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o8 RNA polymerase is an alternative RNA polymerase that has been postulated to have a role in develop-
mental gene regulation in Chlamydia. Although a consensus bacterial o>® promoter sequence has been
proposed, it is based on a relatively small number of defined promoters, and the promoter structure has not
been systematically analyzed. To evaluate the sequence of the o*®*-dependent promoter, we performed a
comprehensive mutational analysis of the Chlamydia trachomatis hctB promoter, testing the effect of point
substitutions on promoter activity. We defined a —35 element recognized by chlamydial o*®* RNA polymerase
that resembles the consensus —35 sequence. Within the —10 element, however, chlamydial o>®* RNA polymer-
ase showed a striking preference for a CGA sequence at positions —12 to —10 rather than the longer consensus
—10 sequence. We also observed a strong preference for this CGA sequence by Escherichia coli o*®* RNA
polymerase, suggesting that this previously unrecognized motif is the critical component of the —10 promoter
element recognized by o*®* RNA polymerase. Although the consensus spacer length is 11 nucleotides (nt), we
found that o*®* RNA polymerase from both Chlamydia and E. coli transcribed a promoter with either an 11- or
12-nt spacer equally well. Altogether, we found very similar results for o>®* RNA polymerase from C. trachomatis
and E. coli, suggesting that promoter recognition by this alternative RNA polymerase is well conserved among
bacteria. The preferred ¢*® promoter that we defined in the context of the hctB promoter is TAAAGwwy-n, ;-
ryCGAwrn, where w is A or T, r is a purine, y is a pyrimidine, n is any nucleotide, and n,,,,, is a spacer of 11

or 12 nt.

Bacteria use alternative forms of RNA polymerase to regu-
late the transcription of separate classes of genes through spe-
cific recognition of distinct promoter elements. In the human
pathogen Chlamydia, an alternative RNA polymerase contain-
ing 0®® has been proposed to be a stage-specific regulator of
gene expression (21) because it transcribes ActB, a gene that is
only expressed at late time points in the chlamydial develop-
mental cycle (1, 5). hctB is the only known o?®-regulated gene
in Chlamydia, and we are interested in analyzing the promoter
that is recognized by chlamydial o*®* RNA polymerase as an
approach for identifying additional o*5-regulated genes.

Although a consensus bacterial ¢?® promoter is available,
there are limitations in utilizing this sequence to find chlamyd-
ial 0?%-dependent promoters. This consensus sequence consists
of two promoter elements spaced 11 nucleotides (nt) apart
(TAAAnnnn-n,;-GCCGATAA, where n is any nucleotide,
and n,, is a spacer of 11 nt) (3, 11), and additional sequences
in the upstream —35 element have been proposed to form an
extended 0% promoter (TAAAGTTT-n,,-GCCGATAA) (12).
However, these consensus promoter sequences were derived
from the alignment of about a dozen o*®-dependent promoters
compared to over 100 for the consensus o’® promoter (8, 10,
15). This small sample population also limits the ability to
determine which positions in the ¢** promoter are most im-
portant for transcriptional activity and the nucleotide prefer-
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ence at these positions. Additionally, the consensus sequence
was mostly derived from promoters in Escherichia coli, Salmo-
nella, and Bacillus, and it is not known if o*® promoter struc-
ture is well conserved among other bacteria.

As an alternative to deriving a consensus from known pro-
moter sequences, we can also define a promoter by determin-
ing which promoter sequences are most highly transcribed by
RNA polymerase. We have previously used this approach to
establish the promoter for ¢°, the chlamydial homolog of o”°
(18, 19). We performed a comprehensive mutational analysis
on a single o°® promoter and determined the optimal promoter
sequence transcribed by Chlamydia trachomatis 5°© RNA poly-
merase and E. coli 0’ RNA polymerase in vitro. The se-
quences determined for both polymerases closely resemble the
E. coli consensus ¢’ promoter, supporting the use of this
approach for defining promoter structure.

In this study, we have used a similar comprehensive muta-
tional analysis on the hctB promoter to determine the o*®
promoter sequence in Chlamydia. Point substitutions at many
positions in both the —35 and —10 promoter elements caused
large decreases in promoter activity with an in vitro transcrip-
tion assay using chlamydial o*® RNA polymerase. These re-
sults allowed us to determine the relative nucleotide prefer-
ence at each position in the promoter. From this analysis, we
propose a sequence for the chlamydial o*®-dependent pro-
moter that resembles the consensus bacterial 0°® promoter but
with greater prominence given to a distinct sequence motif
(CGA) in the —10 element that appears to be critical for
promoter activity. We have also determined the optimal spacer
length between the two promoter elements. We obtained very
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similar results with E. coli 0*® RNA polymerase, suggesting
that the promoter specificity of 0*®* RNA polymerase is con-
served between Chlamydia and E. coli.

MATERIALS AND METHODS

Cloning of the o gene. Cloning of the C. trachomatis serovar L2 o® gene into
a His-tagged expression vector pRSET-C was previously described (21).

E. coli flid, which encodes the gene for ¢%%, was cloned into a His-tagged
expression vector pRSET-C to produce plasmid pMT1379. The insert (contain-
ing the entire 0® gene with the exclusion of the start codon) was amplified by
PCR from E. coli K-12 genomic DNA by Tgo DNA polymerase, using PCR
primers T688 (5'-AATTCACTCTATACCGCTGAAGGT) and T628 (5'-CCC
GGTACCTTATAACTTACCCAGTTTAGTGCGTA). The PCR product was
digested with KpnlI and cloned into pRSET-C between Kpnl and blunted BamHI
sites.

Overexpression and purification of ¢, C. trachomatis serovar 1.2 Hisg-6>°
was overexpressed in E. coli BL21(DE3) and purified, as previously described
(21), to a concentration of 35.7 pg/ml.

E. coli Hise-0® was expressed in E. coli BL21(DE3) cells freshly transformed
with pMT1379. A total of 250 ml of cells was grown at 37°C to an optical density
at 600 nm of 0.5 and induced with 2 mM isopropyl-B-p-thiogalactosidase. After
3 h, cells were collected by centrifugation, resuspended in 10 ml of buffer N (10
mM Tris [pH 8.0], 0.3 M NaCl, 10 mM B-mercaptoethanol) containing 20 mM
imidazole, and disrupted with a Branson Sonifier 450 (four times for 30 seconds
each time). E. coli 0 protein was then purified from the pellet under denaturing
conditions. The protein pellet was solubilized with 5 ml of buffer B (20 mM Tris
[pH 8.0], 500 mM NaCl) containing 6 M guanidine hydrochloride. Proteins were
purified with a 1-ml nickel HiTrap chelating column (Amersham Bioscience,
Piscataway, N.J.). Bound proteins were washed sequentially with 10 ml of buffer
B containing imidazole at a concentration of 5 mM and then 30 mM. His-tagged
a?® protein was eluted with 5 ml of buffer B containing 250 mM imidazole.
Purified 0® protein was dialyzed overnight with two changes of 500 ml of storage
buffer (50 mM Tris [pH 8.0], 200 mM KCl, 10 mM MgCl,, 10 uM ZnCl,, 1 mM
EDTA, 5 mM 2-B-mercaptoethanol, 20% glycerol). The concentration of the
purified E. coli 0 protein was approximately 115.8 p.g/ml.

Construction of the wild-type hctB transcription template. The ActB promoter
region (—39 to +6) from C. trachomatis serovar L2 was amplified from genomic
DNA by PCR with primers T327 (5'-CCCGAATTCTTTATTAAAGTTTTTCA
TTCTCCTTGTC) and T335 (5'-ATTTATTTGATCTATCGACAAGGAGA
AT). The promoter insert was cloned upstream of a promoterless G-less cassette
transcription template in plasmid pMT1125 (20). Transcription of the plasmid by
2% RNA polymerase produced a 130-nt transcript.

Construction of hctB transcription templates containing mutations. Individual
mutant promoters were produced by PCR, with the desired mutation introduced
on an oligonucleotide primer. Each template contained the ActB promoter re-
gion from —39 to +6. A 5-bp substitution was introduced into the —35 element
by altering the sequence from —32 to —28 (AAGTT to CCTGG) or into the —10
element by changing the sequence from —14 to —10 (GTCGA to TGATC). A
total of 84 mutant ictB promoters (—39 to +6) with single base pair substitutions
in the —35, —10, or flanking regions were produced, so that the effect of all
possible single substitutions from —37 to —24 and —17 to —4 could be tested.
Mutants with different spacing lengths of 9, 10, 11, and 13 nt were generated with
insertions and deletions in the middle of the spacer. The mutant ictB promoters
were cloned upstream of a promoterless G-less cassette transcription template in
plasmid pMT1125 as previously described (20).

In vitro transcription. Transcription reactions were performed as previously
described (21). Each chlamydial ¢® transcription reaction was performed with
C. trachomatis o*® RNA polymerase that had been reconstituted by mixing 1 pl
of C. trachomatis recombinant Hiss-0® with 1 ul of heparin-agarose-purified C.
trachomatis RNA polymerase at 4°C for 15 min, immediately prior to the tran-
scription reaction. For E. coli 6%, each transcription reaction was carried out
with E. coli 0®® RNA polymerase reconstituted from 1 ul of E. coli recombinant
Hisg-02® and 0.03 U of E. coli core enzyme (Epicenter, Madison, Wis.).

Calculation of promoter activity. The relative promoter activity was deter-
mined by normalizing the promoter activity of each mutant promoter to that of
the wild-type hctB promoter, which was defined as 100% activity. Three mea-
surements of relative promoter activity were obtained for each promoter, and a
mean and a standard deviation were calculated. Relative changes in promoter
activity (n-fold) were obtained by comparing the relative promoter activity of
each mutant promoter to that of the wild-type ActB promoter.
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-35 -10
core 628 consensus TAAANNNN nll GCCGATAA
extended 628 consensus TAAAGTTT nll GCCGATAA
hctB promoter TAAAGTTT nl2 GTCGATAG

FIG. 1. The sequence of the /ctB promoter aligned with bacterial
core and extended o®® consensus sequences. The —35 and —10 pro-
moter elements are separated by a spacer length of 11 or 12 nt.

Generation of the sequence logo. All sequence logos were derived using We-
bLogo, which is available online at http://weblogo.berkeley.edu. The format for
data input into this site is a series of sequences. To adapt our data to this format,
we first calculated the proportion of promoter activity attributable to each of the
four possible nucleotides at each of the 28 positions that we tested. This 28-by-4
matrix of individual contributions was transformed into representative nucleo-
tide sequences using a custom computer algorithm written by Dennis Kibler
(University of California, Irvine), and entered into the online WebLogo form.
The resulting sequence logo consists of stacks of letters at each position. The
height of the stack indicates the importance of a particular position. The height of an
individual letter within a stack indicates the relative preference for that nucleotide
based on transcriptional activity (with a maximum height defined as 2 bits).

RESULTS

Substitution of the —35 and —10 regions of the hctB pro-
moter decreased transcription by C. trachomatis > RNA poly-
merase. In previous studies, we have found that a comprehen-
sive mutational approach for defining a promoter sequence
works best with a strong promoter because it increases the
likelihood of measuring the effect of an individual point sub-
stitution on transcriptional activity (18). The C. trachomatis
hctB promoter was considered to be a good candidate because
it strongly resembles the ¢** extended consensus promoter
(Fig. 1) and is highly transcribed by both chlamydial and E. coli
o*® RNA polymerases (12, 21). To test this premise, we deter-
mined that 5-bp substitutions in either the —35 or the —10
promoter element of the hctB promoter caused an almost
complete loss of promoter activity using an in vitro transcrip-
tion assay with C. trachomatis o*® RNA polymerase (data not
shown). These findings confirm that each element contains
sequences that are important for promoter activity.

Many point substitutions in the —35 promoter region de-
creased transcription by C. frachomatis o> RNA polymerase.
We next tested whether single base substitutions had an effect
on promoter activity with our chlamydial ¢*® in vitro transcrip-
tion assay. For both the —35 and —10 elements of the hctB
promoter, we examined eight positions within the element and
an additional three flanking positions on either side. At each
position, we constructed transcription templates containing
each of the three possible point substitutions. Altogether, we
individually tested 84 mutant promoters and compared the
level of transcription to the wild-type ActB promoter. A sum-
mary of the contribution of each mutant promoter to transcrip-
tional activity is provided in Table 1. The majority of point
substitutions produced a significant decrease in transcription,
as will be discussed further.

Most substitutions within the core —35 promoter element
(TAAA) produced large decreases in promoter activity, with a
greater than 10-fold reduction in transcription. For example, at
position —34, substitution of the T with an A completely ab-
rogated transcription. Changing the T to a C or G decreased
transcription by 33-fold and 75-fold, respectively (Fig. 2A).



5526 YU ET AL. J. BACTERIOL.
TABLE 1. Promoter activities of 4ctB promoter templates with single point substitutions
Relative promoter activity (= SD) with the indicated substitution®
Position \Ygggig © C. trachomatis RNA polymerase Escherichia coli RNA polymerase

A C G T A C G T
—37 T 215 £22 31939 274 £48 100 10.0 £ 2.1 183 5.0 112 £3.1 100
—36 A 100 162 + 2.7 36.1 £6.9 46.4 = 10.5 100 9.1+33 187172 26.8 = 12.5
=35 T 101.8 = 182  129.7 £ 21.5 533 £ 139 100 70.6 =351  109.7 = 54.3 26.7 = 11.4 100
—34 T 0.0=03 3.1+0.7 14+03 100 0.0 =03 1.5 *0.1 03 +0.1 100
-33 A 100 11224 1202 13320 100 53+09 1.5+03 44 x05
—32 A 100 5709 09+0.2 6.5+ 1.8 100 25+0.2 05 +0.1 21x02
-31 A 100 46*1.0 224 £52 7.6 £0.1 100 23+0.3 199 04 45*03
—30 G 1.1 0.6 15112 100 74 +1.2 0.6 £0.1 7.4 0.8 100 21*04
-29 T 119.6 = 5.2 13.0 £ 0.7 441 £22 100 82.1 +3.9 6.1 £0.6 20.1 = 0.6 100
—28 T 130.2 = 6.6 85+ 1.1 221 *1.0 100 758 2.4 48 0.2 9205 100
—27 T 7.1 %20 96.4 + 4.1 7.7%09 100 27+04 76.8 = 4.7 42+02 100
—26 T 155 =45 293 8.9 322 +104 100 75+21 132 2.6 14.0 £ 3.8 100
-25 T 845+ 45 234 3.7 225 €24 100 70.4 = 10.5 14.8 =35 10.8 £ 3.0 100
—24 C 285 £2.6 100 80.2 =79 26.7 £ 3.4 115 £2.0 100 619+ 144 123 %23
—-17 C 354 £6.8 100 253 £4.6 348 = 11.1 277+ 1.9 100 145 €15 214 = 1.7
—16 T 141.0 = 26.5 54.4 = 10.6 54.8 £13.0 100 121.0 £ 15.1 30.8 = 6.3 373 +43 100
-15 T 315 £53 345 6.0 59.2 £ 16.8 100 16.2 £ 4.5 123+ 1.1 369 = 11.2 100
—14 G 334 £58 12.6 £ 3.5 100 16.4 £ 4.6 99+ 1.7 24*+04 100 3.0*+04
-13 T 426 £72 558 7.7 0.9 = 0.03 100 289 = 0.9 535%72 13.3 £ 0.6 100
—12 C 20x0.2 100 0.7*+0.3 6.1+ 1.1 0.7 £ 0.03 100 03 x0.1 09 *=0.2
-11 G 2.7x0.5 3.6 04 100 1003 09 *13 1.3*+04 100 02x0.1
—10 A 100 0x05 0.1x0.1 1.9 =05 100 29+0.8 1.4 =05 133+13
-9 T 124.8 = 6.8 394 +55 109 =05 100 119.3 = 19.6 483 £ 6.3 6.7+ 15 100
=8 A 100 48*+09 39.0 6.3 302 £4.7 100 2609 19.1 £ 2.6 19.0 £ 42
=7 G 553 %92 384 +82 100 459 £ 6.6 37.7+33 203 £ 1.5 100 34552
—6 A 100 30.0 = 7.6 719 £220 364 *89 100 8.0x1.5 441132 135%35
=5 T 183.9 =243 393 +6.3 348 3.0 100 153.5 = 31.0 13.1 £ 0.6 120 £ 1.1 100
—4 C 51.8 £7.7 100 160.2 =36.0 47.0 =124 33.1+7.6 100 1749 =246 327*6.5

“ The relative promoter activity was determined by normalization to the activity of the wild-type hctB promoter, which was defined as 100%. Each value represents

the mean of three independent experiments and their standard deviation.

From these results, it is clear that a T is the preferred nucle-
otide at position —34 for transcriptional activity within this
promoter context. The least effect in the core —35 promoter
element was at —31, but even here, alteration of the wild-type
A decreased transcription from 4.7-fold to 22-fold, depending
on the substitution (Fig. 2B).

We also tested the GTTT sequence directly downstream of
the TAAA core —35 element that has been proposed to be
part of an extended o*® promoter (12). Point substitutions in
each of these four positions from —30 to —27 decreased tran-
scription, although to different degrees. For instance, the
greatest effect was at position —30, where the wild-type G was
preferred and a C, T, or A substitution produced a 7-, 14-, and
106-fold decrease in promoter activity, respectively. There was
a lesser effect at positions —29 and —28, where T and A were
equally favored, and at —27, where the pyrimidines (T or C)
were preferred.

Mutations in the three positions upstream and downstream
of the predicted —35 promoter element had much less of an
effect on transcriptional activity. The largest effect was a sev-
enfold decrease for a T to A substitution at position —26. Only
3 of the 18 point substitutions in these flanking positions pro-
duced a decrease in transcription of at least fivefold compared
to the wild-type ActB promoter. In contrast, 18 of the 24 sub-
stitutions in the extended —35 element reduced transcription
by fivefold or greater. These results demonstrate that the flank-

ing sequences contribute little to overall promoter activity
compared to the extended version of the —35 element.

The results for the entire —35 region can be visualized in a
graphical format shown in Fig. 2A, which displays relative
decreases in promoter activity (n-fold) for each point substi-
tution and position compared to the wild-type ictB promoter.
The most important positions were —34 to —30 (TAAAG)
with a smaller contribution at —28 (A or T) and —27 (a py-
rimidine). The sequence at position —29 within the extended
—35 region and the flanking positions from —37 to —35 and
—26 to —24 had minimal effects on transcription.

Point substitutions in the —10 promoter region that de-
creased transcription by C. trachomatis 6*® RNA polymerase
are clustered. Although many point substitutions in the —10
region affected the activity of the hctB promoter, the ones with
the largest effect were physically clustered. Fourteen of the 24
point substitutions caused greater than a fivefold decrease in
transcription, and the greatest effects were at positions —12 to
—10 (Fig. 2C). At —12, a substitution of C to G decreased
transcription 157-fold while A and T substitutions resulted in
decreases of 50-fold and 17-fold, respectively. Substitutions at
—11 (Fig. 2D) and —10 caused more than a 20-fold reduction
in promoter activity. In contrast, the effects of substitutions at
the other positions (—14, —13, —9, and —8) were relatively
modest, and there was no nucleotide preference at —7. The
sequences flanking the predicted —10 promoter had little or no
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FIG. 2. Effect of point substitutions within the 4ctB promoter on in vitro transcription by C. trachomatis o> RNA polymerase. All three possible
point substitutions were tested at each position in the —35 element from —37 to —24 (A) and in the —10 element from —17 to —4 (C). The
wild-type sequence of the predicted element is shown below each graph. Changes in promoter activity are depicted as the decrease (n-fold) relative
to wild-type promoter activity. Decreases greater than 200-fold are not shown as extending below the bottom axis. Each bar represents the mean
of three independent experiments. Sample transcription of DNA templates containing the wild-type (wt) ActB promoter and point substitutions

of positions —31 (B) and —11 (D) are shown.

effect on transcription. From the graphical representation of
the results shown in Fig. 3A, it is apparent that the CGA
sequence at positions —12 to —10 in the —10 element was most
important for promoter activity.

Spacer length affected promoter activity. We also tested the
effect of altering the length of the spacer between the —35 and
—10 elements of the ActB promoter. This chlamydial promoter
is unusual in having a 12-nt spacer, unlike the known ¢*®
promoters in E. coli, Salmonella, and Bacillus, which have a
spacer of 11 nt (11). We tested mutant ictB promoters with a
spacer of 9, 10, 11, or 13 nt and compared transcription by C.
trachomatis o*® RNA polymerase to the wild-type promoter
(Fig. 3A). Our results show that the promoter activity was
similar for a spacer of 11 and 12 nt, indicating that these spacer

lengths are equally acceptable (Fig. 3B). In contrast, the other
spacer lengths caused large decreases in transcription by C.
trachomatis 0*® RNA polymerase. A 1-nt change in the spacer
length to 10 or 13 nt decreased activity by four- and eightfold,
respectively, while a 9-nt spacer produced a large decrease of
140-fold.

Transcription with E. coli 6*®* RNA polymerase produced
similar results. Although a consensus o?® promoter has been
derived from an alignment of known E. coli 0*® promoters (12,
14, 16), the relative importance of each position has not been
defined. We decided to take advantage of our panel of mutant
hctB promoters and repeated our analysis with E. coli a*® RNA
polymerase to define the E. coli o*® promoter.

We found that the effect of individual point substitutions on
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FIG. 3. Effect of the spacer length on transcription. (A) In vitro
transcription by C. trachomatis *® RNA polymerase of hctB promoter
templates containing a spacer of 9 to 13 nt as indicated. The 12-nt
wild-type (wt) spacer is marked for reference. (B) Graph showing
quantification of the transcription results for C. trachomatis and E. coli
RNA polymerases. Reactions were performed in triplicate, and stan-
dard deviations are marked by error bars. Results for each RNA
polymerase were normalized to a promoter activity of 100% for the
wild-type hctB promoter.

transcription by E. coli 6*® RNA polymerase was very similar
to the results obtained with chlamydial o®® RNA polymerase.
In some instances, the magnitude of the effect was different,
but the overall pattern in the —35 and —10 elements was the
same with respect to both the positions of importance for
promoter activity and the preferred nucleotides at those posi-
tions. In general, we measured larger decreases in transcription
with E. coli 0*® RNA polymerase than with the chlamydial
enzyme (compare Fig. 4 with Fig. 2A and C). One notable
difference was at position —14 in the —10 element, where
substitution of the wild-type G produced large decreases in
transcription by E. coli ¢*® RNA polymerase, whereas it had
little effect on chlamydial 0°®* RNA polymerase. Changing the
GtoaC, A, or T at this position decreased E. coli transcription
by 43-, 10-, and 34-fold, respectively (Fig. 4B). Point substitu-
tions in the flanking positions also had a somewhat larger effect
on transcription by E. coli ¢*®* RNA polymerase. For example,
altering the T at —15 to a C decreased transcription by eight-
fold, compared to a threefold decrease with chlamydial o*®
RNA polymerase. The effect of altering the spacer length was
similar for the two 0®® RNA polymerases. Like the chlamydial
enzyme, E. coli *® RNA polymerase tolerated a spacer length
of 11 and 12 nt equally well (Fig. 3B). There was a slight
difference with a 10-nt spacer, which only caused a twofold
reduction in transcription by E. coli *® RNA polymerase com-
pared to a fourfold decrease with chlamydial 0*®* RNA poly-
merase (Fig. 3B). These results demonstrate that the basic
promoter specificity of 0*® RNA polymerase in C. trachomatis
and E. coli is generally well-conserved.

Derivation of an optimal ¢*® promoter sequence. A conve-
nient way of representing the contribution of the four possible
nucleotides at each position in the promoter is with a sequence
logo (http://weblogo.berkeley.edu) where the height of each
letter (A, C, G, or T) is a measure of the relative importance

J. BACTERIOL.

of that nucleotide to transcription (Fig. 5). At positions where
the nucleotide choice had no effect on promoter activity, such
as at flanking position —35, the sequence logo shows the height
of the stack of letters as zero. In contrast, if a particular nu-
cleotide at a given position is absolutely required for promoter
activity, it is assigned the maximum height, which is defined as
2 bits (4), and each of the other three nucleotides has a height
of zero. If there is a relative preference for one nucleotide, it
is shown as the tallest letter at that position, with its height
representing the extent of the preference over the other nu-
cleotides. This representation makes it easy to see both the
positions where the sequence has the greatest effect on pro-
moter activity and the preferred nucleotide at these positions.
For example, with chlamydial 0*®* RNA polymerase (Fig. 5A),
the most important sequences in the —35 element appear to be
TAAAG at positions —34 to —30, which correspond to the
core consensus ¢>® promoter plus the first position of the
extended region. The remaining three positions of the ex-
tended promoter had a more modest effect on promoter ac-
tivity.

In the —10 element, our analysis shows that a CGA motif at
positions —12 to —10 was most important for transcription by
chlamydial 0°® RNA polymerase, while other sequences in the
consensus — 10 promoter element had a smaller role. Overall,
the promoter sequences recognized by C. trachomatis o> RNA
polymerase are consistent with the consensus bacterial o2®
promoter, but our analysis provides additional information
about the relative importance of individual positions in the
promoter.

When we display the results of the analysis with E. coli ¢**
RNA polymerase in the sequence logo format (Fig. 5B), we
can see the overall similarity to the chlamydial results. The
nucleotide preferred at each position is similar, although the E.
coli results show a slightly greater sequence preference as a
consequence of the larger effects of point substitutions on
transcription by E. coli 0*® RNA polymerase. For instance, the
extended portion of the —35 element from —30 to —27 seems
to be more important for E. coli o*® RNA polymerase. In the
—10 element, there were two positions in which there was a
notable difference in the degree to which a particular nucleo-
tide was preferred over all others: at —14, G had greater
importance while at —10, A was less important for promoter
activity compared to C. trachomatis c*® RNA polymerase.
Overall, our comparative analysis demonstrates that promoter
recognition by o*® RNA polymerase from the two bacterial
genera appears to be well conserved and supports the pub-
lished consensus and extended ¢*® promoter sequences. From
the sequence logo analysis, we can derive a ¢>® promoter with
the sequence TAAAGwwy-n,,,,,-tyCGAwrn, where w is A or
T, y is a pyrimidine, r is a purine, and n,,,, is a spacer of 11 or
12 nt.

DISCUSSION

In this study, we have used a mutational approach to deter-
mine the optimal promoter sequence recognized by o*®* RNA
polymerase in the context of the C. trachomatis hctB promoter.
Prior to this work, there has been little experimental data
analyzing the determinants of promoter strength for 0> RNA
polymerase. Our approach was based on the observation that
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FIG. 4. Effect of point substitutions within the ctB promoter on in vitro transcription by E. coli *® RNA polymerase. All three possible point
substitutions were tested at each position from —37 to —24 (A) and from —17 to —4 (B). The wild-type sequence of each predicted promoter
element is shown below the respective graph. Changes in promoter activity are shown as the decrease (n-fold) relative to wild-type promoter
activity. Decreases greater than 200-fold are not shown as extending below the bottom axis. Each bar represents the mean of three independent

experiments.

substitution of a single nucleotide in the promoter region can
have a dramatic effect on the transcriptional activity of a strong
promoter. By comparing each of the four possible nucleotides
one position at a time, while keeping other sequences un-
changed, we were able to identify the positions where the
sequence was important for transcription and the relative pref-
erence for each nucleotide at that position. We then compiled
the results to generate a composite view of the preferred nu-
cleotide sequence for the o*®-dependent promoter. The pro-
moter sequences we derived for *®* RNA polymerase from C.
trachomatis and E. coli were similar (Fig. 5) and also resembled
the consensus o?® promoter (3, 11). This conservation of ¢
promoter specificity is consistent with conservation at the level
of the o*® protein between C. trachomatis and E. coli (34%
amino acid identity and an additional 56% similarity). In ad-
dition, the regions involved in promoter recognition, such as
region 2.4 for —10 recognition (50% identity plus 25% simi-

larity) and region 4.2 for —35 recognition (62% identity plus
17% similarity) show a higher level of conservation. There is
also in vivo functional evidence of ¢*® conservation as Chla-
mydia ¢*® protein can complement a Salmonella enterica sero-
var Typhimurium ¢®® mutant in motility studies (13).

In the —35 promoter element, our findings confirm the im-
portance of the core —35 consensus sequence (TAAA) and
provide experimental support for the extended —35 promoter
that has been predicted from alignment of strongly transcribed
o® promoters from E. coli and Salmonella (12). Our promoter
analysis suggests that the most important position in the ex-
tended portion (GTTT) of the —35 element is the initial G,
which is immediately downstream of the core —35 sequence.
Our results are based on the sequence recognized by 0*® RNA
polymerase from Chlamydia and E. coli in functional studies,
but they are recognizably similar to the sequence depicting the
frequency of each nucleotide in a compilation of known bac-
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FIG. 5. Sequence logos for the —35 and —10 elements of the o?*-dependent promoter. (A) Sequence recognized by C. trachomatis o®® RNA
polymerase in the context of the C. trachomatis hctB promoter. (B) Sequence recognized by E. coli 0** RNA polymerase in the same promoter context.
(C) The sequence logo based on the nucleotide frequencies of known bacterial 0® promoters. Details of the sequence logo format are presented in the
Materials and Methods and Results sections. All sequence logos were derived using WebLogo, which is available online at http:/weblogo.berkeley.edu.

terial o®® promoters (compare Fig. 5A and B with C). For
example, the preferred —35 sequence determined with these
two very different methods of promoter definition is essentially
the same, although there are differences in the degree of nu-
cleotide preference at some of the positions.

In the —10 promoter element, we have identified a CGA
motif from —12 to —10 that was important for transcription by
both chlamydial and E. coli a*®* RNA polymerases. This motif
is not apparent in the —10 sequence derived from the nucle-
otide frequency of known bacterial o*® promoters (Fig. 5C).
We believe that we were able to identify this previously unrec-
ognized promoter motif because our point substitution analysis
allowed us to determine the relative importance of each posi-
tion in the promoter, providing a higher-resolution view of the
promoter sequence. Since this motif was important for ¢
RNA polymerase from two highly divergent bacteria, we pro-
pose that it is the hallmark of the —10 element and a critical
determinant of o*® promoter activity.

Our analysis also indicates that 0*® RNA polymerase is able
to recognize promoters with a spacer length of 11 or 12 nt and,
to a lesser extent, 10 nt. All functionally studied ¢** promoters
in E. coli, Salmonella, and Bacillus have had an 11-nt spacer,
although the list is relatively small (3, 11, 12). The Caulobacter
fIbF promoter was reported to have a 10-nt spacer (17), but the
strength of this promoter compared to the highly transcribed
E. coli promoters has not been determined. o*® promoters with
different spacer lengths have been predicted but not validated

in Agrobacterium (2). When first characterized, the 12-nt spacer of
the chlamydial ActB promoter was considered unusual com-
pared to the canonical 11-nt spacer length (21). However, our
study demonstrates that a 12-nt spacer length is well tolerated
and explains why the ActB promoter was highly transcribed. We
do not know whether a 12-nt spacer length is more common in
Chlamydia or whether o*® promoters with a 12-nt spacer re-
main to be identified in other bacteria.

The consensus ¢’ promoter has been defined from a com-
pilation of known ¢’ promoters, but this approach has limi-
tations for determining the promoter recognized by an alter-
native o factor. The o”° consensus promoter is based on a large
cohort of individually defined E. coli promoters (8, 10, 15). For
most alternative o factors, however, far fewer promoters are
available for comparison, and there is a greater likelihood of
sample bias with this smaller pool. For %%, a total of about 50
promoters in a range of bacteria have been predicted based on
sequence similarity (6, 7, 11), but only about half have been
functionally studied. Furthermore, this small number is over-
represented by promoters for a few class 3 flagellar genes from
different bacteria. We propose that this sample bias accounts
for the homogeneous nature of the —10 sequence that has
been derived from an alignment of known o*® promoters (Fig.
5C) and masked the importance of the CGA motif.

This comprehensive mutational analysis for defining a pro-
moter has advantages and disadvantages compared to the der-
ivation of a consensus sequence from known promoters. It is
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attractive because it can be performed on a single promoter,
although we have found that this approach works best on a
promoter that is highly transcribed so that the effect of a single
point substitution can be measured. When we used this ap-
proach to determine the chlamydial ¢®® promoter, we had
better success defining the —35 element with the strong pro-
moter for the dnaK operon than with the C. trachomatis IRNA
promoter, whose core promoter sequence is not as strongly tran-
scribed or conserved (19). The use of a single promoter, however,
is an important caveat, as the sequence is defined within this
promoter context. We have previously shown proof of principle
by demonstrating that a mutational analysis of the C. trachomatis
dnaK promoter identified —35 sequences recognized by both C.
trachomatis °° and E. coli ”® RNA polymerases that were iden-
tical to the ¢’ consensus promoter (18).

0%® RNA polymerase has been proposed as a late regulator
of gene expression in Chlamydia because its target gene, hctB,
is only transcribed late in the chlamydial developmental cycle
(1,5, 9). However, hctB is the only 0*®-regulated gene that has
been identified in Chlamydia to date, and it is not known if ¢**
RNA polymerase transcribes other late genes or whether
o*8-dependent regulation is limited to late developmental ex-
pression. With the results of our promoter analysis, we are
developing a computer algorithm to identify other candidate
o*%-dependent promoters in the chlamydial genome. The rel-
ative promoter activities that we have measured for the four
possible nucleotides at each promoter position allow us to
construct a probability weight matrix for this algorithm. In
particular, our results suggest that a CGA motif is the hallmark
of the 0®® —10 promoter element and that the spacer length
can be either 11 or 12 nt. In certain ways, our approach for
studying 0*®-dependent promoters in Chlamydia is the reverse
of the historical process taken for o’® promoters in E. coli.
Individual o”® promoters were first identified, and from there,
a consensus promoter sequence was determined. In Chla-
mydia, where the total number of known promoters is small, we
have instead used mutational analysis to determine the pro-
moter sequences important for transcriptional activity as a
means of identifying additional promoters. This approach is
applicable to other bacteria and is particularly suited for alter-
native o factors where few promoters are known.
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