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ABSTRACT

This paper describes the DNA sequence of the photo-
synthesis region of Rhodobacter sphaeroides 2.4.17.
The photosynthesis gene cluster is located within a
~73 kb Asel genomic DNA fragment containing the
puf, puhA, cycA and puc operons. A total of 65 open
reading frames (ORFs) have been identified, of which
61 showed significant similarity to genes/proteins of
other organisms while only four did not reveal any
significant sequence similarity to any gene/protein
sequences in the database. The data were compared
with the corresponding genes/ORFs from a different
strain of R.sphaeroides and Rhodobacter capsulatus, a
close relative of R.sphaeroides. A detailed analysis
of the gene organization in the photosynthesis
region revealed a similar gene order in both species
with some notable differences located to the
pucBAC-cycA region. In addition, photosynthesis
gene regulatory protein (PpsR, FNR, IHF) binding
motifs in upstream sequences of a humber of photo-
synthesis genes have been identified and shown to
differ between these two species. The difference in
gene organization relative to pucBAC and cycA
suggests that this region originated independently of
the photosynthesis gene cluster of R.sphaeroides.

INTRODUCTION

Rhodobacter sphaeroides 2.4.1T is an extremely versatile
facultative photoheterotroph belonging to the o-3 subgroup of
the Proteobacteria (1). Rhodobacter sphaeroides is metabolically
flexible and can grow aerobically, anaerobically with DMSO,
photosynthetically in the light under anaerobic conditions and
also fermentatively. Because of this multiplicity of growth
modes there has been considerable interest in studying the
regulation of photosynthesis gene expression (2—4) in
R.sphaeroides and its close relative, Rhodobacter capsulatus.
In the past, most of the essential genes involved in photo-
synthesis from both species have been identified and mapped
to a single photosynthesis gene cluster (PGC) (5,6). An ~46 kb
DNA region in R.capsulatus containing most of the photo-
synthesis genes has been sequenced (7), and DNA sequencing
of the same region of R.sphaeroides has recently been
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undertaken in our laboratory (8—13, this study) as well as else-
where (14-16). Recently an ~41 kb DNA sequence has been
reported from a different strain of R.sphaeroides (16).

In this paper we present DNA sequence analysis of a
contiguous ~67 kb DNA region comprising an expanded
photosynthesis region of R.sphaeroides 2.4.1. Sixty-five open
reading frames (ORFs) of 300 bp or longer were identified of
which 61 exhibited strong matches to genes/orfs of related
organisms, and only four ORFs do not show any significant
homologies in the current database. In order to determine
whether R.sphaeroides and R.capsulatus conserve the same
linkage arrangement in the photosynthesis region, the
sequence data obtained in this study as well as from another
strain of R.sphaeroides (16) were compared with the sequence
of the photosynthesis gene cluster from R.capsulatus (7).

The PGC contains many genes involved in bacterio-
chlorophyll biosynthesis (bch), carotenoid biosynthesis (crf),
light harvesting polypeptides (puc and puf), reaction center
proteins (puhA, pufLM) and their regulators, ppsR, tspO and
ppaA (M.Gomelsky and S.Kaplan, unpublished). Rhodobacter
sphaeroides and R.capsulatus have a similar genetic organization
in most of the photosynthesis region, but they differ in their
genetic organization around pucBAC and cycA. Importantly,
both species differ in the locations of many of their upstream
regulatory sequences. The data presented here suggest that
while conservation of the main PGC between these two species
is maintained, possibly due to similar functional constraints
which could impose limits on the genetic rearrangement in this
region, this is not true for the region encompassing pucBAC
and cycA. These differences in the context in which pucBAC
and cycA are found suggests that these genes were not an
integral part of the ‘original’ photosynthesis unit, and may
have originated independently of the PGC.

MATERIALS AND METHODS

Sequencing strategy

The entire photosynthesis region spans somewhat more than
five overlapping cosmids (pUI8711, pUI8714, pUI8626,
pUI8461 and pUI8487) which have previously been identified
from an ordered chromosome-specific cosmid collection
(Choudhary and Kaplan, unpublished data). Cosmid inserts
were digested with BamHI, EcoRI and Pstl, and resulting DNA
fragments were subcloned into a pBluescript vector (17). Cosmid
and plasmid templates were prepared using Prep-A-Gene or
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Figure 1. Physical and genetic map of the photosynthesis gene cluster of R.sphaeroides 2.4.1. The number of orfs is shown from left to right. The arrows show the

likely direction of the transcription of genes/orfs.

Quantum prep kit (Bio-Rad Laboratories) as described else-
where (18). Plasmid subclones were sequenced from both ends
using the universal T3 and Ext’-7 primers. Many of the photo-
synthesis genes and their regulators have previously been
sequenced in our laboratory, and these sequences have been
submitted earlier to the GenBank. All of these sequence ends
were further used as anchors to fill in the remaining gaps using
primer walking (19). The sequence data for this study was
generated by the dideoxy termination method using a fluorescent
based sequencing gel (Models 373 and 377, Applied
Biosystems).

Sequence analysis

In a typical sequencing run ~600 nt were obtained. All sequence
chromatograms were visually examined and ambiguous nucleo-
tides were edited. Sequence files were then assembled using
the Genetics Computer Group and Staden software packages.
From the sequence data, all six possible reading frames were
screened with the DNA strider program. The direction of
transcription of the genes is based on starting codons ATG or
GTG preceded by a putative Shine-Dalgarno sequence and
alignment with the R.capsulatus photosynthesis gene cluster.
For searching the DNA and protein databases we used the
BLAST program (20) and the BLAST server at the National
Center of Biotechnology Information (NCBI, Bethesda, MD).

Nucleotide sequence accession numbers

The complete DNA sequence of the photosynthesis gene
region of R.sphaeroides 2.4.1 was deposited into GenBank
(NCBI) with the accession number AF195122. The DNA
sequence is also available on our R.sphaeroides genome database
(RsGDB) which can be accessed at http://www-mmg.med.uth.
tmc.edu/sphaeroides/ (21).

RESULTS AND DISCUSSION

The complete photosynthesis region of R.sphaeroides 2.4.1 is
contained within five overlapping cosmids. DNA sequencing
of these cosmid inserts resulted in a single contiguous 66 280
nt sequence. The percentage G+C composition of this region
was determined to be 68.6%. Figure 1 shows the physical and
genetic map of the photosynthesis region of R.sphaeroides
2.4.1 and Table 1 summarizes the description of the ORFs,
sizes of the polypeptides, their degree of amino acid similarity
to their homologs and the name of the species to which they
strongly match. We have identified a total of 65 ORFs of which
61 reveal strong database matches and only four have no
homologies to any entry in the database (see Table 1).

The sequence of R.sphaeroides 2.4.1 differs from the
sequence of R.sphaeroides NCIB 8253 (16) at several locations
mostly in nucleotide substitutions and these small changes may
be due to strain differences. However, the gene organization in
this region (puhA—puf) in both strains of R.sphaeroides
remains identical. The cycA—pucBAC region has not been
completely sequenced from R.sphaeroides NCIB 8253 and
therefore is not available for sequence comparison over this
whole region. The overall gene organization of the main PGC
of R.sphaeroides is also similar to that of the closely related
bacterium, R.capsulatus. A total of 41 genes/orfs (orf25-orf65,
from left to right) of this region exhibit similar gene-linkage
relationships in both species. All of these genes encode
structural and regulatory functions: for example, genes
encoding bacteriochlorophyll biosynthesis (bch), carotenoid
biosynthesis (crf), light harvesting complexes I (puf), reaction
center protein (puhA, pufLM) and regulatory proteins (ppsR,
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Table 1. Description of ORFs

orf Gene Function Polypeptide Strong matchl % Amino
Length Acid Identity

01 hemN  Coproporphyrinogen Il 452 Paracoccus denitrificans 39
oxidase

02 nnr putative response regulator 212 Brucella melitensis 37

03 pucC  light harvesting complex IT 459 Rhodovulum 65
assembly factor sulfidophilum

04 pucA light harvesting complex Tlot 54 Rhodobacter capsulatus 54
(B800/850)

05 pucB  light harvesting complex IIB 51 Rhodovulum 82
(B800/B850) sulfidophilum

06 orf124 unknown 124 no database match

07 rhbA  pyridoxal-phosphate 447 Sinorhizobium meliloti 28
dependent aminotransferase

08 orfl73 unknown 173 no database match

09 ureD  Urease accessory protein 225 Sinorhizobium meliloti 42

10 ureA  Urease (y subunit) 100 Sinorhizobium meliloti 80

11 ureB  Urease (B subunit) 138 Sinorhizobium meliloti 67

12 orf292 unknown 292 no database match

13 ureC Urease (o subunit) 569 Ralstonia eutropha 53

14 ureE  Urease accessory protein 182 Ralstonia eutropha 41

15 ureF  Urease accessory protein 210 Ralstonia eutropha 34

16 ureG  Urease accessory protein 205 Synechocystis sp. 55

17 amiR  amidase regulator 426 Synechocystis sp. 33

18 orf128 unknown 128 no database match

19 orf405  branched chain amino acid 405 Synechocystis sp. 39
transporter

20 orf410  unknown 410 Synechocystis sp. 38

21 orf248  branched chain amino acid 248 Synechocystis sp. 47
transporter

22 cycA  cytochrome ¢; apoprotein 145 Erythrobacter sp. 53

23 orf292 unknown 292 Rhodobacter capsulatus 52

24 orf277 unknown 277 Synechocystis sp. 50

25 orfl28 unknown 128 Rhodobacter capsulaius 49

26 orf213 unknown 213 Rhodobacter capsulatus 44

27 puhA  reaction center H 260 Rhodobacter capsulatus 63

28 orf479 unknown 479 Rhodobacter capsulatus 65

29 bchM  Mg-protoporphyrin 222 Rhodobacter capsulatus 65
methyltransferase

30 behL  protochlorophyllide 297 Rhodobacter capsulatus 78
reductase (iron) subunit

31 bchH  Mg-protoporphyrin IX 1193 Rhodobacter capsulatus 73
chelatase subunit

32 bchB  protochlorophyllide 534 Rhodobacter capsulatus 70
reductase subunit

33 behN  protochlorophyllide 428 Rhodobacter capsulatus 62
reductase subunit

34 behF 2-vinyl 160 Rhodobacter capsulatus 83
bacteriocholorophyllide
hydratase

35 ppaA  regulatory protein 264 Rhodobacter capsulatus 42

36 ppsR regulatory protein (repressor 464 Rhodobacter capsulatus 52
protein)

37 bchE Mg protoporphyrin IX 611 Rhodobacter capsulatus 5
monomethyl ester oxidative
cyclase subunit

38 bch]  4-vinyl reductase 206 Rhodobacter capsulatus 57

39 bchG  geranyl geranyl 302 Rhodobacter capsulatus 69
bacteriochlorophyll synthase

40 orf#27 unknown 427 Rhodobacter capsulatus 65

41 bchP  geranyl geranyl 394 Rhodobacter capsulatus 73
bacteriochlorophyll
reductase

42 orfI77 unknown 177 Rhodobacter capsulatus 63

43 bchO  Magnesium chelatase 288 Rhodobacter capsulatus 45

44 bchD  protoporphyrin IX chelatase 558 Rhodobacter capsulatus 56
subunit

45 bchl protoporphyrin IX chelatase 334 Rhodobacter capsulatis 80
subunit

46 criA spheroidene 327 Rhodobacter capsulatus 47
Monooxygenase

47 ertl phytoene dehydrogenase 518 Rhodobacter capsulatus 68

48 crtB phytoene synthase 355 Rhodobacter capsulatus 63

49 spO  TspO regulatory protein 158 Rhodobacter capsulatus 47

ppaA, tspO). Most of these genes, if not all, are required for optimal
photosynthetic growth of both organisms. In R.sphaeroides, the crt
biosynthesis genes are clustered and are flanked by bch
biosynthesis genes as in R.capsulatus (14). The bch

Table 1. Continued

50 crtC hydroxyneurosporene 279 Rhodobacter capsulatus 59
synthase

51 cnD methoxyneurosporene 486 Rhodobacter capsulatus 53
dehydrogenase

52 crE geranylgeranyl 288 Rhodobacter capsulatus 65
pyrophosphate synthase

53 crtl hydroxyneurosporene-O- 379 Rhodobacter capsulatus 53
‘methyltransferase

54 bechC 9 ¢ 318 Rhodobacter capsulatus 71
hydroxyethylbacteriochlorop
hyllide dehydrogenase

55 bchX  bacteriochlorophyllide 333 Rhodobacter capsulatus 79
reductase iron protein
subunit

56 bchY  bacteriochlorophyllide 502 Rhodobacter capsulatus 81
reductase subunit

57 bchZ  bacteriochlorophyllide 491 Rhodobacter capsulatus 82
reductase subunit

58 pufQ  involved in spectral complex 77 Rhodobacter capsulatus 52
assembly

59 pufK  essential to translation of 20 R. sphaeroides 100
pufB

60 pufB light harvesting 1 (BS75B 49 Eryihrobacter sp. 83
polypeptide)

61 pufA light harvesting 1ct (B8750. 58 Rhodobacter capsulatus 75
polypeptide)

62 pufL. reaction center L protein 282 Rhodobacter capsulatus 77

63 pufM  reaction center M protein 308 Rhodobacter capsulatus 76

64 pufX facilitates light-driven cyclic 82 Rhodobacter capsulatus 36
electron transfer

65 orf641 unknown 641 Rhodovulum 67

sulfidophilum

IThe organisms shown had the strongest match after excluding R.sphaer-
oides. In the case of pufK, no other matches were found significant to
any other species.

biosynthesis genes are further surrounded by genes encoding
reaction center proteins (puhA and the puf operon).

The gene organization in the pucBAC-cycA region in
R.sphaeroides differs from those of R.capsualtus. All
predicted Orfs in this region except orf4 and orf23 do not show
strong matches to orfs surrounding these same genes in
R.capsulatus (see Table 1), instead these Orfs strongly match
to those of other organisms such as Sinorhizobium meliloti,
Ralstonia eutropha, Brucella melitensis, Synechocystis,
Paracoccus denitrificans, Rhodovulum sulfidophilum and
Erythrobacter sp. The majority of these genes/orfs comprising
the pucBAC—cycA region encode for several metabolic functions
unrelated to photosynthesis such as, transport, urea metabolism
and other regulators (see Table 1). It is surprising that six of the
24 Orfs in this region show strongest matches to Synechocystis,
a member of the cyanobacteria, which is not considered closely
related to R.sphaeroides. Also, within this region, four Orfs did
not show any significant homologies in the current database.

There is only the puc operon in the pucBAC—-cycA region
which encodes for light harvesting complex II and is required
for optimal photosynthetic growth in both species. cycA which
encodes for the cytochrome ¢, apoprotein is also required for
photosynthetic growth, but only in R.sphaeroides (8). On the
contrary, R.capsulatus lacking cyt c, is reported to be able to
grow photosynthetically and it is therefore not essential for
photosynthesis (22). Further investigation is required as to
whether the newly identified ORFs of unknown functions in
this region are actually involved in photosynthetic growth of
this bacterium.

Sequences surrounding pucBAC from these two species
exhibit remarkable differences in their gene organization. In
R.capsulatus, the puc operon is located outside of the main
PGC and its exact location is not yet apparent (23). In
R.sphaeroides, the puc operon is located ~20 kb apart from the
main PGC and the gene organization surrounding the pucBAC
region in R.sphaeroides differs from that of R.capsulatus. In
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Table 2. PpsR, FnrL and IHF binding sites in the PGC

Gene/orf

Metabolic Function

R. sphaeroides

R. capsulatus

pucC
pucBA

orfI128/o1f162a
orf479/orf477
bchM

bchL

bchH

bechN

bchF

bchF

ppaA
ppsR/crt]
bchE

bchE

bchG

crtA
cnl

cntD
cntE

bchC

behZ
pufQ
pufL
pufM

pucBAC

bchE

pucBA
ryfQ

light harvesting complex

light harvesting complex

hypothetical protein
unknown

bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
regulatory protein

repressor protein

bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis

carotenoid biosynthesis

carotenoid biosynthesis
carotenoid biosynthesis
carotenoid biosynthesis

bacteriochlorophyll
biosynthesis

bacteriochlorophyll
biosynthesis

involved in spectral
complex assembly
reaction center protein

reaction center protein

response regulator

light harvesting
complexes
bacteriochlorophyll
biosynthesis

light harvesting II
complex(B800/850)
involved in spectral
complex assembly

PpsR Binding site

PpsR Binding site

(nucleotide location from start codon)l (nucleotide location from start codon)1

TGTCGGGCTTCAGGCACA (-47)

TGTCACATTGCGCTGACA (-127)
TGTCAGTGTTGGCTGACA (-152)

not found

TGTAGAAGCCCCGCGACA (-26)
TGTAGAAGCCCCGCGACA (+623, bchM)
not found

not found

not found

TGTCAATTCTGACTTACA (-77)
TGTCAATTTTCTTTGACA (-221)
TGTCAATTTTCTTTGACA (-135)
TGTCAGACGCACTGGACA (+993, ppsR)
TGTCAGACGCACTGGACA (-533, bchE)
TGTCAACTGAAATGGACA (-17)
TGTCAATCTATCCTTACA (+6)

TGTAAACCTGACTAGACA (-94)
TGTAAACCTGACTAGACA (-49)

TGTAAGAAAAAGTTGACA (-82)
TGTAAGAAAAAGTTGACA (-73)
TGTCCAATAAAGTTGACA (-99)
TGTCCCGTTAATGTTACA (-73)
TGTACGGCGTCTTCAACA (+491, bchZ)
TGTACGGCGTCTTCAACA (-965, pufQ)
not found

not found

FnrL _Binding site
TTGTCCTGGTTCAA (-368, nnr)
TTGAAAACCCACAA (-229)
TTGACATGCATCAA (-54)

IHF Binding site

TAACGGCTTGAAA (-222)

not found

not found

TGTAAGCCCGACTTTACA (-154)

TGTTTCGTATAGGGCACA (+270)

not found

not found

TGTTGTCCGACCCCCACA (-1066, bchL)
TGTTGTCCGACCCCCACA(+2534, bchH)
TGTCCGGCGTTGATGACA (-82)
TGTCCGGCGTTGATGACA (+414, bchF)
TGTCAATGAAAACTTACA (-64)

not found

not found

not found

not found

TGTCAACTGAGGTTTACA (-23)

not found

TGTAACGGGATATTTACA (-21)
TGTAACGGGATATTTACA (-120)

TGTAAGTTTCAGTTTACA (-68)
TGTAAGTTTCAGTTTACA (-52)
TGTAAGTTCAATGATACA (-52)
TGTCTAATCAAATTGACA (-78)
TGTATGGCGCCTTCAACA (+494, bchZ)
TGTATGGCGCCTTCAACA (-964, pufQ)
TGTCGAACACCGGCTACA (+473, pufL)
TGTCGAACACCGGCTACA (-352, pufM)
ForL Binding site

unknown

not found

not found

IHF Binding site
GATACCTCTGGAACACC (-95 to -80)

GCCCTGTCG -- TGCCGCAGGCC--GCGG
(-160 to -120)

GCCGCC--GCGGCC (-215 to -200)
TGCCCG--CTTCC--GCGG (-70 to -50)

Nucleotide locations are relatively positioned from the start codon of the gene. + and — are designated for nucleotide
position downstream from the start site in the coding sequence and in the upstream sequence of the gene, respectively.
Some of the PpsR sites are listed twice. In R.sphaeroides: +623 in the bchM gene is the same as —26 upstream of
01f479; =221 upstream of bchF is the same as —82 upstream of ppaA; +993 in the ppsR is the same as —533 upstream of

bchE; —94 upstream of crtA is the same as —49 upstream of crtl; —82 upstream of crtD is the same as —73 upstream
of crtl; +491 in the bchZ is the same as —965 upstream of pufQ. In R.capsulatus: —82 upstream of bchN is the same
as +414 in the bchF; —21 upstream of crtA is the same as —120 upstream of crtl; —68 upstream of crtD is the same as
—52 upstream of crtE; +2534 in the bchH is the same as —1066 upstream of bchL; +494 in the behZ is the same as in
—964 upstream of pufQ; +473 in the pufL is the same as —352 upstream of pufM.

R.capsulatus, pucBACDE exists in a single operon (23,24)
whereas in R.sphaeroides pucDE has not been observed (9).
The only available DNA sequence ~200 bp upstream and ~50 bp

downstream of pucBAC from R.capsulatus
homology to the corresponding region of R.sphaeroides. In
addition, the data from the ongoing genome sequencing project

shows

no
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of R.capsulatus shows no sequence conservation outside the
pucBAC region. Similarly, the sequence around cycA in these
two species are quite different. The upstream and downstream
sequences of cycA in R.sphaeroides (8) do not strongly match
the corresponding region of R.capsulatus (22).

While the main PGC from R.sphaeroides and R.capsulatus
reveal a great degree of similarity in genetic-linkage relationships,
regulatory differences between these two species as listed in
Table 2 are found in upstream sequences of a number of genes
in this cluster. In R.sphaeroides, PpsR binding sites (TGT-N,,-
ACA) are present upstream of eight genes, including genes for
Bchl biosynthesis (bchF, behE, bchG, behC), Crt biosynthesis
(crtA, crtl, crtD, crtE), light harvesting complexes (pucC,
pucBA) and also a regulator (ppaA). Additionally, PpsR
binding motifs are also present within the coding sequences of
bchM, bchG, behZ and ppsR. Rhodobacter capsualtus contains
the same dyad symmetry upstream of bchF, bchN, behE, bchC,
crtA, crtl, crtD and pucBAC, and also within the coding
sequences of orfl62b, bchH, bchF, bchZ and pufL. A number
of PpsR binding sites located within the coding sequence of
one gene are positioned in the upstream or regulatory region of
yet another gene (see Table 2). The localization of this motif in the
upstream sequences of photosynthesis genes was designated as a
repressor binding site which probably results in the control of
expression of these genes. Furthermore, PpsR has been shown
to repress puc and bchF gene expression in R.sphaeroides (12),
and was also shown to be expressed at approximately constant
levels regardless of growth conditions (25). Therefore it is
conceivable that, under aerobic growth conditions, the ppsR
repressor binds to its motifs regardless of whether they are
positioned upstream of, or within, the coding regions of genes.
The genes involved in photosynthesis appear to be clustered
into many transcriptional units, which suggests that the regulation
of the first gene in the transcriptional unit may help ensure
repression of these genes and/or downstream genes.

The presence of the truncated FNR consensus binding
sequence (TTGXX-N,-XXCAA) upstream of pucBAC and
bchE in R.sphaeroides has been reported earlier (25), and it
appears to be absent from upstream sequences of the corre-
sponding genes of R.capsulatus. This is further suggested by
the fact that an fihrL mutation in R.sphaeroides will not grow
photosynthetically while in R.capsulatus there is no effect on
photosynthetic growth (26). It has been recently shown in our
laboratory that FnrL is required for the induction of bchE
expression in response to lowering of the oxygen tension
(J.I.Oh, J.Eraso and S.Kaplan, unpublished). In addition, the
IHF binding motif is also present in the upstream sequence of
pucBAC in both species, R.sphaeroides and R.capsulatus (26—
28). There are three IHF binding regions (—215 to —200, —160 to
—120 and -95 to 80 relative to the transcriptional start site) also
found in the upstream sequence of the puf operon of R.capsulatus
as suggested by in vitro foot-print analysis and gel retardation
assay (27); however, there is no significant sequence similarity
among these three regions. On the other hand, the IHF motif is
absent in the corresponding sequence of R.sphaeroides. All
these presumptive regulatory sites discussed above and
presented in Table 2 are located at approximately the same
location in both strains of R.sphaeroides.

Although different rates of sequence divergence could
explain the regulatory differences that these two species

possess, it could not alone account for the difference in gene
arrangements around pucBAC and cycA. Rhodobacter sphaeroides
and R.capsulatus were also found to be different in many
characteristics: for example, presence of two chromosomes
(29,30) and extensive gene duplications between the two
chromosomes (31-35) in R.sphaeroides which is not the case
in R.capsulatus. Detailed genome analysis of R.sphaeroides
2.4.1 have been undertaken in our laboratory, and ultimately
the DNA sequence comparison with the R.capsulatus genome
will further address the issues of their genome structure and
evolution.
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ABSTRACT

This paper describes the DNA sequence of the photo-
synthesis region of Rhodobacter sphaeroides 2.4.17.
The photosynthesis gene cluster is located within a
~73 kb Asel genomic DNA fragment containing the
puf, puhA, cycA and puc operons. A total of 65 open
reading frames (ORFs) have been identified, of which
61 showed significant similarity to genes/proteins of
other organisms while only four did not reveal any
significant sequence similarity to any gene/protein
sequences in the database. The data were compared
with the corresponding genes/ORFs from a different
strain of R.sphaeroides and Rhodobacter capsulatus, a
close relative of R.sphaeroides. A detailed analysis
of the gene organization in the photosynthesis
region revealed a similar gene order in both species
with some notable differences located to the
pucBAC-cycA region. In addition, photosynthesis
gene regulatory protein (PpsR, FNR, IHF) binding
motifs in upstream sequences of a humber of photo-
synthesis genes have been identified and shown to
differ between these two species. The difference in
gene organization relative to pucBAC and cycA
suggests that this region originated independently of
the photosynthesis gene cluster of R.sphaeroides.

INTRODUCTION

Rhodobacter sphaeroides 2.4.1T is an extremely versatile
facultative photoheterotroph belonging to the o-3 subgroup of
the Proteobacteria (1). Rhodobacter sphaeroides is metabolically
flexible and can grow aerobically, anaerobically with DMSO,
photosynthetically in the light under anaerobic conditions and
also fermentatively. Because of this multiplicity of growth
modes there has been considerable interest in studying the
regulation of photosynthesis gene expression (2—4) in
R.sphaeroides and its close relative, Rhodobacter capsulatus.
In the past, most of the essential genes involved in photo-
synthesis from both species have been identified and mapped
to a single photosynthesis gene cluster (PGC) (5,6). An ~46 kb
DNA region in R.capsulatus containing most of the photo-
synthesis genes has been sequenced (7), and DNA sequencing
of the same region of R.sphaeroides has recently been

DDBJ/EMBL/GenBank accession no. AF195122

undertaken in our laboratory (8—13, this study) as well as else-
where (14-16). Recently an ~41 kb DNA sequence has been
reported from a different strain of R.sphaeroides (16).

In this paper we present DNA sequence analysis of a
contiguous ~67 kb DNA region comprising an expanded
photosynthesis region of R.sphaeroides 2.4.1. Sixty-five open
reading frames (ORFs) of 300 bp or longer were identified of
which 61 exhibited strong matches to genes/orfs of related
organisms, and only four ORFs do not show any significant
homologies in the current database. In order to determine
whether R.sphaeroides and R.capsulatus conserve the same
linkage arrangement in the photosynthesis region, the
sequence data obtained in this study as well as from another
strain of R.sphaeroides (16) were compared with the sequence
of the photosynthesis gene cluster from R.capsulatus (7).

The PGC contains many genes involved in bacterio-
chlorophyll biosynthesis (bch), carotenoid biosynthesis (crf),
light harvesting polypeptides (puc and puf), reaction center
proteins (puhA, pufLM) and their regulators, ppsR, tspO and
ppaA (M.Gomelsky and S.Kaplan, unpublished). Rhodobacter
sphaeroides and R.capsulatus have a similar genetic organization
in most of the photosynthesis region, but they differ in their
genetic organization around pucBAC and cycA. Importantly,
both species differ in the locations of many of their upstream
regulatory sequences. The data presented here suggest that
while conservation of the main PGC between these two species
is maintained, possibly due to similar functional constraints
which could impose limits on the genetic rearrangement in this
region, this is not true for the region encompassing pucBAC
and cycA. These differences in the context in which pucBAC
and cycA are found suggests that these genes were not an
integral part of the ‘original’ photosynthesis unit, and may
have originated independently of the PGC.

MATERIALS AND METHODS

Sequencing strategy

The entire photosynthesis region spans somewhat more than
five overlapping cosmids (pUI8711, pUI8714, pUI8626,
pUI8461 and pUI8487) which have previously been identified
from an ordered chromosome-specific cosmid collection
(Choudhary and Kaplan, unpublished data). Cosmid inserts
were digested with BamHI, EcoRI and Pstl, and resulting DNA
fragments were subcloned into a pBluescript vector (17). Cosmid
and plasmid templates were prepared using Prep-A-Gene or

*To whom correspondence should be addressed. Tel: +1 713 500 5502; Fax: +1 713 500 5499; Email: skaplan @utmmg.med.uth.tmc.edu
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Figure 1. Physical and genetic map of the photosynthesis gene cluster of R.sphaeroides 2.4.1. The number of orfs is shown from left to right. The arrows show the

likely direction of the transcription of genes/orfs.

Quantum prep kit (Bio-Rad Laboratories) as described else-
where (18). Plasmid subclones were sequenced from both ends
using the universal T3 and Ext’-7 primers. Many of the photo-
synthesis genes and their regulators have previously been
sequenced in our laboratory, and these sequences have been
submitted earlier to the GenBank. All of these sequence ends
were further used as anchors to fill in the remaining gaps using
primer walking (19). The sequence data for this study was
generated by the dideoxy termination method using a fluorescent
based sequencing gel (Models 373 and 377, Applied
Biosystems).

Sequence analysis

In a typical sequencing run ~600 nt were obtained. All sequence
chromatograms were visually examined and ambiguous nucleo-
tides were edited. Sequence files were then assembled using
the Genetics Computer Group and Staden software packages.
From the sequence data, all six possible reading frames were
screened with the DNA strider program. The direction of
transcription of the genes is based on starting codons ATG or
GTG preceded by a putative Shine-Dalgarno sequence and
alignment with the R.capsulatus photosynthesis gene cluster.
For searching the DNA and protein databases we used the
BLAST program (20) and the BLAST server at the National
Center of Biotechnology Information (NCBI, Bethesda, MD).

Nucleotide sequence accession numbers

The complete DNA sequence of the photosynthesis gene
region of R.sphaeroides 2.4.1 was deposited into GenBank
(NCBI) with the accession number AF195122. The DNA
sequence is also available on our R.sphaeroides genome database
(RsGDB) which can be accessed at http://www-mmg.med.uth.
tmc.edu/sphaeroides/ (21).

RESULTS AND DISCUSSION

The complete photosynthesis region of R.sphaeroides 2.4.1 is
contained within five overlapping cosmids. DNA sequencing
of these cosmid inserts resulted in a single contiguous 66 280
nt sequence. The percentage G+C composition of this region
was determined to be 68.6%. Figure 1 shows the physical and
genetic map of the photosynthesis region of R.sphaeroides
2.4.1 and Table 1 summarizes the description of the ORFs,
sizes of the polypeptides, their degree of amino acid similarity
to their homologs and the name of the species to which they
strongly match. We have identified a total of 65 ORFs of which
61 reveal strong database matches and only four have no
homologies to any entry in the database (see Table 1).

The sequence of R.sphaeroides 2.4.1 differs from the
sequence of R.sphaeroides NCIB 8253 (16) at several locations
mostly in nucleotide substitutions and these small changes may
be due to strain differences. However, the gene organization in
this region (puhA—puf) in both strains of R.sphaeroides
remains identical. The cycA—pucBAC region has not been
completely sequenced from R.sphaeroides NCIB 8253 and
therefore is not available for sequence comparison over this
whole region. The overall gene organization of the main PGC
of R.sphaeroides is also similar to that of the closely related
bacterium, R.capsulatus. A total of 41 genes/orfs (orf25-orf65,
from left to right) of this region exhibit similar gene-linkage
relationships in both species. All of these genes encode
structural and regulatory functions: for example, genes
encoding bacteriochlorophyll biosynthesis (bch), carotenoid
biosynthesis (crf), light harvesting complexes I (puf), reaction
center protein (puhA, pufLM) and regulatory proteins (ppsR,
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Table 1. Description of ORFs

orf Gene Function Polypeptide Strong matchl % Amino
Length Acid Identity

01 hemN  Coproporphyrinogen Il 452 Paracoccus denitrificans 39
oxidase

02 nnr putative response regulator 212 Brucella melitensis 37

03 pucC  light harvesting complex IT 459 Rhodovulum 65
assembly factor sulfidophilum

04 pucA light harvesting complex Tlot 54 Rhodobacter capsulatus 54
(B800/850)

05 pucB  light harvesting complex IIB 51 Rhodovulum 82
(B800/B850) sulfidophilum

06 orf124 unknown 124 no database match

07 rhbA  pyridoxal-phosphate 447 Sinorhizobium meliloti 28
dependent aminotransferase

08 orfl73 unknown 173 no database match

09 ureD  Urease accessory protein 225 Sinorhizobium meliloti 42

10 ureA  Urease (y subunit) 100 Sinorhizobium meliloti 80

11 ureB  Urease (B subunit) 138 Sinorhizobium meliloti 67

12 orf292 unknown 292 no database match

13 ureC Urease (o subunit) 569 Ralstonia eutropha 53

14 ureE  Urease accessory protein 182 Ralstonia eutropha 41

15 ureF  Urease accessory protein 210 Ralstonia eutropha 34

16 ureG  Urease accessory protein 205 Synechocystis sp. 55

17 amiR  amidase regulator 426 Synechocystis sp. 33

18 orf128 unknown 128 no database match

19 orf405  branched chain amino acid 405 Synechocystis sp. 39
transporter

20 orf410  unknown 410 Synechocystis sp. 38

21 orf248  branched chain amino acid 248 Synechocystis sp. 47
transporter

22 cycA  cytochrome ¢; apoprotein 145 Erythrobacter sp. 53

23 orf292 unknown 292 Rhodobacter capsulatus 52

24 orf277 unknown 277 Synechocystis sp. 50

25 orfl28 unknown 128 Rhodobacter capsulaius 49

26 orf213 unknown 213 Rhodobacter capsulatus 44

27 puhA  reaction center H 260 Rhodobacter capsulatus 63

28 orf479 unknown 479 Rhodobacter capsulatus 65

29 bchM  Mg-protoporphyrin 222 Rhodobacter capsulatus 65
methyltransferase

30 behL  protochlorophyllide 297 Rhodobacter capsulatus 78
reductase (iron) subunit

31 bchH  Mg-protoporphyrin IX 1193 Rhodobacter capsulatus 73
chelatase subunit

32 bchB  protochlorophyllide 534 Rhodobacter capsulatus 70
reductase subunit

33 behN  protochlorophyllide 428 Rhodobacter capsulatus 62
reductase subunit

34 behF 2-vinyl 160 Rhodobacter capsulatus 83
bacteriocholorophyllide
hydratase

35 ppaA  regulatory protein 264 Rhodobacter capsulatus 42

36 ppsR regulatory protein (repressor 464 Rhodobacter capsulatus 52
protein)

37 bchE Mg protoporphyrin IX 611 Rhodobacter capsulatus 5
monomethyl ester oxidative
cyclase subunit

38 bch]  4-vinyl reductase 206 Rhodobacter capsulatus 57

39 bchG  geranyl geranyl 302 Rhodobacter capsulatus 69
bacteriochlorophyll synthase

40 orf#27 unknown 427 Rhodobacter capsulatus 65

41 bchP  geranyl geranyl 394 Rhodobacter capsulatus 73
bacteriochlorophyll
reductase

42 orfI77 unknown 177 Rhodobacter capsulatus 63

43 bchO  Magnesium chelatase 288 Rhodobacter capsulatus 45

44 bchD  protoporphyrin IX chelatase 558 Rhodobacter capsulatus 56
subunit

45 bchl protoporphyrin IX chelatase 334 Rhodobacter capsulatis 80
subunit

46 criA spheroidene 327 Rhodobacter capsulatus 47
Monooxygenase

47 ertl phytoene dehydrogenase 518 Rhodobacter capsulatus 68

48 crtB phytoene synthase 355 Rhodobacter capsulatus 63

49 spO  TspO regulatory protein 158 Rhodobacter capsulatus 47

ppaA, tspO). Most of these genes, if not all, are required for optimal
photosynthetic growth of both organisms. In R.sphaeroides, the crt
biosynthesis genes are clustered and are flanked by bch
biosynthesis genes as in R.capsulatus (14). The bch

Table 1. Continued

50 crtC hydroxyneurosporene 279 Rhodobacter capsulatus 59
synthase

51 cnD methoxyneurosporene 486 Rhodobacter capsulatus 53
dehydrogenase

52 crE geranylgeranyl 288 Rhodobacter capsulatus 65
pyrophosphate synthase

53 crtl hydroxyneurosporene-O- 379 Rhodobacter capsulatus 53
‘methyltransferase

54 bechC 9 ¢ 318 Rhodobacter capsulatus 71
hydroxyethylbacteriochlorop
hyllide dehydrogenase

55 bchX  bacteriochlorophyllide 333 Rhodobacter capsulatus 79
reductase iron protein
subunit

56 bchY  bacteriochlorophyllide 502 Rhodobacter capsulatus 81
reductase subunit

57 bchZ  bacteriochlorophyllide 491 Rhodobacter capsulatus 82
reductase subunit

58 pufQ  involved in spectral complex 77 Rhodobacter capsulatus 52
assembly

59 pufK  essential to translation of 20 R. sphaeroides 100
pufB

60 pufB light harvesting 1 (BS75B 49 Eryihrobacter sp. 83
polypeptide)

61 pufA light harvesting 1ct (B8750. 58 Rhodobacter capsulatus 75
polypeptide)

62 pufL. reaction center L protein 282 Rhodobacter capsulatus 77

63 pufM  reaction center M protein 308 Rhodobacter capsulatus 76

64 pufX facilitates light-driven cyclic 82 Rhodobacter capsulatus 36
electron transfer

65 orf641 unknown 641 Rhodovulum 67

sulfidophilum

IThe organisms shown had the strongest match after excluding R.sphaer-
oides. In the case of pufK, no other matches were found significant to
any other species.

biosynthesis genes are further surrounded by genes encoding
reaction center proteins (puhA and the puf operon).

The gene organization in the pucBAC-cycA region in
R.sphaeroides differs from those of R.capsualtus. All
predicted Orfs in this region except orf4 and orf23 do not show
strong matches to orfs surrounding these same genes in
R.capsulatus (see Table 1), instead these Orfs strongly match
to those of other organisms such as Sinorhizobium meliloti,
Ralstonia eutropha, Brucella melitensis, Synechocystis,
Paracoccus denitrificans, Rhodovulum sulfidophilum and
Erythrobacter sp. The majority of these genes/orfs comprising
the pucBAC—cycA region encode for several metabolic functions
unrelated to photosynthesis such as, transport, urea metabolism
and other regulators (see Table 1). It is surprising that six of the
24 Orfs in this region show strongest matches to Synechocystis,
a member of the cyanobacteria, which is not considered closely
related to R.sphaeroides. Also, within this region, four Orfs did
not show any significant homologies in the current database.

There is only the puc operon in the pucBAC—-cycA region
which encodes for light harvesting complex II and is required
for optimal photosynthetic growth in both species. cycA which
encodes for the cytochrome ¢, apoprotein is also required for
photosynthetic growth, but only in R.sphaeroides (8). On the
contrary, R.capsulatus lacking cyt c, is reported to be able to
grow photosynthetically and it is therefore not essential for
photosynthesis (22). Further investigation is required as to
whether the newly identified ORFs of unknown functions in
this region are actually involved in photosynthetic growth of
this bacterium.

Sequences surrounding pucBAC from these two species
exhibit remarkable differences in their gene organization. In
R.capsulatus, the puc operon is located outside of the main
PGC and its exact location is not yet apparent (23). In
R.sphaeroides, the puc operon is located ~20 kb apart from the
main PGC and the gene organization surrounding the pucBAC
region in R.sphaeroides differs from that of R.capsulatus. In
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Table 2. PpsR, FnrL and IHF binding sites in the PGC

Gene/orf

Metabolic Function

R. sphaeroides

R. capsulatus

pucC
pucBA

orfI128/o1f162a
orf479/orf477
bchM

bchL

bchH

bechN

bchF

bchF

ppaA
ppsR/crt]
bchE

bchE

bchG

crtA
cnl

cntD
cntE

bchC

behZ
pufQ
pufL
pufM

pucBAC

bchE

pucBA
ryfQ

light harvesting complex

light harvesting complex

hypothetical protein
unknown

bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
regulatory protein

repressor protein

bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis
bacteriochlorophyll
biosynthesis

carotenoid biosynthesis

carotenoid biosynthesis
carotenoid biosynthesis
carotenoid biosynthesis

bacteriochlorophyll
biosynthesis

bacteriochlorophyll
biosynthesis

involved in spectral
complex assembly
reaction center protein

reaction center protein

response regulator

light harvesting
complexes
bacteriochlorophyll
biosynthesis

light harvesting II
complex(B800/850)
involved in spectral
complex assembly

PpsR Binding site

PpsR Binding site

(nucleotide location from start codon)l (nucleotide location from start codon)1

TGTCGGGCTTCAGGCACA (-47)

TGTCACATTGCGCTGACA (-127)
TGTCAGTGTTGGCTGACA (-152)

not found

TGTAGAAGCCCCGCGACA (-26)
TGTAGAAGCCCCGCGACA (+623, bchM)
not found

not found

not found

TGTCAATTCTGACTTACA (-77)
TGTCAATTTTCTTTGACA (-221)
TGTCAATTTTCTTTGACA (-135)
TGTCAGACGCACTGGACA (+993, ppsR)
TGTCAGACGCACTGGACA (-533, bchE)
TGTCAACTGAAATGGACA (-17)
TGTCAATCTATCCTTACA (+6)

TGTAAACCTGACTAGACA (-94)
TGTAAACCTGACTAGACA (-49)

TGTAAGAAAAAGTTGACA (-82)
TGTAAGAAAAAGTTGACA (-73)
TGTCCAATAAAGTTGACA (-99)
TGTCCCGTTAATGTTACA (-73)
TGTACGGCGTCTTCAACA (+491, bchZ)
TGTACGGCGTCTTCAACA (-965, pufQ)
not found

not found

FnrL _Binding site
TTGTCCTGGTTCAA (-368, nnr)
TTGAAAACCCACAA (-229)
TTGACATGCATCAA (-54)

IHF Binding site

TAACGGCTTGAAA (-222)

not found

not found

TGTAAGCCCGACTTTACA (-154)

TGTTTCGTATAGGGCACA (+270)

not found

not found

TGTTGTCCGACCCCCACA (-1066, bchL)
TGTTGTCCGACCCCCACA(+2534, bchH)
TGTCCGGCGTTGATGACA (-82)
TGTCCGGCGTTGATGACA (+414, bchF)
TGTCAATGAAAACTTACA (-64)

not found

not found

not found

not found

TGTCAACTGAGGTTTACA (-23)

not found

TGTAACGGGATATTTACA (-21)
TGTAACGGGATATTTACA (-120)

TGTAAGTTTCAGTTTACA (-68)
TGTAAGTTTCAGTTTACA (-52)
TGTAAGTTCAATGATACA (-52)
TGTCTAATCAAATTGACA (-78)
TGTATGGCGCCTTCAACA (+494, bchZ)
TGTATGGCGCCTTCAACA (-964, pufQ)
TGTCGAACACCGGCTACA (+473, pufL)
TGTCGAACACCGGCTACA (-352, pufM)
ForL Binding site

unknown

not found

not found

IHF Binding site
GATACCTCTGGAACACC (-95 to -80)

GCCCTGTCG -- TGCCGCAGGCC--GCGG
(-160 to -120)

GCCGCC--GCGGCC (-215 to -200)
TGCCCG--CTTCC--GCGG (-70 to -50)

Nucleotide locations are relatively positioned from the start codon of the gene. + and — are designated for nucleotide
position downstream from the start site in the coding sequence and in the upstream sequence of the gene, respectively.
Some of the PpsR sites are listed twice. In R.sphaeroides: +623 in the bchM gene is the same as —26 upstream of
01f479; =221 upstream of bchF is the same as —82 upstream of ppaA; +993 in the ppsR is the same as —533 upstream of

bchE; —94 upstream of crtA is the same as —49 upstream of crtl; —82 upstream of crtD is the same as —73 upstream
of crtl; +491 in the bchZ is the same as —965 upstream of pufQ. In R.capsulatus: —82 upstream of bchN is the same
as +414 in the bchF; —21 upstream of crtA is the same as —120 upstream of crtl; —68 upstream of crtD is the same as
—52 upstream of crtE; +2534 in the bchH is the same as —1066 upstream of bchL; +494 in the behZ is the same as in
—964 upstream of pufQ; +473 in the pufL is the same as —352 upstream of pufM.

R.capsulatus, pucBACDE exists in a single operon (23,24)
whereas in R.sphaeroides pucDE has not been observed (9).
The only available DNA sequence ~200 bp upstream and ~50 bp

downstream of pucBAC from R.capsulatus
homology to the corresponding region of R.sphaeroides. In
addition, the data from the ongoing genome sequencing project

shows

no
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of R.capsulatus shows no sequence conservation outside the
pucBAC region. Similarly, the sequence around cycA in these
two species are quite different. The upstream and downstream
sequences of cycA in R.sphaeroides (8) do not strongly match
the corresponding region of R.capsulatus (22).

While the main PGC from R.sphaeroides and R.capsulatus
reveal a great degree of similarity in genetic-linkage relationships,
regulatory differences between these two species as listed in
Table 2 are found in upstream sequences of a number of genes
in this cluster. In R.sphaeroides, PpsR binding sites (TGT-N,,-
ACA) are present upstream of eight genes, including genes for
Bchl biosynthesis (bchF, behE, bchG, behC), Crt biosynthesis
(crtA, crtl, crtD, crtE), light harvesting complexes (pucC,
pucBA) and also a regulator (ppaA). Additionally, PpsR
binding motifs are also present within the coding sequences of
bchM, bchG, behZ and ppsR. Rhodobacter capsualtus contains
the same dyad symmetry upstream of bchF, bchN, behE, bchC,
crtA, crtl, crtD and pucBAC, and also within the coding
sequences of orfl62b, bchH, bchF, bchZ and pufL. A number
of PpsR binding sites located within the coding sequence of
one gene are positioned in the upstream or regulatory region of
yet another gene (see Table 2). The localization of this motif in the
upstream sequences of photosynthesis genes was designated as a
repressor binding site which probably results in the control of
expression of these genes. Furthermore, PpsR has been shown
to repress puc and bchF gene expression in R.sphaeroides (12),
and was also shown to be expressed at approximately constant
levels regardless of growth conditions (25). Therefore it is
conceivable that, under aerobic growth conditions, the ppsR
repressor binds to its motifs regardless of whether they are
positioned upstream of, or within, the coding regions of genes.
The genes involved in photosynthesis appear to be clustered
into many transcriptional units, which suggests that the regulation
of the first gene in the transcriptional unit may help ensure
repression of these genes and/or downstream genes.

The presence of the truncated FNR consensus binding
sequence (TTGXX-N,-XXCAA) upstream of pucBAC and
bchE in R.sphaeroides has been reported earlier (25), and it
appears to be absent from upstream sequences of the corre-
sponding genes of R.capsulatus. This is further suggested by
the fact that an fihrL mutation in R.sphaeroides will not grow
photosynthetically while in R.capsulatus there is no effect on
photosynthetic growth (26). It has been recently shown in our
laboratory that FnrL is required for the induction of bchE
expression in response to lowering of the oxygen tension
(J.I.Oh, J.Eraso and S.Kaplan, unpublished). In addition, the
IHF binding motif is also present in the upstream sequence of
pucBAC in both species, R.sphaeroides and R.capsulatus (26—
28). There are three IHF binding regions (—215 to —200, —160 to
—120 and -95 to 80 relative to the transcriptional start site) also
found in the upstream sequence of the puf operon of R.capsulatus
as suggested by in vitro foot-print analysis and gel retardation
assay (27); however, there is no significant sequence similarity
among these three regions. On the other hand, the IHF motif is
absent in the corresponding sequence of R.sphaeroides. All
these presumptive regulatory sites discussed above and
presented in Table 2 are located at approximately the same
location in both strains of R.sphaeroides.

Although different rates of sequence divergence could
explain the regulatory differences that these two species

possess, it could not alone account for the difference in gene
arrangements around pucBAC and cycA. Rhodobacter sphaeroides
and R.capsulatus were also found to be different in many
characteristics: for example, presence of two chromosomes
(29,30) and extensive gene duplications between the two
chromosomes (31-35) in R.sphaeroides which is not the case
in R.capsulatus. Detailed genome analysis of R.sphaeroides
2.4.1 have been undertaken in our laboratory, and ultimately
the DNA sequence comparison with the R.capsulatus genome
will further address the issues of their genome structure and
evolution.
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