JOURNAL OF BACTERIOLOGY, Aug. 1995, p. 4372-4376
0021-9193/95/$04.00+0
Copyright 1995, American Society for Microbiology

Vol. 177, No. 15

A Consensus Promoter Sequence for Caulobacter crescentus
Genes Involved in Biosynthetic and Housekeeping Functions

JALEH MALAKOOTI,{ SHUI PING WANG, anp BERT ELY*
Department of Biological Sciences, University of South Carolina, Columbia, South Carolina 29208

Received 7 November 1994/Accepted 12 May 1995

Caulobacter crescentus differentiates prior to each cell division to form two different daughter cells: a
monoflagellated swarmer cell and a nonmotile stalked cell. Thus, one might expect that developmentally
expressed genes would be regulated by mechanisms different from those used to regulate the expression of the
biosynthetic genes. To determine a consensus promoter sequence for genes involved in biosynthetic or house-
keeping functions, DNA fragments containing the regulatory regions of the ilvD, ilvR, cysC, pleC, and fdxA genes
were cloned. S1 nuclease protection mapping and primer extension techniques were used to identify the
transcription initiation sites. Comparison of the regulatory regions of these genes with those of the published
sequences of the ilvBN, rrnA, trpFBA, dnaA, dnaK, hemE, and rsaA genes has resulted in the identification of a
putative promoter consensus sequence. The —35 region contains the sequence TTGACGS, which is similar to
the Escherichia coli —35 region, while the —10 region, GCTANAWC, has a more balanced GC content than the
corresponding region in E. coli. Oligonucleotide-directed site-specific mutagenesis of both the ilvBN and pleC
promoters indicates that mutations that make a promoter more like the consensus result in increased
promoter activity, while mutations decreasing similarity to the consensus result in decreased promoter activity.

Caulobacter crescentus is a gram-negative bacterium that dif-
ferentiates prior to each cell division to generate two dissimilar
progeny cells. The new cells differ from one another morpho-
logically and developmentally. Much of what is known about
gene regulation in C. crescentus has resulted from studies of
periodically expressed genes, especially the genes involved in
flagellar biogenesis and function (21, 27). The 5’ regulatory
regions of some of the flagellar genes have been shown to
contain a set of activated promoters that are transcribed by a
>* RNA polymerase holoenzyme (3, 19). These promoters
contain the consensus sequences recognized by the enteric o>*
at positions —12 and —24 (4, 19, 22). Other fla genes may be
regulated by a second alternative sigma factor (5, 30, 35).

Very little information is available on the expression of
genes that are expected to show no cell cycle-dependent reg-
ulation. For instance, biosynthetic genes are likely to be ex-
pressed throughout the cell cycle to fulfill the nutritional re-
quirements of the bacterium. To understand the regulatory
mechanisms involved in the expression of the biosynthetic and
housekeeping genes, we investigated the cis-acting regulatory
elements involved in the expression of a number of such genes.
Analysis of the sequences within the 5’ regulatory regions led
us to propose a consensus promoter sequence for biosynthetic
and housekeeping genes. Site-specific mutagenesis of the ilvBN
and the pleC promoter regions was used to evaluate the role of
the nucleotides composing the proposed consensus.

MATERIALS AND METHODS

Bacterial growth. C. crescentus strains were grown in PYE medium (13), and
Escherichia coli strains were grown in L broth (18). Growth media were supple-
mented with the following concentrations of antibiotics when required: for C.
crescentus, tetracycline at 1 wg/ml, chloramphenicol at 1 pg/ml, and ampicillin at
20 pg/ml; for E. coli strains, tetracycline at 10 pg/ml, chloramphenicol at 25
pg/ml, ampicillin at 100 pg/ml, and kanamycin at 50 pg/ml.
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Oligonucleotide mutagenesis and the construction of mutant of ilvBN promot-
er-cat fusion plasmids. A 260-bp SstI-BamHI DNA fragment containing the
ilvBN promoter region (29) was cloned in pBluescript-II KS+ (Stratagene, La
Jolla, Calif.). This phagemid was designated pJM2-89. A uracil-containing single-
stranded template was prepared by introducing the plasmid pJM2-89 into E. coli
CJ236 (14). The single-stranded template preparation and oligonucleotide mu-
tagenesis procedure were those of the Bio-Rad Muta-Gene system essentially as
described by Kunkel et al. (14). The oligonucleotides used for mutagenesis had
the following designations and sequences: BE70, ACGCATGCTATAACCC
TTTC; BE71, ACGCATGCCCGGACCCTTTC; BE72, GAGCGCCTCCACG
CCCCATC; and BE73, ACGCATGTCATGATCCTTTC. (The substituted
nucleotides are in boldface.) Three oligonucleotides, BE70, BE71, and BE73,
contained changes in the —10 region, and the fourth one, BE72, contained
changes in the —35 region. The oligonucleotides were phosphorylated with T4
polynucleotide kinase and annealed to pJM2-89 single-stranded DNA. DNA
polymerization and ligation were carried out concomitantly in the presence of all
four deoxynucleoside triphosphates (ANTPs), T4 DNA polymerase, and T4 DNA
ligase. The hybrid molecules were used to transform E. coli XL1-Blue (Strat-
agene). The mutated clones were identified by DNA sequence analysis using the
Sequenase version 2.0 kit (Amersham/United States Biochemical Corp., Cleve-
land, Ohio). The mutated promoter fragments were isolated and cloned up-
stream from a promoterless cat gene in the pBluescript KS+ derivative pJM2-90.
Next, the new plasmids were linearized at the single SstI site and cloned into the
C. crescentus-compatible plasmid pRK2L1 (20). To prevent read-through tran-
scription from the oriT region of pRK2L1 into the ilvBN promoter, only recom-
binant plasmids in which the ilvBN sequences were distal to oriT were selected
for further experiments. These plasmids were introduced into C. crescentus, and
chloramphenicol acetyltransferase (CAT) activity was measured in whole-cell
extracts by using [**CJacetyl coenzyme A as directed by the manufacturer (New
England Nuclear, Boston, Mass.).

Oligonucleotide mutagenesis and analysis of the pleC promoter. Two oligo-
nucleotides were synthesized for oligonucleotide mutagenesis of the pleC pro-
moter by PCR. Oligonucleotide BE235 (5'-CGGAATTCGAGCCCACCAAC
CCCAATCGG-3") matches the sequence of the region 480 bp upstream of the
transcription start site of pleC (33). A second oligonucleotide, BE234 (5'-ACAG
GATCCCTTCGCCAAGTCGTGRAYCYARCGTRCCGC-3'), was designed to
introduce a variety of base pair substitutions in the —10 region of the pleC
promoter. For cloning purposes, EcoRI and BamHI restriction sites were in-
cluded at the ends of BE235 and BE234, respectively. The oligonucleotides were
used to amplify the pleC promoter region from pSCW401 (33) as a template. To
obtain different combinations of mutations, the PCR was done in four combi-
nations of Mg?* concentrations and annealing temperatures. The PCR products
were cloned into the pBluescript KS + vector after digestion with EcoRI and
BamHI. Mutant clones were identified by DNA sequence analysis. The EcoRI-
BamHI fragments of mutant clones chosen for further study were purified from
polyacrymide gels and cloned in front of the lacZ gene in the transcription fusion
vector, plac/290 (9). The recombinant clones were confirmed by restriction anal-
ysis and Southern hybridization and introduced into C. crescentus CB15 by
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FIG. 1. (A) S1 nuclease protection of the ilvD transcript. A Narl-Xhol fragment was labeled at the NarI 5’ end and hybridized to 50 wg of in vivo RNA. The S1
digestion was carried out for 30 min at 37°C with 300 U of S1 nuclease. Lanes G, A, T, and C correspond to sequencing reactions of a known DNA fragment. The
S1-protected fragments are indicated. (B) Primer extension mapping of the ilvD transcripts. A 30-nt primer complementary to the ilvD transcript was used for cDNA
synthesis. The same oligonucleotide was used for sequence ladder shown on the right. Lane 1, RNA was prepared from cells grown in a rich medium; lane 2, RNA
was prepared from cells grown in a minimal medium. The sequence spanning the transcription start site is shown, and the transcription start site is marked by an asterisk.
(C) S1 nuclease mapping of the 5’ terminus of the ilvR transcript. A 360-bp Xhol-Sstl fragment which was labeled at the Xhol 5" end was hybridized to 50 pg of in
vivo RNA. The S1 digestion conditions were as described for panel B. The sizes of the protected fragments are indicated.

electroporation. The resultant strains were cultured in M, medium, and B-ga-
lactosidase activity was measured as described by Miller (18).

RNA purification. C. crescentus cells were grown in liquid PYE medium at
32°C with constant aeration. Cultures (100 ml) were centrifuged at 20,000 X g for
10 min at 4°C. The pellet was washed with 10 ml of STE buffer (10 mM NaCl,
10mM Tris-HCI [pH 7.6], 1 mM EDTA) and suspended in 10 ml of the same
buffer. The cell suspension was transferred to a 65°C water bath, an equal volume
of hot phenol (65°C) was added, and the mixture was shaken for 10 min. After
centrifugation at 20,000 X g for 15 min, the hot phenol extraction was repeated,
and the upper phase was extracted with phenol-chloroform-isoamyl alcohol (25:
24:1). Nucleic acids were precipitated by the addition of 2 volumes of cold
ethanol and centrifugation at 20,000 X g for 10 min. The pellet was washed with
75% ethanol, dried briefly, and suspended in 100 wl of DNase I buffer (40 mM
Tris-HCI [pH 8.0], 6 mM MgCl,, 10 mM NaCl) containing 1 U of RNase-free
DNase 1. After incubation at 37°C for 1 h and phenol-chloroform extraction, the
RNA was precipitated by the addition of 2 volumes of ethanol. Following cen-
trifugation, the pellet was washed with 75% ethanol, air dried, and suspended in
distilled water. The RNA concentration was determined by optical density mea-
surements at 260 nm.

Primer extension analysis. Total cellular RNA (50 pg) and 10° cpm of primer
were coprecipitated with 2 volumes of ethanol and suspended in 30 ul of S1
hybridization buffer (25). The solution was incubated at 90°C for 3 min, then at
65°C for 5 min, and finally at 33°C overnight. After the RNA-primer annealing,
the nucleic acids were precipitated, washed with 75% ethanol, and suspended in
25 ul of extension buffer (50 mM Tris-HCI [pH 8.3], 100 mM KCl, 10 mM MgCl,,
10 mM dithiothreitol, 0.5 mM dNTPs, and 5 U of avian myoblastosis virus
reverse transcriptase). After 1 h at 42°C, the reaction was stopped by the addition
of 2 pl of 0.25 M EDTA and extracted with phenol-chloroform, and the nucleic
acids were precipitated by the addition of 2 volumes of cold ethanol. After
centrifugation, the pellet was washed with 75% ethanol, air dried, and suspended
in loading buffer. The reaction products were fractionated on an 8% denaturing
polyacrylamide gel and visualized by autoradiography.

RESULTS

Determination of the 5 terminus of the ilvD and the ilvR
transcripts. The ilvR and ilvD genes of C. crescentus are diver-
gently transcribed from a common regulatory region, and the

ilvR gene product exhibits homology to the LysR family of
transcriptional activators (15). The members of this family of
transcriptional regulators often are activators of upstream
genes that are divergently transcribed (12). Similarly, the IIVR
protein was shown to be a transcriptional activator of the
upstream and divergently transcribed ilvD gene (15). To map
the transcription initiation site of the ilvD transcript, a Narl-
Xhol fragment containing the promoter regions for both the
ilvD and ilvR genes was labeled at the Narl 5’ end and hybrid-
ized to total cellular RNA. After nuclease S1 digestion, the
DNA fragments protected from S1 nuclease were analyzed on
a denaturing polyacrylamide gel. One major band of about 75
nucleotides (nt) was detected (Fig. 1A). The 3’ end of this
fragment corresponds to an adenine residue 23 nt upstream
from ilvD translation start codon. The transcription initiation
site at this position was confirmed by a primer extension ex-
periment. Primer BE-59 is complementary to the coding strand
at a position 58 to 88 nt downstream from ATG start codon.
This primer was used in both the primer extension assay and a
set of sequencing reactions to obtain a precise transcription
start point. This experiment yielded a 111-nt cDNA (Fig. 1B).
The size of this signal placed the apparent transcription start
site at the same adenine residue indicated by the S1 nuclease
mapping experiment (Fig. 1A).

The transcription start site for the ilvR gene was determined
by an S1 nuclease protection assay. A 360-bp fragment labeled
at the 5’ end of the strand complementary to the ilvR RNA was
isolated and hybridized with total cell RNA from C. crescentus
cells with or without a plasmid harboring the ilvR gene. Two
DNA probes of 209 and 206 nt were protected from nuclease
S1 digestion (Fig. 1C). The sizes of the protected fragments
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-35 ilvR -10 +1

CATGGGGTCAATCCAATGTCGGTCGTAAGGTCTTTTACGCGAGGTCGGATCGATCAAAARATATATTARTTGGCGGTGATTAAGTCGCTAGACCTATAACAATG

GTACCCCAGTTAGGTTACAGCCAGCATTCCAGARARTGCGCTCCAGCCTAGCTAGTTTTTTATATAATTAACCGCCACTARTTCAGCGATCTGGATATTGTTAC

+1 -10 ilvD

FIG. 2. DNA sequence of the ilvD-ilvR promoter region. The transcription start sites are indicated by +1. The proposed —10 and —35 regions are underlined.

were calculated on the basis of the sizes of the comigrating
reference sequencing reactions. Fragments corresponding to
these two start positions were present in additional experi-
ments with different DNA probes and independent RNA iso-
lations (data not shown). The 5’ end of the larger protected
fragment (209 nt) coincides with the adenine residue of the
ATG translation start codon of the ilvR gene. The start site of
the smaller transcript (206 nt) corresponds to a guanine resi-
due immediately downstream from the ATG codon. It is not
known whether the smaller protected fragment represents an
independent transcript or a degradation product of the larger
transcript. The assignment of the ATG start codon to this
position was based on the lack of any other potential start
codon and the amino acid sequence homology of the ilvR
protein with other LysR-type proteins (15). A summary of the
promoter regions for ilvD and ilvR is shown in Fig. 2.

Determination of the 5 terminus of the cysC mRNA. The
¢ysC gene is required for cysteine biosynthesis in C. crescentus
(2). The cloned gene was identified by complementation of a
cysteine auxotroph (26), and the DNA sequence was deter-
mined for part of the gene corresponding to the promoter
region and the 5’ end of the coding region. The open reading
frame corresponding to the csyC coding region was identified
by codon preference analysis. The transcription initiation site
of the cysC gene was defined by primer extension analysis using
a 30-mer oligonucleotide specific for the cysC coding region.
The 3’ end of this primer was 87 nt downstream from the cysC
start codon. This experiment revealed a 193-nt fragment rep-
resenting an extension product terminating at a position 76 nt
upstream from the ATG codon (Fig. 3A).

Determination of the 5 terminus of the fdxA mRNA. The
fdxA gene codes for the C. crescentus ferredoxin I (32). The
promoter for the fdxA gene was defined by primer extension
analysis using a 30-base oligonucleotide 77 nt downstream
from the ATG translation initiation site. One major band,

A=4APHOEPPPOAD
v
-
1
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FIG. 3. Determination of the 5’ ends of mRNA from the cysC and fdxA4 genes
by primer extension analysis. **P-radiolabeled primers complementary to the 5’
ends of cysC (A) and fdxA (B) were hybridized to 50 pg of total cell RNA. Primer
extension products were analyzed on a 5% sequencing gel. The sequencing
ladder (lanes G, A, T, and C) represents products of the sequencing reactions
obtained by using the same oligonucleotides as used for primer extensions. The
sequences shown are antisense strands. The asterisks show the bases represent-
ing the start of the transcription.

representing an extension product terminating 117 nt upstream
from the ATG start codon, was observed on polyacrylamide
gels (Fig. 3B).

Determination of the 5 terminus of the pleC mRNA. The
pleC gene codes for a histidine protein kinase critical for polar
development in C. crescentus (33). The transcriptional start site
for pleC was determined by primer extension using a 30-base
oligonucleotide 66 bp downstream of the ATG translational
start codon of the pleC gene. As shown in Fig. 4, two major
bands three bases apart were observed. The stronger, top band
was designated the transcriptional start site and was 55 bases
upstream from the ATG codon of pleC. The transcriptional
start site was further confirmed by S1 mapping (data not
shown).

Comparison of the promoter sequences for biosynthetic and
housekeeping genes. There are a number of other constitu-
tively expressed genes of C. crescentus for which the transcrip-
tion initiation sites have been determined. An alignment of the
known promoter sequences with the promoter sequences of
the ilvD, ilvR, cysC, fdxA, and pleC genes allowed us to propose
a consensus sequence for these C. crescentus promoters (Fig.
5). The resulting consensus is similar to that of E. coli in the
—35 region but differs in the —10 region.

Promoter sequence mutagenesis. To demonstrate that the
nucleotide sequences in the proposed promoter consensus se-
quence play a role in determining the efficiency of these pro-
moters in vivo, oligonucleotide-directed mutagenesis was used
to make nucleotide substitutions in the ilvBN promoter se-
quence (29). Mutations which make the ilvBN promoter se-
quence either more similar to or divergent from the proposed
consensus promoter sequence were designed (Table 1). Dou-
ble base substitutions were introduced at the flanking C nucle-
otides, the central nucleotides in the —10 region, and the
highly conserved nucleotides in the —35 region. DNA frag-
ments containing the wild-type i#lvBN promoter and the mu-
tated promoters were placed upstream from a promoterless cat
gene on plasmid pRK2L1 and introduced into C. crescentus.
The effect of base substitutions on promoter activity was ex-

G A TC 1
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FIG. 4. Determination of the 5’ end of the pleC mRNA. A primer comple-
mentary to the pleC mRNA at a position 66 to 95 bases downstream from the
ATG was labeled with [y->?PJATP by using T4 polynucleotide kinase and hy-
bridized to 100 pg of total C. crescentus mRNA. The primer was extended by
reverse transcriptase, and the extended product was analyzed on a 5% sequenc-
ing gel adjacent to a sequencing ladder generated from the same primer. The
sequences shown are antisense strands. The asterisk and arrow represent the
start site for pleC mRNA.
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C. crescentus

GENE _=35
11vB AAAGAGCGCCTTGACGCCCCATCTT
ilvR AATATATTAATTGGCGGTGATTAAG
ilvD AATATATTTTTIGATCGATCCGACC
fdxA CGGAGGCGGCATGGCECCGCCGGCC
cysC CGGCGGCGCCATGLCGCCTCCGCGA
tIpF AACGCGCCGCTTGAGCGACTCGCCA
dnaA AGTTTTCCGTITGACCGGCCCCCTC
dnaK CGAAGCGGGGTTGACGGGCTCGTCA
rrnA CGCGAGGGGGITGECLAGTCGCCGGC
hemE ACGTCCGGGCTTGAGCCGGAGCCCG
rsaA AATTCGGCTATTGTCGACGCATGAC
pleC CGCTTCGGCGGTGACGCGAACGGCG

-10 +1
ACGCATGCCATGAECCTT TCCG
TCGUTAGACCTATA ACAA
TCGCGTAAAAGAC  CTTA
ACCGCCCCAGAAATGCG  CGTG
CAATCGGITATCTCCGTG AAAA
AGTCGGCCAAATCTICT GG
CGCTGGCTAGTTIAAGG  GTC
AAACTTCGCACAACGCAT TCCG
TGGCCGACTAGATCACCG  CC
CGCCGGGLTTTAACCCGG TCCA
GTTTGCTCTATAGECATC  GCT
CGGTACGFTAGATTCACG  ACT

Consensus TTGacCygs 10-14 GCtANAWC 5-7 N

E. coli TTGACa 16-19 TAtAaT 5-9 A

FIG. 5. Compilation of sequences of the promoter regions of housekeeping
and biosynthetic genes. The —10 and —35 promoter regions, which are separated
by 13 to 16 nt, are indicated. The consensus promoter sequence is shown at the
bottom. The promoter sequences (and references) are as follows: ilvD, ilvR, cysC,
fdxA, and pleC (this study); ilvBN (29); trpF (24); dnaA (36); dnaK (10); rrA (1);
hemE (17); and rsaA (8). The proposed consensus sequence was based on the
frequency of the occurrence of each nucleotide at a particular position. A base
was considered part of the consensus if it was the primary one used at that
position. Nucleotides that appeared in fewer than 70% of the promoter se-
quences are shown in lowercase letters. Nucleotides were assigned to each
position in the consensus sequence on the basis of the frequency of occurrence
of each nucleotide in the —10 and —35 promoter regions of the promoters. All
promoter sequences are based on S1 nuclease mapping and primer extension
analysis using in vivo RNA. An S in the consensus sequence indicates C or G, a
W indicates A or T, and an N indicates any nucleotide. Lowercase letters indicate
that the designated base was present in 7 of the 12 promoters examined; upper-
case letters indicate that the designated base was present more than seven times.
The E. coli promoter consensus sequence is also shown (11).

amined by assaying for CAT activity in cell extracts prepared
from all clones carrying the hybrid plasmids (Table 1). A strain
carrying plasmid pJM122, in which the internal AT dinucle-
otide of the —10 region was replaced with a CG dinucleotide,
had activity threefold lower than that of a strain carrying the
wild-type promoter sequence in pJM120. Nucleotide substitu-
tions at the flanking C residues in pJM124 resulted in approx-
imately a fourfold reduction in promoter activity. The replace-
ment of a T at position —11 and deletion of an A at position
—12, in pJM121, resulted in a 10-fold decrease in CAT activity.
Similarly, base substitutions at the —35 region, which replace
the highly conserved TG nucleotides with CC, resulted in a
10-fold decrease in the CAT activity. On the other hand, re-

TABLE 1. Activities of the mutant ilvBN promoters”

DNA sequence at:

Gene or plasmid s 0 &Znailgg
Consensus TTG GCtANAWC
ilvBN (wild type) TTG GCCATGAC
pIM120 100
pIM122 CG 36 =8
pIM121 AG 101
pIM125 T A 970 = 140
pIM124 T T 23+ 8
pLM126 CcC 13 =20

“The mutated promoter fragments were fused to the cat gene, and CAT
activity was measured in cultures of strains carrying different cat fusions.

b Sequence alterations resulting from in vitro site-specific mutagenesis of the
ilvBN promoter region are shown. Substitutions from the wild type are shown at
their appropriate positions. Dots indicate identity to the base at that position in
the wild-type ilvBN promoter.

¢ Relative activity compared with that of pJM120, which has a DNA sequence
identical to that of the wild-type ilvBN promoter.
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TABLE 2. Relative activities of the mutant pleC promoters

B-Galactosidase

Promoter or .
activity” (mean

plasmid

—10 region DNA
sequence”

+'SD)
Consensus GCtANAWC
pleC promoter GTAC GTTAGATT
pLEC2910 100 =3
pLEC2902 C 189 =3
pLEC2907 C 210 = 4
pLEC2903 C C 155 £ 0.7
pLEC2908 C C 154 =1
pLEC2906 C C 239 +2
pLEC2904 C C C 156 = 4
pLEC2901 C C C 34+3
pLEC2912 C G C 43+ 1
pLEC2911 C G G C 07

“ The DNA sequence of the wild-type pleC promoter at the —10 region was
compared with the consensus shown in Fig. 5. Substitutions from the wild type
are shown at their appropriate positions. Dots indicate identity to the base at that
position in the wild-type pleC promoter.

b Relative activity compared with that of pLEC2910, which has a DNA se-
quence identical to that of the wild-type pleC promoter.

placing two internal C and G residues of the —10 region with
T and A, respectively, resulted in a 10-fold increase in pro-
moter activity. These two substitutions change nonconsensus
nucleotides to consensus nucleotides at positions —10 and
—13.

Further support for the consensus sequence was obtained by
mutagenesis of the pleC promoter. The pleC promoter is a
relatively weak promoter that lacks the conserved C residues at
either end of the —10 region. Various changes were introduced
into the —10 region or the spacer region by using a degenerate
primer complementary to the promoter region (Table 2).
When either or both of the terminal C residues was present in
the —10 region, promoter activity increased approximately
twofold. However, changing the conserved A located three
residues from the end of the —10 region caused a 60% reduc-
tion in promoter activity. Furthermore, changing both of the
conserved A residues to G’s eliminated promoter activity en-
tirely. Changing a T residue to a C in the spacer region had no
effect on pleC promoter activity. In combination, these data
indicate that the proposed consensus sequence is valid and
suggest that its base composition is close to an optimal pro-
moter sequence for constitutively expressed genes in C. cres-
centus.

DISCUSSION

Using high-resolution S1 nuclease protection and primer
extension analyses, we have located the transcription initiation
sites of the ilvR, ilvD, cysC, fdxA, and pleC genes of C. crescen-
tus. The 5’ regulatory regions of these genes were compared
with those of other previously published biosynthetic or house-
keeping genes. These promoters were aligned on the basis of
their obvious similarity at sequences similar to the —35 region
of the E. coli ¢”° consensus promoter sequence (11). The level
of similarity at the 5’ regulatory sequences of these promoters
suggested that the transcription was mediated via a common
sigma factor. A comparison of these sequences allowed us to
propose a consensus promoter sequence for biosynthetic and
housekeeping genes in C. crescentus. The —35 region consen-
sus promoter sequence (TTGACGS) is similar to the corre-
sponding region of the promoters recognized by the E. coli
RNA polymerase. However, the —10 region (GCTANAWC) is
significantly different from the corresponding regions of o’°
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promoters. Also, the spacer region is slightly shorter in C.
crescentus than in E. coli, and the base at +1 is not conserved
in C. crescentus. In accordance with these differences, none of
the C. crescentus gene promoters tested are expressed in E. coli
(28, 31, 34). This finding suggests the involvement of a sigma
factor with a specificity different from that of the o’ of E. coli.
Alternatively, an additional regulatory feature(s) may be re-
quired for the expression of some of these genes.

Prior to this analysis, the inability of E. coli to express genes
from C. crescentus was rather puzzling since the E. coli tran-
scriptional machinery recognizes transcriptional signals from a
wide range of microorganisms as divergent as Bacillus subtilis
(6) and Saccharomyces cerevisiae (23). In another report (16),
we show that when the C. crescentus rpoD gene is fused to the
E. coli lacZ promoter, it is expressed in E. coli. From sequence
comparisons and other data, we concluded that rpoD encodes
the principal sigma factor of C. crescentus. Thus, the barrier to
C. crescentus gene expression in E. coli appears to be at the
level of transcription (16). Furthermore, in the case of the pleC
and fdxA promoters, which are not normally expressed in E.
coli (31), we have demonstrated that expression occurs in E.
coli strains which express the C. crescentus rpoD gene (16).
Therefore, our results indicate that the inability of E. coli to
transcribe the C. crescentus biosynthetic and housekeeping
gene promoters is due to differences in the sigma factor sub-
units.

The results of in vitro mutagenesis of the ilvBN and pleC
promoters indicated that (i) the proposed —10 and —35 re-
gions of this promoter are involved in C. crescentus RNA
polymerase interactions; (ii) base substitutions that decrease
similarity to the consensus promoter sequence decrease pro-
moter activity by 30 to 100%; and (iii) mutations that increase
similarity to the consensus promoter sequence increase pro-
moter activity. The sequence of the promoter for the rsa4
gene, which codes for the paracrystallin surface array protein,
matches the consensus sequence most closely. Since this gene
encodes one of the most abundant proteins in C. crescentus (7),
this concordance provides additional evidence that the pro-
posed consensus is close to the optimal sequence for promot-
ers recognized by the principal sigma factor of C. crescentus.
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