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ropA encodes a 36-kDa outer membrane protein of Rhizobium leguminosarum bv. viciae strain 248 which
constitutes the low-M,. part of antigen group III (R. A. de Maagd, 1. H. M. Mulders, H. C. J. Canter Cremers,
and B. J. J. Lugtenberg, J. Bacteriol. 174:214-221, 1992). We observed that genes homologous to ropA are
present in strain 248 as well as in other R. leguminosarum strains, and we describe the cloning and charac-
terization of two of these genes. Sequencing of a 2.2-kb BglII fragment from R. leguminosarum bv. viciae strain
248 that hybridizes with ropA revealed one large open reading frame of 1,074 bp encoding a mature protein of
38.096 kDa. Homology between this gene and ropA is 91.8% on the DNA level. Homology on the amino acid level
is only 69.9% as a result of a frameshift. On the basis of homology and immunochemical characteristics, we
conclude that this gene encodes the high-M, part of the outer membrane protein antigen group III that is
repressed during symbiosis. We named this gene ropA2. The second gene that we cloned was the ropA
homologous gene of R. leguminosarum bv. trifolii strain LPR5020. Except for amino acid 43, the N-terminal part
of the corresponding protein appeared to be identical to the first 51 amino acids of RopA of strain 248. The
transcription start sites of both genes were determined, and the promoter regions were compared with that of
ropA of strain 248. No clear consensus sequence could be deduced. The relationship of rop4 and ropA2 of R.

leguminosarum bv. viciae strain 248 with two similar genes from Brucella abortus is discussed.

Rhizobia induce the formation of root nodules on appropri-
ate leguminous host plants (for a review, see reference 20). In
alfalfa and pea, the host plants of Rhizobium meliloti and Rhi-
zobium leguminosarum bv. viciae, respectively, the nodules are
of the indeterminate type. Five well-defined regions can be
distinguished in such nodules. This subdivision in regions is
based on the developmental stages of bacteroid differentiation
and can be helpful in understanding the regulation of both
plant and bacterial genes involved in symbiosis (35).

The Rhizobium bacteroids, present in the cytoplasm of root
nodule cells, show extensive differences with free-living bacte-
ria at the molecular and biochemical levels. Differences in
expression of nod genes have been studied by using antibodies,
in situ hybridizations, and gusA fusions. Transcription of the
inducible nod genes was still detectable in the invasion zone
but not in the early symbiotic zone (30, 31). The synthesis of
extracellular polysaccharide, a cell surface component, is also
severely decreased in bacteroids. It was shown that
exo::'TnphoA fusions were mainly expressed in the invasion
zone and not in the symbiotic zone of alfalfa nodules (26). This
was also shown for the R. leguminosarum bv. phaseoli gene
pssA, as detected by using a fusion with the gusA gene. The
polysaccharide inhibition gene psi4 was expressed throughout
the nodule and is probably responsible for the decrease in pssA4
expression (19).

The bacterial cell envelope, whose role in symbiosis is be-
coming more and more significant, also shows some clear dif-
ferences during bacteroid development. Down-regulation was
observed for certain outer membrane proteins of R. legumino-
sarum bv. viciae strain 248 bacteroids (4). This phenomenon
was also observed in bacteroids with a chromosomal back-
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ground of other biovars (27). The outer membrane proteins of
strain 248 can be divided into four prominent antigen groups,
designated I through IV. Two of these, antigen groups II and
III, are severely decreased in bacteroids from indeterminate-
nodule-forming host plants (27). Recently the structural gene
encoding the lower-M, part of antigen group III, called ropA4,
was isolated (5). The promoter of this gene contains some
specific sequences, including a consensus binding site for the
integration host factor (IHF) and inverted repeats (5). Tran-
scription of this gene was, as was the case with the genes
involved in extracellular polysaccharide synthesis and nodula-
tion, detected only in the zones distal to the symbiotic zone (8).
A fusion of this gene with lacZ did not provide an unambigu-
ous answer to the question of which factor(s) is responsible for
the decrease in expression. To test whether a regulatory con-
sensus exists, we isolated two ropA homologous genes and
compared the promoter regions of these apparently similarly
regulated genes with the promoter from ropA.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used in this study are listed in
Table 1. Tetracycline was added to concentrations of 20 and 2 pg/ml for Esch-
erichia coli and R. leguminosarum, respectively. Rifampin, streptomycin, and
spectinomycin were added to final concentrations of 20, 500, and 400 pg/ml,
respectively.

Construction of the LPR5020 genomic library. Genomic DNA was isolated as
described by Meade et al. (24), partially digested with EcoRI, and fractionated
over a 10 to 40% (wt/vol) continuous sucrose gradient for 22 h at 20,000 rpm at
16°C (22). Fragments ranging from 15 to 30 kbp were pooled, dialyzed, and
ligated into cosmid pLAFR1 (13). Concatemeric DNA was then packed in
phages by using the Gigapack Plus packaging system (Stratagene, La Jolla,
Calif.). The library was subsequently transduced into cells of E. coli HB101.
Transductants were selected on solidified LB medium supplemented with tetra-
cycline.

Colony hybridization. Colonies of E. coli HB101 containing the genomic
library were transferred to GeneScreen filters (New England Nuclear, Boston,
Mass.). The filters were treated as described earlier (22) and hybridized with a
nick-translated [a->?P]dCTP probe (Amersham International, Little Chalfont,
England).
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Reference or source

E. coli
JM101 A(lac-proAB) supE thi (F' traD36 proAB lacIZAM15 37
HB101 F~ supE44 thi recA13 hsdS20 lacY1 rpsL20 (Str") 1

R. leguminosarum
248 Wild type bv. viciae 17
LPR5020 Wild type bv. trifolii, Str* 16
RBL5523 bv. trifolii cured of pSymS, contains Sym plasmid pRL1JI 25
B434 bv. phaseoli cured of pRP2JI, contains pRL1J1.rhi4::Tn5 9
ANUS843 Wild type bv. trifolii 28

R. meliloti 1021 SU47, Str' 24

Plasmids
M13Tg130 M13 sequencing vector 18
pIC20H IncColE1, multicopy cloning vector 23
pLAFR1 IncP, lambda cos Mob™ Tra™~ cosmid vector 13
pRK2013 Helper plasmid for triparental matings 10
pGP1127 E. coli himA and himD cloned in pBR322 N. Goosen, Leiden,

The Netherlands

pMP92 IncP cloning vector 32
pMP2202 2.05-kb EcoRI fragment containing ropA cloned in pMP92 5
pMP2204 2.05-kb EcoRI of pMP2202 cloned in pIC20H This study
pMP2250 pLAFR1 clone with genomic DNA of strain 248 This study
pMP2251 6.4-kb EcoRI fragment of pMP2250 in pIC20H This study
pMP2254 2.3-kb BglII fragment of pMP2251 in pIC20H This study
pMP2256 pLAFRI1 clone with genomic DNA of strain LPR5020 This study
pMP2264 2.1-kb EcoRI fragment of pMP2256 in pIC20H This study
pMP2267 2.3-kb Bg/II insert of pMP2254 in pMP92 This study
pMP2276 Sall deletion of pMP2264, contains the LPR5020 ropA promoter This study

DNA manipulations and bacterial matings. Recombinant DNA techniques
were carried out essentially as described by Maniatis et al. (22). Plasmids were
transferred from E. coli to R. leguminosarum by using triparental mating as
described previously (10), with pRK2013 as the helper plasmid.

DNA sequencing. DNA sequencing was performed as described by Sanger et
al. (29), using either M13 vector Tg130 or pIC20H plasmids with [«->>S]dATP
(Amersham). Primers were synthesized on a model 392 DNA synthesizer (Ap-
plied Biosystems, Maarssen, The Netherlands). Sequenase (U.S. Biochemical,
Cleveland, Ohio) and T7 polymerase (Pharmacia LKB, Woerden, The Nether-
lands) were used according to the manufacturers’ guidelines.

Primer extension. Total RNA from tryptose-yeast extract-grown bacteria was
isolated as described previously (34). The primer was labeled with [y->>P]dATP
(Amersham), using polynucleotide kinase (Pharmacia) as described by Maniatis
et al. (22). Primer extension was performed by using avian myeloblastosis virus
reverse transcriptase (Pharmacia) annealed on approximately 20 ug of RNA at
45°C. To prevent self-copying of labeled primer, actinomycin D was added to the
reaction mixture in a final concentration of 50 pg/ml.

Preparation of protein samples, electrophoresis, and Western blotting (im-
munoblotting). Cell lysates were prepared as described earlier (27). Sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was per-
formed on 11% gels as described previously (21). After separation on SDS-
polyacrylamide gels, the cell lysate constituents were transferred to nitrocellulose
sheets by electroblotting, using an LKB Multiphor 2117 (Pharmacia). Immuno-
detection with monoclonal antibodies (MAbs) was performed as described else-
where (4).

Southern blot analysis. Digested genomic DNA was separated in 1% (wt/vol)
agarose gels and transferred to GeneScreen filters (New England Nuclear) by
standard methods (22). Hybridization was performed at 42°C in 50% form-
amide-5X SSPE (1x SSPE is 150 mM NaCl, 10 mM sodium phosphate, and 1
mM EDTA [pH 7.4])-5% (wt/vol) SDS. The blots were washed at 65°C for 15
min with 2X SSPE-0.1% SDS, followed by 1X SSPE-0.1% SDS and 0.1X
SSPE-0.1% SDS under the same conditions. Probes were nick translated with
[«-*?P]dCTP (Amersham).

Nucleotide seq e accessi bers. The nucleotide sequence of the R.
leguminosarum bv. viciae strain 248 ropA2 gene has been deposited in the Gen-
Bank/EMBL library under accession number X80794. The GenBank/EMBL
accession number of the promoter sequence and the 5’ region of rop4 of R.
leguminosarum bv. trifolii strain LPR5020 is X80793.

RESULTS

Detection of the ropA homologous genes in strain 248 and
other Rhizobium strains. Antigen group III, one of the two

antigen groups whose levels are severely decreased during sym-
biosis, consists of two primary proteins, both of which are also
present as derivatives with peptidoglycan residues of various
sizes attached to them. This antigen group is detectable with
MADb37 and MADb38. The MAD38 epitope is specific for R.
leguminosarum bv. viciae strain 248. MAb 37 detects antigen
group III in a variety of Rhizobium and Agrobacterium strains
(3). As was shown earlier, ropA encodes only the lower-M, part
of the group III antigens of R. leguminosarum bv. viciae strain
248 (5). This finding implies that there is another structural
gene that encodes for the high-M, part of the proteins of the
antigen group III. Because both gene products have the MADb
37 epitope, we tested whether we could detect this second gene
on the basis of homology with ropA. Genomic DNA of R.
leguminosarum bv. viciae strain 248 was digested with EcoRI
and analyzed in a Southern blot experiment with the ropA4 gene
as a probe. This analysis revealed two strong hybridizing EcoRI
fragments approximately 2.1 and 6.4 kb in size (Fig. 1, lane 3).
The size of the smallest fragment resembled the size of the
EcoRI fragment that contained the ropA gene (5). The second
fragment indicated that there is, in addition to the ropA-con-
taining fragment, another fragment with strong homology to
ropA. We investigated whether this second fragment contained
the gene encoding the high-M, part of antigen group III.
Because all Rhizobium and Agrobacterium strains tested con-
tain antigen group III, we also tested for the presence of ropA
homology in the genomes of some other strains. Three R.
leguminosarum strains, bv. trifolii strain ANUS843, bv. viciae
strain RBL5523, and bv. phaseoli strain B434 (Fig. 1, lanes 1,
2, and 4, respectively) also showed strong hybridization signals
with the ropA probe, despite the fact that antigen group III
could not be detected in these strains when MAb 38 was used
(3). The degree of hybridization of ropA with R. meliloti strain
1021 was moderate under the conditions used (Fig. 1, lane 5).
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FIG. 1. Southern blot hybridization of EcoRI-digested total DNA probed
with ropA of R. leguminosarum bv. viciae strain 248. Lanes: 1, R. leguminosarum
bv. trifolii strain ANUS843; 2, R. leguminosarum bv. viciae strain RBL5523; 3, R.
leguminosarum bv. viciae strain 248; 4, R. leguminosarum bv. phaseoli strain
B434; 5, R. meliloti 1021. HindIlI-digested lambda DNA fragment sizes are
indicated on the left.

Isolation and subcloning of a cosmid clone isolated from a
genomic library of strain 248 that hybridizes with rop4. To
obtain the rop4 homologous region of strain 248, approxi-
mately 1,600 colonies of a cosmid library of strain 248 were
transferred to GeneScreen filters, lysed, and tested in a South-
ern blot assay for hybridization with the probe containing the
ropA gene. From these 1,600 colonies, seven colonies that
hybridized with the probe were selected. The corresponding
colonies on the master plates were selected and grown in LB
supplemented with tetracycline. The cosmids of these seven
colonies were isolated, digested with EcoRI, and again ana-
lyzed in a Southern blot assay using the same ropA probe as
was used in the colony blot assay. Of these seven cosmid
clones, two contained the 2.1-kb EcoRI fragment on which
ropA is located, and five contained the 6.4-kb EcoRI fragment.
We selected one of the latter cosmids, pMP2250, for further
studies.

Cosmid pMP2250 contains a MAb 38 epitope-expressing
gene. While all Rhizobium strains tested express the MAb37
epitope of antigen group III, only antigen group III from R.
leguminosarum bv. viciae strain 248 contains the MAD38
epitope (3). This characteristic was used to detect expression of
the MAb38 epitope in R. leguminosarum. Cosmid pMP2250
was cut with various restriction enzymes, and fragments hy-
bridizing with a ropA probe were subcloned into pMP92, a
broad-host-range cloning vector. Plasmids were transconju-
gated to R. leguminosarum bv. viciae strain RBL5523, and
transconjugants were tested for expression of the MAD38
epitope (data not shown). Plasmid pMP2267, containing a
2.2-kb Bglll fragment, is sufficient to express the MADb38
epitope. Figure 2 shows the detection of the MAb38 epitope in
antigen group III in R. leguminosarum bv. viciae strain 248 cell
lysates (lane A) and the expression of this epitope in isolated
cell lysates of R. leguminosarum bv. viciae strain RBL5523
containing pMP2267 (lane D). Only the largest of the two
major protein constituents of antigen group III of strain 248,
comprising the approximately 40-kDa primary protein and its
derivatives substituted with peptidoglycan residues, is pro-
duced. Lane C shows detection of the MAb38 epitope in cell
lysates of R. leguminosarum bv. viciae strain RBL5523 contain-
ing pMP2202. This strain produces a number of protein bands
with molecular masses of between 35 and 38 kDa. We conclude
from these results that plasmids pMP2202 and pMP2267 are
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FIG. 2. Immunological detection of group III antigens in cell lysates by using
MAD38. Lanes: A, R. leguminosarum bv. viciae strain 248; B to D, R. legumino-
sarum bv. viciae strain RBL5523 containing pMP92, pMP2202, and pMP2267,
respectively. Positions of molecular weight markers are indicated on the left in
kilodaltons, and the antigen group III region is indicated on the right.

responsible for expression of the R. leguminosarum bv. viciae
strain 248 outer membrane antigen group III primary proteins
of 35 and 40 kDa, respectively. As was observed previously for
pMP2202 (5), expression of the MADb38 epitope from plasmid
pMP2267 could not be detected in E. coli cells.

Nucleotide sequencing and characterization of the fragment
involved in expression of the high-M . part of antigen group III.
The 2.2-kb BglII fragment was the smallest fragment that we
could obtain that still resulted in expression of the upper part
of antigen group III. This fragment was sequenced, and the
result is shown in Fig. 3. Analysis of this fragment with the
codon preference program of the University of Wisconsin Ge-
netics Computer Group software package revealed one open
reading frame large enough to encode the protein of antigen
group III. This open reading frame extends from nucleotides
664 to 1830. An additional start codon, however, was observed
at position 757 (Fig. 3), in frame with the first start codon. The
open reading frame starting with the initiation codon at posi-
tion 757, which we refer to as ORF38b, contains a consensus
ribosome binding site starting 11 nucleotides upstream of the
start of translation. This consensus, GGAGG, indicated in
boldtype face in Fig. 3 at positions 746 to 750, was not found
upstream of the initiation codon starting at position 664. We
therefore assume that ORF38b is responsible for the produc-
tion of the 40- to 45-kDa proteins containing the MADb38
epitope. ORF38b encodes a putative protein of approximately
38.096 kDa. By applying the standard weight-matrix analysis of
von Heijne (36) to the amino acid sequence of ORF38b, a
putative processing site, characteristic for exported proteins,
was calculated. This processing site is located between residues
22 and 23 of the immature protein product. After processing,
the calculated molecular mass of the mature protein encoded
by ORF38b is 36.028 kDa, which is in reasonable agreement
with the value of 40 kDa observed in SDS-PAGE. The putative
signal sequence of this protein has the same length as the
signal sequence of RopA. The deduced amino acid sequence
of this protein is almost 70% identical to the amino acid se-
quence of RopA (Fig. 4) and shows a C-terminal phenylala-
nine residue often observed in outer membrane proteins,
which is thought to be important for incorporation into the
outer membrane (33). We therefore conclude that ORF38b
encodes the high-M, part of the outer membrane protein group
III antigens of strain 248. Because the gene products of ropA
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1 AGATCTTGTAGCCGGTCTTGCGCGAGATGCTGAACTCCCGGCAAACATCG

51 CTCATACCCTCGCCCTTCAAGCAGTCGGGCGACAAATCGAAGACGTTCCT
101 CCATGACCGAAGTCTTTCTCCACGGCATCAACACCTCCCGCTCCAAAACG
151 GAAAGTGTTACCCATGTCTCCGGTACAAAACGTCACCTATCTCTCAGGTC
201 GGGCATTTCCTGAGCACGTGTCGATCGTTTTTCTGGCAGGGAATCATGTT
251 CGCTTAGTCGGTTAGGCCGGGCGACGAAAAAATCTCTCTGCCTCATGCGA
301 GAGAATCGCCTGCGGGAATCTCCTCCCGCGCTCAAGCCGCCGGCAGGGGT
351 GAAAGCGGATCGGCGCATGTCCGGTTACGCTTCCGGCAATCACGAATCCC
401 CCGCAGGTGCCGCATTTTGTCAAAAAAGTGTCATGAAAGTGTCGTTAGGA
451 CGCATGTCCATTTCTTTGTTGGGCTGACCTAAGCCTCCGCAARARTCAGGG
501 TTTTCTTAACAAAGCATAAAGGAAATCGAGGCCAGCTGCCCGACTTGTGT
551 CCTTTCAGCAACAGAATGTCGAGAAGGCTCCCTCAAATCCCCCATCEGAG
601 MEAGTTGGTGATTIGCGTGACGGCTTCCGTCTTGTATTTTCAACCTCGGAA
651 GCAAGGGCGACTGATGCTCCACTTCTTGAAACACGGGGATGGGGCAGGGA
701 ACGCTGCTCAGCGAAAGATCCCAAACCCGATCGAAACTTTGAATTGGAGG

751 TCATTTATGAACATCAAGAGCCTTCTTCTCGGCTCCGCTGCTGCTCTCGC
N I K 8 L b L G S A A A L A

801 AGTAGTTTCCGGTGCTCAGGCTGCTGACGCTATCGTTGCTGCCGAACCGS
vV V. s G A Q A ‘A DA I VA A E P E

851 AACCGGTTGAATATGTTCGCGTCTGCGACGCTTACGGCACCGGCTACTTC
PV EY VRV CDAY GTG Y F

901 TACATCCCGGGCACCGARACCTGCCTCAAGATCAACGGCTACATCCGTTT
Y I PG TETUCUL XK I NGYTIRF

951 CCAGGTCAACGTTGGCGACAACCCAGGTGGTGACAACGACTCTGATTGGG
Q VNV GDNUPGGDNUDS D WD

1001 ATGCAGTGACCCGCGGTCAGGTTCAGTTCACCGCCAAGAGCGACACCGAG
AV TR G Q V Q FTA AIZ K S DT E

1051 TATGGTCCGCTGACCGGCGTCATCGTCATGCAGTTCAATGCTGACAATGC
Y G P L TGV I VMOV FNATDN A

1101 CACCGATCAGCCTTCCAAGCTCGACTCCGCTTACCTCGACATCGCCGGCT
T D Q P S KL D S A YL DTIAGF

J. BACTERIOL.

1151 TCCGCGCCGGTCTGTTCTACAGCTGGTGGGACGATGGTCTCTCGGGCGAA
R A G'L F Y S W WDUDGTUL S G E

1201 ACTGACGACATCGGCTCGGTCGTAACGCTGCATAACTCGATCCGTTATCA
T D D I G § V T L H N S I R Y Q

1251 GTACGAAACCGACTCTTTCTACGCCGGCATCAGCGTCGACGAACTGGAAG
Y ET DS F YA G I S VDETLTETD

1301 ACGGCGTTTACCAGGGTACCTTTACTCCCGGCGTCATTCCCGGCACCACC
G VY QGGTF FTU®PGV I PGTT

1351 GACTTTACTGCGGACGATGGTCCGAACAATGTCGGCGTTGCCTTCGGCGT
D FTADUDTGPNNUVGV AT FGV

1401 TGCCGGTAAGGCTGGTGCGTTCAGCTACCAGGTTACCGGCGGCTGGGACG
A G K A G A F Y Q VT G G W D V

1451 TGGACAACGAAGACGGTGCTATCCGCGCAATGGGTACGGTTGACATCGGT
D NEDGA ATIURAMGTUVDTI G

1501 CCCGGCACGTTCGGCCTCGCCGGCGTATACTCTTCCGGCCCGAACTCGTA
6 T F G L A GV Y § S G P N S Y

1551 CTACTCCTCGGCTGAATGGGCTGTTGCTGCCGAATACGCTATCAAGGCAA
Y S S AE WAV AAETVYA ATIIZ KA AT

1601 CCGACAAGCTCAAGATCACCCCGGGCGTTCAGTACTACGGCAACTACTTC
D K L K I T P G V Y Y G N Y F

1651 GGCGGTGGCAAGGAAGTTCCGGAAGACTTCGACGGTCTCGGCGATGCCTG
G G G K E VP EDTVFDGTLGDA AW

1701 GAAGGTCGGTCTGACGGTTGATTACCAGATCGTCGAARACTTCTACGCCA
K v 6 L TVD Y QI VENTFY A K

1751 AGGCTTCGGTTCAGTACCTCGATCCGCAAGATGGCGAAGACTCCACTTCG
§ VOQ YL DPOQDGETDST 8

1801 GGCTACTTCCGTCTGCAGCGTGCGTTCTAATCTGATCTGACTTCGGTCAG
G Y F R L Q

1851 TCAGGAAAGCCCGGCTCTAAGCCGGCTTTTGTATTGGTGCGCCCAGCATG
1901 GGCGCGCTCTTGTGGGTGGAAGTCCCTTCGTAAGCTGGTCATAGCGAGCG
1951 AAGAGAAGCGCAACTGCGAAGGGCGACCGACCGTGGGGAGGAGGCGTGGA
2001 TCGAAACTGCGGGCCGATGAACAAGAACCGGATATGAGGCGGTGCCGACC

2051 AGGGCGAGCGGGCCATGAACGCGAAGCTCTTGTGACCAAGGGGCGGTGGC

2101 GTAAATCCGGCGGTCCTGCAGGGAAGGAGTGCGTTCTTACCTGGGGAGAT

2151 CT

FIG. 3. DNA sequence of the 2.2-kb Bgl/II fragment containing the R. leguminosarum bv. viciae strain 248 ropA2 gene. The predicted amino acid sequence of
ORF38b is indicated. The putative signal sequence cleavage site is indicated by an arrow. The underlined nucleotides indicate the primer used in the determination
of the transcription start (marked by an asterisk). The IHF consensus binding site is boxed. The putative ribosome binding site is in boldface.

and ORF38b are responsible for the complete antigen group
III of R leguminosarum bv. viciae strain 248 and are very
homologous (Fig. 4), we propose the name ropA2, in analogy
with the presence of multiple nodD gene copies in the genomes
of various Rhizobium species.

ROpA2 MNIKSLLLGS AAALAVVSGA VAAE PEPVEYVRVC DAYGTGYFYI
|11 '

A
| 1 1 VI LR

o} I E
|
| [ |
RopA  MNIRMVLLAS AAAFAASTPV LAADAIVAAE PEPVEYVRVC DAYGTGYFYI

RopA2 PGTETCLKIN GYIRFQVNVG DNPGGDNDSD WDAVTRGQVQ FTAKSDTEYG
PO DLEED L ey A L

et
tretieid pribiiaiig
RopA PGTETCLKIE GYIRFQVNVG DNPGGDNDSD WDAVTRGQVQ

FTAKSDTEYG
RopA2 PLTGVIVMQF NADNATDQPS KLDSAYLDIA GFRAGLFYSW WDDGLSGETD
R PO p R

RopA  PLTGVIVMOF NPDNASDODA ILDSAYLDVA GFRAGLFYSW WDDGLSGE

RopA2 DIGSVVTLHN SIRYQYETDS FYAGISVDEL EDGVYQGTFT PGVIPGTTDF
PILLLLL L ELEL VUL LHED T b
RopA  DIGSVVTLHN SIRYQYESGT FYAGLSVDEL EDGVYQGTFT PGVIPGTTDF

RopA2 TADDGPNNVG VAFGVAGKAG AFSYQVTGGW DVDNEDGAIR AMGTVDIGPG
[ |
i

|
RopA TADDGPNNVG VPSASAALPA HSATRSLAAG TSTTKTALSV QWVRLKSVPA

RopA2 TFGLAGVYSS GPNSYYSSAE WAVAAEYAIK ATDKLKITPG VQYYGNYFGG

RoOpA RSASPAYTLP ARTPTTLQLN GLSLPNTLSR QPTSSRSPRA FSTTATTSAV

RopA2 GKEVPEDFDG LGDAWKVGLT VDYQIVENFY AKASVQYLDP QDGEDSTSGY

RopA  ARKFRKTSTV SAMLGRLV*

RopA2 FRLQRAF*

FIG. 4. Alignment of the amino acid sequences of RopA and RopA2 of R.
leguminosarum bv. viciae strain 248.

Isolation and sequencing of the untranslated upstream and
5' region of R. leguminosarum bv. trifolii strain LPR5020 ropA.
To deduce a possible consensus sequence in the promoter
region of outer membrane protein antigen group III responsi-
ble for down-regulation during symbiosis, we wanted to isolate
the ropA homologous genes of R. leguminosarum bv. trifolii
strain LPR5020 and compare the upstream promoter region
with that of the ropA and ropA2 genes of R. leguminosarum bv.
viciae strain 248. As mentioned earlier, ropA appears to be very
well conserved among various R. leguminosarum strains (Fig.
1). R. leguminosarum bv. viciae RBL5523, a strain derived from
R. leguminosarum by. trifolii strain LPR5020, contains a ropA
homologous EcoRI fragment of the same size as the EcoRI
fragment on which ropA of strain 248 is located (5). To isolate
this fragment, we made a cosmid library of strain LPR5020 and
tested approximately 1,500 colonies in the colony hybridization
assay with a ropA probe. Five colonies containing ropA homol-
ogous DNA were isolated. They were further analyzed by re-
striction enzyme analysis and Southern hybridization. One cos-
mid contained the EcoRI fragment of 2.1 kb that hybridized
with the ropA probe (Fig. 1, lane 2). This is probably the
fragment containing the ropA gene of R. leguminosarum bv.
trifolii strain LPR5020. The other four contained the 4.3-kb
EcoRI fragment (Fig. 1, lane 2). The latter fragment is prob-
ably responsible for the high-M, part of the antigen group III
of R. leguminosarum bv. trifolii strain LPR5020. The 2.1-kb
EcoRI fragment was isolated, and restriction sites were
mapped. The restriction patterns of LPR5020 ropA and strain
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1 GAATTCAGAACACCATGTTCTAAACTGGCGCCTTGTTTGTGCTTGTTAGC

51 CGGCGGTAGAGTTTATGCGCTTCACCAGTATGTTCGACCGGGGTCGGACG

101 GTGGAGAATTTGACAATGGGGTGTAACGTGTGCGGCTTGCGATGGAGGAT
151 TTCCGTCGCGGGGCCGCTTTGCCTGTTFTTCGTC@‘?mrTG
201 TTGTATAAAAATCACGCTGCCGGGGAAAGTAGCCCGTGAGAACCCATCTG
251 GCGTATATCGPm.',AGCCTTGTATGTGATGACGGTT‘I‘GG
301 CGGTTCGATCGATCCGCACGCCGAGATGGCTGTTCAAACTGGGCCGGCTT
351 CAAATCGACTACCCGATCTGAAGCCAGCCCCGATCGACAAAGGAATGGAT

401 TGGTAAATGAACATCAGRATGGTTTTGCTTGCATCAGCAGCAGCATTTGC
M N I RM V L L A S A A ATF A

451 TGCATCGACGCCGGTTCTTGCAGCTGACGCTATTGTTGCTGCTGAGCCGG
A 8 T P V L Af A DA I VA AZEUPE

501 AACCGGTTGAGTATGTTCGCGTCTGCGACGCTGACGGCACCGGCTACTTC
P VvV E Y VRV CDA ADGTG Y F

551 TACATCCCGGG
Y I P

FIG. 5. Nucleotide sequence of the 5’ end of the open reading frame (posi-
tions 407 to 561), the untranslated 5’ region (positions 300 to 406), and the
upstream promoter region (positions 1 to 299) of the R. leguminosarum bv.
trifolii strain LPR5020 ropA gene. The sequence for the primer used to deter-
mine the start of transcription is underlined. The asterisk is positioned at the
start of transcription; the arrow indicates the putative signal sequence cleavage
site. The putative ribosome binding site is shown in boldface. The boxed regions
indicate the two putative IHF binding sites.

248 ropA were very similar, and we sequenced the part of the
fragment that, as judged from the restriction pattern, con-
tained the start of transcription and translation and the up-
stream promoter region of the rop4 gene of LPR5020 (Fig. 5).
The sequenced part of the fragment is 95.2% identical to the
same region in ropA of strain 248. Comparing the ropA genes
of strain 248 and LPR5020, we identified the putative start of
the open reading frame of RopA of R. leguminosarum bv.
viciae strain LPR5020. With one exception, the 51 N-terminal
amino acids are identical to the 51 N-terminal amino acids of
the RopA protein of strain 248. A putative ribosome binding
site was identified at positions 388 to 394, a location identical
to that of the putative ribosome binding site of the ropA4 gene
of strain 248 (5).

Determination of the transcription start sites of ropA of
strain LPR5020 and ropA2 of strain 248 and characterization
of the untranslated upstream regions. Down-regulation of
ropA was shown to take place at the level of transcription (8).
To identify the regions upstream of ropA2 of strain 248 and of
ropA of strain LPR5020, we determined the transcription start
sites of these genes and compared them with the ropA pro-
moter of strain 248. To determine the transcriptional start site
of LPR5020 ropA, we used a synthetic primer antisense to
nucleotides 379 to 398 (Fig. 4) for primer extension. The result
is shown in Fig. 6A. This experiment revealed a transcript
starting at position 300, 107 nucleotides upstream of the initi-
ation codon (see also Fig. 4). No clear —10 and —35 sequences
could be identified in the upstream promoter region. Two
possible integration host factor (IHF) binding sites, indicated
in Fig. 4, were observed at positions 185 to 197 and 262 to 274.
These sites are known to play a role in regulation of transcrip-
tion (14). No further homologies to recognition sites for reg-
ulatory proteins could be identified. The transcription start site
of ropA2 was determined in a similar way. A synthetic primer
antisense to the nucleotides at positions 727 to 746 (Fig. 3) was
used, and primer extension identified the start of transcription
at position 647 (Fig. 3). Also, no consensus —10 and —35
promoter sequences could be identified. In addition, no clear
homologies with any recognition site for regulatory proteins
was detected except for an upstream activator sequence (2) at
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FIG. 6. Determination of the transcriptional start site by primer extension of
R. leguminosarum bv. trifolii strain LPR5020 ropA (A) and R. leguminosarum bv.
viciae 248 ropA2 (B). A sequence ladder (lanes G, A, T, and C) was run
simultaneously with the extension product. Lanes: 1, approximately 5 pg of
mRNA; 2, approximately 20 pg of mRNA. The transcription start sites of both
genes are indicated on the left with asterisks.

positions 548 to 563 and an IHF binding site at positions 601 to
613; the latter is indicated in Fig. 3.

Alignment of the ropA and ropA2 promoter regions. The
genes ropA and ropA2 are responsible for the expression of
antigen group III in R. leguminosarum bv. viciae strain 248.
This antigen group is down-regulated during bacteroid devel-
opment. It has been shown that the down-regulation of ropA
takes place on the level of transcription (8). Because we are
interested in identifying a putative regulatory promoter se-
quence responsible for this phenomenon, we compared the
consensus obtained by aligning the two rop4 promoter regions
with the promoter region of rop42. The assumption was made
that any region of homology should be at approximately the
same distance from the start of transcription for both rop4 and
ropA2. No clear regions of homology were observed (data not
shown). Whether this means that ropA4 and ropA2 are regulated
differently remains to be established.

DISCUSSION

In this study, we describe the isolation of two genes on the
basis of their homology with the ropA gene of R. leguminosa-
rum bv. viciae strain 248. The first gene was isolated from the
same strain as ropA, namely, R. leguminosarum bv. viciae strain
248, whereas the second was the ropA gene of R. leguminosa-
rum bv. trifolii strain LPR5020.

In addition to the restriction fragment containing the ropA
sequence, a second restriction fragment containing a ropA ho-
mologous sequence was detected in strain 248. The latter se-
quence, which is 91.8% identical to ropA, encodes a protein of
approximately 40 kDa that, like RopA, reacts with both MAb
37 and MADb38. MAb38 detects an epitope that is present only
in antigen group III outer membrane proteins of strain 248,
and we concluded that this sequence is the gene that encodes
the 40-kDa major protein of antigen group III. The gene that
encodes the high-M, part of antigen group III, designated
ropA2, is 1,074 nucleotides in size and encodes a protein with
a calculated molecular mass of 38.096 kDa, whereas the ropA
open reading frame (ORF38) is 957 nucleotides long and en-
codes a protein with a calculated mass of 33.686 kDa. Since the
determined (ropA) and calculated (ropA2) signal sequence
cleavage sites are both located between amino acids 22 and 23,

662 NIg9/AYVYHEIT SNAVIVM Aq 2T0Z ‘2T Arenuer uo /6o wseqly/:diny wouy papeojumoq


http://jb.asm.org/

4990 ROEST ET AL.

the resulting mature proteins are 36.028 and 31.486 kDa for
ropA2 and ropA, respectively, in agreement with their differ-
ence in mobility in SDS-polyacrylamide gels and with the mo-
lecular weights of the primary proteins of this antigen group
III. Despite the 91.8% homology between ropA and ropA2 on
the DNA level, the deduced amino acid sequences show only
69.9% homology overall. As the result of an insertion at posi-
tion 1390 (Fig. 2), the subsequent frameshift results in the lack
of homology beyond amino acid 211 (Fig. 4).

As was shown in earlier studies, ropA and ropA2 are down-
regulated during symbiosis (4). In situ hybridization experi-
ments with an antisense rop4 probe revealed a sudden de-
crease in mRNA level at the transition from prefixation zone II
to interzone II-1II (8). Because ropA and ropA2 are very ho-
mologous and hybridize under stringent conditions (Fig. 1), it
is likely that in this in situ experiment, mRNAs of both genes
were detected. Because no signal could be detected in situ with
an antisense ropA probe, it is also likely that neither of these
genes is transcribed in the symbiotic zone of the nodule and
that both are regulated at the level of transcription. Whether
this regulation occurs for both genes in the same region of the
nodule cannot be concluded from these data.

It was shown for isolated cell envelope profiles that differ-
ences between various Rhizobium strains can be substantial
with respect to antigen group III (3). For example, R. legu-
minosarum bv. trifolii strain ANU843 may, as judged from the
protein profile of isolated cell envelopes, contain only one
active gene (6). However, we detected two rop4 homologous
fragments (Fig. 1, lane 1). Whether one of these genes is
inactive or whether, for instance, both genes encode the same
protein remains to be established. In this report, we show that
RBL5523, a strain derived from LPR5020, also contains two
fragments that hybridize with ropA (Fig. 1, lane 2). This finding
suggests a subdivision of their antigen group III into two parts,
similar to the situation in strain 248: one fragment that con-
tains the ropA gene, and another fragment that contains a
homologous sequence presumably encoding the higher-M, part
of antigen group III of this strain. The isolation of the ropA
gene from R. leguminosarum bv. trifolii strain LPR5020 was
possible only on the basis of homology with ropA of strain 248.
Expression could not be checked by using MAb38, since MAb
38 reacts only with RopA or RopA2 of strain 248, and the
other MAD against antigen group III, MAb37, reacts with all
tested Rhizobium strains. Because RopA was not expressed in
E. coli, evidence for expression of this gene was obtained by
using a primer extension experiment. We used a specific
primer hybridizing to a region in the 5’ untranslated region of
the ropA gene of strain LPR5020, tested isolated RNA for the
presence of ropA transcripts, and determined the transcription
start site. It is striking that the 5’ untranslated region is of the
same length and 100% conserved between ropA genes of
strains 248 and LPR5020.

In our effort to identify a common feature in the promoter
regions of the two ropA genes and ropA2, we compared the
promoter regions with each other. We found that all three
promoters contain one or two IHF binding sites (14). In the
promoter of the ropA gene of strain LPR5020, two IHF bind-
ing sites are observed. One (IHF1; Fig. 4) is situated at a
similar position as the IHF binding site of strain 248 ropA; the
other is situated more upstream (IHF2; Fig. 4). The ropA2
promoter contains only one IHF consensus sequence, located
at positions 601 to 613. Because IHF can act both positively
and negatively on transcription (14), this site may be involved
in regulation of these genes. A retardation complex was ob-
served in a bandshift experiment in which a fragment contain-
ing the ropA promoter was incubated with cell extracts of E.
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TABLE 2. Homology between R. leguminosarum bv. viciae strain
248 RopA and RopA2 and B. abortus Omp2a and Omp2b*®

RopA RopA2 Omp2a Omp2b
RopA 69.9 322 334
RopA2 75.6 40.3 359
Omp2a 54.4 62.0 86.0
Omp2b 54.0 58.6 90.7

“ Percentage identity is given above the diagonal, and percentage similarity is
given below the diagonal.

coli and R. leguminosarum bv. viciae 248. This complex was
absent when a cell extract of an IHF-negative mutant of E. coli
was used (29a). These results suggest a function of this type of
regulatory sequence in the regulation of ropA. The IHF bind-
ing sites of ropA2 and ropA of strain LPR5020 are not situated
in a very A+T-rich region. Moreover, no signal was detected in
a Southern blot analysis on total EcoRI-digested genomic
DNA of various Rhizobium strains with plasmid pGP1127,
which contains the two genes that encode the proteins that
make up the IHF (data not shown). If there are IHF-encoding
genes in Rhizobium, their nucleotide sequences are not very
homologous to those of the IHF genes of E. coli.

Another striking similarity between the promoter regions of
the rop genes is the absence of a clear consensus sequence for
the binding of RNA polymerase. The recognition sequence of
the RNA polymerase is determined by the type of o factor
used. A number of o factors and their consensus sequences are
known (15), but no consensus sequence for any of the o factors
could be discerned. It might well be that transcription of outer
membrane protein-encoding genes in Rhizobium species re-
quires a yet unknown o factor that is inactive or not present in
bacteroids. No other (possible) regulatory consensus sequence
could be observed.

A recent sequence database search with the sequence of
ropA revealed a striking similarity with two genes of a faculta-
tive intracellular gram-negative bacterium, Brucella abortus
(11). These genes, designated omp2a and omp2b (12), are
believed to encode porins. The homologies of the Omp2a and
Omp2b proteins with RopA and RopA2 are listed in Table 2.
It was shown that only one of the genes (omp2b) was actively
transcribed in B. abortus and E. coli (12). This does not rule
out expression of the omp2a gene under different environ-
mental conditions or only in B. abortus. Additional experi-
ments indicate that after infection of the host cells, the
expression of omp2b is also severely depleted (10a), a phenom-
enon similar to the down-regulation of both ropA and ropA2.
We could locate an IHF consensus binding site approximately
50 nucleotides upstream of the translational start site of
omp2b, but because the start of transcription was not deter-
mined, any significance of this observation remains to be es-
tablished.

The data presented here indicate that rop4 and ropA2 pro-
duce the outer membrane proteins of antigen group III. A
possible function in phage attachment might be concluded
from data presented earlier (7). However, although they are
likely to represent porins, their exact function is still not clear;
we hope, after isolating mutants in the ropA and/or ropA2
genes, to get an indication of their function and regulation
both in free-living bacteria and in bacteroids.
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