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By using a PCR approach, the Bradyrhizobium japonicum sigA gene, which encodes the primary RNA
polymerase sigma factor, 0°°, was cloned and its nucleotide sequence was established. The deduced protein is
highly homologous to the SigA protein of Rhizobium meliloti (72% amino acid sequence identity) but less so to
RpoD of Escherichia coli (51% identity). Well conserved is the C-terminal end of the protein, which is probably
involved in promoter recognition and binding of the RNA polymerase core enzyme. A remarkable feature of the
primary sequence is an alanine- and proline-rich segment of 24 amino acids between conserved regions 1 and
2, which might function as an interdomain linker. We purified the B. japonicum RNA polymerase holoenzyme.
One of the subunits had an apparent molecular mass of 90 kDa and corresponded to the sig4 gene product,
as judged by N-terminal amino acid sequencing. The purified RNA polymerase was used in an in vitro
transcription system to determine the transcription start sites of the rrn and groESL, operons. They were
identical to those previously identified in vivo. The rrn promoter was cloned upstream of a rho-independent
terminator, yielding a transcript of about 240 bases. This served as a suitable template to analyze promoter
activity. Then mutant derivatives of the rrn promoter were constructed and tested in in vitro transcription
experiments. Several base pairs essential for promoter activity were thus identified. The results suggest that the
well-characterized —35/—10 promoter class is predominantly used in B. japonicum for the expression of

“housekeeping” genes.

The interactions of Bradyrhizobium, Azorhizobium, and Rhi-
zobium strains with their legume host plants are controlled
mainly by a set of nodulation (nod) and nitrogen fixation (nif
and fix) genes (11, 14). To ensure proper timing of gene ex-
pression, many of these genes are subject to positive regula-
tion. The promoter sequences of the symbiotic genes have no
similarities to the —35/—10 promoter class first characterized
in Escherichia coli. The promoters of the nif genes belong to
the —24/—12 class (11), and recognition by the RNA polymer-
ase requires the presence of an alternative sigma factor, >*.
The expression of nod genes, however, whose promoter re-
gions contain a highly conserved sequence, the nod box, may
depend on the activity of the primary sigma factor (13, 28). For
Rhizobium meliloti, in vitro transcription of some symbiotic
genes has previously been reported (1, 9, 12, 13). In contrast,
the promoter structure of “housekeeping” genes has not been
studied systematically in rhizobia. Based simply on a sequence
alignment, the putative recognition site for the primary sigma
factor of Bradyrhizobium japonicum, which bore no similarity
to known promoter structures (4), has been proposed.

Recently, we cloned and characterized the single r7n operon
of B. japonicum, coding for three rRNA and two tRNA spe-
cies. The in vivo transcription start site of 7rn was determined
by primer extension experiments (17). Because the rRNAs are
essential under all growth conditions, we expected the corre-
sponding operon to be preceded by a promoter that is typical
for housekeeping genes. As a consequence, this promoter
should be recognized by the primary sigma factor. The purifi-
cation of the RNA polymerase holoenzyme (RNAP) has been
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previously reported, and it was suggested that a prominent
protein of around 90 kDa corresponds to the primary sigma
factor (26, 33). In vitro transcription of B. japonicum genes
starting from specific promoters has so far not been achieved
with these preparations.

Here we describe the characterization of the r77n promoter as
a typical —35/—10 promoter and the identification of the pri-
mary RNAP sigma factor, which is responsible for recognition
of this promoter.

MATERIALS AND METHODS

Purification of RNA polymerase. B. japonicum 110spc4 (26) was grown aero-
bically at 30°C in peptone-salts-yeast extract medium (26) supplemented with
0.2% arabinose. Cells were harvested at late exponential phase. All purification
steps were performed at 4°C. Cells (25 g [wet weight]) were resuspended in 70 ml
of TGED buffer (10 mM Tris-HCI [pH 8.0], 10% glycerol, 1 mM EDTA, 0.1 mM
dithiothreitol [DTT]) containing 0.02 M NaCl and disrupted in a French pressure
cell (three passes at 11,000 Ib/in?). The crude extract was treated with polyeth-
yleneimine to a final concentration of 0.3%. The pellet obtained after centrifu-
gation (15 min; 27,000 X g) was washed with TGED buffer (0.2 M NaCl), and
protein containing RNAP was dissolved in TGED buffer (0.8 M NaCl) and
precipitated again by adding solid (NH,),SO, to 65% final saturation (43 g per
100 ml). The precipitate was dissolved in 30 ml of TGED buffer (0.02 M NaCl),
dialyzed against 1 liter of TGED buffer (0.02 M NaCl), and loaded onto an
EMD-DEAE column (Merck, Darmstadt, Germany), from which it was eluted
by a linear 0.02 to 1.2 M NaCl gradient. Fractions containing RNAP (as judged
by standard transcription assays) were pooled and loaded onto a heparin agarose
column (Bio-Rad Laboratories, Richmond, Calif.). Equilibration and elution
buffers were similar to those used in the EMD-DEAE chromatography. Peak
fractions containing the enzyme were diluted with a sixfold excess of TGED
buffer (0.02 M NaCl) and fractionated on DNA-cellulose (Sigma Chemical
Company, St. Louis, Mo.) by a linear 0.15 to 1.2 M NaCl gradient. Peak fractions
were pooled, concentrated by ultrafiltration, and loaded onto a Sephacryl-S300
column (Pharmacia LKB Biotechnology, Uppsala, Sweden) equilibrated with
TGED buffer containing 0.5 M NaCl. Active fractions were tested for purity by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
stored in TGED buffer (0.02 M NaCl) containing 50% glycerol. Protein concen-
trations were determined with Bio-Rad assay solution, with bovine gamma glob-
ulin as the standard.
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Specific in vitro transcription assay. RNA was synthesized in a 20-pl reaction
volume containing 40 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 0.1 mM EDTA, 0.1
mM DTT, 150 mM KCl, 0.4 mM K;PO,, 0.1 mg of bovine serum albumin per ml,
20 nM plasmid DNA as template, 1 mM (each) nucleoside triphosphate, and 1
uCi of [a->?PJUTP (800 Ci/mmol; DuPont NEN, Boston, Mass.). The reaction
was started by adding 1.4 pg of B. japonicum RNAP or 1 U of E. coli RNAP
(Boehringer, Mannheim, Germany) and incubated for 20 min at 37°C. As shown
previously (26), B. japonicum RNAP has optimal activity between 35 and 40°C.
The RNAP is limiting in this assay. The reaction was terminated by placing the
reaction tubes on ice. The RNA was purified by extraction with phenol-methyl-
ene chloride (1:1) and subsequent ethanol precipitation. The RNA was dissolved
in 6 ul of loading dye (38% formamide, 8 mM EDTA [pH 8.0], 0.02% bromo-
phenol blue, and 0.02% xylene cyanol FF), heated to 85°C for 2 min, and loaded
onto a 6% polyacrylamide—7 M urea gel. The transcripts obtained were analyzed
by using a PhosphorImager SF (Molecular Dynamics, Sunnyvale, Calif.).

General in vitro transcription assay. The assay conditions were essentially
identical to those described above for the specific in vitro transcription assay,
except that [5,6-*H]JUTP (DuPont NEN) was used as the label. The reaction was
terminated by spotting the solution on DE81 DEAE filters (Whatman Scientific
Limited, Maidstone, United Kingdom). Unincorporated nucleotides were re-
moved by washing the filters with 0.5 M sodium phosphate buffer (pH 6.5), water,
and ethanol. Radioactivity was determined by liquid scintillation counting.

RNA size markers. RNA fragments of suitable sizes were produced with T7
RNA polymerase as previously described (18). The template, pRJ9601, was cut
with EcoRI and Smal to yield runoff transcripts of 231 and 118 nucleotides,
respectively.

Primer extension experiments. Plasmids pRJ9503 and pRJ8516 were used for
the determination of the in vitro transcription start sites of the rrn and groESL,
genes. RNA subjected to primer extension was synthesized as described above
for the specific transcription assay with the exception that no radiolabeled nu-
cleoside triphosphate was used. Plasmid pRJ9503 consists of the vector pBlue-
script SK+ (Stratagene, La Jolla, Calif.) containing a 420-bp SacI-HindIII frag-
ment with the rn promoter. Plasmid pRJ8516 is a pUCI18 derivative that
contains the groESL 4 genes on a 6.9-kb EcoRI-BamHI fragment (3). The primer
extension experiments were done with the oligonucleotides 16S6, 16S8, and
ES4UP (2, 17), which had been used for the determination of the in vivo
transcription start site. They were labeled with [y->P]ATP by using T4 polynu-
cleotide kinase. Free nucleotides were removed by gel filtration. RNA obtained
by in vitro transcription was dissolved in 3 pl of hybridization buffer (100 mM
Tris-HCI [pH 8.3], 20 mM MgCl,, 160 mM KCI). Two microliters of the labeled
oligonucleotides (approximately 10° cpm) was annealed to the RNA by incuba-
tion at 85°C for 3 min and subsequent rapid cooling at —20°C. For the elongation
reaction, 5 ul of a 2 mM deoxynucleoside triphosphate solution, 0.5 wl of 100
mM DTT, 0.5 pl of RNasin (10 U), and 10 U of SuperScript RNaseH ™ reverse
transcriptase (GIBCO BRL, Gaithersburg, Md.) were added. The reaction was
incubated at 42°C for 30 min and terminated with 10 .l of stop solution (95%
formamide, 20 mM EDTA [pH 8.0], 0.05% bromophenol blue, and 0.05% xylene
cyanol FF). The primer extension products were separated on a 6% polyacryl-
amide—7 M urea gel. The gel run was analyzed by using a PhosphorImager SF.

Generation of hybridization probes. Amplification and labeling of DNA frag-
ments with digoxigenin-11-dUTP (Boehringer) by using 7ag DNA polymerase
(Boehringer) were done according to the manufacturer’s instructions. Oligonu-
cleotides sigl (5'-CGGGGTACCAGGAGGGIAACATCGGCCTGATG-3')
and sig2 (5'-GATCGAGCTCTAGATGGCCTGGCGGATCCACCA-3") were
designed according to the amino acid sequence in the highly conserved region 2
of the primary sigma factors. At the 5’ end, recognition sites for restriction
enzymes were introduced to facilitate subsequent cloning of the amplified frag-
ment.

Site-specific mutagenesis. Site-specific mutagenesis was performed by the
method of Merino et al. (22). A 340-bp Sacl-Smal fragment containing the
promoter region of the rrn operon and a 220-bp Stul-Xhol fragment containing
the terminator of the rm operon were cloned into vector pBluescript SK+,
yielding plasmid pRJ9601. The 560-bp Sacl-Xhol insert fragment of plasmid
pRJ9601 was cloned into M13mp18, and single-stranded DNA was isolated. For
mutagenesis, the oligonucleotides listed in Fig. 1 were designed. The oligonu-
cleotides and reverse M13 sequencing primer were used to amplify a fragment
containing the mutated promoter. The reaction mixture (100-pl final volume)
consisted of 25 pmol of each oligonucleotide, 400 ng of single-stranded DNA, 4
wl of 5 mM deoxynucleoside triphosphate, 10 pl of 10X reaction buffer, and 2 U
of Ventg DNA polymerase (New England Biolabs, Beverly, Mass.). Twenty-five
cycles were performed under the following conditions: 1 min at 94°C, 30 s at
55°C, and 10 s at 72°C. The mutated fragment was isolated from an agarose gel
and used as a primer in a second PCR. In this reaction, the universal M13
sequencing primer was used as the second primer. The 25 cycles were performed
under the following conditions: 1 min at 94°C, 30 s at 60°C, and 30 s at 72°C.
Amplified fragments containing the mutated promoter and terminator regions
were cloned into pBluescript SK+, resulting in plasmids pRJ9621 to pRJ9625
and pRJ9628. Plasmid pRJ9627 consists of a pBluescript SK+ vector containing
unmodified promoter and terminator regions. All final constructs were con-
firmed by sequencing.

DNA manipulations and sequencing. For routine work with recombinant
DNA, established protocols were used (29). DNA sequencing was done with a
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Oligonucleotide Mutation
5! —pGGTTEGGGTTATAGCACCCACCTTCCGOGS -3 mut2
87 -pGITATAGGCCCCALCLCEGGCTGTCARCEC -3 MU
AR A2nt
5 -pTATAGGCCCCACCGGTTCCGGGCTGTCARC -3, mutd
54 —pTCAGTGGTTGGGGTEETAGGCCCCACCTTC-3'  muth
5’ —pCACCTTUCGGGCTGEGAACGCCAATCETCA-3  muth
5/ ~pTCGTCOGUACAGTGGATCCTTGARARARATC- 3’ mut?

FIG. 1. Oligonucleotides used for site-directed mutagenesis of the rrn pro-
moter region. Nucleotides that differ from those in the wild-type sequence are
printed in bold. The positions where two adenines were deleted (A 2 nt) in the
oligonucleotide, leading to mut3, are shown below its DNA sequence.

DNA sequencer (model 373A; Applied Biosystems, Foster City, Calif.). The
UWGCG (Genetics Computer Group of the University of Wisconsin, Madison)
software package was used for DNA sequence analysis.

N-terminal protein sequencing. N-terminal sequencing of B. japonicum RNAP
% was done as described previously (31).

Nucleotide sequence accession number. The sigd nucleotide sequence has
been assigned GenBank accession number X99588.

RESULTS

Determination of the transcription start sites of the rrn and
groESL , genes used in vitro. In a previous study, the 5’ end of
the B. japonicum rrn transcript generated in vivo was identified
by primer extension experiments (17). In order to confirm that
the obtained signal was not the result of processing of the
RNA, the in vitro transcription start site was determined. For
this purpose, purified RNA polymerase of B. japonicum and
plasmid pRJ9503, which carries the rrn promoter, were used to
synthesize RNA. The RNA was subsequently used in primer
extension experiments (Fig. 2A); its 5’ end was found to be
identical to that reported for RNA isolated from bacterial cells
(17). As a second test system, we chose the groESL, operon
that encodes chaperonin-like proteins (10). Expression of this
operon is already strong under normal growth conditions and
is further induced after heat shock (2). Primer extension of
RNA synthesized in vitro from the groESL , promoter (Fig. 2B)
gave a prominent signal that corresponded to one of the two in
vivo transcription start sites (P1 [2]).
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FIG. 2. Primer extension analysis of in vitro-synthesized RNA. The transcrip-
tion start sites are depicted by arrows. The sequence reactions (T, C, G, and A)
were done with the same oligonucleotides. (A) Transcription start site of the rrn
operon. Lane P, primer extension signal. The signal position is identical to that
obtained with RNA isolated from cells (17). (B) Transcription start site of the
groESL , operon. Lane P, primer extension signal; it corresponds to the in vivo
transcription start site downstream of the P1 promoter (2). The activity of the P2
promoter could not be detected in vitro.
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Gene Nuooleotide sequence

-4n =30 =20 =13 -1
E¢ conacnsus [T TGACH A TAAT
Bj rrn AT TSSO TGACAGCCCGGAAGETGGOGCCTATARCICTAACET
Bi fhern MGCGEEUT TG g qrLGCCOGGUARG PAat AgihCSATT
B gina TCCGEEATgGRCOC TATC TCAGCCOEEGUTATcocRUATT L
B ginB PL GRACCGTI TGoCLRTTIC . GTAGTCTTCGGTAT L £ THGGICGH
Bj groESle CCTTTGAT TGACAGGATCGCGGCCARGCCANATE £ ollGHEECGE
B) groBESLha CTTTGTOITGLL LECCGA . CCRAGCCGGUTPATE £ TRGHAGES
B) greBEShy P1 CAAGCCITGoloCGCRAAATTCCTGTUCFATE Lol ASGCOTE
Bj eLfSL TCGCECHITGACHEEECCEGGTCAGGLC T TP Agy £ TRCGCGUTA (—1)

FIG. 3. Alignment of B. japonicum promoter regions. Several B. japonicum
(Bj) upstream sequences were aligned with respect to their transcription start
points. The —35 and —10 regions are boxed and compared with those of the
E. coli (Ec) ¢’ consensus sequence. Nucleotides that differ from those in the
E. coli consensus sequence are depicted in lowercase letters. Nucleotides match-
ing the extended —10 promoter motif are underlined.

These results show that the purified B. japonicum RNAP is
able to initiate transcription at B. japonicum promoters in
vitro. To obtain more information about the promoter struc-
ture, sequences located upstream of previously determined
transcription start sites of presumptive B. japonicum house-
keeping genes were aligned (Fig. 3). The fbcFH genes encode
the cytochrome bc,; complex (32). The glnA (6) and ginB (21)
genes are involved in nitrogen assimilation, and groESL,,
groESL,, and groESLs are members of a multigene family
encoding chaperonin-like proteins (2, 10). The etfSL genes
code for subunits of the electron transfer flavoprotein complex
(34). All of these genes are supposed to be expressed under
standard aerobic growth conditions.

The alignment revealed a substantial degree of similarity
between most of the promoters and the consensus of the com-
piled E. coli promoter sequences (19). This is particularly ev-
ident in the rn promoter region, which differs only at one
position from the E. coli —10 consensus sequence. Some pro-
moter regions may contain an extended —10 region, for which
a TGN motif located immediately upstream of the —10 box is
characteristic. This motif has been identified, e.g., in the cysG
promoter of E. coli (5), and it leads to increased promoter
activity. Experiments with E. coli promoters demonstrated that
the effects of the extended —10 region are additive to the
—35/—10 promoter activity (7).

Mutational and functional analysis of the rrn promoter. In
order to confirm the involvement of the identified conserved
regions in promoter activity, we developed a specific in vitro
transcription system. A DNA fragment carrying the rn pro-
moter was cloned upstream of the putative terminator struc-
ture of the same operon so that a transcript of 240 nucleotides
ought to result (Fig. 4). Subsequently, the putative promoter
region was mutagenized with oligonucleotides (Fig. 1 and 5).
In the mut2 promoter, two bases were changed to yield an
extended —10 region. In mut3 and mut4, the spacing between
the —10 and —35 regions was decreased and increased, respec-
tively. The —10 region was mutated in mut5, and the —35
region was mutated in mut6. The mut7 construct had an un-
changed promoter sequence, but the upstream region starting
at —71 was deleted, thereby removing T-rich DNA segments.

For quantitative analyses of promoter strengths, it is impor-
tant to have available for comparison a reference transcript
that is constitutively produced and of an appropriate size. It
turned out that the vector itself produced a transcript of about
80 nucleotides (Fig. 6, lane 3). The promoter activities of the
mutated fragments were compared with that of this reference
transcript. The activity value of the wild-type 240-nucleotide
transcript divided by the activity value of the reference tran-
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FIG. 4. Plasmid used for in vitro transcription assays. The circle represents
the vector pBluescript SK+. The black bar denotes the fragment that contains
the mutated promoter derivatives (depicted by P* [see Fig. 5]) and a rho-
independent terminator structure (T). This fragment gives rise to a 240-nucleo-
tide transcript. In plasmid pRJ9628, the region between the SacI (S) and the
introduced BamHI (B*) recognition sites was deleted. The BamHI site is not
present in the other constructs. The horizontal arrow shows the orientation of
the promoter region. Other abbreviations: K, KpnI; Sm, Smal.

script (the analysis was done with a Phosphorlmager) was
arbitrarily set at 100% activity (Table 1).

Introduction of the TGN motif in front of the —10 box
increased the promoter activity sevenfold (Fig. 6, lane 5, and
Table 1). Changes in the spacing between the —10 and —35
regions resulted in a significant decrease in promoter activity
(Fig. 6, lanes 6 and 7, and Table 1). Similarly, promoter activ-
ities dropped drastically when the —10 (Fig. 6, lane 8) and —35
(Fig. 6, lane 9) regions were mutated. In contrast, the deletion
of the upstream region beyond position —71 had no significant
effect on promoter activity (Fig. 6, lane 10). As a control,
wild-type and mutated promoter activities were also tested
with E. coli RNAP. The results demonstrated that E. coli
RNAP was able to recognize a B. japonicum housekeeping
promoter and that the relative promoter activities on the mu-
tated promoter templates were essentially the same (Table 1).
Remarkable was the even more increased promoter activity on
the fragment with the TGN-extended —10 box with E. coli
RNAP compared with the data obtained with B. japonicum
RNAP (Table 1).

Taken together, these results indicate that the basic ele-
ments required for promoter recognition by the primary sigma
factor of B. japonicum, i.e., the —35 and —10 regions, are very
similar to those described for 67 of E. coli (19).

Cloning and sequencing of sigd. The significant similarity
between the —35 and —10 regions of B. japonicum and E. coli
suggests that their primary sigma factors are also closely re-
lated. The amino acid sequence similarity between members of
the ¢’ family is especially pronounced in so-called region 2
(20). Two oligonucleotides, sigl and sig2, that fitted to this
region were designed by taking into account the codon usage
of B. japonicum genes (25). The oligonucleotides were used to
amplify a fragment from B. japonicum total DNA. This frag-
ment was labelled with digoxigenin-11-dUTP (Boehringer) and
probed against a B. japonicum genomic DNA library of cosmid
clones. DNA fragments from hybridizing cosmid 12D7 were
subcloned into M13 vectors and sequenced. The nucleotide
sequence of a 2.8-kb region revealed one open reading frame
(Fig. 7). Because of the similarity of the deduced protein prod-
uct to members of the o”® family, the gene was named sigA.
The start codon of sig4 was preceded by a purine-rich Shine-
Dalgarno-like sequence. Downstream of the stop codon a
stem-loop structure that could serve as a transcription termi-
nator was identified. The upstream and downstream regions
showed no similarity to other known sequences.

The SigA protein. The deduced sig4 gene product consists of
719 amino acid residues with a predicted molecular weight of
80,652. As shown in Fig. 8, the protein is highly homologous to
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Promoter
configu-
ration

Plasmid

Promoter sequence

wild type pRJI6E27 -150

-140 -130 -118

TTTTTTTGAGATTTTITGCGGCHCGRLCECEETCGECEC

~110

=100 -390 -79

GCTCATGCCCTCTCTAATCGACCGGAATCACTGGATTTT

-70

-60 -50 -40

TTTCARJRATCCACTGTGCGACGATTTGTTGCACCATTG
~20

-30
mak2 pRJ9621
mut3 pRJI9E22Z
mutd pRJ2623
mut5 pRJ%E24
muté pPRJS625
mic7 pRJIG628

FIG. 5. Derivatives of the rrn promoter. Sequences of wild-type and mutated r7n promoter regions are shown. The —10 and —35 boxes are emphasized in negative
print. Mutated nucleotides are indicated in bold; deleted nucleotides are indicated by dots. All promoters contained the same upstream region, except for mut7, which
had a deletion starting at position —71; the bases that were mutated to create a BamHI recognition site at —71, which was used for constructing this deletion, are boxed
in the wild-type sequence. T-rich sequences are underlined. The mutated fragment of pRJ9622 had suffered a 3-bp deletion, although the oligonucleotide was used with

the intention of creating a deletion of two bases.

the SigA protein of R. meliloti (72% identity) but less so to ¢”°
of E. coli (51% identity). The C-terminal end of the protein
known to be involved in promoter recognition and binding of
the core enzyme is well conserved (20). Remarkable is an alanine-
and proline-rich region (amino acids 243 to 266 [Fig. 8]). This
region was not found in other sigma factors described so far.

Purified B. japonicumm RNA polymerase preparations con-
tain a prominent protein with an apparent molecular mass of
96 kDa that has been suggested to represent the primary sigma
factor (26, 33). We purified this protein from an SDS-PAGE
gel and determined the N-terminal amino acid sequence. The
obtained sequence (XXKAKTLQA, where X is an unidentifi-
able amino acid) corresponded to the deduced sig4 gene prod-

1 23 4 56 78 910

231 p & - - —240

118 p -
. —n

FIG. 6. In vitro transcription of rn promoter derivatives. Lanes 1 and 2
contained RNA size markers. Numbers indicate transcript lengths (in nucleo-
tides). The 240-nucleotide transcripts arise from the tested promoters. The
vector-encoded transcript (the reference transcript [rt]) was used as an internal
reference for measuring promoter strength. The relative promoter activities are
given in Table 1. Lane 3, pBluescript SK+ (vector alone); lane 4, pRJ9627
(wild-type promoter); lane 5, pRJ9621 (extended —10 region); lane 6, pRJ9622
(reduced spacer region); lane 7, pRJ9623 (enlarged spacer region); lane 8,
pRJ9624 (mutated —10 box); lane 9, pRJ9625 (mutated —35 box); lane 10,
pRJ9628 (deleted T-rich upstream region). All results were confirmed by at least
one repetition.

uct (Fig. 9). Because the SigA protein belongs to the ¢ family
and it is present as a major subunit in a pure RNA polymerase
preparation, we believe that the sig4 gene encodes the primary
sigma factor of B. japonicum RNAP and that it is responsible
for the recognition of promoters of the —35/—10 class.

DISCUSSION

The rn promoter and purified RNA polymerase of B. ja-
ponicum were used to set up a homologous in vitro transcrip-
tion system. The promoter activity depended on an intact —10
region, an intact —35 region, and correct spacing between the
two regions (17 nucleotides). We cannot rule out the possibility
that the deletion of several bases in the spacer region also
removed a base essential for efficient promoter activity. How-
ever, this seems very unlikely because there is no detectable
conservation in this region, as judged by alignment of promoter
sequences. The nucleotide sequences of the —35 and —10
regions were found to be almost identical to the consensus
sequence of the compiled E. coli promoters (19). Due to the
limited number of known promoter regions, the propagation of
a consensus sequence for B. japonicum housekeeping genes
may be somewhat premature. However, based on mutant phe-
notype and sequence alignment, the TTG motif in the —35

TABLE 1. In vitro activities of r7n promoter derivatives

Activity (%) relative to the
wild-type promoter with:

Plasmid Promoter configuration

B. japonicum E. coli
RNAP“ RNAP

pRJ9627 Wild type 100 100

pRJ9621 mut2 (extended —10) 740 1,061
pRJ9622 mut3 (shortened spacer) 2.1 2.3
pRJ9623 mut4 (enlarged spacer) 33 0.8
pRJ9624 mut5 (mutated —10) 2.7 1.7
pRJ9625 mut6 (mutated —35) 1.0 0.5

pRJ9628 mut7 (upstream deletion) 114 103

“ Data are means of two independent experiments.
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GTTTAGGAGCAATGGATG sig1 - - sig2

\/ PSS B lrmx
T N )'l—l

200 bp

FIG. 7. The sigA gene region. The Shine-Dalgarno-like sequence and trans-
lation start codon are underlined. Arrowheads denote the annealing sites and
orientations of oligonucleotides used for the amplification of a sig4 fragment for
hybridization purposes. Lines show fragments that were cloned and sequenced.
The location of a stem-loop structure indicative of a rho-independent terminator
(trm) is indicated by a black bar. Abbreviations: B, BamHI; P, PstI; S, Sall; X, Xhol.

region and the TAT sequence in the —10 region seem to be
crucial for promoter activity. Thus, we propose that the rm
promoter of B. japonicum belongs to the well-known —35/—10
class and that it is likely that the identified elements suffice for
binding of the RNA polymerase and for initiation of transcrip-
tion. A TGN motif preceding the —10 region in E. coli has
been described as an additional promoter element that en-
hances promoter activity (5, 7). The mutational introduction of
this motif into the rrn promoter led to a sevenfold increase in
its in vitro activity, and a promoter alignment revealed that
such an extended promoter element might be used in B. ja-
ponicum as well.

The observed transcript length of 240 nucleotides generated
from plasmid templates pRJ9621 to pRJ9625, pRJ9627, and
pRJ9628 corresponds to the expected size. This confirms that
the integrated terminator structure is functional in vitro and,
therefore, probably in vivo. Hence, there appears to be no
significant difference in the use of promoter and terminator
structures between B. japonicum and E. coli. In fact, the B.
Jjaponicum rrn promoter and terminator are recognized by the
E. coli RNAP as well as by the B. japonicum RNAP. The origin
of the vector-encoded transcript used as the reference tran-
script is unknown. With a size of about 80 nucleotides, it is
much smaller than the RNA I transcript (108 nucleotides),
which is involved in the regulation of plasmid replication at the
ColEL1 origin (23).

In a previous report, a different base composition of possible
housekeeping promoters was suggested (4). This was mainly
based on an alignment of the upstream sequences of the glnA,
fbcF, and fixR genes. However, fixR, whose function is un-
known, is aerobically expressed only in the presence of a so-
far-unidentified activator (4, 30). Therefore, that gene may not
be preceded by a normal housekeeping promoter sequence.
The glnA gene, which encodes glutamine synthetase I, is ex-
pressed under all growth conditions, and its promoter is prob-
ably recognized by the primary sigma factor (6). Indeed, a
slightly different alignment of this DNA region upstream of the
transcription start site results in a reasonably good similarity to
the promoter composition suggested here. With regard to a
third example, the fbcF promoter, it is not known if RNAP is
sufficient for expression of the gene; so far, we have been
unable to confirm its in vivo transcription start site (32) by in
vitro experiments.

The presence of an A- and T-rich upstream promoter (UP)
element between —40 and —60 of the E. coli rrnB P1 region
was shown to increase the promoter activity considerably (27).
Such a region was not found at an equivalent position in the B.
japonicum rrn promoter region. However, there is a T-rich
element upstream of position —71. Deletion of this region had
no effect on promoter activity in vitro. Nevertheless, this region
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FIG. 8. Amino acid sequence alignment of the primary sigma factors. B.
Jjaponicum SigA (Bj), R. meliloti SigA (Rm; GenBank accession number L47288),
and E. coli RpoD (Ec; GenBank accession number J01687). The positions of
identical amino acid residues are marked by asterisks. Gaps, indicated by dots,
were introduced to allow for an optimal alignment. Conserved regions in mem-
bers of the ¢7° family are overscored by dashed lines (adapted from reference
20). The alanine- and proline-rich region in the B. japonicum sigma factor is
boxed (positions 243 to 266).
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FIG. 9. SDS-PAGE analysis of B. japonicum RNAP. Proteins were separated
on a 10% polyacrylamide gel and visualized by Coomassie blue staining. Lane 1,
molecular mass markers (sizes are shown next to arrowheads on the left); lane 2,
B. japonicum RNAP (7.5 pg). Subunits are indicated on the right. Predicted and
experimentally (exptl.) ascertained N-terminal amino acid sequences of ¢® are
shown.

might still be important for the regulation of the rn operon in
vivo. In E. coli, it was shown that AT-rich regions influence
promoter strength by bending the DNA (24).

The N-terminal amino acid sequence of a prominent protein
in an RNAP preparation revealed that it corresponded to the
deduced SigA protein. Therefore, we are sure that the SigA
protein with a predicted molecular mass of 80 kDa represents
the primary sigma factor of B. japonicum. This is also sup-
ported by its high degree of sequence similarity to members of
the ¢’ family. The high conservation within the C-terminal
end of the proteins from B. japonicum, E. coli, and R. meliloti
is a good indication that the sigma factors of the two rhizobial
strains recognize in principle the same —35/—10 promoter
class as does o’ of E. coli. This is in perfect agreement with the
in vitro transcription data presented here.

The SigA sequence similarity is less pronounced in the N-
terminal region. The function of this region is not fully under-
stood. One function seems to be to prevent the intact sigma
factor from binding to DNA (8). An E. coli ¢’° derivative
lacking amino acids 130 to 374 showed a functional defect at
42°C, indicating that this region might be critical for thermo-
stability (16). A notable feature in the B. japonicum SigA
protein is a stretch of 24 amino acids rich in alanine and
proline (starting at amino acid position 243). This AP-rich
segment is not present in other sigma factors described so far.
It may increase the flexibility between region 1 and the rest of
the protein. Similar segments have been characterized, for
example, in dihydrolipoyl-acetyltransferase, a component of
the pyruvate dehydrogenase multienzyme complex of E. coli
(15). It has been suggested that these peptides form flexible
linkers between different domains of the protein.
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