rﬁ’:&?ﬂg%?&ﬁéﬁg’gﬂftandard deviations were o its are shown in Figure 3. Expressiorpat (open bars)
andpuf (solid bars) was activated by 6.6- and 4.2-fold under
aerobic conditions of growth, respectively, when compared
~19% and~53% for the B808-850 and B875, respectively, o wild type. In addition, complementation of the PrrC4
compared to the values obtained with PrrC4. mutant withprrC brought expression down to levels observed
When PrrC4 mutant cells were grown under photosynthetic for the wild type. Under anaerobic conditions in the dark
conditions (10 W/r%), the absence gbrrC did not impair with DMSO, expression of both fusions was similar in the
photosynthetic growth iR. sphaeroidesells (L3), nor was mutant and in wild type. Effects of multiple copiesmiC
there any difference between the amounts of LH spectral were very subtle. For example, the wild type showed
complexes produced by mutant PrrC4 and the wild type decreased levels of expression piif, but not pug to
(Table 2). Of further interest, the relative composition of the approximately 62% and 67% under aerobic and anaerobic
carotenoids SE and SO remained the same as in wild-typegrowth conditions, respectively.
cells. The ratio SE/SO was approximately 3:1 for both strains  Whereas the expressionmiicandpufin the PrrC4 mutant
(Table 2). Previously¥4, 19), we have observed that when  grown aerobically is similar to levels observed for the wild
electron flow through thebhbs; cytochromec oxidase and  type grown photosynthetically, the levels of LH spectral
the Rdx redox proteins is altered, SO comprises greater thancomplexes were considerably less than would be observed
90% of the total carotenoids (Crt) under photosynthetic for wild-type cells grown photosynthetically. This phenom-
growth conditions. This dramatic change in Crt composition enon is routinely observed in those mutant strains showing
has led us to suggest that, in wild type, electron flow through the phenotype observed here and is readily explained. Even
the cbb; complex can take place anaerobically with the in wild-type cells there is an excess of apoproteins and
reduced Crt, SE, achieving normally high levels. All of these cognate mRNAs produced relative to the levels of LH
data indicate that photosynthetic growth in PrrC4 is similar spectral complexes, whose abundance is stringently regulated
to that of the wild type, and the only obvious defect resulting py the levels of Bchl 7). In addition, we now know that
from the prrC4 deletion mutation is the absence of the under aerobic conditions, several critical genes whose gene
oxygen-generated inhibitory signal that maintains the repres- products are involved in porphyrin biosynthesis as well as,
sion of PS gene expression in the presence of oxygen.  specifically, in Bchl biosynthesisb¢hE) are subject to
Aerobic Growth.The presence of LH spectral complexes regulatory control by FnrL in addition to the PrrBA activation
and therefore the induction of the photosystem under aerobicsystem (Oh, Eraso, and Kaplan and Eraso and Kaplan,
conditions of growth in mutant PrrC4 had absolutely no effect manuscripts in preparation).
on growth of this strain under these conditions, growth rates |t was previously determined in this laboratory that
for both mutant and wild-type being identical (data not oxygen-insensitive synthesis of the LH spectral complexes
shown). in the CcoP and RdxB mutants was strictly dependent on
Analysis of PS Gene Expression in PrrC4 Using puc:: PrrA. Therefore these redox protein complexes appear to be
lacZ and puf::lacZ FusionsThe production of LH spectral  in the same signal transduction pathway from oxygen to the
complexes under aerobic growth conditions in the PrrC4 response regulator PrrA§). The PrrCAL deletion mutant,
mutant suggested that expression of the operons encodingn which bothprrC andprrA are absent, was examined and




2058 Biochemistry, Vol. 39, No. 8, 2000 Eraso and Kaplan

A. B.
1000 = - 1000 1200 — - 1200
c +02 B c b ‘02 s
] ] i ° ] r
& ] I & 800 — - 800
2 600 -600 D ] X
s ] - £ 600- - 600
E 400 -400 E ] [
8 ] - g 400 - 400
g 200] [200 3 g
£ ] I__| H . S 2001 E 200
o+t Ll Ll Gy L0 L s S C o
In trans: Vector prrC Vector prrC Vector prrC  Vector prrC Vector In trans: Vector prrC Vector prrC Vector prrC  Vector prrC Vector
241 PrrC4 241  PrrC4 PrrCA1 241 PrrC4 241  PrrC4 PrrCA1

Ficure 3: PS gene expression in wild type, PrrC4, and PrrGAGalactosidase values under aerobic (A) and anaerobic (B) conditions of
growth are shown. Wild type and PrrC4 contain th#:lacZ andpuc:lacZ transcriptional fusions in pUI1663 and pCF200Km, respectively,
in trans. They additionally contain either the pRK415 vector alone or pUI1645 contgan@gPrrCA1 contains only thpuc:lacZ fusion.
Experiments were performed in duplicate. Standard deviations were less than 15%. Open bars reprpseratzefusion. Solid bars
represent theuf.:lacZ fusion. f-Galactosidase values are expressed in nanomoles per minute per milligram of protein.
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shown to produce only background levels of LH spectral 1

complexes, even under anaerobic growth conditidi8}. ( =

These data indicate that PrrC is also in the same signal -

transduction pathway as PrrA, although upstream from it. DorA —» r -
&
’;

Even though the mutations iprrC4 and prrCA1l are
different, the final nature of the mutation pirCA1is such

that it combines both the inactivation jpifrC andprrA. Thus,

the polarity ofprrC on prrA is of no consequence. When
gene expression was monitored in the PrrCA1 double mutant

strain (L3) (Figure 3), only background levels pticoperon

expression were observed. Thus, as showrcéorand rdx

mutations 18), the presence of mutations prrA renders

the turn-on of PS gene expression in the presence of oxygen

null. FiGure 4: Synthesis of DorA. Whole-cell proteins (12@) were
DorA Expression in Wild Type and PrrC#.had previ- TCA-precipitated, resuspended in 50 mM Tris (pH 8.0), subjected

ously been shown that mutations in eitteoP or rdxB to SDS-PAGE, and blotted onto nitrocellulose membranes. The

: ; : presence of DorA was detected with polyclonal antiserum to DorA
resulted in altered expression of terCBAoperon, which and visualized by the AP detection system (Promega). Lane 1,

encodes the structural components of DMSO reductaseygiecylar weight markers (Bio-Rad); lane 2, 2.4.1 aerobic; lane 3,
(DMSOR) @7). Since the PrrC4 in-frame deletion mutant CcCOP1 aerobic; lane 4, PrrC4 aerobic; lane 5, 2.4.1 anaerobic with
showed altered redox-dependent signaling similar to that of DMSO (approximately 10 times less protein was loaded). DorA is
the Cco-Rdx proteins, we suspected there might be ad- indicated. Proteins were normalized for recovery.

ditional effects of PrrC4 omlor expression in the presence or PrrA2, which had been included in this experiment as
of oxygen. controls. Thus, PrrC4 cells are NARIsee below.

In Figure 4 we show the results of a Western immunoblot ~ Cytochrome c Oxidase Aeify. To investigate the effect
experiment using anti-DorA antibody against crude extracts of the prrC4 deletion mutation specifically oobh; oxidase
from cells grown aerobically. As a control, wild-type was activity, cytochromec oxidase activity was determined in
also grown anaerobically with DMSO. In contrast to the wild crude extracts of wild type and the PrrC4 mutant, from cells
type, which produced barely visible amounts of DorA in the grown under anaerobic dark conditions with DMSO as
absence of DMSO, mutant CcoP1 producediZold more electron acceptor. Under these conditiooBb; is the
DorA, as had been previously shovav). More importantly, exclusive cytochrome oxidase present ilR. sphaeroides
the amount of DorA present in mutant PrrC4 was strikingly (2, 19, 43). Whereas the wild type showed 0.1#60.001
similar to that found in CcoP1. Thus, under aerobic growth umol of oxidized horse heart cytochrongemin=! (mg of
conditions, the in-frame deletion girrC leads to a de-  protein)?, mutant PrrC4 showed very similabhb; cyto-
repression of DorA, a protein involved in anaerobic respira- chromec oxidase activity, 0.162 0.01xmol min~* (mg of
tion. protein) . These data suggested that PrrC4 has no major

NADI Test.The NADI reaction 84) was used to help  effect oncbhb; oxidase activity under the conditions tested.
determine if cytochrome oxidase was affected in the PrrC4  Thus, as seen earlier, the in-frame deletion mutatiqord®
mutant. Cells containing mutationsiénoPremained red after ~ phenotypically resembles that of a CcoQ deletion mutant,
25 min following treatment with the NADI reagent, indicative in that they both lead to the turn-on of PS gene expression
of a NADI~ phenotype, as anticipated on the basis of aerobically, but neither of them affeatbb; oxidase activity
previous results1). PrrC4 cells turned blue within-34 (19). Preliminary data from experiments in progress in our
min, although not as rapidly (3 min) as either the wild-type laboratory (Eraso and Kaplan, manuscript in preparation)
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* 20 * 40 *
PrrC (R. sph.) --MTKLYAGVAAAAIAALLAGSAAWVF-LGRS-EERFAGC~~GANQVAGGAI 57
SenC (Rh. sul.) --MKRIVLAVAAAVALVAVAGPALFIW-GPWAPEDRFADCRSGGPRPGLSEL 60
SenC iﬁ‘. den.; -MNTRFIALISVAGVVGVLGGLWLATQ-SSKS-DDQFAQCRSSTVAGGAGAL 60
SenC (R. cap. MNVSSKTAALAATAAVVVVVGISAAVT-LVPHETDRFAACR-KGTGSASAQI 61
SCO2 (S. cer) --FFQFSRWKATIALLLLSGGTYAYLS-RKRRLLETEKEAD~-ANRAYGSVAL! 59
SCO1 (S. cer) --SIEFSTGKA-IALFLAVGGALSYFFNREKRRLETQKEAE-ANRGYGKPSL 59
SPBC119.06 (S. pom.) --WRGMISIRALLLAAATSVGLYAYFQHEKKKVLERQND-K~-VLATIGRPQL 59
CO1F1.2 (C. ele.) --RSSIFNWKTVLGTFAVGGTCLAALFYIKKIRLDEREKH--RKQTAGKARI 59
h-SCO1 (H. sap.) --KPGPVSWKSLAITFAIGGALLAGMKHVKKEKAEKLEKE--RQRHIGKPLL 59
h-SCO 2 (H. sap.) --QPQGPGLRTRLLITGLFGAGLGGAWLALRAEKERLQQQK-RTEALRQAAVEOEDFH 61
MSP 5 (A. marg.) --MRIFKIVSNLLLFVAAVFLGYSYVN-KKGIFSKIGERFT-TSEVVSEGIASASFNN 60
Imm (C. rum.) --MKAIKFILNLCLLFAAIFLGYSYIT-KQGIFQPKLHDSP-DVNISNKADINTSFS~ 59
g9
* 80 * 100
PrrC (R. sph.) RTVIDREVLAKPSLVH] SFJF DMARNAQAVDILTEW--GIEVT 119
SenC (Rh. sul) TTMTEADVIAGPTL OdF DNARNADAVDLLEGR-~GYEVR 122
SenC 5,‘?. den.g ETVTDADVITEPSILY O3], DVARNAVAVEVLEEN-~-GMSVT 122
SenC (R. cap. ATVTDRDVITKPSL oI DSTRNAAAVDLLAER~-~GHDVT 123
SCO2 (S. cer.) KPFTEENLKGKFSI OdEELDRLTYWISELDDK-DHIKIQ 122
SCO1 (S. cer.) NEFTEKNLLGKFSI OHADELDKLGLWLNTLSSK-YGITLQ 122
SPBC119.06 (S. pom.) NRVIDNDFKGKFSL OEDELDKMSAAIDIVNNV-VGDVVYE I|3NTCl 122
CO1F1.2 (C. ele.) KMEGSQELRGNWLL OHDEIEKMVKVVEIIEAKKDATPIVEVARS VM 123
h-SCO1 (H. sap.) ERKTDKDYLGQWLLI} ELEKMIQVVDEIDSITTLPDLTEL|3AS I} 123
h-SCO 2 (H. sap.) RARCKADFRGQWV LM} OIDELEKLVQVVRQLEAEPGLPPVQEVIMT VM 125
MSP 5 (A. marg.) VIVSSGDFGGKHMLVI|NYFrSAYK Y TETELGMASQLLSKLGDH--ADKLQVV|IMT V|8 122
Imm (C. rum.) ITISSKDFLGKHMLVLIYFrSSK TI[gMELGLASTILDQLGNE--SDKLQV VZRIT I 3] 121
* 140 * 160 *
PrrC (R. sph.) QLKFFAEAIHPDTIABMETEAQVKAASQARKTFYRVQE-~=~~ SDD 178
SenC (Rh. sul.) ALAAFASMMHPRML T PEQVQAASRARRTLYRIRD-— -~ - 181
SenCéFi. den.} VVGDFAANMHERMIGLMSPEQVKAASTA ,RT 181
SenC (A. cap. L TPEQIDAAVKAQ%RAZ“YLIRN 180
8C02 (8. cer.) VLKEYLSDFHPAIIGTYDQVKSVCKK%KV' FSTPR-——DVKPNQgﬁ 183
SCO1 (8. cer) VLKEYLSDFHPSILGLWET FDEVKNACKK YRV¥FSTPP--NVKPGQD- 183
SPBC119.06 (S. pom.) EMAEYLEDFNPKIV elSYEEIKDICKKFRVEFSTPK--NIDPKKE 184
CO1F1.2 (C. ele.) RVKEYCSEFSNKLRGFTTEQVNKVAKTFRV HSQGPRTNKQED- 185
h-8CO1 (H. sap.) AIANYVKEFSPKLVGHWETREEVDQVARAERV 183
h-SCO 2 (H. sap.) AMARYVQDFHPRLL ]S TKQVAQASHSERYV 185
MSP 5 (A. marg.) KLKEYHKSFDARIQ dEEADIKSVVENYKVEVGDKK--— - - P-S 179
Imm (C. rum.) TLKEFHKNFDSRIQML el IEAINQIVQG%KV§VG——Q ----- PDN 177
lTG Yy ¥y
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SCO2 (S. cer.) QFIDALGRNYDEQSGLEKIREQIQAYVPKEERERRSKKWYSFIFN-—-—————————~ 228
SCO1 (S. cer.) QFVDALGRNYDEKTGVDKIVEHVKSYVPAEQRAKQKEAWYSFLFK=-=-~=====—~~ 228
SPBC119.06 (S. pom.) KFIEVFGRN-———STS%DLARAIGSYYLS——RKKQK ————————————————————— 214
CO1F1.2 (C. ele.) QFHDYYGQN----RKABEIANVIEMKVLKYQAQNRKSLLNLF-—-----mmwm———— 223
h-SCO1 (H. sap.) EFLDYFGQON----KRKGEIAASIATHMRPYRK-~--KS-—--—-————-——-—————— o~ 213
h-SCO 2 (H. sap.) LFTDYYGRS~--~-RSABOISDSVRRHMAAFRS ~=VLS==-==m——-mm—mm o m——— 216
MSP 5 (A. marg.) RYVGHFAPD---FNASEGQGEELFKFVSGHMLNS———----————— = me - 210
Imm (C. rum.) EYLTHFVPD---LKSKEPQVDKLLSLIKQYL-==-mmmomm e e mmmm e 205

e

Ficure 5: Alignment ofprrC with its homologues. The amino acid sequence encoded kprtliegene (top sequence) was compared with
sequences in GenBank. The sequences are the following: Rtr€phaeroidds SenC Rhodaulum sulfidophilur), SenC Roseobacter
denitrificang, SenC Rhodobacter capsulatysSco2 Saccharomyces cerisiae), Scol §. cereisiag), SPBC119.06%chizosaccharomyces

pombé, CO1F1.2 Caenorhabditis elegafsh-Scol Homo sapiens h-Sco2 H. sapieny MSP 5 @naplasma marginajeand Imm Cowdria
ruminantiun). Totally conserved residues are boxed in black squares. Highly conserved residues are shaded in gray. TM indicates the
region where the transmembrane domain is localized in PrrC. For simplicity the residues before the TM domain in all the eukaryotic
homologues, as well as in Imm, are not shown.

reveal that the activity of cytochrome oxidase might be prrC was first reported from our laboratory3). We aligned
affected in cells lacking PrrC when grown aerobically, as some of the existing homologues, and the results are shown
opposed to anaerobic dark DMSO. However, under thesein Figure 5. These data show that this family of proteins is

conditions both thecbly and aaz oxidases are functional,

highly conserved in both prokaryotes and eukaryotes.

and experiments are in progress to discern whether this effect-urthermore, the putative transmembrane domain, hydro-

is on thecbhs and/oraa; oxidases.
PrrC HomologuesA significant number of PrrC homo-

phobic in nature, that had been reported earligy is shared
by all family members, suggesting that these proteins are

logues have been found in GenBank since the sequence ofocalized in the cell membrane. See Discussion.
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FiIGURe 6: Synthesis of PrrC::PhoA. Crude extracts were subjecte
to SDS-PAGE and blotted onto nitrocellulose membranes. The

Eraso and Kaplan

a crypticprrC gene comprising 132 codons. The in-frame
deletion ofprrC led to substantial increases in the amount
of LH spectral complexes and PS gene expression under
aerobic growth conditions, when compared to the wild type.
This was consistent with previous resuligl,(19) and was

in agreement with PrrC being a member of this signal
transduction pathway. In addition, similar to the results of

4 Mouncey and Kaplarj obtained with mutant CcoP1, which

lacks a functionalcbh; oxidase, the level of DorA, a

presence of the PrrC::PhoA fusions was detected with polyclonal component of the DMSOR complex, was also found to be

antiserum to PhoA and visualized by the AP detection system
(Promega). Lane 1, molecular weight markers (Bio-Rad); lane 2,
2.4.1(PrrC::phoA2); lane 3, 2.4.1(PrrC::phoAl).

PrrC Topology.To determine if PrrC is localized to the
cell membrane, we made translational fusions togheA

gene, encoding alkaline phosphatase, and studied thei

activities inR. sphaeroidesWhereas no detectable activity
was found in the PrrC::PhoA1 fusion, in which PhoA is fused
to PrrC before the conserved hydrophobic domain (TM), the
activity remained high, 172.4 4.4 in PrrC::PhoA2, where
the fusion junction is located after the hydrophobic domain.
WhenR. sphaeroidesells were tested for the presence of
the hybrid fusion protein by using antibodies against alkaline

phosphatase (Figure 6), the fusion protein was only detected®
in cells containing PrrC::PhoA2. Taken together, these data

show that the fusion protein is active and stable only when
the PhoA moiety is located in the periplasm (PrrC::PhoA2)
and indicate that PrrC is localized to the cell membrane, with
its amino-terminal end protruding into the cytoplasm. A more
thorough topological analysis of PrrC is currently underway.

DISCUSSION

Our recent studies employing mutations in botoNOQP
andrdxBHIS as well as double mutant strains containing
mutations at either of these loci combined with mutations
in prrBA, are consistent with our model that electron flow
through thecbhs; cytochromec oxidase and the Rdx proteins

elevated in mutant PrrC4 under aerobic conditions, compared
to the wild type. However, in contrast to mutant CcoP1, the
activity of the cbb; cytochromec oxidase was found to be
comparable to that of the wild type in the PrrC4 mutant,
indicating that PrrC is not required for either activity or
IJassembly of thebhb; oxidase.

A more direct role for PrrC in some as yet unknown
electron transport reaction could not be ruled out, since the
-CXXXC- motif (Figure 5) could possibly function as a
redox-active metal binding site. In the case of the PrrC
homologues found irSaccharomyces cersiae such as
Scol and Sco2, this motif has been proposed to be involved
in copper binding for assembly of the terminal cytochrome
oxidase in yeast4d, 45). To our knowledge, no data
pertaining to the role played by the other homologues of
this family are available.

Mutant PrrC4 showed a marginally longer time for the
NADI reaction to develop than the wild type but was much
more rapid than that in mutant CCOP1, suggesting a slight
reduction in the total cytochrome oxidase activity in the
PrrC4 mutant, compared to the wild type. When the levels
of cytochromec oxidase were measured directly, no signifi-
cant effect of theprrC4 mutation oncbb; oxidase activity
was observed. It is possible that in the PrrC4 mutantthe
cytochromec oxidase might be affected, thus showing an
overall lower rate of color development. Alternatively,
considering the semiaerobic conditions present in colonies
growing on petri dishes in the presence of oxygen and the

is responsible for the generation of a redox-dependent signainherent differences in colony development, slight differences

that is inhibitory to PS gene expressionR sphaeroides
when growing under aerobic conditions. This proposed
inhibitory signal could be transmitted through the CcoQ
protein, which is associated with tlebhs; oxidase complex
and which we believe functions as a “transponder”, relaying
the signal to the PrrBA two-component gene activation

in color development may not be significant. The NADI
reaction was substantially slower in SenC mutants, the PrrC
homologue inR. capsulatuswith respect to the wild type.
Compared to PrrC4 mutants, the reaction in SenC mutants
was approximately 25% of wild typet). Experiments are

in progress to ascertain the significance of this result.

system. This signal relay pathway constitutes a new paradigm An interruption mutation of theR. capsulatusPrrC
for the regulation of gene expression. The redox state of thehomologue, SenC, led to a general decrease in PS gene

electron transport chain, as dictated by the availability of

expression in this organism®), and similar toR. sphaeroi-

reductant and the presence of the electron acceptor(s), whichdes senC and regA are reported to be transcribed in a

together determine electron flow, is monitored by CcoQ and
ultimately regulates PS gene expression.

One prediction of this model is that if additional signaling
proteins are involved in this signal transduction pathway,
their disruption should lead to a phenotype similar to those
already described for other members of the pathwisdy (
19). One such protein, PrrC, was found in this study to be
specifically involved in the transduction of the inhibitory
signal derived fromcbb; to the downstream PrrBA two-

component activation system under aerobic conditions.

Because of the intimate structural relationship betwae@
andprrA we constructed an in-frame deletion mutation within
prrC in which 99 codons were deleted from the gene, leaving

polycistronic messag&). Thus, our earlier resultd8) and
those obtained witR. capsulatusire entirely consistent and,
as indicated above, mutationspnC can be polar oprrA

if constructed without the care demonstrated here.

PrrC was found to be highly conserved in both prokaryotes
and eukaryotes (Figure 5). The best studied homologues are
the S. cereisiae Scol and Sco2 proteins. Both proteins are
localized to the mitochondrial inner membrane in this
organism 47, 48), and the carboxy-terminal end of Scol
was found to be located in the inner mitochondrial space
(49). Disruption ofscol, unlike that ofsco2 results in the
lack of cytochromec terminal oxidase, and the effect was
found to be posttranscriptional, 47). Thus, Scol has been
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Ficure 7: Model depicting the role of PrrC, as well as other proteins involved in the signal transduction pathway, generating an inhibitory
signal bycbh; to the PrrBA two-component activation system involved in PS gene expressiknsiphaeroidegA) Aerobic conditions;

(B) anaerobic conditions. The minus sign inside the dashed pentagon indicates an inhibitory1sigmal- indicate activation and lack

of activation, respectively, of the genes depicted inside the box, which are regulated by PrrA.

proposed to be involved in cytochroroexidase assembly  greatly reduced (Figure 7B). Thobhs cytochromec oxidase
(44, 45). In addition, either Scol has been proposed to bind is still active under these conditiondg 19), although
copper via the highly conserved (-CXXXC-) domain, and oxygen is not available, funneling electron flow, as suggested
thus make copper available for the assembly of the oxidase(18), to the downstream Rdx components. The absence of
(47, 50), or alternatively, the (-CXXXC-) domain in SenC the inhibitory signal would result in the subsequent phos-
has been proposed to be an iron binding “half-site”, similar phorylation of PrrA, by PrrB, and concomitant activation of
to the 4-Cys domain present in bacterial ferredox#& %1). PS gene expression. Therefore the state of PrrC, by virtue
No firm conclusions as to the role of Sco2 are available. of the absence of an inhibitory signal from upstream redox
Inasmuch as PrrC is concerned, Resphaeroideprotein components, is responsible for PrrB activation. Whether PrrC
was found to be localized to the cytoplasmic membrane, asand PrrB interact directly with each other remains to be
predicted by the existence of a hydrophobic domain of determined. Work in progress in our laboratory toward the
sufficient length to span the membraris3);, with its amino purification of the native PrrB, as well as PrrC, will make
terminal end located in the cytoplasm. This is reminiscent the pertinent experiments possible.
of the localization in the inner mitochondrial space of Scol  The involvement of thedx locus in this signal transduction
in yeast. Thus, with the exception of PrrA, all other proteins pathway has been shown previousiy,(18), but the nature
presumed to be involved in the redox signal transduction of this involvement was not cleat9). However, experiments
pathway from oxygen to PrrA (Cco, Rdx, etc.) are membrane- in progress in our laboratory (Roh and Kaplan, manuscript
associated. in preparation) should more accurately define the role of the
Given these as well as previous resultg, (18, 19), we rdx locus in this signal transduction pathway.
propose a model in which PrrC is functionally located Data obtained withR. sphaeroide§Oh and Kaplan,
between the&bh; cytochromec oxidase and the PrrBA two-  unpublished results) and witBradyrhizobium japonicum
component activation system (Figure 7), and that it is (52), showed that CcoQ copurifies with tiebb; cytochrome
intimately involved in the transfer of the signal emanating ¢ oxidase in both organisms, and therefore it may be
from the electron transport chain via tlobb; and Rdx intimately associated with this oxidase. On the basis of these
proteins to the response regulator PrrA. Intrinsically, and as preliminary observations we favor a model (Figure 7) in
previously proposed1@, 19), this signal must be of an  which the signal emanating from either redox flux or the
inhibitory nature under aerobic growth conditions (Figure oxidized/reduced state of an electron carrier, from the
7A). This inhibitory signal, carried via PrrC, might be interaction ofcbb; with oxygen, is monitored by CcoQ,
responsible for either the inhibition of the kinase activity of through its interaction with theblb; oxidase, and is subse-
PrrB or the stimulation of its phosphatase activity or both, quently transmitted to PrrC, which we propose is downstream
as proposed previously and on the basis of genetic evidenceof CcoQ in the signal transduction pathway. Although other
(18, 40), ultimately leading to a lack of phosphorylation of functional interactions are not discarded, this is the simplest
the response regulator PrrA, to render it inactive for model, at the present time and with the available data, to
activation of PS gene expression. In contrast, under anaerobiexplain how redox flux is transmitted to the PrrBA two-
growth conditions the inhibitory signal is either absent or component activation system i sphaeroide®.4.1. Lack-
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ing evidence to the contrary, it appears that we may have 27.

now identified all of the components that are involved in
this signal transduction pathway from oxygen to the activa-

tion of PS gene expression. Experiments are in progress that

will further test this hypothesis.
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