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Two new loci, prrB and prrC, involved in the positive regulation of photosynthesis gene expression in
response to anaerobiosis, have been identified in Rhodobacter sphaeroides. prrB encodes a sensor histidine
kinase that is responsive to the removal of oxygen and functions through the response regulator PrrA.
Inactivation of prrB results in a substantial reduction of photosynthetic spectral complexes as well as in the
inability of cells to grow photosynthetically at low to medium light intensities. Together, prrB and prrA provide
the major signal involved in synthesis of the specialized intracytoplasmic membrane (ICM), harboring com-
ponents essential to the light reactions of photosynthesis. Previously, J. K. Lee and S. Kaplan (J. Bacteriol.
174:1158-1171, 1992) identified a mutant which resulted in high-level expression of the puc operon, encoding
the apoproteins giving rise to the B800-850 spectral complex, in the presence of oxygen as well as in the
synthesis of the ICM under conditions of high oxygenation. This mutation is shown to reside in prrB, resulting
in a leucine-to-proline change at position 78 in mutant PrrB (PRRB78). Measurements of mRNA levels in cells
containing the prrB78 mutation support the idea that prrB is a global regulator of photosynthesis gene
expression. Two additional mutants, PRRB1 and PRRB2, which make two truncated forms of the PrrB protein,
possess substantially reduced amounts of spectral complexes. Although the precise role of prrC remains to be
determined, evidence suggests that it too is involved in the regulatory cascade involving prrB and prrA. The

genetic organization of the photosynthesis response regulatory (PRR) region is discussed.

Rhodobacter sphaeroides is a purple, nonsulfur photohetero-
trophic bacterium whose mode of growth depends on the con-
centration of oxygen in the surrounding environment (49). At
high oxygen concentrations, R. sphaeroides grows chemohet-
erotrophically, and morphologically it resembles a typical
gram-negative bacterium (3). Under low oxygen or anaerobi-
osis, the photosynthetic membrane system, designated the in-
tracytoplasmic membrane (ICM), is induced; the ICM fills the
interior of the cell, and its abundance is inversely related to the
incident light intensity (25). The ICM contains all of the struc-
tural and functional components of the photosynthetic appa-
ratus. Included are three distinct bacteriochlorophyll (Bchl) a
pigment-protein complexes: the photochemical reaction center
(RC) (36) and the two light-harvesting complexes, designated
the B800-850 and B-875 spectral complexes (7, 9). When
grown anaerobically in the dark, in the presence of alternative
electron acceptors, the gratuitous synthesis of the ICM occurs
(53).

Lee and Kaplan (28) provided the first demonstration that a
relatively simple switching mechanism must be involved in the
repression of photosynthesis gene expression by oxygen in the
genus Rhodobacter when they isolated the spontaneous mutant
T, ,, which accumulates photosynthetic membranes in the pres-
ence of high oxygen. Subsequently, PrrA, the response regu-
lator of a two-component regulatory system which mediates
the cellular response following the removal of oxygen, was
identified in R. sphaeroides (17). PrrA positively regulates the
expression of the puc and puf operons, which encode the o and
B polypeptides of the B800-850 and B875 complexes, respec-
tively, and the L (RC-L) and M (RC-M) polypeptides of the
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RC. puhA, encoding the RC-H polypeptide of the RC, as well
as cycA, encoding cytochrome c,, are also positively regulated
by PrrA (17, 25). A similar gene, reg4, had previously been
identified in the related bacterium Rhodobacter capsulatus, in
which it positively regulates the expression of pufilacZ,
puh:lacZ, and puc::lacZ translational fusions. reg4 was re-
ported not to be involved in regulation of the genes which
encode the enzymes involved in the synthesis of the carotenoid
(Crt) or Bchl pigments (40). The prrA equivalent from R.
sphaeroides NCIB 8253, designated regA, has also been cloned
and sequenced (38).

Reported here is the cloning and sequencing of the photo-
synthesis response regulatory (PRR) region from the wild-type
and the frans-acting, oxygen-insensitive mutant T, (28), iden-
tifying other genes involved in oxygen control of photosynthe-
sis gene expression. One of these genes, designated prrB, and
its mutant allele prrB78 are shown to encode the histidine
kinase responsive to anaerobiosis. This gene is similar to the
recently identified regB gene in R. capsulatus (34). A mutant
form of prrB responsible for its insensitivity to oxygen results in
synthesis of the ICM in the presence of oxygen, providing the
basis for the initial observation of Lee and Kaplan (28). Thus,
prrB encodes a global positive regulator of photosynthesis gene
expression, including the accumulation of Crt and Bchl. A
third gene, prrC, whose gene product belongs to a family of
highly conserved proteins which are anchored in the mem-
brane, was identified.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used are listed in Table 1. Escherichia coli strains were grown at 37°C
in LB (43). R. sphaeroides strains were grown at 30°C in Sistrom’s minimal
medium A supplemented with succinate as the carbon source (45). Tetracycline,
streptomycin, spectinomycin, and kanamycin were added at 1, 50, 50, and 25
wg/ml, respectively, to R. sphaeroides cultures when required and at 20, 50, 50,
and 25 pg/ml, respectively, for E. coli cultures. Kanamycin was used at 450 pg/ml



TABLE 1. Bacteria and plasmids used

Strain Genotype and phenotype” Reference or source
E. coli
DH5aphe F~ $80dlacZAM15 A(lacZYA-argF)U169 recAI endAI hsdR17(ry~ my ") supE44 N~ thi-1 gyrA 17
relAl phe::Tnl10dCm
GM2163 dam-13::Tn9 (Cm") dcm-6 as relevant markers New England Biolabs

R. sphaeroides
2.4.1
2.4.1Q
PRRAI1
PRRA2
PRRB1
PRRB1Km
PRRB2
PRRC1
PRRC2
PRRCA1
PRRBC1
PRRBCA1
PRRB78

Tla

Plasmids
pRK415
pBluescriptIl
pSUP203
pLK-1
pSL301
pUI624
pUI655
pUI660

pUI661
pUI1621

pUI1637
pUI1638
pUI1639
pUI1640
pUI1641
pUI1642
pUT1643
pUI1644
pUT1645
pUI1649
pUI1650
pUI1651
pUI1652
pUI1653
pUI1654
pUIL655
pUI1656
pUI1657

pUI1658
pUI1659

Wild type

2.4.1::Q Sm" Sp" at Smal site downstream from prrB

2.4.1prrA::Q) Sm™ Sp* PS™ RC™ B875™ B800-850™ Car™

2.4.1prrAABsBIP-PstI¢::Q) Sm* Sp* PS™ RC™ B875~ B800-850~ Crt~

2.4.1prrBANrul-Rsr11°::Q) Sm™ Sp* PS™

2.4.1prrBANrul-Rsr11?::Q) Km" PS™

2.4.1prrB::Q) Sm" Sp* at EcoRI PS™

2.4.1prrCAEco01091°-HinclIl:Q) Sm™ Sp*

2.4.1prrCAHincll-HinclI::Q) Sm" Sp*

2.4.1prrCAAECc001091-Eco010912::Q) Sm* Sp* PS™

2.4.1prrBCAEcoRIP-Stul::Q) Sm* Sp™ PS™

2.4.1 prrBCAABspEIL-Tth1111°:Q Sm* Sp* PS™

2.4.1 derivative with the mutation T1020C which results in the change Leu-78—Pro in PrrB and
Q Sm" Sp" at Smal site downstream from prrB

Oxygen-insensitive expression of the ICM and puc operon

Tc’

Ap*, with T3 and T7 promoters

pBR325 derivative; Mob™ Ap" Cm" Tc"

pLV106 derivative (Afet) + 4.2-kb Pvull fragment of pPXK-1 with Q Sm" Sp"-puc (0.8-kb Pst1-
Xmnl)-1.07-kb Xhol-EcoRI Km" DNA

3.2-kb superlinker vector containing an extended polylinker

pBS/Hincll, 0.53-kb Xmalll fragment from puc; Ap*

pBS/Hincll, 0.47-kb Styl fragment of pufBA; same orientation as T3 promoter; Ap"

pBS/Sphl-Sall, approximately 0.18-kb Sphl-Xhol fragment of puhA; same orientation as T3
promoter; Ap"

pBS/Hincll, internal 0.35-kb Stul fragment of cycA; same orientation as T3 promoter; Ap"

pRK415 derivative with O Sm" Sp" (HindIII) plus approximately 0.8 kb from cosmid 533,
containing only prr4; Tc"

Source of the ) Km"

Source of the () Sm" Sp”

pSL301/Ncol, approximately 10.4-kb Ncol fragment containing an {2 Sm" Sp* at the PstI site in
prrA cloned from chromosome I of PRRA1; Ap*

pBS/Pst1-BamHI, approximately 4.9-kb Pst1-BglII fragment cloned from chromosome I of
PRRA1; Ap"

pRK415/HindIIL? 3-kb Nrul-HindIII® fragment containing prrB transcribed opposite to the
vector fet and lac promoters; Tc"

pRK415/HindII1,? 3-kb Nrul-HindIII” fragment containing prrB in the same orientation as the
vector fet and lac promoters; Tc'

pBS/BamHI-HindIll, 4-kb BamHI-HindIII fragment cloned from chromosome I of 2.4.1; Ap"

pBS/BamHI-HindlIll, 4-kb BamHI-HindIII fragment cloned from chromosome I of T,; Ap"

pRK415/Ecl13611, Xhol” 1.3-kb fragment containing prrC from 2.4.1 transcribed opposite to the
vector fet and lac promoters; Tc"

pRK415/BamHI-Asp 718, 1.9-kb Smal-Clal fragment containing prrB from 2.4.1 transcribed
opposite to the vector fet and lac promoters; Tc"

pRK415/BamHI-Asp 718,° 1.9-kb Smal-Clal fragment containing prrB from T,, transcribed
opposite to the vector tet and lac promoters; Tc"

pBS/BamHI-Hindlll, 6.2-kb BamHI-HindIII fragment cloned from chromosome I of 2.4.1 with
Q Sm" Sp" at Smal; Ap®

pBS/BamHI-HindlIll, 6.2-kb BamHI-HindIII fragment cloned from chromosome I of T;, with Q
Sm" Sp" at Smal; Ap"

pBS derivative, approximately 2.0-kb Stul-HindIII from pUI1643A1037-bp Nrul-Rsr1l in prrB
with ) Sm" Sp"; Ap”

pBS derivative, approximately 2.0-kb Stul-HindIII from pUI1643A1037-bp Nrul-Rsrll in prrB
with O Km*, Ap*

pBS derivative, approximately 2.0-kb PstI-RsrII from pUI1643A475-bp Hincll-Eco01091 in prrC
with ) Sm" Sp*; Ap"

pBS derivative, approximately 2.4-kb PstI-RsrII from pUI1643A77-bp Hincll-Hincll in prrC with
Q Sm" Sp"; Ap”

pBS derivative, approximately 1.9-kb PstI-RsrII from pUI1643A583-bp Eco01091-Eco0109I in
prrCA with Q Sm" Sp"; Ap”

pUI1643A475-bp Stul-EcoRI in prrBC with  Sm" Sp*; Ap"

pBS derivative plus approximately 5.2 kb containing PRR region with a 2,070-bp ATth1111-
BspEI prrBCAA with  Sm" Sp*; Ap”

W. R. Sistrom
This study
17

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

28

23
Stratagene
44

26a, 27, 28
Invitrogen
29

26a

26a

26a
17

17

17

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study

“PS™, cells are photosynthetically incompetent; RC™, cells do not have RC pigment-protein complexes.
> The 5’ overhangs were made blunt with Klenow fragment of DNA polymerase I before cloning.
¢ The 3’ overhangs were made blunt with T4 DNA polymerase before cloning.
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FIG. 1. Restriction map of the 10.4-kb Ncol fragment cloned from chromosome I of R. sphaeroides PRRA1 as well as the structure of the PRR region. The 10.4-kb
Ncol fragment from pUI1639 is indicated at the top. The locations of prrB, prrC, and prrA and the € cartridge within the fragment are indicated by the shaded areas.
Unique restriction sites as well as sites used for subcloning are marked. pUI1640 contains an approximately 4.9-kb PstI-BglII fragment. pUI1641 and pUI1642 contain
the same HindIII-Nrul fragment in opposite orientations. A map of the approximately 4-kb HindIII-BamHI fragment containing the PRR region from wild-type and
T, cells in pUI1643 and pUI1644 is shown expanded at the bottom. The locations of prr4, prrB, and prrC are indicated by the shaded areas. The arrows indicate the
direction of transcription. Relevant restriction sites are marked. () represents an () Sm/Sp cartridge. Scale markers are placed for the 10.4- and 4-kb fragments.

for growth of PRRB78(pLK-1). Ampicillin was used at 150 wg/ml and chloram-
phenicol was used at 25 wg/ml for E. coli cultures. Valinomycin was used at 2 pM.

R. sphaeroides cultures were grown as described previously (12, 14). E. coli
GM2163 was used to isolate unmethylated DNA for subcloning.

Cloning of the PRR region from chromosome I of PRRA1, wild-type, and T,
cells. Chromosomal DNA containing an ) cartridge encoding resistance to
streptomycin and spectinomycin ({2 Sm/Sp) in prrA was isolated from PRRAI
cells (17) and used to transform E. coli by direct selection for antibiotic resis-
tance. A 10.4-kb Ncol fragment that hybridized with a probe specific to the €
cartridge was identified by Southern hybridization. Cloning of this 10.4-kb DNA
fragment into the Ncol site of pSL301 created plasmid pUI1639 (Fig. 1). This
insert contains the PRR region.

Chromosomal DNA was also isolated from wild type as well as T, cells (28)
and digested with BamHI and HindIll, and following electrophoresis, a band
corresponding to the 4-kb region was cloned into pBS which had been previously
digested with BamHI and HindIIl. Clones containing the PRR region were
identified by restriction mapping. pUI1643 contains the PRR region from wild-
type cells, and pUI1644 contains the PRR region from T, cells. The map of this
region, with the locations of prB, prrC, and prrA, is shown in Fig. 1.

pUI1641 and pUI1642 were subsequently constructed by subcloning pUI1639.
They contain an approximately 3-kb Nrul-HindIII fragment containing the re-
gion immediately upstream from prr4 from wild-type cells in pRK415, in both
orientations. The two plasmids were used for DNA sequencing.

Construction of mutations in the PRR region. The 4-kb BamHI-HindIlI insert
in pUI1643 (Fig. 1) was used to construct mutations in the PRR region. A
diagrammatic representation of all strains constructed is shown in Fig. 2.
pUI1653 was used to construct a chromosomal deletion of the prrB gene. This
plasmid contains a 1,037-bp RsrII-Nrul deletion internal to the prrB gene, with an
Q Sm/Sp cartridge in its place. pUI1654 is similar to pUI1653, but it contains a
kanamycin resistance ({0 Km) cartridge instead. The modified inserts from
pUI1653 and pUI1654 were cloned into pSUP203 and crossed into chromosome
I of wild-type R. sphaeroides 2.4.1, to create PRRB1 and PRRB1Km, respec-
tively, as were all other chromosomally derived mutations, using techniques
described previously (17). A similar strategy was used to construct pUI1655,
which was used to inactivate prrC with an {2 Sm/Sp cartridge in place of a 475-bp
Eco01091-Hincll fragment to create PRRCI.

Since prrA may be cotranscribed with prrC as well as being expressed from its
own promoter, the presence of an () cartridge in prrC prompted the construction
of two additional mutations. In the first, a 77-bp Hincll-Hincll deletion with an
Q Sm/Sp cartridge in pUI1656 was used to construct a pSUP203 derivative which
in turn was used to generate PRRC2. The 77-bp deletion is near the 3’ end of
prrC but does not affect the promoter for prr4 (17). In the second construction,
portions of both prrC and prr4 were deleted by using plasmid pUI1657, contain-
ing a 583-bp Eco01091-Eco01091 deletion substituted with an £ Sm/Sp cartridge.
This construction is designated PRRCAL.

PRRBC1 was made by crossing the insert from pUI1658, which contains a
475-bp Stul-EcoRI deletion of both prrB and prrC substituted with an (0 Sm/Sp
cartridge. PRRBCA1 was made using the insert from pUI1659, in which an
Sm/Sp cartridge is substituted for a 2,070-bp Tth1111-BspEI fragment containing
most of prrB, all of prrC, and most of prr4 in a 5,232-bp fragment containing the
PRR region from pUI1643.

Additionally, an ) Sm/Sp cartridge was inserted into the unique EcoRI site in
prrB of a 4.9-kb PstI-BgllI insert present in pUI1640 and crossed into the chro-
mosome (Fig. 1). The mutant strain was designated PRRB2. All mutations were
confirmed by Southern hybridization.

Subcloning of prrB, prrC, and prr4 from wild-type and T, cells and construc-
tion of PRRB78 and 2.4.1Q. prrB, prrC, and prrA were individually subcloned
from either the wild type via pUI1643 or from T,, via pUI1644 (Fig. 1) into
pRK415. See Table 1 for plasmid designations, genotypes, and origin of the
insert DNA.

pUI1651 and pUI1652 (Table 1) contain the approximately 4-kb BamHI-
HindIII fragment from pUI1643 and pUI1644, respectively (Fig. 1), with an Q
Sm/Sp cartridge cloned at the Smal site immediately downstream from the prrB
gene. PRRB1Km (Fig. 2), which is unable to grow photosynthetically (PS™) at
low to medium light intensities, was used as recipient in crosses with the
pSUP203 derivatives containing either the wild-type DNA insert from pUI1651
or the prrB78 allele from T, cloned into pUI1652. Exconjugants were selected
for both Sm" Sp* and tested for the ability to grow photosynthetically. Subse-
quently they were scored for Tc® and Km®. The results of these crosses created
strains 2.4.1Q), which contains prrB*, and PRRB78, which contains prrB78. The
6.2-kb HindIII-BamHI fragment from the chromosome of 2.4.1Q) and PRRB78
was subsequently subcloned into pBS and sequenced to confirm the presence of
the wild-type and mutated sequences, respectively.

Molecular techniques. Standard techniques were used for plasmid isolation,
restriction endonuclease digestion, isolation of DNA fragments from gels, liga-
tions, and other molecular biological methods (2, 32, 43). Deletion clones for
sequencing were prepared in both orientations with respect to the insert, using
the Exo/Mung Bean nuclease deletion kit from Stratagene (La Jolla, Calif.). The
linear plasmids were purified by using Geneclean (Biol01, La Jolla, Calif.)
and/or the Wizard DNA cleanup kit (Promega, Madison, Wis.). A series of
deletions differing by approximately 200 nucleotides was made from pUI1641
and pUI1642 (Fig. 1) as instructed by the manufacturer. These clones were used
to determine the DNA sequences of pUI1641 and pUI1642. The —21 primer
(5'-TGTAAAACGACGGCCAGT-3") was used to sequence the deletion clones.
Sequence determination was performed with an ABI 373A automatic DNA
sequencer, with a Tag DyeDeoxy terminator cycle sequencing kit (Perkin-Elmer,
Applied Biosystems Division, Foster City, Calif.) at the DNA core facility of the
Department of Microbiology and Molecular Genetics. Eleven oligonucleotides
were designed to sequence prrB78 and prrB as a control.

DNA sequence analysis. Sequence analyses were performed by using the
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FIG. 2. Chromosomal mutations in the PRR region. Shaded areas indicate the genes prrB, prrC, and prrA. Arrows indicate the direction of transcription of the genes.
Relevant restriction enzyme sites are marked. A indicates the extent of deletions made. In all cases, ) Sm/Sp cartridges were cloned and are indicated as (). Strain
PRRB?2 does not contain a deletion but contains an {) Sm/Sp cartridge at the EcoRI site of prrB. All constructions are described in Materials and Methods and in Table 1.

computer programs SeqEd 675 DNA Sequence Editor (Perkin-Elmer, Applied
Biosystems Division) and DNA Strider (Institut de Recherche Fondamentale,
Commissariat a 'Energie Atomique, Paris, France), and the Genetics Computer
Group software package from the University of Wisconsin. The program Pep-
tidestructure was used to predict the folded structures of prrB and prrC. Se-
quence similarity requests as well as secondary structure prediction and motif
searches were also performed.

Genetic techniques. Plasmid DNA was mobilized into R. sphaeroides by con-
jugation, using techniques previously described (12). The need to supplement
Sistrom’s minimal medium with K,TeO, could be bypassed by using the auxo-
troph E. coli DH5aphe as the donor in conjugations (17).

RNA isolation and Southern, Northern (RNA), and slot blot hybridization
techniques. RNA was isolated from cells grown both chemoheterotrophically
and anaerobically in the dark. RNA was isolated and assayed as described
previously (8, 17, 54). Quantitation of the level of rRNA present in each slot or
lane was used as a normalization factor for each transcript. QuickHyb solution
from Stratagene was used for certain hybridizations as instructed by the manu-
facturer.

Radioactive probes were made by using highly purified plasmid DNA contain-
ing puf (pUI65S), puc (pUI624) (29), cyeA (pUI661), and puhA (pUI660) (262)
(Table 1). All procedures have been described previously (14).

Analytical techniques. Protein determinations were done by the Pierce assay
(Pierce, Rockford, IIl.). The amount of Bchl present in the B875 light-harvesting
complex can be measured at 875 minus 820 nm (¢ = 73 * 2.5 mM ™' cm™}),
normalized for 2 mol of Bchl a per complex, whereas the concentration in the
B800-850 complex can be measured at 849 minus 900 nm (¢ = 96 * 4 mM ™!
cm ™), normalized for 3 mol of Bchl a, as determined previously (25, 33). Cells
grown chemoheterotrophically at 30% oxygen were broken in a French press and
suspended in 50 mM morpholine propane sulfonic acid (MOPs)-100 mM KCI

(pH 7.0) containing 2 wM valinomycin and 2 mM potassium ferrocyanide and
ferricyanide for the measurement of the RC spectrum change (5). Flash photol-
ysis used an neodynium-yitrium aluminum garnet pulse laser (6-ns pulse width,
532 nm, 40 mJ) in a modification of a procedure described for the measurement
of flash-induced absorbance changes (37). The flashing rate was 0.017 Hz. Each
trace was acquired as 3,968 datum points, and the acquisition rate was 500 ps per
point. In all cases, initial points of flash artifact were removed. The sample was
at ambient temperature. The method used to calculate the amounts of Bchl and
Crts has been described elsewhere (10).

Materials. 5-Bromo-4-chloro-3-indolyl-B-p-galactoside (X-Gal) and the Kle-
now fragment of DNA polymerase I were purchased from Boehringer Mann-
heim Biochemicals, Indianapolis, Ind. The p-toluidine salt of 5-bromo-4-chloro-
3-indolyl phosphate was purchased from Sigma Chemical Co., St. Louis, Mo.
Restriction endonucleases and nucleic acid-modifying enzymes were purchased
from Bethesda Research Laboratories Life Technologies, Inc., Gaithersburg,
Md., New England Biolabs, Inc., Beverly, Mass., or Promega. [a->?P]dCTP
(3,000 Ci/mmol) and [«-*P]CTP (800 Ci/mmol) were purchased from Amer-
sham Corp., Arlington Heights, Ill. All other chemicals used in this work were
reagent grade.

Nucleotide sequence accession number. The nucleotide sequence of the region
containing prrB and prrC has been assigned GenBank accession number U22347.

RESULTS

Identification of a regulatory locus upstream of prr4. In R.
sphaeroides, PrrA was shown to be involved in the positive
transcriptional regulation of photosynthesis gene expression in
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response to anaerobiosis (17). Since the kinase and regulator
genes are often physically adjacent in two-component systems
(1, 4, 35, 47), we assumed that the putative kinase gene would
be physically close to prrA. Sequencing of the region down-
stream from prrA4 did not reveal the presence of a gene with the
capacity to encode a histidine kinase (17). Therefore, the re-
gion upstream from prr4 on chromosome I was studied fur-
ther. In a separate but related approach, the corresponding
region of chromosome I from mutant T, was also isolated. We
reasoned that the kinase was a likely candidate for the regu-
latory mutation in T,,. This conclusion was based on our ob-
servation that secondary mutations which silenced the original
T,, phenotype, i.e., ICM production in the presence of oxygen,
were invariably localized to prrA. Therefore, it seemed reason-
able that the mutation in T,, must be upstream of prr4 in the
regulatory pathway.

The 4.9-kb PstI-Bg/II insert in pUI1640 containing an incom-
plete prrA gene and upstream sequence (Fig. 1) was cloned
from the chromosome of PRRAL1 as described in Materials and
Methods. This region was mutagenized by placing () cassettes
in several locations, and it was found that interruption at the
EcoRI site located approximately 1.2 kb upstream from prrA
(Fig. 1) gave rise to decreased spectral complex formation
when crossed into the wild-type genome. This mutant was
designated PRRB2 (Fig. 2). Moreover, when plated anaerobi-
cally at 10-W/m? light intensity, these cells were unable to grow
photosynthetically. By contrast, cells with an interruption at
the HindIll site located approximately 3.1 kb upstream from
prrA (Fig. 1) had a wild-type phenotype and were photosyn-
thetically competent.

Plasmids pUI1641 and pUIl642 contain approximately
3.1-kb Nrul-HindIlIl fragments in opposite orientations in
pRK415 (Fig. 1). When placed in trans, these subclones re-
stored both wild-type coloration and photosynthetic compe-
tence to PRRB2. Therefore, the insertion mutation in PRRB2
was not polar to prrA and thus defined another coding se-
quence required for photosynthesis gene expression. Addition-
ally, when multiple copies of prrA were placed in frans in
PRRB2, the photosynthetic defect was bypassed, as might be
anticipated since we have shown that prrA can be made active
by at least one noncognate kinase, notably HupT (19). There-
fore, the locus upstream of prr4 was designated prrB, for pho-
tosynthetic response, regulator B.

A 4-kb BamHI-HindIIl DNA fragment was subcloned from
mutant T,, to form pUI1644 (Fig. 1) as described in Materials
and Methods. A corresponding fragment was subcloned from
wild-type cells as a control (pUI1643).

Sequencing of the prr4 upstream region. The sequence of
DNA comprising the approximately 3.1-kb HindIII-Nrul frag-
ment upstream from prrA (Fig. 1) was determined as described
in Materials and Methods and is shown in Fig. 3. The Genetics
Computer Group software package was used in conjunction
with an R. sphaeroides codon usage table (16) to identify an
open reading frame (ORF) of 1,389 bp, within which the
EcoRI site used to interrupt this ORF was located. This ORF
was designated prrB (Fig. 1). Additionally, a second ORF was
found, which was upstream of and divergently transcribed from
prrB. When this sequence was assembled with the sequence
obtained previously from the 2.2-kb fragment containing prr4
(17), a stop codon for this second ORF was found, resulting in
an ORF of 696 bp which overlapped prrA by 8 bp. This new
OREF was designated prrC. Structures of both prrB and prrC as
well as prrA4 are shown in Fig. 1.

prrB and prrC encode proteins of 462 and 231 amino acids,
respectively (Fig. 3). Arrows at the end of the sequence for
prrB show a GC-rich stem with a theoretical AG of —11.9 kcal
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(ca. —49.8 kJ), which is followed by a relatively AT-rich region,
similar to a rho-independent terminator structure in E. coli
(18). Potential Shine-Dalgarno sequences (15, 41) upstream of
each ORF are doubly underlined. The match of the suspected
Shine-Dalgarno sequence for prrB is poor, but that for prrC is
very good. An in-frame GTG codon located 15 codons up-
stream of the presumed ATG initiation codon for prrC also was
found but was not selected as the initiation codon for prrC (i)
since there is no obvious Shine-Dalgarno sequence nearby and
(ii) on the basis of sequence alignment with similar genes (see
below).

Similarly, after subcloning the PRR region from both the
wild type and mutant T, ,, it was found that in contrast to prrB
from wild-type cells, prrB from T,, cells conferred an oxygen-
insensitive phenotype to wild-type cells. Thus, prrB was mu-
tated in T,,, and the mutated allele was dominant over the
wild-type gene. The DNA sequence for prrB from T,, was
determined and revealed a single base pair mutation of a T to
a C, which changes codon 78 from CTG (Leu) to CCG (Pro).
This allele was designated prrB78.

Alignment of prrB and prrC. In the case of prrB, the carboxy-
terminal end of the putative protein was found to be similar to
that of members of the histidine kinase family of regulators
associated with two-component regulatory systems (Fig. 4).
The conserved histidine residue, known to be the site of auto-
phosphorylation in other systems (1, 4, 35, 47), is at position
221 in prrB. Shaded areas represent the conserved regions 1, 2,
3.1, 3.3, and 3.5 (35). Like other members of the histidine
kinase family of proteins, the amino-terminal region encoded
by prrB was not found to be similar to that of any particular
family of proteins. However, similarities to regions of genes
which encode the membrane-spanning domains of several pro-
teins were found, providing suggestive evidence that PrrB is
anchored in the membrane, with six possible transmembrane
domains. The regB gene, which encodes a histidine kinase with
58% identity and 75% similarity to prrB, has recently been
identified in R. capsulatus (34). The amino terminus of PrrB is
70% similar and 48% identical to the amino terminus of RegB.

In the case of prrC, the strongest similarity was found with
two genes from Saccharomyces cerevisiae, scol and its homolog
sco2, which encode mitochondrial inner membrane proteins
(Fig. 5) that are involved in the assembly of cytochrome ¢
oxidase subunits (6). Three other genes were identified as
members of the same family, but their functions are unknown.

Phenotypes of mutants in prrB and prrC. A series of chro-
mosomal mutations in both prB and prrC were constructed as
described in Materials and Methods and are depicted in Fig. 2.
Mutants PRRB1 and PRRB2 (Fig. 2) were PS™ when grown at
low to medium light intensities, and the levels of spectral com-
plexes were severely reduced, as determined in cells growing
anaerobically in the dark in the presence of dimethyl sulfoxide
(DMSO) (Table 2, experiment A). Compared with the control,
the levels of B§00-850 were reduced dramatically and the level
of B875 was reduced by approximately 60%. Thus, mutations
in prrB behave similarly, although not identically, to those in
prtA (17). On the other hand, mutations in prrC are more
subtle. PrrC mutants grow photosynthetically, yet the cellular
levels of spectral complexes (Table 2, experiment A) are re-
duced substantially. In combination with a mutation in prrB,
the PrrC mutant strain PRRBCI reveals a synergistic effect on
spectral complex formation (Table 2, experiment A) and, as
expected, does not grow photosynthetically. Mutations affect-
ing prrA are, as anticipated, the most severely affected.

Each of the mutant strains listed in Table 2 was comple-
mented in frans with each of the genes in question from wild-
type and the PrrB mutant PRRB78, designated prrB78, under
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FIG. 3. Nucleotide sequence of prrB and prrC. Putative coding sequences are in boldface. Arrows throughout indicate the direction of transcription of the prrB, prrC,
and prrA genes. The two arrows under nucleotides 2206 to 2211 and 2224 to 2219 represent the stem of a potential rho-independent transcription terminator, which
is followed by a region relatively rich in A and T. The protein sequences are indicated below. Sequences underlined between 133 and 138 correspond to a potential
Shine-Dalgarno sequence. The three nucleotides in boldface in the intergenic region between prrB and prrC represent a potential translation start GTG codon for prrC,
in frame with the gene. Amino acid sequences underlined represent putative membrane-spanning domains. Nucleotide sequences double underlined represent potential
Shine-Dalgarno sequences for prrB and prrC. Amino acids are numbered in the transcriptional direction of the genes, and nucleotide sequences are numbered in

boldface.

anaerobic, dark, DMSO conditions. As anticipated, prr4 in
trans restores expression of the light-harvesting complexes to
all of the mutants tested. However, effects of the original mu-
tations in prrB and prrC are still apparent. Similarly prrB78,
although highly effective in promoting spectral complex forma-
tion in the wild type and in the PRRB mutants, has no effect
when the prr4 mutation is present and is only partially effective
when the prrC mutations are present. Whereas the wild-type
prrB allele can restore the PRRB mutants to near control levels
for the B875 spectral complex and approximately 75% for the
B800-850 complex, its presence in frans in the PRRC mutants
reproducibly reduces spectral complex formation compared
with the mutants alone. Again it is obvious that the prrC gene
product is somehow involved, either directly or indirectly in
this or a convergent regulatory pathway. prrC in trans, like prrB,
appears to diminish the levels of spectral complexes that are
otherwise observed.

Under semiaerobic conditions (Table 2, experiment B),
prrB78 is more effective than the wild-type prrB in restoring
both spectral complexes. However, the effect of prrB78 in trans

under anaerobic conditions in the PRRB1 mutant background
is quite different than when these cells are grown semiaerobi-
cally. It appears that the prrB1 allele is partially dominant to
prrB78, whereas the wild-type prrB allele is recessive under
conditions of low oxygen. Under anaerobic conditions, both
alleles are recessive to prrB78. The effect of prrC is again
subtle, actually diminishing the levels of complexes otherwise
observed as well as being insensitive to the prrB78 allele.
Therefore, as judged by both photosynthetic growth and spec-
tral complex formation, prB, like prrA (17), is involved in
photosynthesis gene expression. On the other hand, prrC ap-
pears to be epistatic to this process, although its involvement
can be observed.

The phenotypic effect of prrB78. We have already shown that
in mutant T, (28), the prrB gene contains a T-to-C change in
codon 78, resulting in a Leu-to-Pro alteration. Further, when
this prrB allele is placed in frans in wild-type and mutant
strains, its effect on spectral complex formation was readily
documented. Therefore, it was essential that we reconstruct
the prrB78 allele in single copy in place of the normal prrB
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FIG. 4. Alignment of PrrB with other sensor histidine kinases. The putative amino acid sequence encoded by the prrB gene was aligned with the sequences of other
histidine kinases. Only the carboxy-terminal ends of the proteins, which contain the conserved kinase domains, were similar to PrrB. Thus, only these regions are shown
in the alignment. Amino acids which are conserved in all cases are in boldface and boxed. Shaded boxed areas denote regions conserved among the kinases (35). The
sequences are the following: RsphPrrB, PrrB (R. sphaeroides); EcoEnvZ, EnvZ (E. coli) (22); RmelFixL, FixL (Rhizobium meliloti) (30); RcapDctS, DctS (R. capsulatus)

(20). Dots are spaced every 10 residues. Amino acid numbers are indicated for each protein. Spaces throughout were left by the alignment program.

allele in an otherwise wild-type background to determine its
precise role in photosynthesis gene expression. The construc-
tion of mutant strain PRRB78 (Table 1) is described in Mate-
rials and Methods. This strain contains an {) Sm/Sp cartridge at
the Smal site immediately downstream from prrB (Fig. 1),
which overlaps with the putative transcription terminator for
prrB. The isogenic wild-type strain 2.4.1Q) was also constructed
as the basis for comparison with PRRB7S.

Because PRRB78 produces ICM under highly aerobic con-
ditions, it is very unstable, segregating PS™ derivatives, similar
to what was originally observed with mutant T, (28). There-
fore, the introduction of the puc::aph fusion in pLK-1 (Table 1)
in the presence of 450 pg of kanamycin per ml into PRRB78
provides for stabilization of the mutant strain.

When PRRB78(pLK-1) cells were grown chemohetero-
trophically to low cell densities in the presence of 30% oxygen,
approximately 1.4 nmol of B§800-850 and 11.5 nmol of B875 per
mg of protein were found. Both wild-type and 2.4.1€) cells
showed no detectable spectral complexes under identical con-
ditions (Fig. 6A). Additionally, when these cells were grown
anaerobically in the dark with DMSO, 55 and 21 nmol per mg
of protein of B800-850 and B875, respectively, were present,
whereas the corresponding value for 2.4.1 and 2.4.1) were 29
and 9 nmol/mg of protein and 31 and 11 nmol/mg of protein,
respectively. Thus, PRRB78(pLK-1) cells produce spectral
complexes aerobically, although the level of B800-850 is con-
siderably lower than the level of B875. However, under anaer-
obic conditions, the levels of both B800-850 spectral complex
and B875 increase, in both cases approaching levels of these
complexes found in low light grown cells.

The photopigments were extracted from PRRB78(pLK-1)
and 2.4.1Q and quantitated as described in Materials and
Methods (Fig. 6B). There was over 100-fold more Bchl pro-
duced in PRRB78(pLK-1) cells than in 2.4.1Q cells, in which
the level was practically nonexistent (10). This difference is
similar to previously observed values when aerobic and anaer-

obically grown cells are compared (21) and clearly reveals that
the synthesis and/or accumulation of Bchl is also under the
control of the prrB gene.

Measurement of cellular carotenoid levels revealed a low
basal level in 2.4.1€), also consistent with previous data (10),
and an approximately 19-fold increase in PRRB78(pLK-1).
Interestingly, no spheroidene (yellow) appeared to be present
in these cells. High-pressure liquid chromatography HPLC
analysis of the cellular carotenoids derived from aerobically
grown PRRB78(pLK-1) confirmed this result.

Therefore, PRRB78(pLK-1) produces pigments and pig-
ment-protein complexes in the presence of high oxygen, addi-
tionally supporting the hypothesis that the histidine kinase
sensor containing the Leu-78—Pro alteration in these cells is
defective in transducing the oxygen signal, resulting in the
synthesis of the ICM in the presence of oxygen.

Presence of photosynthetic RCs in PRRB78(pLK-1) under
aerobic conditions of growth. Previous data have shown that
the presence of Bchl is essential for the stability of the photo-
synthetic RCs in R. sphaeroides and R. capsulatus (10, 48, 50).
In the absence of Bchl, the apoproteins quickly turn over.
Additionally, in the original T,, mutant strain containing the
prrB78 mutation, it was shown that the rate of synthesis of both
RC-M and RC-H polypeptides was similar to that observed in
cells growing photosynthetically, despite the presence of high
oxygen (50). It was further shown that a substantial fraction of
these apoproteins remained stable and the remainder turned
over. It was reasoned that the availability of Bchl was respon-
sible for stabilizing these apoproteins by forming functional
RCs. Therefore, we decided to investigate whether PRRB78
contains assembled photochemical RC Bchl dimers in the pres-
ence of oxygen, as well as B800-850 and B875 polypeptides.

As described in Materials and Methods and previously (5),
the spectrum of the RC change was obtained by flash photol-
ysis of cellular extracts of PRRB78 and 2.4.1() at high redox
potential (Fig. 7). Whereas 2.4.1€) did not show any absor-
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FIG. 5. Alignment of prrC. Computer searches described in Materials and Methods found proteins similar to PrrC in the data bases, and the putative amino acid
sequence encoded by the prrC gene was aligned with their sequences. Amino acids which are conserved in all cases are in boldface and boxed. Shaded boxed areas
denote regions with similar secondary structure. These are indicated as helix, turn, and strand. Amino acids in boldface and underlined denote putative transmembrane
domains. Secondary structure prediction of the region in Scol and Sco2 prior to the transmembrane domain was not considered relevant for this figure. The sequences
are the following: Sco2 (S. cerevisiae) (46), Scol (S. cerevisiae) (39), PrrC (R. sphaeroides), Msp5 (Anaplasma marginale) (51), Imm (Cowdria ruminantium) (31), and
Orf193 (Pseudomonas stutzeri) (11). Dots were spaced every 10 residues. Amino acid numbers are indicated for each protein. Spaces throughout were left by the

alignment program.

bance changes over the range monitored, consistent with the
absence of RCs in these cells under aerobic conditions,
PRRB78(pLK-1) showed a profile characteristic of the RC (5).
The isosbestic point was at 584 nm, and the ratio of the ab-
sorption change at 605 and 540 (Ag™9%% s/Ae™%, ) was
—2.3. This ratio is in accord with previously published values
(5) for functional RCs, and the magnitude of the change is
consistent with high cellular levels of RCs in amounts compa-
rable to those determined by Varga and Kaplan (50).

Analysis of mRNA levels in 2.4.1, 2.4.1Q2, and PRRB78 cells.
From the data presented so far, it is evident that the prrB gene
is involved in the ability of R. sphaeroides to respond to the
removal of oxygen through the formation of all three spectral
complexes associated with photosynthetically growing cells. In
the case of the prrB78 allele, the PrrB78 gene product behaves
as if there is either no or low oxygen in the environment.
Therefore, the next logical question is to determine at what
level of gene regulation PrrB is effective.

Slot blot hybridization values are presented in Table 3 for
puf, puhA, and cycA. In the case of puc, the presence of the
puc:aph fusion in pLK-1 complicated the results obtained for
slot blot hybridization; therefore Northern hybridization values

are presented. Since we have shown previously (17) that min-
imal levels of these mRNAs are produced in a prr4 back-
ground under aerobic conditions of growth, values for each
message obtained in PRRA2 (prr4 mutation) were subtracted
from the values obtained for each of the strains shown in Table
3. Because only the large transcript of cycA is affected by PrrA
(17), this was not done. Values were normalized to those for
the wild-type cells grown anaerobically in the dark in the pres-
ence of DMSO. The results are shown in Table 3.

What is immediately obvious from the data presented in
Table 3 is that the mutation from Leu to Pro at position 78 in
PrrB78 results in high transcript levels in the presence of ox-
ygen of all of the genes encoding important structural elements
of the photosynthetic apparatus. These transcript levels are
normally observed in cells growing photosynthetically at mod-
erate to low light intensity (13, 14, 24, 26). Thus, these mea-
surements are compatible with observations made in T, (28)
with respect to light-harvesting complex formation, or RC as-
sembly (50), as well as those described above. What is of equal
significance is that even in cells grown in the absence of oxygen
with DMSO in the dark, increased transcription of puf, puhA,
and puc is obvious.
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TABLE 2. Spectral complex levels in PRR mutants®
Spectral complex level
Expt Strain pRK415 prrC* prrB* prrA™* prrB78

B800-850 B875 B800-850 B875 B800-850 B875 B800-850 B875 B800-850 B875

A 241 43.4 14.8 32.0 11.6 33.7 12.6 44.4 11.2 61.3 20.7
PRRC1 8.2 7.9 4.1 6.0 1.7 5.6 25.6 8.0 30.3 11.4

PRRC2 13.1 7.6 11.7 6.9 7.7 6.6 32.7 8.9 36.0 14.2

PRRCALI ND 0.3 ND 14 0.1 24 33.8 10.0 ND 1.8

PRRB1 0.4 5.9 ND 5.4 29.9 11.0 283 11.9 50.1 20.8

PRRB2 2.9 5.5 — — 29.9 11.5 31.3 16.6 — —

PRRBC1 ND 1.1 — — — — — — — —
PRRBCAL1 ND 12 — — — — — — — —

B 241 1.9 11.4 1.7 4.8 1.0 4.1 — — 71.5 223
PRRC1 0.2 2.4 0.03 0.8 0.05 1.7 — — 1.0 4.0

PRRC2 0.8 33 0.4 2.3 0.7 3.8 — — 4.7 6.0
PRRCA1 ND ND ND ND ND ND — — ND ND

PRRBI1 ND 0.8 ND 1.5 0.9 4.2 — — 7.2 8.5

“ Cells were grown anaerobically in the dark in DMSO (experiment A) or chemoheterotrophically, sparged with a mixture of 97% N,, 2 to 3% O,, and 1% CO,
(experiment B). The amounts of light-harvesting complexes were determined as described previously (25) and expressed as nanomoles of spectral complex per milligram

of crude membrane protein. ND, none detected; —, not done.

DISCUSSION

Cloning of a 10.4-kb fragment from chromosome I of the R.
sphaeroides PRRA1 mutant (17) identified two loci, prrB and
prrC. The former is clearly involved in the positive regulation
of photosynthesis gene expression in response to the removal
of oxygen. prrC, on the other hand, appears to be involved, but
its role is more subtle (see below). Sequence comparisons
identified these genes as encoding a potential sensor histidine
kinase of a two-component regulatory system (prrB), involved
in prokaryotic signal transduction (1, 4, 35, 47), and in the case
of prrC, a gene having strong similarity to a family of genes
containing one putative membrane-spanning domain, among
which were the scol and sco2 genes from S. cerevisiae. These
genes are believed to play a role in cytochrome ¢ oxidase
subunit assembly in the mitochondria of this organism (39).
The amino terminus of PrrB, which may comprise the sensing
domain of the histidine kinase, was not found to be similar to
any protein in GenBank except RegB, a histidine kinase from
R. capsulatus whose sequence has been published recently (34).
This domain contains six putative membrane-spanning regions,
making PrrB most likely a protein anchored in the membrane
at its amino-terminal half and with the kinase domain in the
cytoplasm. Similarly, PrrC appears to be anchored in the mem-
brane, but unlike PrrB, the carboxy-terminal end of the protein
appears to be located in the periplasmic space, as concluded
from recent data for PhoA fusions to PrrC (16).

Although the PrrB/PrrA regulatory system appears to be
analogous to the RegB/RegA system of R. capsulatus in that
both appear to be involved in regulation of the aerobic-to-
anaerobic transition with respect to photosynthesis gene ex-
pression, there are important differences. The PrrB/PrrA sys-
tem appears to lead to a more stringent regulation of those
operons encoding the major structural apoproteins than does
the RegB/RegA system. Both Bchl and Crt synthesis and/or
accumulation are controlled by PrrB/PrrA. This may not be
true for RegB/RegA. Finally, the structure of the DNA region
linked to prrB/prrA appears to be different from that linked to
regBfregA (data not shown).

Cloning of the PRR region from the oxygen-insensitive reg-
ulatory mutant T, identified a Leu-to-Pro change at position
78 of PrrB (see Fig. 3 for coordinates). This mutation disrupts
a predicted hydrophilic helix located between two putative

hydrophobic membrane-spanning domains. Mutant PRRB78,
which contains only this regulatory mutation, has the ability to
synthesize both light-harvesting and RC components of a func-
tional photosynthetic apparatus under highly aerobic condi-
tions of growth. Additionally, the amounts of RNA specific for
puhA and cycA, although higher in PRRB78 than in the wild
type under aerobic and anaerobic conditions of growth, were
not as high as the increased levels observed for puf and puc.
This finding is consistent with previous data found for the
regulation of these messages by prr4 (17), and it indicates that
puf, puc, puhA, and cycA are regulated by PRRB78 at the level
of transcription. Together, the data clearly indicate that the
sensor histidine kinase encoded by prrB in R. sphaeroides is a
global regulator of photosynthesis gene expression in response
to the removal of oxygen. The fact that substantial levels of Crt
and Bchl are produced aerobically in PRRB78 indicates that in
R. sphaeroides, the accumulation of these pigments and spec-
tral complexes is under the direct control of prrB. In R. cap-
sulatus, using bchC::lacZ and bchH::lacZ translational fusions
(34, 40), the role of regA and regB on pigment synthesis was not
as apparent as observed here for R. sphaeroides.

PRRB78 grown in a high oxygen concentration had no ap-
preciable levels of spheroidene compared with spheroidenone,
which is consistent with previous observations from semiaero-
bically grown cells (49). Spheroidene is present in higher
amounts than spheroidenone in B800-850 spectral complexes
found in cells grown semiaerobically (42). Although more in-
formation is required, it may be reasonable to hypothesize that
the B800-850 spectral complex is not assembled in aerobically
grown PRRB78 because of a lack of spheroidene, despite the
presence of both apoproteins and Bchl.

Several lines of evidence indicate that PrrB and PrrA are in
the same signal-transducing pathway. The prrB78 mutation in
trans in PRRCA1 (Table 2) shows clearly that the presence of
an intact prrA gene is absolutely necessary for the PrrB78
protein to have any effect on photosynthesis gene expression.
Similarly, a prrA mutation in the presence of the prrB78 allele
results in a defect in photosynthesis gene expression. Likewise,
expression of PrrA from a multicopy plasmid in the prB strains
results in complementation of the prrB phenotype, indicating
that PrrA acts downstream from PrrB. Inactivation of either
prrB or prrA leads to the same PS™ phenotype. Finally, whereas
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A.
J0.08 Abs
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24.1Q
2.4.1
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wavelength (nm)
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FIG. 6. Spectral complex formation and organic extraction of pigments from
PRRB78 and 2.4.1Q) grown aerobically. Cells were grown sparged with a mixture
30% O,, 69% N,, and 1% CO, in Sistrom’s medium. (A) Cells were harvested
at a cell density of approximately 20 Klett units and sonicated, and cell-free
lysates were prepared for spectral analysis. All samples contained 1,570 pg of
protein per ml. PRRB78(pLK-1) was grown in the presence of 450 pg of kana-
mycin and 50 pg of streptomycin-spectinomycin per ml. 2.4.1€) was grown on 50
pg of streptomycin-spectinomycin per ml. 2.4.1 is the R. sphaeroides wild-type
strain. The bar represents an absorbance (Abs) value of 0.08. (B) Cells were
grown as for panel A to a density of approximately 25 Klett units. Optical
densities were recorded, and approximately 9.6 X 10° cells were pelleted, and the
pellets were extracted with an acetone-methanol mixture in the dark as described
previously (10). Spectral analysis was performed on the supernatants. The bar
represents an absorbance value of 0.146.

the presence of prrA in multicopy in aerobic cells is responsible
for the appearance of spectral complexes (17), PRRB78 cells
also show complexes aerobically, and like prr4 in trans, it is also
the B875 complex which is preferentially made.

On the basis of data obtained with PRRB78, we suggest that
the a-helical domain which contains Leu-78 is either (i) di-
rectly involved in the sensing of oxygen or of the redox state of
some membrane component(s) and the positive regulation of
the kinase activity, (ii) involved in the transfer of the signal to
yet another domain of the PrrB protein, or (iii) a part of a
phosphatase domain which is regulated by oxygen and nor-
mally rendered more active aerobically. The fact that the pres-
ence of PrrB in frans leads to a reduction in the amount of
spectral complexes in wild-type cells as well as, more markedly,
in PRRC mutant cells suggests that there is a phosphatase
activity associated with PrrB. It is noteworthy that under anaer-
obic, dark, DMSO conditions of growth, the negative effect of
prB in trans in the wild type seems to be marginal, whereas
under low-oxygenation conditions, a greater negative effect is
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FIG. 7. Presence of functional RCs in PRRB78 grown aerobically. Cells were
grown as described in the legend to Fig. 6 in 1-liter bottles. The cells were
harvested at a cell density of approximately 25 Klett units, resuspended in 1X
ICM buffer (25), and broken in a French press. The protein concentration was
approximately 5 mg/ml. Cell-free lysates were prepared for spectral analysis as
described previously (5) and in Materials and Methods. Open circles represent
2.4.1€); closed circles represent PRRB78(pLK-1). The values at 530 nm might
have an inherent error, since the wavelength of the flash light used in the
experiment was 532 nm.

observed in both B800-850 and B875 spectral complexes, indi-
cating that the negative effect of prrB in trans is more marked
when oxygen is present. In contrast, the prrB78 allele in frans in
the wild type shows an increase in both spectral complexes
anaerobically and a pronounced increase in the B800-850 and
B875 semiaerobically. Thus, in the presence of oxygen, PrrB78
does not have an inhibitory effect on spectral complex forma-
tion. Further, the ability of the truncated protein (PRRB1) to
be influenced by oxygen is also apparent; therefore, if a sensing
mechanism exists, it must at least partially reside in the first 63
amino acids. The analysis of suppressors of the PRRB78 mu-
tant will no doubt help in determining mechanistically how
PrrB functions.

The role of prrC is less clear, although the available evidence
indicates that it is either part of this sensory transducing path-
way or convergent upon the pathway. We know that prz4 has
its own promoter located in the terminal portion of the prrC
gene (17), and thus interruption of prrC, even if it forms an
operon with prr4, cannot be completely polar. This is readily
apparent in mutant PRRCAI1 containing pr74 in trans. How-

TABLE 3. Analysis of photosynthesis gene-specific nRNAs

mRNA level®
. 1
Strain puf puhA cycA fgﬁls(s;?;)
+0, -0, +0, -0, +0, -0, +0, -0,
24.1 4 100 ND 100 58 100 44 100
2.4.1Q 30 126 ND 105 81 89 68 156
PRRB78 246 679 94 242 85 116 1,482 1,311

“ Values were normalized to 100 for wild-type cells grown anaerobically as
described below. Approximately 120 ng of RNA was loaded per slot (puf, puhA,
and cycA), and 4 pg of RNA was loaded per lane (puc). Relative RNA concen-
trations were normalized by using TRNA probes as described previously (17).
—0O,, anaerobic growth in the dark in the presence of DMSO. +0O,, aerobic
growth, sparged with 30% 0,-69% N,-1% CO,. ND, none detected.
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ever, whenever prrB, prrB78, or prrA is placed in trans in PRRC
mutants, complete restoration of spectral complexes is not
observed; i.e., the effect of the prrC lesion is apparent. This is
particularly true in the case of mutant PRRBCI, which is
severely affected in spectral complex abundance; in this case, a
mutated prrC allele appears to behave synergistically to a mu-
tated prrB allele.

Thus, our current model for the derepression of photosyn-
thesis gene expression in response to either a lowering of
oxygen tension or the introduction of anaerobiosis indicates
that the PrrB protein senses such changes within the amino-
terminal region either directly or indirectly, and the PrrC pro-
tein either stabilizes this change or directs yet another signal to
this region. The alteration in PrrB is then manifest by either an
increase in histidine kinase activity or a decrease in phos-
phatase activity or any combination of the two, leading to the
increase steady-state phosphorylated state of PrrA. Addition-
ally, at least one (19) and possibly other (52) histidine kinases
are capable of phosphorylating PrrA, which can normally be
rendered noneffective in the presence of the PrrB-mediated
phosphatase activity when oxygen is present.
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