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Formation of the B800-850 Complex of Rhodobacter capsulatus
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The formation of the light-harvesting complex B800-850 (LH-II) of Rhodobacter capsulatus requires, in
addition to the synthesis of the polypeptides ot and ,B (the gene products of pucA and pucB), the synthesis of
bacteriochlorophyll and carotenoids and the expression of at least one gene localized downstream from the
pucBA operon. This was concluded from the observation that a Tn5 insertion downstream from pucBA
inhibited the formation of the LH-II complex and the formation of the pucBA mRNA. The TnS insertion point
was mapped and found to be over 500 base pairs (bp) downstream from the end of the pucA gene, suggesting
the presence of additional puc genes. A region of about 3,000 bp including the pucB and pucA genes and DNA
downstream from pucA was sequenced and found to contain three open reading frames (ORFs C, D, and E).
The polypeptide deduced from the first ORF (C) contains 403 amino acids with strongly hydrophobic stretches
and one large and three small hydrophilic domains carrying many charged residues. The other two ORFs
contain 113 (D) and 118 (E) codons. The amino acid sequences of the N terminus and two tryptic peptides of
an alkaline-soluble Mr-14,000 subunit of the isolated LH-II complex were identical with the deduced amino acid
sequence of ORF E.

Purple nonsulfur bacteria such as Rhodobacter capsulatus
are able to generate an electrochemical proton gradient
across the membrane by photochemical reactions under
anoxic conditions or by respiration in the presence of oxygen
(7, 10). Lowering of oxygen tension in the medium induces
the formation of three pigment-protein complexes of the
photosynthetic apparatus. These are the photochemical re-

action center and the light-harvesting antenna complexes
B870 (LH-I) and B800-850 (LH-II). The light-harvesting
complexes absorb photons of the visible and near-infrared
spectrum and transfer the created excitation energy to the
reaction center where charge separation occurs. The B800-
850 light-harvesting complex contains two bacteriochloro-
phyll-binding polypeptides, ot and 13, with molecular weights
of 7,322 and 4,579, respectively (35, 36), and a third poly-
peptide, _y (Mr 14,000), which does not bind bacteriochloro-
phyll (5, 6). The genes pucA and pucB encoding the pigment-
binding proteins have been cloned and sequenced (41).
The synthesis of the LH-II complex is regulated by

oxygen partial pressure and/or light intensity (29, 30). The
level of the piicBA mRNA increases after a shift from
aerobic to semiaerobic conditions (17, 43, 44), followed by
an increase in the synthesis of LH-II complex. In cells grown
under high light intensity, the pilc mRNA level is higher than
in low-light-grown cells (47). Thus, a posttranscriptional
mechanism of puc regulation has been postulated (47).

B800-850-negative mutants have been constructed by
transposon mutagenesis (11, 16, 40, 46) and the introduction
of deletions (42). Some of these mutants are defective in the
synthesis of carotenoids, and this defect leads to loss of the
B800-850 spectral complex.

In this communication, we will show that the transposon
Tn5, which blocks formation of LH-II in the mutant strain
NK3 of R. capsiulatiis, is inserted downstream from the
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pucB and pucA genes and that the genetic information in this
region is essential for formation of the B800-850 complex.
We have determined the DNA sequence of this region and
will describe here the properties of open reading frames
(ORFs) and deduced polypeptides of this new puc locus. In
light of results from complementation experiments and pro-
tein sequence analyses, the functions of the new pllC genes
will be discussed.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains
used are shown in Table 1. Escherichia coli strains were

grown at 37°C in 2 x TY medium (16 g of tryptone [Difco
Laboratories, Detroit, Mich.], 10 g of yeast extract, 5 g of
NaCl per liter) or H medium (10 g of tryptone [Difco], 8 g of
NaCl per liter). Rhodobacter strains were grown at 32°C in a

malate salt medium (RA) or RA supplemented with 0.5%
yeast extract (Difco) (RAH) (3). Antibiotics were used at the
following concentrations (Lg/ml): ampicillin, 100; kanamy-
cin, 20; tetracycline, 20 (E. coli) or 2 (R. capsulatus). If
needed, 5-bromo-4-chloro-3-indolyl-4-galactoside (0.002%
final concentration) and isopropyl-,B-D-thiogalactoside (0.1
mM final concentration) were added to solid media. Forma-
tion of the photosynthetic apparatus of R. capsulatuis was

induced by lowering the oxygen partial pressure as described
previously (25).

Plasmids and bacteriophages. Plasmids used are shown in
Table 1. The phages M13mpl8 and M13mpl9 (38) were used
as vectors for DNA-sequencing purposes. Phage R408 (26)
was obtained from Promega Biotec, Madison, Wis., and
used as helper phage to prepare single-stranded DNA from
pGEM-7Zf( +) derivatives.

Plasmid transfer and selection of transconjugants. Single
colonies of the recipient were streaked onto RAH plates and
incubated overnight at 320C. A 50-1lI portion of an overnight
culture of the plasmid-containing E. coli S17-1 derivative

4914

JOURNAL OF BACTERIOLOGY, Sept. 1989, p. 4914-4922
0021-9193/89/094914-09$02.00/0
Copyright ©D 1989, American Society for Microbiology



FORMATION OF B800-B850 COMPLEX OF R. CAPSULATUS 4915

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristic(s) Source or reference

Bacterial strains
R. capsulatus

37b4 Wild type DSM938a
Y5 BChl+ RC- B870- B800-850+ Crt+ 5
NK3 BChl+ RC+ B870+ B800-850- Crt+ 16

E. coli
JM109 recAl A(lac pro) hsdRJ7 traD36 proAB+ lajJq lacZzM15 F' Promega
S17-1 RP4-2 (Tc::Mu)(Km::Tn7) integrated in the chromosome 33

Plasmids
pGEM-3 Apr Promega
pGEM-7Zf(+) Apr fl ori lacZ Promega
pGSS33 Tcr Apr Cmr 31
pSUP202 Tcr Apr Cmr mob 33
pCB303b Tcr lacZ phoA promoter-probe vector 28
pVK1 Tcr, carries R. capsulatus LH-II genes on an 8.5-kb insert in pRK290 4

a German collection of microorganisms, Braunschweig, Federal Republic of Germany.

was spotted onto the recipient cells. After an overnight
incubation at 32°C, the cells were suspended in RA and
plated on RA containing the appropriate antibiotics.

Plasmid constructions. As a first step, the 4.5-kilobase-pair
(kb) EcoRI-Pstl fragment of the plasmid pVK1 was sub-
cloned in pGEM-3 (leading to plasmid pG3-EP4.5; Fig. 1)
and the SmaI sites were mapped. This was done by Bal31
digestion of the linearized plasmid and restriction analysis of
the digestion products at different time points. With the
exception of the 1,266- and the 600-bp fragments mapping
downstream from the 1,266-bp fragment, which we could not
obtain as single inserts in pGEM-3, all SmaI fragments (Fig.
1) were cloned through pGEM-3 into M13mpl8 and
M13mpl9. The 1,266-bp SmaI fragment was electroeluted
from the gel using the Biotrap (Schleicher & Schuell, Dassel,
Federal Republic of Germany) and digested with NruI, and
the subfragments were cloned through pGEM-3 into
M13mpl8 and M13mpl9. Sau3AI subclones in M13 were
prepared from three isolated fragments: the 776-bp NruI-
SmaI fragment, the 600-bp SmaI fragment mapping up-
stream of the 1,266-bp fragment, and the 1,065-bp SmaI
fragment (Fig. 1). To obtain clones overlapping the SmaI
sites, the 600-bp ApaI fragment containing pucB and pucA
was cloned into pGEM-7Zf(+), and exonuclease III/nucle-
ase Si-generated deletion subclones of the 3-kb NruI-EcoRI
fragment (Fig. 1) cloned in pGEM-3 (plasmid pG3-EN3.0;
digestion starting at the NruI site) or pGEM-7Zf(+) (plasmid
pG7EN3.0; digestion starting at the EcoRI site) were iso-
lated by the method of Henikoff (14). For the latter experi-
ments, the Erase-a-Base system (Promega) was used. The
inserts of deletion derivatives of pG3-EN3.0 were subcloned
into M13 for sequencing.

Preparation of single-stranded DNA. Single-stranded DNA
was prepared from M13 derivatives by standard methods
(23) or from pGEM-7Zf(+) derivatives by using the helper
phage R408 (26).

Oligonucleotides. The universal primer (17-mer) was used
for sequencing M13 clones, and the T7 promoter primer
(Promega) was used for pGEM-7Zf(+) derivatives. An oli-
gonucleotide with the sequence CATGGAAGTCAGATCCA
(specific for the ends of transposon TnS) and a specific
primer for sequencing were obtained as custom syntheses
from Syn-Tek AB, Ume'a, Sweden.
DNA sequencing. The chain termination method of Sanger

et al. (27) was used throughout this work. For sequencing

with DNA polymerase I (Klenow fragment), the Deaza
nucleotide reagent kit from American Bionetics, Inc., Em-
eryville, Calif. was used. The reaction buffer supplied was
replaced by low-salt buffer [10 mM Tris(hydroximethyl)-
aminomethane hydrochloride (pH 7.5), 10 mM MgCl2, 5 mM
dithiothreitol] [35S]dCTP (Amersham-Buchler, Braunsch-
weig, Federal Republic of Germany) was used as the radio-
active label. Sequencing with T7 polymerase was done with
the Sequenase kit from U.S. Biochemical Corp., Cleveland,
Ohio, and [35S]dATP as the label. Wedge-shaped (0.1 by 0.4
mm), 5% polyacrylamide-7 M urea sequencing gels were run
at 55°C and 20 mA constant current.

Determination of amino acid sequences. The B800-850
complex was isolated from R. capsulatus Y5 cells and
purified as described previously (5). The Mr-14,000 protein
was extracted from the complex with Na2CO3. An LH-II
preparation (2.5 mg of protein per ml) was mixed 1:30
(vol/vol) with 210 mM Na2CO3 and stirred for 30 min at room
temperature. After 16 h at 0°C, the suspension was centri-
fuged for 16 h at 46,000 rpm in an 60 Ti rotor (Beckman
Instruments, Inc., Fullerton, Calif.) at 4°C. The clear super-
natant was dialyzed against distilled water and concentrated
20-fold. The supernatant and the sediment were analyzed by
electrophoresis on an 11.5 to 16.5% polyacrylamide-sodium
dodecyl sulfate gel as previously described (21).
For amino acid sequence analysis, the extracted Mr-

14,000 protein was electrophoresed on a polyacrylamide gel
and electroblotted onto Immobilon membranes (Millipore,
Eschborn, Federal Republic of Germany). The bands formed
by the Mr 14,000 protein were excised and sequenced by
automated Edman degradation using a pulsed-liquid gas-
phase sequencer (model 477A; Applied Biosystems, Inc.,
Foster City, Calif.) with an on-line phenylthiohydantoin
derivative analyzer (model 120 A; Applied Biosystems). The
Mr-14,000 protein remaining bound to the complex after
extraction was also electroblotted and sequenced.
Fragments of the Mr-14,000 protein were prepared by

digestion with trypsin as follows. After 45 pug of the Mr-
14,000 protein was suspended in 120 RlI of buffer (0.1%
sodium dodecyl sulfate, 2% P-octylglycopyranoside, 100
mM Tris hydrochloride, pH 8.3), digestion was performed
for 2 h at 37°C with 2 Rg of trypsin (sequencer grade;
Boehringer GmbH, Mannheim, Federal Republic of Ger-
many). The reaction was stopped by boiling for 5 min.
The tryptic digest was separated on a high performance
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FIG. 1. Physical and genetic map of the insert of pG3-EP4.5. The 4.5-kb PstI-EcoRI fragment of R. capsulatus DNA containing the genes
pucB, pucA, and pucE and ORF C and ORF D (open boxes marked B, A, C, D, and E, respectively). The terminatorlike sequences are
designated Ti and T2. With the exception of the Smal and ClaI sites, all restriction sites (A, Apal; B, BalI; C, ClaI; E, EcoRI; N, NruI; P,
PstI; S, SmaI) were mapped by using single and double digests. The SmaI fragments were ordered by linearization of the plasmid pG3-EP4.5
to the left or right of the insert, followed by Bal31 digestion for different times. After SmaI restriction of the Bal3l digests, the disappearance
of SmaI fragments allowed their positioning on the physical map. Since Clal is affected by E. coli dam methylation of the target sequence
(9), the CIaI site present in the DNA sequence of pucB was not detected in the digests. The sizes of the internal SmaI fragments are (from
left to right): 220, 600, 1,266, 400, 1,065, and 600 bp. At the top DNA fragments used in promoter tests and complementation experiments
are shown together with their designations. The lower part of the figure shows the fragments used for DNA sequencing as well as the direction
and extent of sequence information obtained with each fragment. SP indicates the use of a specific primer. Sequence information obtained
with exonuclease III-nuclease Si-generated deletion subclones is denoted ExoIll/Sl. The closed bar at the bottom shows the extent of DNA
sequence information reported by Youvan and Ismail (41) for R. capsulatus SB1003.

liquid chromatography column [Bakerbond wide pore butyl
(C4); 5-,um pore size; 4.6 by 250 mm] for 60 min with a

gradient of0.1% trifluoroacetic acid versus 60% acetonitril in
0.09% trifluoroacetic acid.

Elution was done at 50°C with a flow of 0.5 ml/min
(high-performance liquid chromatography system; Knauer
KG, Berlin). Peptides were detected at 220 nm with a

sensitivity of 0.08 absorbance units full scale.
Computer analyses. The programs of the Kroger menu (18,

19; unpublished programs) available at the Universitats-
Rechenzentrum, Freiburg, Federal Republic of Germany,
and the PC/GENE software package (Genofit, Geneva,
Switzerland) were used to analyze DNA and amino acid
sequences.

Plasmid isolation. Plasmids were isolated with the Triton
lysis-boiling method (15). For small-scale isolations, 1.5 ml
of cells were used. Derivatives of pCB303 were isolated from
10-ml cultures. For large-scale preparations, the protocol
was scaled up for 50-ml culture volumes and the DNA was

purified by CsCl density gradient centrifugation. Vector
DNA of pCB303 was isolated by the method of Hansen and
Olsen (13) from 1 liter of culture.

Extraction of RNA and northern blotting (RNA blotting).
Total cellular RNA was extracted as described by Zhu and

Kaplan (45). The RNA was denatured in formaldehyde, and
RNAs of different lengths were separated by gel electropho-
resis by using 6% formaldehyde-1.2% agarose gels. The
RNA was transferred to nylon membranes (Amersham-
Buchler) as recommended by the manufacturer of the mem-
brane. Single-stranded DNA of an M13 recombinant phage
carrying the 1,065-bp SmaI fragment of pG3-EP4.5 (Fig. 1)
was used as the template to synthesize a 32P-labeled com-
plementary strand which was subsequently used as the
probe for the Northern blots.
Enzyme assay. Determination of P-galactosidase activity

was done by the method of Miller (24).

RESULTS

Characterization of the TnS mutant NK3. The Tn5 inser-
tion mutant NK3 of R. capsulatus is LH-II negative but is
not impaired in carotenoid biosynthesis and photosynthetic
activities (16). To map the TnS insertion to the nucleotide
level, a subfragment of the plasmid pNK135 which contains
the EcoRI fragment of the R. capsulatus NK3 genome
carrying Tn5 was cloned in M13 and sequenced by using a
primer specific for the Tn5 ends. The insertion point was
localized 526 bp downstream from the pucA termination
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codon (Fig. 2). This position is in agreement with our results
of SmaI restriction mapping of the Tn5 insertion in the
plasmid pNK135. Since a Tn5 insertion downstream from
pucA affects the formation of the LH-II complex, sequences
and/or genes downstream from pucA are necessary for
wild-type LH-II formation. Klug et al. (17) have shown that
in the mutant NK3, the level of B800-850-specific mRNAs is
strongly decreased. Thus, the Tn5 insertion in NK3 affects
the formation or stability of mRNAs (including the pucBA
mRNA) encoded by the R. capsulatus DNA cloned in
pVK1.

Restriction mapping and sequencing strategy. The R. cap-
sulatus puc operon has been cloned on the plasmid pVK1
(4). We subcloned in pGEM-3 the 4.5-kb PstI-EcoRI frag-
ment containing pucB and pucA for further analysis. The
restriction map of this fragment is shown in Fig. 1. The
strategy of the restriction mapping is described in the legend
to Fig. 1. The DNA sequence of 3,169 bp of the 4.5-kb
PstI-EcoRI fragment was determined mainly by using de-
fined restriction fragments in M13 or pGEM-7Zf(+) or
exonuclease III-nuclease Si-generated deletion subclones
(Fig. 1). Sau3AI subfragments from three individually iso-
lated SmaI fragments were cloned in M13 and sequenced. A
specific primer homologous to the positions 986 to 1002 (Fig.
2) was used to complete the DNA sequence of the 776-bp
NruI-SmaI fragment. The fragments used for sequencing
and the extent of sequence information obtained with each
fragment are shown in Fig. 1.
DNA sequences of the pucB and pucA genes and upstream

DNA of R. capsulatus 37b4. The reported sequence from
strain SB1003 (41) was compared with the sequence of strain
37b4. At position 304 (Fig. 2), a T instead of a C is present in
37b4. Thus, the direct repeat ACACTT implied in transcrip-
tion start (47) is only a 5-bp repeat in 37b4. The stem of the
terminatorlike sequence following pucA is two G C and one
A. T pair longer in 37b4 owing to the presence of two
additional cytosine residues at positions 833 and 834 (Fig. 2).
Otherwise, the sequences are identical.
The DNA sequence upstream ofpucB shows the presence

of several inverted repeats (Fig. 2) and five copies of the
direct repeat CCGCA at positions 35, 75, 100, 156, and 264.
The sequence CCGCA is part of the 10-bp direct repeat
CCGCAAGGCG at positions 75 and 100 and part of the 8-bp
direct repeat TGCCGCAG at positions 154 and 262. The 10-
and 8-bp repeats contain 3-bp inverted repeats (CGCNGCG
and TGC(N)3GCA, respectively). The other occurences of
the sequence CCGCA at positions 1137, 2718, and 2907 show
that this sequence is much less frequent in and downstream
from the pucB and pucA genes than upstream from these
genes. The function of these inverted and direct repeats is
not known at present.
DNA sequences downstream from pucBA. Since insertion

of a transposon into the region downstream from the pucA
gene blocks the formation of the B800-850 LH complex, the
DNA sequence of that region was determined. We expected
to obtain insight into the organization and properties of
potential new puc genes. The sequence revealed three ORFs
with codon preferences similar to the one described for five
genes and seven ORFs of the photosynthetic gene cluster of
R. capsulatus (39). The first of the ORFs, C, codes for a
protein of 403 amino acids. It contains one large and three
small hydrophilic domains containing numerous charged
amino acid residues in a mainly hydrophobic surrounding
(Fig. 3A). The two following ORFs, D and E, code for small
proteins of 113 and 118 amino acids, respectively. The
polypeptide deduced from ORF E is mainly hydrophilic and

contains one hydrophobic domain close to the C terminus
(Fig. 3B). A molecular weight of 13,493 was calculated for
this polypeptide. The amino acid sequence analysis (see
below) of the Mr-14,000 protein present in the LH-II com-
plex assigns ORF E to the structural gene for the -y subunit
of the LH-II complex. ORF E is followed by a sequence
similar to rho-independent transcription terminators. This
terminator structure consists of a G+C-rich hairpin (calcu-
lated stability, -144.9 kJ) which is followed by seven uridine
residues and one adenosine residue. This is remarkable
because it has been shown that only four uridine residues
after a G+C-rich hairpin structure lead to efficient termina-
tion (2).

Partial sequence of the gamma subunit of the LH-II com-
plex. The amino acid sequence of the first 20 residues of the
Mr-14,000 protein extracted with Na2CO3 from the complex
(see Materials and Methods) and the first 10 residues of the
Mr-14,000 protein remaining in the complex after extraction
were determined. Residues 2 to 20 and 2 to 10, respectively,
were identical to the N terminus of the polypeptide deduced
from the DNA sequence of ORF E, the last ORF in the puc
gene cluster (Fig. 1, 2, and 4). The amino acid sequence of
tryptic peptides also corresponded to parts of the deduced
polypeptide sequence (Fig. 4). ORF E can thus be assigned
to the structural gene for the Mr-14,000 protein of the LH-II
complex and should therefore tentatively be designated
pucE. The amino acid composition of this Mr-14,000 protein,
however, strongly differs from the amino acid composition
of a Mr-14,000 polypeptide isolated from the LH-II complex
of R. capsulatus by organic-solvent extraction (32, 37).
Complementation experiments. It has been shown previ-

ously that the plasmid pVK1 carrying an 8.5-kb EcoRI
fragment of R. capsulatus can complement the Tn5 mutation
in the strain NK3 in trans (4). Since the Tn5 insertion in this
mutant is located over 500 bp downstream from the pucA
termination codon (see above), we tried to complement this
mutant with smaller fragments of that region. The 3.0-kb
NruI-EcoRI fragment (Fig. 1) was cloned in the wide-
host-range vector pGSS33 (giving plasmid pGSS33-EN3.0)
and in the narrow-host-range, mobilizable plasmid pSUP202
(leading to plasmid pSNF-EN3.0). After transfer of these
plasmids into R. capsulatus NK3, no reconstitution of the
LH-II-negative phenotype was observed, either with the
plasmid pGSS33-EN3.0, which replicates in R. capsulatus,
or with the plasmid pSNF-EN3.0, which integrates via a
single crossover, at the DNA sequence homologous to that
of the insert, into the chromosome.
The 4.5-kb PstI-EcoRI fragment (Fig. 1), however, was

able to reconstitute the mutant NK3 when located extrach-
romosomally (cloned in pGSS33; plasmid pGSS33-EP4.5)
and when integrated (see above) into the chromosome
(cloned in pSUP202; plasmid pSUP202-EP4.5).

Transcription of puc genes downstream from pucA. We
used Northern hybridizations to characterize the transcrip-
tion of genes downstream from pucA in the wild-type R.
capsulatus 37b4 and the mutant NK3. As shown in Fig. 5,
the wild-type synthesized an RNA species of about 1.1 kb
hybridizing with the 1,065-bp SmaI fragment (Fig. 1) which
contains sequences of ORF C, ORF D, and pucE (Fig. 1).
The level of hybridizing RNA was induced in wild-type cells
after a shift from aerobic to semiaerobic conditions but was
not detectable in the mutant NK3 (Fig. 5).
Promoter analyses. To analyze the pucBA promoter region

and to search for a possible promoter downstream from
pucA, we cloned the 490-bp SmaI-NruI fragment, the 1.5-kb
PstI-NruI fragment, and the 776-bp NruI-SmaI fragment
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GAT'CTGCGACAGGCTAACGCAGTTTAACGCACATCCGCAATGACCGTTITGACCCGAAGGCCGGTTTCGCGCCCCCCGCAAGGCGGCCGCCGCGCGGCGGC
10 20 30 40 50 60 70 80 90 100

CGCAAGGCGCAAACCCCCTTTGCCACATGGCTCTTGCGCCCTGTCGCCCCCCCTGCCGCAGGCCCCGCGCGGGCCCGCGGACCGGCCCCGGAATCAGCCA
110 120 130 140 150 1-0 170' 190 200

AAGATACCTCTGGAACACCTGTTTTCACTGGGGTTTTGCGTCCCCGGGGGGTGGCCGAATTTGCCGCAGTGT'CAGCCCGACTTTACACTTGAT'CGCCGAC
210 220 230' 240 ' 250 260 270 280 290 '- .W

*,-7 T

ACTCGGGCTCCCATAGTGCGTCTCACGAGGTCGGATCACAGACGGTCCGGCAGCGGGGGGGCGCTGAGACGGGGCTCGAACTTAACCGAGAGAGCTTCAT
310 320 330 340 350 360 370 380 390 400

MET T D D K A G P S G L S L K E A E E I H
CAACGTTCCCAATGATCCCAGTTTTGGAGGATTCGGGACAATGACTGACGATAAAGCTGGGCCGAGCGGCCTGTCGCTGAAAGAAGCTGAAGAAATCCAC

410 420 430 440 450 460 470 480 490 500

S Y L I D G T R V F G A MET A L V A H I L S A I A T P W L G *
AGCTACCTGATCGATGGCACCCGTGTGTTCGGGGCGATGGCGCTTGTTGCGCACATCCTCTCGGCCATCGCCACGCCGTGGCTCGGGTAATCGGGTAGAG

510 520 530 540 550 560 570 580 590 600

MET N N A K I W T V V K P S T G I P L I L G A V A V A A L I V
GAGAAATACAATGAACAACGCCAAAATCTGGACCGTCGTCAAGCCCTCGACCGGTATCCCGCTGATCCTCGGCGCCGTTGCGGTCGCCGCTCTGATCGTG

610 620 630 640 650 660 670 680 690 700

H A G L L T N T T W F A N Y W N G N P MET A T V V A V A P A Q*
CACGCCGGCCTGCTGACCAACACGACCTGGTTCGCGAACTACTGGAACGGCAACCCGATGGCGACCGTCGTCGCTGTTGCGCCGGCTCAGTAATCTGCTG

710 720 730 740 750 760 770 780 790 800

ACCTTTGGGCCCACCGGCACCCGTCGGTGGGCCCATTCCCTCCGGGGCTGAGCCCCTCGCACTTTCTCTCTCCGACGGGCGGCTGGACTATGGGCTACGT
810 820 830 840 850 860 870 880 890 900

GCTTTTGCTCTGAAGAACCTGGCGCGGCACGCTCCGAAGTACCTGCCATTCGCCGACGTGGCCAGTGAAGAGGTTCCGCTCTCGCGGTTGCTGCGACTGT
910 920 930 940 950 960 970 980 990 1000

MET I V E L A V P A S L V S
CGCTCTTTCAGATCACCGTCGGGATGACCTTGACCCTGCTCGCGGGCACCCTGAACCGCMGATGATCGTCGAGCTGGCGGTTCCGGCCTCGCTCGTCTC

1010 1020 1030 1040 1050 1060 1070 1080 109lo 1100

V MET L A MET P MET L F A P F R T L I G F K S D T H K S A L G L R R A P
GGTGATGCTGGCGATGCCGATGCTGTTTGCGCCCTTCCGCACGCTGATCGGCTTCAAGTCCGACACGCACAAGTCGGCTCTCGGGCTGCGTCGCGCGCCC

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

W I W K G T I Y Q F G G F A I MET P F A L L V L S G F G E S V D A P
TGGATCTGGAAGGGAACGATTTATCAATTCGGCGGCTTCGCCATCATGCCCTTCGCACTTCTGGTGCTGTCGGGGTT'CGGTGAATCCGTGGATGCGCCGC

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
V

R W I G MET S A A A L A F L L V G A G V H I V Q T A G L A L A T D L V
GCTGGATCGGAATGAGCGCGGCCGCTCTTGCCTTCCTCCTCGTGGGGGCCGGGGTGCATATCGTCCAGACCGCGGGTCTGGCGCTGGCAACCGACCTCGT

1310 1320 1330 1340 1350 1360 1370' 1380 1390 1400

A E E D Q P K V V G L MET Y V MET L L F G MET V I S A L V Y G A L L A D
CGCGGAAGAAGACCAACCGAAGGTCGTCGGCCTCATGTATGTGATGCTGCTCTTCGGCATGGTGATCAGCGCGCTCGTCTACGGGGCGTTGCTGGCGGAC

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
- 7

Y T P G R L I Q V I Q G T A L A S V V L N MET A A MET W K Q E A V S R
TACACGCCCGGGCGCCTGATTCAGGTGATCCAGGGGACTGCATTGGCGAGTGTCGTGTTGAACATGGCCGCGATGTGGAAGCAGGAGGCCGTCAGCCGGG

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600

D R A R Q MET E T A E H P T F K E A F G L L MET G R P G MET L A L L T V I
ACCGTGCCCGGCAGATGGAAACCGCGGAGCACCCGACCTTCAAGGAGGCCTTCGGCCTGCTGATGGGCCGTCCGGGGATGCTGGCGCTGCTGACCGTGAT

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
~ , ..- _ , - 7

A L G T F G F G MET A D V L L E P Y G G Q A L H L T V G E T T K L T
CGCGCTGGGGACGTTCGGCTTCGGTATGGCCGATGTGCTTTTGGAACCCTACGGGGGGCAGGCGCTGCACCTGACCGTCGGGGAGACGACGAAACTGACC

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
-7 ' - -....7 .-.

A L F A L G T L A G F G T A S R V L G N G A R P MET R W S A G C T D
GCGCTCTTTGCGCTGGGGACGCTTG,CCGGTTTCGGCACTGCGTCCCGTGTGCTGGGGAACGGGGCAAGGCCGATGCGCTGGAGTGCTGGGTGCACTGATC

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

R V P G F V A I I MET S S L I S Q D G I W L F L A G T F A V G L G I G
GGGTTCCCGGGTTTGTCGCCATCATCATGTCC.TC CGAGACGGTATC fiTGTQCTTGGGCACCTTCGCTGTCGGGCTCGGCATCGG

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

L F G H A T L T A T MET R T A P A D R I G L A L G A W G A V Q A T A
TCTTTTCGGCCATGCCACGCTGACGGCGACCATGCGGACCGCGCCCGCCGATCGGATCGGGCTGGCGCTGGGGGCCTGGGGGGCTGTGCAGGCGACGGCC

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
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A G L G V A L A G V V R D G L V A L P G T F G S G V V G P Y N T V
GCCGGTCTGGGTGTCGCGCTTGCGGGGGTGGTTCGTGACGGTTTGGTTGCCCTGCCGGGGACTTTCGGGTCCGGTGTGGTGGGGCCTTATAATACGGTGT

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200

F A I E A L I L I V A I A F A V P L L K R G G R *
rT'n nnA rTN A r of*nnfPA r n n *ToTtrnPA A * _ . _ . _ . ___- . __ _ _ _ _ . _ . _ _

2210 2220._. -7
2230 2240 2250

r . .
2260 2270 2280 2290 2300

MET T T V I T R L Y A D E K T A C D I A R Q
CGTGACTGAAGAATGCCCTTGAACCCGAGGAGGACGCATGACGACGGTGATCACACGGCTTTATGCCGATGAAAAAACGGCTTGCGACATCGCAAGACAA

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

L K S E G I P K R A L K V V V A D G K K G A A L A E A L K S A G V
CTGAAAAGCGAAGGTATTCCGAAACGCGCTCTGAAGGTCGTCGTCGCCGACGGCAAGAAGGGCGCTGCCTTGGCCGAAGCCCTCAAGTCCGCCGGCGTGC

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500

H P S A A A G Y A E R V A G G L P L V A K V N Y K P L G A A K L V R
ATCCCAGCGCGGCTGCGGGCTATGCCGAACGTGTCGCCGGCGGCCTGCCGCTCGTGGCGAAAGTCAACTACAAGCCGCTCGGCGCGGCGAAACTCGTGCG

2510 2520 2530 2540 2550 2560 2570 2580 2590' 2600
7_.-. _ _ .-... -

A I T A R A R W S R S R T Q P K S S P V R T H L K*
MET T D N I MET K D

CGCCATCACTGCT9,GCQCACGGT.GGT GCGGTCGAGAACGCAACCGAAGAGTTCACCTGTGAGGACGCATCTGAAATGACTGACAACATCATGAAAGACC
2610 2620 2630 2640 2650 2660 2670 2680 2690 2700

H R H I F L P Q P V K A D E K P G A F S E R F G W K L L L D T P R K
ACCGGCACATCTTCCTGCCGCAACCCGTCAAGGCCGACGAAAAGCCCGGCGCCTTCTCGGAGCGCTTTGGCTGGAAACTTCTGCTCGACACCCCGCGCAA

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800_. . .......... .

K N V Y E G T K F MET S Q D F W P T P L V K T T A P K V K L I P A D
GAAGAACGTCTACGAAGGCACCAAGTTCATGTCGCAAGACTTCTGGCCGACGCCCTTGGTGAAAACCACCGCGCCGAAGGTCAAGCTGATCCCGGCTGAC

2810 2820 2830 2840 2850 2860 2870 2880 2890 2900

A P P Q S A K F W K A P L L K D T P R Q S N V I P G D F L P F S N
GCTCCGCCGCAATCGGCGAAGTTCTGGAAAGCCCCGCTGCTGAAAGACACGCCGCGTCAATCGAACGTGATCCCGGGCGACTTCCTGCCCTTCTCGAACA

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

T F G L A T I Q R R*
CCTTCGGCCTGGCGACCATTCAGCGTCGCTGATCACTGACAAGGGGCGGCATGGACCGCCCTGCACTCCTCGGGTTTGCGCCCGTCTGTCCGCCCTTCTT

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100
-~~~~~~~~~~~~' -~~~~~~~~~~~~~~~~~~~~. . ........

TGGAAGGTCGAACAGGCGGGCGCCTTTTATTTCGCCCCCCTGCCCTGCCCTGCCCGCGGTCTTGGCCGC
3110 3120 3130 3140 3150 3160

FIG. 2. DNA sequence of the R. capsulatus puc operon including upstream and downstream sequences. Amino acid sequences of proteins
and deduced polypeptides are given above the DNA sequence. Arrows below the sequence designate inverted repeat sequences; putative
Shine-Dalgarno sequences are indicated by lines above the sequence. The arrowhead points to the Tn5 insertion point in the LH-II-negative
mutant NK3.

(Fig. 1), the latter in both orientations, into the promoter-
probe vector pCB303b. This vector is a derivative of
pRK290 and allows the construction of transcriptional fu-
sions to lacZ (or phoA) (28).
The 490-bp SmaI-NruI fragment (plasmid pCB303b-

SNO.5) showed high transcription of lacZ, whereas the larger
PstI-NruI fragment (plasmid pCB303b-PN1.5) led to low
lacZ expression (Table 2). Although activities obtained with
anaerobically grown cells were significantly higher than
values from aerobically grown cells, the lacZ expression did
not reflect the kinetics of the formation of the pucBA mRNA
after a shift from aerobic to semiaerobic growth conditions
(17). This can be due to limitations of the test system or to
the possibility that sequences downstream from the NruI site
have to be present in cis to allow wild-type transcription
from the puc promoter. The overall lower lacZ expression
from the larger fragment could be due to the presence of
additional regulatory sequences upstream of pucB. The
P-galactosidase activities determined for the fusions with the
776-bp NruI-SmaI fragment (plasmids pCB303b-SNO.7 and
pCB303-SNO.7b) were similar to the one determined for the
vector control (Table 2).

DISCUSSION

In this work, we have shown that the puc locus of R.
capsulatus contains more genes than the previously ana-
lyzed genes pucB and pucA. We hypothesize that at least
one of the genes downstream from pucA has a regulatory
function, since mutants defective in the expression of genes
downstream from pucA showed a strongly decreased level of
puc mRNA (17). Amino acid sequence studies suggest that
pucE is the structural gene for the Mr-14,000 protein of the
R. capsulatus LH-II complex. The discrepancy in the amino
acid composition of Mr-14,000 polypeptides extracted by
organic solvents (32, 37) and by alkaline solute (this work)
indicates that more than one polypeptide of this Mr exists.
Both polypeptides are hydrophilic, but the alkaline-
extracted Mr-14,000 polypeptide has a positive net charge,
while the organic-solvent-extracted polypeptide has a nega-
tive net charge. The isolation of the pucE gene opens up the
possibility of constructing mutants defective only in the gene
for the Mr-14,000 protein, which does not bind pigments (6).
The structure of the polypeptide deduced from the ORF C

sequence is similar to those of integral membrane proteins

'I'UUUCAI'UGAL;GUG'171'GATTTT(;ATCGTGGCCATCGCCTTCGCGGTGCCGCTTCTCAAGCGGGGAGGTCGATGACCCGAGGCCCGTGCGGGACACCTGGA
---- ---- ----
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FIG. 3. Hydropathy plots of deduced polypeptides. The hydropathy values were calculated by the method of Kyte and Doolittle (20), with
a moving window of 9 residues. (A) Hydropathy plot for the polypeptide deduced from ORF C. The polypeptide is mainly hydrophobic and
contains one large and three smaller hydrophilic domains containing many charged amino acids. (B) Hydropathy plot for the polypeptide
deduced from ORF E. The protein shows one hydrophobic domain close to the C terminus.

like FecC (34) or BtuC (8) involved in transport processes.
Whether the similarity of the structure is a clue to the
function of the hypothetical ORF C protein, however, re-
mains to be determined, since no obvious sequence similar-
ities between FecC or BtuC and the hypothetical ORF C
polypeptide exist.
The experiments to characterize puc expression by using

lac fusions on plasmids did not reflect the regulation of puc
expression deduced from RNA studies (17, 43, 44). A
possible reason for this result could be that the fragments
used for the study do not contain all sequences necessary for
wild-type transcription or that the plasmid location of the
fragments affects inducibility of transcription. It has been
reported that in Bradyrhizobium japonicum plasmid-borne

fixA- or fixB-lacZ fusions only showed marginal activation
by nifA, whereas fusions integrated in the chromosome
showed nifA-dependent induction of the fixA and fixBC
promoter under microaerobic conditions (12). A similar
approach could be used to decide if puc expression can be
characterized using lacZ fusions integrated in the chromo-
some. Alternatively, lacZ fusions to one of the genes down-
stream from pucA could be used, since an insertion of Mu
dl(Apr lac) in this region lead to oxygen-regulated P-galac-
tosidase expression (17).
The transcription of the ORFs downstream from pucBA is

not yet clear. The 3' ends of the pucBA mRNA have been
mapped to the terminatorlike structure following pucA (47).
Together with the characteristics of the mutant NK3, this
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FIG. 4. Amino acid sequence determination of the Mr-14,000
protein. The polypeptide sequence deduced from the DNA se-
quence is shown with the regions verified by amino acid sequence
determinations. The solid line beneath the sequence designates
amino acids identical with the deduced polypeptide sequence and
the amino acid sequence determined from the Mr-14,000 protein.
One point designates amino acids not unambiguously determined;
two points mark an amino acid obtained in low yield as PTH
derivative.

would imply the presence of a transcription start between
the pucBA terminator and the Tn5 insertion point in NK3.
Complementation studies with cloned fragments on plas-
mids, however, were not successful in expressing the genes
downstream from pucA without the presence ofpucB, pucA,
and upstream DNA in cis. Experiments using a promoter-
probe vector gave no evidence for a functional promoter
within 500 bp downstream from the pucBA terminator struc-
ture. Possibly, the activity of a promoter downstream from
pucA is dependent on sequences not present on the hybrid
plasmids used for complementation and promoter test exper-
iments. The extrachromosomal location of the puc genes
itself did not prevent their expression, as shown by the
complementation of the mutant NK3 with pGSS33-EP4.5.
Another possibility could be that at least one gene down-

NK3 37b4

0 60 0 60

min min

FIG. 5. Northern hybridization with a probe containing se-

quences of ORF C, ORF D, and pucE. Cells of the Tn5 mutant R.
capsulatus NK3 and of the wild-type R. capsulatus 37b4 were

harvested from strongly aerated cultures (0 min) and 60 min after
induction of the photosynthetic apparatus by lowering the oxygen

partial pressure. The RNA was isolated, fractionated on an agarose

gel, and hybridized with the probe. The autoradiograph was exposed
for 6 h with an intensifying screen.

TABLE 2. Expression of extrachromosomal puc-lacZ fusions
in R. capsulatus wild-type 37b4

1-Galactosidase activity (U) under

Plasmid growth conditionsa:
Aerobic Anaerobic

pCB303b (control) <5 <5
pCB303b-SNO.7 <5 <5
pCB303b-SN0.7b <5 <5
pCB303b-SN0.5 1,250 2,350
pCB303b-PN1.5 75 200

a Values are means of at least three determinations.

stream from pucA is transcribed from the pucBA promoter.
Although Si mapping experiments (47) gave no evidence for
transcription proceeding beyond the pucBA terminator,
readthrough of this signal could be below the detection limit
or it could occur only at a specific stage of development of
the photosynthetic membrane. In this case, the expression of
the LH-II complex would be controlled by an autoregulatory
circuit. Several bacterial genes, e.g. araC (1) and lysA (22),
regulate their own expression.
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