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Using PCR to create a probe based on conserved region 2 of sigma factors, we have cloned the sig4d gene
coding for the major sigma factor of Rhizobium meliloti. The 684-residue protein encoded by the sig4 gene was
expressed in vitro in coupled transcription-translation experiments with R. meliloti extracts and migrated
aberrantly in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Its deduced amino acid sequence is
similar to that of RpoD of Escherichia coli and is nearly identical to that of SigA of the closely related bacterium
Agrobacterium tumefaciens. Through Southern analysis, we located the gene on the R. meliloti main chromosome
rather than on one of the megaplasmids. The sig4d locus does not appear to be part of a macromolecular
synthesis operon (MMS), as in many other bacterial species, but rather lies downstream of a partial open
reading frame showing similarity to the threonine dehydrogenase gene (tdh) of E. coli.

Rhizobium meliloti grows as either a free-living organism or
a symbiont with plants. Entry into symbiosis involves a series
of developmental transitions, each of which is accompanied
by characteristic changes in gene expression (22). Early in the
interaction between plant and bacteria, the bacteria express
nodulation (nod) genes under stimulation of a plant inducer,
mediated by the transcriptional activator NodD. The final dif-
ferentiated state of the bacterium is a nitrogen-fixing bacteroid
that displays distinctive gene expression including transcription
of nif and other genes for bacteroid metabolism and nitrogen
fixation. The FixL-FixJ two-component system leads to activa-
tion of a series of transcriptional regulators including NifA and
FixK, which direct expression of the symbiotic genes. At inter-
mediate developmental stages, the bacteria invade the plant
through infection threads. It is not yet known whether distinc-
tive gene expression patterns exist for these stages as well.

The transcription activators for symbiotic gene expression
have been identified by mutation, cloning, and sequence anal-
yses and promoter binding studies. However, relatively little is
known about the biochemical mechanisms of transcription
control, either during symbiotic development or for house-
keeping functions. Improved understanding will require study
of the promoter requirements for constitutive and regulated
transcription, including the properties of the RNA poly-
merases. The sigma (o) factor proteins of RNA polymerase
have attracted attention because of their fundamental role in
promoter recognition. In previous work, we observed that R.
meliloti RNA polymerase had promoter requirements in vitro
that were different from those of the Escherichia coli RNA
polymerase (14). In this study, we sought to characterize the
housekeeping o factor component of R. meliloti RNA poly-
merase as a step towards studying the requirements for pro-
moter recognition. By means of a PCR approach, we generated
a o factor probe with which we isolated the sig4 gene encoding
the primary o factor of R. meliloti. We have shown expression
of SigA in vitro and its aberrant electrophoretic migration,
consistent with behavior of other o factors. R. meliloti sigA does
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not appear to be encoded within the highly regulated macro-
molecular synthesis (MMS) operon found in E. coli and many
other bacteria and is located on the R. meliloti chromosome
rather than on one of the symbiotic megaplasmids.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Bacterial strains and plasmids used
in this work are listed in Table 1. Bacterial cultures were grown in Luria-Bertani
or TY medium as previously described (4) supplemented with the appropriate
antibiotics as follows: ampicillin, 50 pg/ml; tetracycline, 10 wg/ml; streptomycin,
500 wg/ml. E. coli strains were grown at 37°C; R. meliloti strains were grown at
30°C. E. coli cultures grown for \ plating were supplemented with final concen-
trations of 0.2% maltose and 10 mM magnesium sulfate. Platings were per-
formed with either NZCYM or NZY top agarose (30).

DNA manipulations and sequencing. Restriction digestion, transformation,
and DNA isolation were performed by standard methods (30). The majority of
the nucleotide sequence was obtained by automated sequencing of conveniently
sized pPBGR48 subclones on an Applied Biosystems model 373A (Protein and
Nucleic Acid Facility, Stanford University). The Sequenase version 2.0 DNA
sequencing kit (U.S. Biochemical Corporation, Cleveland, Ohio) was used to
clarify any sequence discrepancies. The locations of all restriction sites used for
subcloning were confirmed by determining the sequence across those sites.

PCR. Partially degenerate oligonucleotide primers were based on conserved
regions 2.1 and 2.3/2.4 of sigma factors (9), with added cloning sites at the 5’
ends. The sequences of primers 1 and 2 were 5'-GGCTCGAGAT(ACT)GC
NAA(AG)(AC)GNTA-3" and 5'-CCAAGCTTGC(CT)TGNC(GT)(AGT)ATC
CACC-3', respectively. Primer 1 has an Xhol restriction site; primer 2 contains
a HindIII site. Reaction mixtures contained 8 pM each primer, 0.2 mM de-
oxynucleoside triphosphates, 1 pg of R. meliloti genomic DNA, 10 mM Tris (pH
8.3), 1.5 mM MgCl,, 50 mM KClI, 0.1 mg of gelatin per ml, and 3 U of Thermus
aquaticus DNA polymerase (Cetus Corp.) in a final volume of 100 wl. The
mixture was layered with mineral oil and subjected to 30 cycles of 1 min at 95°C,
1 min at 55°C, and 2 min at 74°C. Since the primary reaction gave a small amount
of product, the DNA was isolated by the freeze-squeeze method (33) and sub-
jected to another round of amplification prior to cloning into pBluescript SK(+).

Screening of A libraries and Southern blot conditions. Nitrocellulose mem-
branes (Schleicher and Schuell) were used for plaque lifts. Filters were treated by
either an autoclave lysis-fixation method in which they were wrapped loosely in
blotting paper and autoclaved for 2 min on the liquid cycle or by standard
methods using sequential wetting with denaturation and neutralization buffers
followed by baking under vacuum at 80°C (30). Magnagraph nylon membranes
(MSI) were used for Southern transfers. DNA probes were labeled by random
hexamer priming (11). Membranes were hybridized at 65°C in 5X SSC (1X SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-1X SSPE (0.18 M NaCl, 10 mM
NaH,PO,, and 1 mM EDTA [pH 7.7])-5X Denhardt’s solution-0.1% sodium
dodecyl sulfate (SDS)-0.5 mg of denatured salmon sperm DNA per ml. Washes
were done at room temperature in 1X SSC-0.25% SDS. The two \ libraries
(constructed by D. Bramhill) used for this study contained R. meliloti 1021
genomic DNA digested with BamHI ligated into LambdaGEM-11 (Promega) or
R. meliloti DNA digested with Sacl ligated into LambdaGEM-12 (Promega).

Construction of the full-length sigd ORF. The initial A isolate from the BamHI
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Source or
reference
Strains
E. coli
XL1-Blue recA lac F' Tc" Stratagene
LE392 \ plating strain, rec* Promega
KW251 \ plating strain, recD Promega
R. meliloti
RCR2011 Wild type 25
1021 RCR2011 derivative, Str" 26
A. tumefaciens Nal" Rif" derivative of NT1,a Ti 17, 35
A136 plasmid-cured derivative of
C-58
Plasmids
pBluescript Cloning vector, Ap* Stratagene
SK(+)
pMRGS E. coli rpoD 18
pJSS56 4.3-kb HindlIII fragment in 31
pUC118, contains nodPQ,
pBGRS 146-bp PCR product, Xhol- This study
HindIII insert in SK(+)
pBGR12 2.6-kb BamHI insert in SK(+), This study
contains the 5’ end of sig4
pBGR45b 1.2-kb SstI insert in SK(+), This study
contains the 3’ end of sigA,
overlaps pBGR12
pBGR48 3.4-kb insert in SK(+), contains  This study
full-length sig4“
pBGR61a 2.5-kb HindIII insert in SK(+), This study

contains full-length sig4 from
pBGR48

“ See the text for construction.

library contained a 2.6-kb fragment in which the putative sig4 open reading
frame (ORF) was truncated at an internal BamHI site; a pBluescript SK(+)
subclone was named pBGR12. Restriction analysis of this clone for SstI sites and
Southern analysis for hybridization of the probe to genomic SstI-cut DNA pre-
dicted a 1.2-kb overlapping clone, which we obtained by screening a SacI (SstI)
library [cloned into pBluescript SK(+) as pBGR45b]. These plasmids were
digested to completion with EcoRI (polylinker sites) and then subjected to
partial SstI digestion. The 5.0-kb band from the pBGR12 digestion was isolated
and subjected to further digestion with PstI to remove any DNA that could
religate and give a high number of background colonies. The 1.2-kb SstI-EcoRI
band from the pBGR45b digestion was isolated and inserted into the pBGR12
vector, creating pPBGR48.

Expression of SigA protein in vitro. Plasmid DNA (1 pg) purified by using a
Qiagen plasmid miniprep kit (Qiagen Inc.) was incubated with S-30 extract from
R. meliloti RCR2011 as described previously (16). Protein products were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by
autoradiography.

Sequence analysis. Sequence manipulations, comparisons, and database
searches were performed by using the University of Wisconsin Genetics Com-
puter Group programs (7).

Nucleotide sequence accession number. The nucleotide sequence date re-
ported in this paper have been submitted to GenBank and assigned the accession
number 147288.

RESULTS

Cloning of the sigd gene from R. meliloti. Sigma factors
contain several regions which are highly conserved at the
amino acid level (21). As the segment designated region 2 is
the most conserved portion of ¢ proteins, we chose to use a
PCR approach to amplify R. meliloti-specific sigma gene se-
quences using primers based on subregions 2.1 and 2.3/2.4 (9).
Amplification of R. meliloti DNA using these primers gave rise
to a 146-bp product cloned as pBGRS. The nucleotide se-
quence of the insert revealed 81% identity to the rpoD gene
encoding the primary ¢’° subunit of E. coli and an inferred
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FIG. 1. Southern analysis of the R. meliloti sigA gene. Total DNA was di-
gested with BamHI, EcoRI, HindIIl, BglII, or PstI (lanes 1 to 5, respectively).
The membrane was probed with the 146-bp insert from pBGRS8. Numbers on the
left indicate sizes of selected N markers in kilobases. Arrowhead, 2.6-kb BamHI
fragment corresponding to the insert in pPBGR12. Note that lane 5 contains three
hybridizing bands; because there is a PstI site within the PCR product, the
pattern of three bands is consistent with recognition of two o sequences.

partial ORF of 48 amino acids that showed 95% identity to a
corresponding segment of the E. coli protein. We later deter-
mined that the two amino acid differences in the PCR product
are not actually present in the genomic version of the R. me-
liloti gene and were changes introduced by the degeneracy of
the primers. The bias of the amino acid sequence towards
usage of preferred R. meliloti codons suggested that the am-
plified DNA was of R. meliloti origin. While a full-length E. coli
o’° probe (3-kb Pvull fragment from pMRGS8) hybridized only
faintly to R. meliloti DNA and would not have been useful to
screen a library (data not shown), the smaller, highly conserved
PCR product did hybridize to DNAs from both bacteria. How-
ever, this cross-hybridization did not cause a background prob-
lem during the library screenings, presumably because of the
much higher copy number of the desired R. meliloti sequence
within a positive plaque.

Analysis of a Southern blot showed that the PCR product
routinely hybridized to two bands of R. meliloti DNA with
differing intensities, suggesting the presence of two different
sequences related to o factor genes (Fig. 1). We screened a A
library containing BamHI-digested R. meliloti DNA in an at-
tempt to obtain both a strongly hybridizing BamHI fragment of
2.6 kb and a weakly hybridizing one of 4.8 kb. We isolated
multiple clones containing the 2.6-kb insert and other frag-
ments later shown to be noncontiguous. The 2.6-kb fragment
was subcloned as pBGR12, and initial sequence data showed
that the similarity to ¢’° was truncated at the cloning site. On
the basis of similarity to E. coli rpoD, it appeared that we had
isolated approximately two-thirds of the 5’ end of the gene. We
did not recover any M\ clones containing the 4.8 fragment,
because the autoclave method of preparing the filters markedly
decreases the sensitivity of the screen.

From initial sequence and restriction mapping of the
pBGR12 insert, we determined that an SstI site lay 370 bp
upstream of the BamHI site and that the pBGRS insert (i.e.,
the cloned PCR product) would hybridize within that region. A
Southern blot indicated that the overlapping genomic SstI
band was about 1.2 kb in length (data not shown) and should
thus be large enough to contain the remaining o factor ORF.
Therefore, we screened a \ library made from SacI-digested R.
meliloti DNA and isolated five clones containing the 1.2-kb
insert. This fragment was cloned as pPBGR45b and was used to
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1 GGATCCT TCGTCTGCCTTCCS "GTGTCGATCCCC CGGACGAGATCGCCGCARTCTTCGAT
G S FAEFVCLPETYNVYVYVSIPDDUVFPDETIAATILITFTD

91 COCTTCGGCARCGCCETGCATACGGCGCTCTCCTTCGATCTCGTC ACGTTCTGGTCACCGETGC GCATCATG
PFGNAVHTALSFDLVGEDVLVTGAGPIGIM

181 A TOCERTACCC CARTCCCGTTCETCTCGATCTCGCGOGCAAGETCGRC
G AMVAKRGCGAREKYV VTITDINSPVRLILDTLATRTEKTLG

27 GACGCGTCGAAGGARAAACTTGCCGACGTCATGC GGCATGACCGAGGGLTTC TGGAA
I DHVVDASE KEI KTLADYUMRVYVIGMTTESGTFTDVYVG GTLE

361 AT TTCCGE AGATGAACAATGGCGGCA CTCGRCATTGCGCCGGGEEC
M $ G AAPAFRDMTIDEKMNDENGG GT KTIA ATILITLGTIATPASG

451 TTCGAGATCGACTGGAACAAGGTCATCTTCAAGATGCTCARCCTCAAGEGCATCTACGGTCGCGARATGTTCGAGACCTGGTACAAGATG
FEZIDUWWUNZE KV VTITFIZ K®MLZNTLZXGITYGREUHMTFTETUWZYEKHM

341 ATCGCCTTCGTCCAGGGCGGECTCGACCTCTCGCCGATAATCACCCACCGTATC TCGACGATTTTCGCGACGGCTTCGAGGCGATG
1 AF VYVQG6G6LDLSPTIITUHRTIGTIDDTFTE RTDTGTFTEA AN

631 CGCTCGGGCAATTCCG T ‘GGAGCCGCAGCCGCGATCRATTGCCAGGGCATTCTTCCGGARAAACTGT
R § G N S G KV VMDMW*

721 GCRACCCTTGTCTTTCTTT TCCTACATGT GAA, AACAGCGCARRAACCCGTCC, TTTITGCCGA

811 TTTAGGCGGTTTTTCGCCGGAAACGCT AAAATTCTGGGAATCACCATTTCAAGCAGAAATGGCGACATGGTACGGCGGA

901 TAGGAAATCATGCCAGGGACGTTTCAGTGGE, T T GT TGGTTAATCAGGAATTAAATATC

991 ATCCCGTTACGTC GGCGTGCCCGGACCTCCGAGTGGCATTGAT! 3GGCGCCEECCGETTG

1081 CGACAAGGAAAGCGACGAATAAATGGCAACAAAAGTCARAGAARACGAAGARGCCGACGTTGAACGTGAAGGTGCACCGGACGGTCCGCT
M AT KV EKENTETEADTYETRTETGA APTDGTZPL

1171 TCTCGATCTTTCCGACGATGCTGTCAAGAAGATGATCA, CAAGARGCGCGGCTATGTGACCATGGACGAGCTCAACTCCGTTCT
L DL SDDAYEKZKMIZEKAAEKEKE RGYVTUHMHDETLENSVL

1261 GCCCTCCGAAGAAGTGACT AGATCGAAGACACGATGTCCATGCTTTCCGACATGAG GAGGAAGC
P S EEVTSEQ1IEDTMSMLSDUNGTINTYTIETDTEE A

1351 C TGCCGOCAGCGAS GCC AAGCGAAGGCGGCGAACTCOCGCCTGCTAGCGGCACCGCACT
EEAAASDDDDGADTESGESESGGETLAZPASGTAL

1441 TGCAGCCAGCAAGA CGA GCACCGACGATCCGGTGCGE G TCCGTGEAGCTTCTCTE
4 A S KKXKEPTDRTDDPVRMTYTLZREMSGSVETLTLS

1531 GCGCGAAGGCGAA \GCGTATCGAGGCCGECCGCCARAS AT T GAGCCCGCTTACCTTCCA
REGEIAIAKRIEAGRETMIAGLCZSPLTFQ

1621 GGCGTTGATCATC CGAGTTGAACGA TGCGCGAGATCATCGATCTCGAGACGACCTATTCCGGCCCCG!
A LI I WRUDETLUNESGQTULLRETITIDLTETTTYSGPE

1711 GGCAAAGGCTGCACCGCAGTTCCAGAGCCCGGARRAGATCGAAGCCGACCGCARGOCGACGGAAGAGAAGGAARAGGTCCGCAGGACCCG
A KAAPQFPFQSPEE KTIEA ADREKTA AAETET KTEZEKTYRERTR

1801 AA ACGACGACGACATCACCA. GGCGAAGGCCAGGCACCCGA GACGACGAGTCGAACCT
T AANDDDTITNYGGEG GO QAPTETETETETETDTDTDTESNTL

1891 CTCGCTCOCCEC GGAACTGCGCCCGCAGGTGA” GTCATCGCCGAAACCTACAAGAAGCTCCGCAAGET
S LAAMEAETLRPQVMETTLDTVTIRETTYZ KT KXTLT REKTL

1981 GCAGGACCAGCAGGTGGAAGCGCGCCTTGCCGCGACCGGTA GCCGCTACAAGGAGCTGAAGGACGAGCT
Q DQQVEARLARARTGTTLSPAQERT RTYZ KTETLTZEKTDTEL

2071 GATCAAGGCC A ARCCAGAA GCCC T AGCTCTACGACATCTCCAAGCGCCTGACGCA

IKAVKSLSLNQNRIDALVEQLYDISKRLTQ
sstl

2161 GA CTCCTGCGCCTGGCCGAATCCTATGOCGTCAAGCGTGA TTCCTGGAGCAGTATTCCGGCGCCGAGCTCGATCC

N EGRULULRLAESTYGVKREH ATFTLEG QYSGAETLTDFP

2251 GAA A ATCAGCAATCTCGCCGGCARAGGCTGGA \GGGCCGAGAACCAGAC CGCGACATCCGTTA
NNHKSISNLAGRGWKEFARAENQTIRDIRQ

2341 GGAGATCCA CTTGCGACGGAGACC T TTCGCCS AGCGTGAAGC
EI QNLATETGTISTIAETFT RRTITYVSHMVYVOQEKSGETRE A

2431 A TCGATTGCCAAGAAGTACACGAACCGCGETCTGCAGTTCCT
R I AKZXEMVEANLTERLVYTISTIA AEKTEKTYTNTZ RSGTLZQFL

2521 CGATCTGATCCAGGAAGGCAACATCGGTCTCATGAACGCGETCGACARGTTCGAGTATCGCCGCGACTACAAGTTCTCGACCTATGCCAC
DLIQEGMNTETGLMEKAVDE KTPEFETYTZRR RGSGYZ KTFSTTVYAT

2411 ATGGTGGATCCGGCAC TCACCCGT CAGGCCCGCACGATCCGCATTCCGGTGCACATGATCGAGACGATCAACAA
#Ww W I R QAITRSTIADG QA ARTTI®RTITPUVYVHMTIETTINEK

2701 GATCGTCCGCAC TGCACH CCGACGCCCGAGGARCTGGA! AAGCTCGCA
I VR TSRQMLUHETLIGRTETPTTPETET KTV VR RIE KTV VYVTLE KTIARK

2791 GAAGGTGCGCAAGGTCCTGAAGATCGCCARGGAGCCGATCTCGCTCGAAA GGTCGGCGAC TCGCATCTC TT
L AEKTLAMPLETETPTISTLETTPVGDETETDSTSTHTLTGTDF

2881 CATCGAGGACARGARTGCGTTGTTGCCGATCGATGCGECCATTCAGGCGAATCTGCGCGAGACGAS SCGTGCTCGCCTCGCTCAC
1 EDKNALTLTPTIDAATILIQADNLE RETTTR RTYTLASTLT

2971 GCCCCGCGAGGAGCGCGTC TTCGGCATCGGCATGAACA! CGCTGGAAGAA C; TCTCGGT
PREERVLZRMRTPFGIGHMUNTTDUHTTLTETETVGSQQTFSUV

3061 TACCCGCGAACGCATCCGGCAGATCGAAGCGAAGGCGC TGCGCAAGCTCAAGCATCCARGCCGTTCGCGCAAGTTGCGCTCGTTCCTGGA
R ERTIRGQTIEHA AT KU AZLRIEKTLTEKTETPSZRS®REKTLTE RTSTFTLD

3151 CAGCTGATCCCTGGACCTTTTCATCGACGACARAGCCGGGCCCAGTG TIGTTATTTCGGCTCTACTCCCGGCGCARAACCGTA
s *

3241 CGTCATTTTCCTCGAATTGCTTTATACTTTGCGTCCCGAGECCGCACATGAATGCGTGAATGCGCGCCAGCCTTTTTCAGATACAGGGCA

3331 TCTTGAGCGCCTTCGGCCGA TT GACTTACGTTCTGCTICTCAATTGGACTGAGCTC 3417

FIG. 2. Nucleotide sequence and predicted amino acid sequence of the R.
meliloti sigA gene. The 3’ sequence of the tdh gene and its deduced amino acid
sequence are shown upstream of sig4. The locations of the PCR product within
sigA, a putative Shine-Dalgarno ribosome binding site, and possible rho-inde-
pendent transcription terminator sites between tdh and sig4 and also following
sigA, as determined by the Terminator program (5), are underlined with two
lines, a dotted line, and a continuous line, respectively. The BamHI site that
corresponds to the end of pPBGR12 and the SstI site used to create the full-length
sigA are indicated.

create a complete sig4 gene in pPBGR48, as described in Ma-
terials and Methods.

Nucleotide sequence and predicted amino acid sequence of
sigA. We determined the DNA sequence of the 3.4-kb insert of
pBGRA4S8 (Fig. 2) and verified the location of an ORF encoding
a 684-amino-acid protein with a predicted size of 77 kDa. This
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FIG. 3. Comparison of amino acid sequences of primary ¢ factors from R.
meliloti (R.m.), A. tumefaciens (A.t.), and E. coli (E.c.). The entire R. meliloti
SigA sequence is presented on the first line, and only the divergent residues are
shown for the other proteins. Residues identical to those in R. meliloti (dots) and
gaps introduced by the Pileup program (University of Wisconsin Genetics Com-
puter Group) (dashes) are indicated. Regions 2 through 4 (21) are indicated
below the sequences. Residues known to contact the —10 (*) and —35 (#)
promoter regions in other bacteria are also indicated.

OREF uses a high number of codons preferred by R. meliloti
(Codonpreference; University of Wisconsin Genetics Com-
puter Group) and has a possible ribosome binding site up-
stream (Fig. 2), indicating that it is likely to be well expressed
in vivo. A putative rho-independent terminator lies 22 bp
downstream of the stop codon. Since the protein encoded by
the ORF is 90% identical to SigA from Agrobacterium tume-
faciens and 51% identical to RpoD from E. coli, this sig4 gene
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appears likely to code for the primary o subunit of R. meliloti.
A comparison of these three proteins is shown in Fig. 3. The R.
meliloti and A. tumefaciens proteins are 70 amino acids longer
than the E. coli ¢’°. Most of the loss of similarity is in the
amino-terminal region 1, which is the least conserved portion
of o proteins. In regions 2 to 4, the R. meliloti protein is 97%
identical to that of A. tumefaciens and 83% identical to the E.
coli protein. We confirmed the sig4 sequence as that encoding
the R. meliloti primary ¢ factor by direct comparison of the
inferred ORF with the amino-terminal sequence of the protein
corresponding to the o subunit (13) of an active preparation of
purified R. meliloti RNA polymerase (12). The peptide se-
quence, TKVKEN, corresponds to amino acids 3 through 8
encoded by the sig4 gene (12).

The rpoD gene in many enteric bacteria lies in an operon
with the genes encoding ribosomal protein S21 (rpsU) and
DNA primase (dnaG) (23, 34). Because the products of these
genes are involved in formation of major cell constituents, this
operon has been termed MMS. We searched the sequence
surrounding the R. meliloti sigA gene and failed to find homol-
ogy to other MMS operon genes. Instead, we found the 3’ end
of an ORF ending 437 bp upstream of sig4 that was signifi-
cantly similar to the threonine dehydrogenase (tdh) gene of E.
coli (Fig. 2). In contrast, no ORFs were found upstream of sigA
in A. tumefaciens (32). The partial tdh ORF uses a high number
of preferred R. meliloti codons and is 70% identical at the
amino acid level to the carboxy-terminal two-thirds of the E.
coli protein. Because of the distance between these two genes,
it appears unlikely that they are expressed as an operon. A
search for a rho-independent terminator in the intergenic se-
quence revealed a possible termination stem-loop structure
110 bp downstream of the tdh stop codon (Fig. 2).

Expression of the SigA protein in vitro. We confirmed that
the spliced pBGR48 contained all of sig4 by expressing the
intact sig4 gene product in a R. meliloti coupled transcription-
translation system. As shown in Fig. 4, a protein product dou-
blet that migrates at an apparent size of 98 kDa is produced
from two constructs containing the full-length gene. The dou-
blet bands are most likely an artifact of the S-30 system and are
sometimes seen in assays of other genes. The size of this
product corresponds to that of the o subunit from a functional,
purified R. meliloti RNA polymerase (12, 13). The plasmid
containing sig4 truncated at the internal BamHI site produces
a protein doublet that migrates at approximately 82 kDa. This
construct codes for the 506 C-terminal amino acids of SigA
(74% of the ORF) plus 82 amino acids from the vector se-
quence for a total fusion protein of 588 residues with an ex-
pected size of approximately 66 kDa. These in vitro-produced
SigA proteins migrate on an SDS-polyacrylamide gel at sizes
much larger than expected from the deduced amino acid se-
quence. This observation is consistent with the previously de-
scribed behavior of other o subunits (19). The pBGR61a tem-
plate produces the SigA protein in the S-30 system, which
either may arise from an endogenous R. meliloti promoter
located within the 160 nucleotides upstream of the sig4 start
codon or may reflect expression from the lac promoter on the
vector. The transcription start site of A. tumefaciens sigA has
been determined (32). Comparison of DNA around the
mapped A. tumefaciens promoter with the sequence upstream
of R. meliloti sigA shows a nearly identical sequence through
the putative Shine-Dalgarno site but little similarity further
upstream; thus, no putative promoter sequences can be iden-
tified by inspection.

Hybridization analysis to determine the replicon location of
the sigd gene. R. meliloti contains two large plasmids called
pSyma and pSymb in addition to the chromosome. These
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FIG. 4. Expression of SigA in vitro. (A) SDS-PAGE of coupled transcrip-
tion-translation assays. The sizes (in kilodaltons) of molecular weight markers
(Rainbow markers; Amersham) are indicated on the left. Lane 1, pBGR4S; lane
2, pPBGR61a; lane 3, pBGR12; lane 4, vector control. (B) Restriction map of the
sigA region and schematic diagram of constructs used in protein expression
analysis. Shaded box, location of the sig4 ORF within the fragment. The DNAs
included in the constructs are represented by horizontal lines below. Restriction
sites: B, BamHI; M, Mlul; H, HindIII; S, SstI; X, Xhol; Sp, Sphl.

megaplasmids are about 1,400 and 1,600 kb, respectively (3, 6,
20). Strains of A. tumefaciens containing each of the R. meliloti
Sym plasmids separately can be used as sources of DNA for a
Southern blot to permit rapid determination of the replicon
location of a gene (31). We probed DNAs from these strains
with a full-length R. meliloti sigA probe (Fig. 5). In lane 1, this
probe hybridizes to a 10-kb EcoRI fragment of R. meliloti
DNA. Lanes 2 to 4 show that only the EcoRI bands corre-
sponding to the A. tumefaciens version of sigA are detected in
strains containing the megaplasmids. Thus, it appears that sig4
is encoded on the chromosome of R. meliloti and not on one of
the Sym plasmids. Since this conclusion is based on the lack of
a hybridizing fragment, we confirmed the presence of pSyma
and pSymb DNA in lanes 2 and 3 by probing the same blot with
a probe for nodP, (Fig. 5B). This probe detected the expected
bands for both nodP; on pSyma (lane 2) and nodP, on pSymb
(lane 3) compared with the R. meliloti total DNA (lane 1). A
more faintly hybridizing A. tumefaciens-specific band is also
seen in lanes 2 to 4, suggesting a possible nodP, homolog or the
locus for ATP sulfurylase in A. tumefaciens.

DISCUSSION

The PCR proved a useful tool to create an R. meliloti-
derived probe similar to conserved region 2 of o subunits of
RNA polymerase. We isolated and performed initial charac-
terization of the gene encoding the vegetative o factor, sigA,
from R. meliloti. The deduced amino acid sequence of the SigA
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FIG. 5. Southern analysis to determine replicon location of the sig4 gene.
R.m., R. meliloti; A.t., A. tumefaciens. DNA samples were digested with EcoRI.
The sizes (in kilobases) of selected A markers are indicated. The same membrane
was hybridized separately with the indicated probes. (A) R. meliloti sigA (2.5-kb
HindIII fragment from pBGR48); (B) R. meliloti nodP, (320-bp EcoRI-SstI
fragment from pJSS56).

protein is very similar to those of E. coli RpoD and other
members of the ¢7° family (21). In particular, the 684-amino-
acid R. meliloti protein is nearly identical to o’’ from the
closely related species A. tumefaciens (32). Our sig4 gene is
expressed in an in vitro R. meliloti coupled transcription-trans-
lation system and, as is typical for o proteins, migrates more
slowly than expected on an SDS-polyacrylamide gel. To con-
firm that the gene we have isolated codes for the functional o
factor in RNA polymerase, we showed correspondence of res-
idues 3 to 8 of the deduced SigA protein sequence with the
amino-terminal peptide sequence of ¢ factor from a purified R.
meliloti holoenzyme (12). Genomic hybridization patterns and
further studies (29a) indicate the existence of other o factor
sequences in R. meliloti. Both primary sequence data and the
size of the encoded product indicate that the other o sequences
are distinct from sigA (29).

The o factor is a critical component of the RNA polymerase
holoenzyme that allows the complex to distinguish a promoter
sequence within the DNA. Mutational analysis of sigmas and
the promoters they recognize has shown that residues in the
defined region 2.4 interact at the —10 of a promoter while
residues in region 4.2 are involved in —35 interaction (for a
review, see reference 21). However, other determinants must
also be at work, considering the conservation in these regions
among bacteria for which it is known that heterologous pro-
moters are not recognized in vivo. The A. tumefaciens and R.
meliloti SigA proteins and the E. coli RpoD are all identical at
the known recognition residues, specifically Q-508, T-511, and
R-512 in region 2.4 and R-655 and R-659 in region 4.2 (Fig. 3;
R. meliloti numbering).

The biochemical and genetic characterization of o factors
will make it possible to explore in more detail the interactions
of RNA polymerase with promoters, including those of both
housekeeping genes and developmentally regulated genes.
Relatively few transcription start sites have been mapped in R.
meliloti. Since this bacterium has been studied mainly for its
symbiotic nodulation (rnod) and nitrogen-fixing (nif) abilities
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with the host plant Medicago sativa (alfalfa), many of the genes
investigated direct very specialized functions for the cell. Thus,
a typical “housekeeping” consensus promoter has not been
defined for R. meliloti, although several genes presumed to be
transcribed by a housekeeping RNA polymerase holoenzyme
(hemA, nodD, ntrA, and #rpE) have a conserved TTG sequence
in the —35 promoter region that is also seen in E. coli 0’%-type
promoters. The —10 regions of these promoters show no con-
sensus. The fla genes of R. meliloti have a promoter region that
resembles that of the E. coli and B. subtilis flagellar genes (27)
and thus may require a o*® homolog (FliA or SigD). The nif
genes have a consensus —12/—24 promoter that requires ¢
(NtrA or RpoN) to direct transcription (28).

Different transcription requirements for E. coli and R. me-
liloti RNA polymerases are indicated by studies of the #rp and
nodD1 promoters. The R. meliloti trp promoter corresponds
only partially (50% identical positions) to the E. coli consensus
(1) and is not expressed in E. coli. However, trp promoter
mutations in the —10 region that approach the E. coli consen-
sus allow #rp to be expressed in E. coli (2). In contrast, the E.
coli trp promoter directs in vitro transcription by R. meliloti
RNA polymerase (13). In the case of nodD, it has been shown
that the constitutive nodDI promoter functions in A. tumefa-
ciens (36). However, this nodD1 gene is not expressed by E. coli
RNA polymerase either in vivo (36) or in vitro (14), even
though the sigma factor residues known to contact promoter
sequences in o’ of R. meliloti and ¢”° of E. coli are identical.
Conservation at these residues has also been reported for SigA
of Chlamydia trachomatis, although the promoters described
for this pathogen also diverge from those of E. coli and do not
function in that bacterium (9). Thus, further examination of
housekeeping promoter requirements and of the relationship
of o structure to promoter recognition is needed.

The mechanism of expression for inducible nod genes is also
not well understood. The promoters have been found to in-
clude a highly conserved sequence, known as the nod box,
which is bound by a family of positive transcriptional activa-
tors, the NodD proteins (15). The nod box overlaps the —35
region of these promoters and, as such, is highly conserved.
However, the —10 regions of these promoters do not share a
consensus sequence (14). These promoters also do not mimic
the standard E. coli promoter. It has not been determined
which o subunit is involved in the transcription of the inducible
nod genes. The o’ protein is an attractive candidate for two
reasons: first, it is shared by R. meliloti and A. tumefaciens, both
of which can support expression of inducible nod gene promot-
ers (36), and second, the ¢”” protein is present in a preparation
of R. meliloti RNA polymerase that can initiate transcription of
the nod genes (15a).

Cloning of the sig4 sequence allowed us to determine the
location and arrangement of the gene. We found that sigA is
located on the chromosome, as has also been shown for nfrA
(28), which prior to this study was the only o subunit gene to
have been cloned from R. meliloti. Unlike genes encoding the
primary o factors from many other bacteria (34), the R. meliloti
homolog is not found in an MMS operon with genes for a
ribosomal protein (rpsU) and DNA primase (dnaG). The
MMS operon is under complex regulation, reflecting its im-
portance in the production of the cell’s major informational
molecules for translation, replication, and transcription (23).
This organization appears to be conserved across many gram-
negative enteric bacteria as well as in the nonenteric Hae-
mophilus influenzae (34) and the obligate intracellular bacte-
rium Rickettsia prowazekii (24). In the gram-positive Bacillus
subtilis, the dnaE primase gene is upstream of rpoD, but a
protein of unknown function (P23) is encoded in the rpsU
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position (8). Upstream of sig4 in R. meliloti, however, we
identified the 3’ end of an ORF that is very similar to the
threonine dehydrogenase (tdh) gene of E. coli. We did not find
evidence for any ORFs beginning in the 260 nucleotides down-
stream of sig4. The putative transcription termination signal
found there also suggests that sig4 is not in an operon with
downstream genes.

The gene arrangement found for sigd suggests that R. me-
liloti does not require coordination of its transcription, trans-
lation, and replication machinery in the same manner as that
seen in other bacteria. If so, perhaps this arises because of
uncoupling of transcription activity from cell division during
the late stages of symbiosis (22). R. meliloti would thus not
need the same mechanism for driving all its macromolecular
functions in concert. Alternatively, coordinate control of rpsU,
dnaG, and sigA genes may occur as a regulon coordinated in
trans.

Another consideration is whether the presence of the up-
stream tdh gene has regulatory significance. Because of the
distance between these two genes (>400 bp) and a possible
transcription termination site between them (Fig. 2), it seems
unlikely that these coding sequences form an operon. How-
ever, if these genes are coexpressed, the significance is not
clear. In E. coli, the repression of tdh by Lrp, the leucine-
responsive regulatory protein, is relieved under nitrogen-rich
conditions (10), but it is unknown whether any comparable
system exists in R. meliloti. Further detailed study of sig4 gene
expression should reveal whether it is coordinately transcribed
with upstream genes, and, if so, what cellular conditions influ-
ence this expression.
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