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The first o>* promoters in Chlamydia trachomatis 12 were mapped upstream of hypothetical proteins
CT652.1 and CT683. Comparative genomics indicated that these ¢>* promoters and potential upstream
activation binding sites are conserved in orthologous C. trachomatis D, C. trachomatis mouse pneumonitis
strain, and Chlamydia pneumoniae (CWL029 and AR39) genes.

Chlamydia is an organism of major medical and veterinary
significance; however, its obligate intracellular existence makes
genetic investigations a challenge. The unique developmental
cycle of Chlamydia involves the interconversion between the
infectious elementary body and the metabolically active retic-
ulate body (23). Although the key morphological stages of
chlamydial development are understood (19, 23) and the de-
velopmental expression of over 20 genes has been determined
(12, 18), the elements which regulate this developmental gene
expression are yet to be elucidated. Our recent investigations
(18) identified temporal expression of the three C. trachomatis
RNA polymerase sigma factors, c°® (major ¢’ homolog), o°%,
and o~*. Several reports have characterized o°® promoters (8,
17, 29), but to date, no promoters have been identified for the
developmental-stage-specific sigma factors, 02® and o*. The
present study utilized the complete Chlamydia trachomatis ge-
nome sequence (27) and a modified fluorescence-based primer
extension (PE) assay to identify and map the first 0>* promot-
ers for Chlamydia.

Transcription initiation from o>* promoters is a multistep
process involving the recognition of the promoter by ¢°*, bind-
ing of the core RNA polymerase to the o>* to form a closed
complex, and subsequent activation to an open complex fol-
lowing binding by an enhancer binding protein (EBP) (20, 21).
In most cases the EBP binds an upstream activator sequence
(UAS) located within 200 bp of the promoter (15, 21) and is
brought into contact with the 6°*-RNA polymerase complex by
DNA looping, an event mediated by the integration host factor
(IHF) or intrinsic DNA bends (9). In addition to the 0™* gene
(rpoN), recently identified in the C. frachomatis genome, genes
for the NtrC family EBP (n#rC) and IHF (ihf4) were also
found to be present (27). More detailed analysis of the trans-
lated amino acid sequences identified that RpoN (o°*) con-
tains a perfect RpoN box (ARRTVAKYR), which is respon-
sible for recognition of the cognate promoter (30), and the
chlamydial NtrC homolog has an exact match to the o*-bind-
ing domain, GAFTGA (7). Furthermore, the chlamydial NtrC
has six of seven conserved amino acids of the UAS binding
domain, GESGCGK (7) (the underlined amino acid is non-
conserved). We previously reported the late-stage-specific ex-
pression of rpoN (18) and subsequently confirmed that ntrC
was transcribed by reverse transcription-PCR analysis (data
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not shown). These observations led us to hypothesize that
some chlamydial genes would be regulated by NtrC-activated
o>*-mediated transcription initiation. Of the cognate promot-
ers for all eubacterial sigma factors, o>* promoters are the
most highly conserved (2) and hence lend themselves to a
computational search of the full chlamydial genome. We there-
fore used the Findpatterns database searching program of the
Australian National Genome Information Service to search
the C. trachomatis D genome for sequences corresponding to
the o°* consensus promoter (TGGCAC-Ns-TTGC), allowing
up to two mismatches. We identified 427 potential matches
and analyzed these for both orientation and proximity to C.
trachomatis open reading frames (ORFs). Only nine putative
o>* promoters were identified within 400 bp upstream of the C.
trachomatis ORFs, encoding ychF, yebL, pkn5, cysQ, and secA
product homologs and hypothetical proteins CT620, CT652.1,
CT683, and CT734. Transcription within each ORF was con-
firmed by reverse transcription-PCR analysis on C. trachomatis
RNA (data not shown). While this study was being undertaken
Studholme and Buck (28) reported the identification of a ¢>*
promoter upstream of C. trachomatis AAC68830 and Chla-
mydia pneumoniae AAD18864 which corresponds to our
mapped promoter for CT652.1. Our search strategy identified
more candidate promoters and mapped two ¢>* promoters for
Chlamydia.

PE analysis to determine the transcription start site (TSS) of
chlamydial transcripts is difficult for genes expressed at low
levels. Since fluorescence detection has greater sensitivity than
conventional radioactive methods, we modified recent meth-
odology (1, 24) to perform PE analysis on total RNA isolated
from Chlamydia-infected cells. C. trachomatis 1.2/434/Bu was
propagated in 10° HEp2 cells for 30 h before RNA was ex-
tracted as previously described (18). Twenty micrograms of
total RNA was annealed to 10 pmol of fluorescently end-
labeled primer (either 5'6-FAM or 5'TET, synthesized by Pa-
cific Oligos, Lismore, Australia) in a 10-pl volume for 10 min
at 75°C in a thermal cycler. The reagents for cDNA synthesis
(10 mM dithiothreitol, 1 mM each deoxynucleoside triphos-
phate, 20 U of RNase inhibitor, and 40 U of Expand reverse
transcriptase in buffer [supplied by Rosche]) were added on
ice, and the reaction mixture was incubated for 90 min at 42°C.
The cDNA was precipitated in 0.3 M sodium acetate with 2.5
volumes of ethanol following RNase incubation using 25 ng of
DNase-free RNase (Rosche) for 30 min at 37°C. The PE prod-
ucts were resuspended in 8 pl of 95% (vol/vol) formamide-10
mM EDTA (pH 9.0) and run on a 6 M urea—4.5% polyacryl-
amide TBE (45 mM Tris-borate, 1 mM EDTA, pH 8.0) gel
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FIG. 1. Analysis of chlamydial promoters. (A) PE analysis of C. trachomatis
L2 RNA with fluorescent primers against the 16S rRNA (6-FAM labeled),
CT652.1 (6-FAM labeled) and CT683 (TET labeled) using GeneScan software.
Primer sequences are given in the text, and the sizes of PE products greater than
100 fluorescence units are shown under the traces. Similar traces were obtained
in a repeat PE experiment. (B) Consensus o°* promoter (defined in reference 2)
in alignment with the mapped C. trachomatis L2 ¢>* promoters for CT652.1 and
CT683. Uppercase and lowercase nucleotides in Consensus represent greater
than 80% and 60 to 80% conservation to the consensus in ¢>* mapped promot-
ers, respectively. Uppercase nucleotides in the chlamydial sequences (CT, MoPn,
CWLO029, and AR39) correspond to homology with the consensus, and lowercase
nucleotides represent lack of homology. Underlined nucleotides represent
greater than 95% homology to the consensus of all >* promoters where the TSS
has been mapped (2). The CT683 t highlighted with an asterisk is replaced by the
consensus C in C. trachomatis serovar D. CT, C. trachomatis L2; MoPn, C.
trachomatis MoPn; CWL and AR, C. pneumoniae CWL029 and AR39, respec-
tively. (C) Non-o°* promoters (underlined) were predicted on the basis of ho-
mology to the ¢7° consensus (TTGACA-[N,5.,,]-TATAAT) for C. trachomatis
L2 pkn5 and secA where TSSs (lowercase) failed to map to the ¢°* consensus
promoter identified in this study.

using an ABI 337 instrument, with GeneScan (Applied Biosys-
tems) analysis using GS 500Rox molecular size markers (PE
Biosystems) to determine the size of the 5'6-FAM- or 5'TET-
labeled single-stranded DNA.

The 16S rRNA gene was used to establish the PE assay on
C. trachomatis serovar L2 RNA using primer 16S.PE (5'6-
FAM-GAACCAAGATCAAATTCTCAG). We identified two
transcripts as seen by fluorescent peaks for PE products at 107
and 209, respectively (Fig. 1A). These correspond to the pre-
viously determined TSS for C. trachomatis mouse pneumonitis
(MoPn) strain, where two promoters were defined (10). PE
analysis for the C. trachomatis pkn5, secA, cysQ, ychF, CT652.1,
and CT863 genes was undertaken using primers pkn5.PE (5'6-
FAM-CGAGAAGAGTGCTCATCCACACC), secA.PE (5'6-
FAM-TATTCTCTCTTGGGAGGATCCG), cysQ.PE (5'TET
-GCATCAGTGACAGCATAGCCTGC), ychF.PE (5'6-FA
M-CTACTATTCCACACTCTGTTTGTC), CT652/1.PE (5'6-
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FAM-CATGGATGTACGCTCTTTCCGAC), and CT683.PE
(5'TET-CTGCTTGCTCGTACTCACCACTC), respectively.
Definite fluorescent peaks were generated for the pkn5, secA,
CT652.1, and CT683 genes, whereas only nonspecific fluores-
cent peaks were obtained for ychF and cysQ PE reactions. The
CT652.1 and CT683 PE products were 120 and 117 nucleotides
(Fig. 1A), respectively, which map the TSS in the correct po-
sition to the predicted o>* promoter and Shine-Dalgarno se-
quences (Fig. 2). The CT652.1 PE reaction also generated
some lower-intensity peaks (with one peak of over 100 fluo-
rescence units at 227 nucleotides) which could be the result of
nonspecific priming, since no obvious promoter sequences
were identified in the corresponding nontranscribed sequence
of CT652.1 (data not shown). The TSSs mapped against the
noncoding sequences upstream of pkn5 and secA allowed al-
ternative promoters to be proposed based on homology to the
o’%-like consensus promoters (Fig. 1C). The inability to map
TSSs for ychF and cysQ maybe due to either insufficient tran-
script, failure to induce transcription from these genes under
the growth conditions used, or the genes being part of an
operon and the promoter not being within 400 bp of the ORF.

Our genomic ¢”* promoter searching analysis was done
against the C. frachomatis D genome; however, the TSSs were
experimentally determined for C. trachomatis 1.2, and thus the
equivalent CT652.1 and CT683 sequences were retrieved from
the C. trachomatis 12 genome (http://violet.berkeley.edu:
4231). When the predicted o°* promoter sequences are com-
pared to the extended consensus proposed by Barrios and
colleagues (2), the CT652.1 promoter exactly matches the “up-
percase” consensus, and the CT683 promoter is a perfect
match with serovar D and has one mismatch with serovar L2
(Fig. 1B). The genome sequences for C. trachomatis MoPn
(25), C. pneumoniae CWL029 (14), and C. pneumoniae AR39
(25) were searched for CT652.1 and CT683 homologs, in order
to confirm if the chlamydial 0>* promoters are conserved be-
tween different chlamydial strains and species. Homologs to
both CT652.1 and CT683 were found in C. trachomatis MoPn
(TC0022 and TC0055, respectively), C. pneumoniae CWL029
(Cpn0725 and Cpn0693, respectively) and C. pneumoniae
AR39 (CP0021 and CP0053, respectively). The overall conser-
vation of the predicted o>* promoters (Fig. 1B) indicates that
the o°* promoters may be utilized for the equivalent genes in
C. trachomatis MoPn and C. pneumoniae CWL029 and AR39.

Having mapped these first two o>* promoters in Chlamydia,
we analyzed the sequences upstream of the TSSs and the
equivalent sequences in C. trachomatis (D and MoPn) and C.
pneumoniae (CWL029 and AR39) for the presence of NtrC
binding sites and other, perhaps Chlamydia-specific, elements.
Although published NtrC binding sites show limited consensus
across eubacteria and often appear in unmatched pairs (the
NtrC binds as a dimer), we searched the upstream sequences
for patterns resembling the NtrC UAS (5, 6, 16, 26, 31) and
found two potential sites in the upstream sequences of both
CT652.1 and CT683 (NtrCI and NtrCII in Fig. 2). The se-
quences had an overall consensus between C. trachomatis L2,
D, and MoPn, and alternative NtrC binding sites could be
identified in the equivalent C. pneumoniae upstream se-
quences.

Our search for common elements between the upstream
sequences of both C. trachomatis 1.2 CT652.1 and CT683 re-
vealed three sequence patterns, GAGAA, (A/G)AAAA, and
TAAT, located in similar positions within 100 bp upstream of
the TSS (Fig. 2). When we searched for intra- and interspecies
conservation, we found that (A/G)AAAA is completely con-
served and GAGAA was replaced by alternative purine-rich
sequences in C. trachomatis (D and MoPn) and C. pneumoniae
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NtrCll

-228
GAGATACAGGAGT T TTAGATCCTGTAACGGAACAAT TGCGT T TCACGAATGGGGAGAT TCTGCATCAAGCAGATTTTCCCTATTATTCTT

CT683

CT652.1
CT683

CT652.1
CT683

CT852.1
CT683

GGT TCATGCGTCAACGGTT TGCTCCTGAACGATTGGCTCGTATTAT TGGCAAAACGAGCACAGCAGAAGT GAT TGCGCGA GTAGGGT TAG

138
e
ACA ACTAT-'-é?CATGT CTGT GCACAAAAGTCAGGGTAGTGAATATGATCGTGTGATTGT CATTCTTCCTAAAGGCAGTGAAGTCTTTGATT
ATCGTGAGCGAGGACGCAT GAAATTGAAAGACGT GT GGTTCGCTGCGGTAGGATATGAAGATGAAGCGT TATCTCATCCGGATATTGT TG

-48

CGGCAATTCTCTATACTGCAATTACAAGAACCAAACAACACGTTGAGATTTGGGCTGATCGAGAAGCT T TAGAGGCGATCATTTTGAAAA
TTGTTGTGTACT TACGGCT AGGAGAGT TTGGAAGGGATGCTGCGCCTATGGCAGTGCGTATGAT AGAGAAATGGGAAGAGATTCGTAAAA,

GAGGGCGT TATTAATTAGAGCTAGCACAGT TTCCTAGTAAASEATGAATGATTCCAGAAAGAAGGAGOGGACGTTATG
AATCTTTCAGCT AATTCGT GATTGECATGAT TTTTGCTICCT GTAAAAGGTAAGGTATT ACTTTGACAGGGAACGACTATG

FIG. 2. Analysis of the upstream sequences of C. trachomatis CT652.1 and CT683. The upstream sequences from —317 to the start codon (ATG) (boldface) of C.
trachomatis L2 CT652.1 and CT683 are aligned with respect to the TSS (asterisk). The numbers represent nucleotides upstream of the TSS. The patterns below and
above the sequence are represented as follows: underline, predicted Shine-Dalgarno sequence; box, predicted o°* promoter; shaded underbox, predicted NtrC binding
sites (NtrCI and NtrCII); overline, predicted IHF binding sites conserved in C. trachomatis L2, D, and MoPn; double underline, conservation of purine rich sequence
in similar positions between CT652.1 and CT683 in C. trachomatis (L2, D, and MoPn) and C. pneumoniae (CWL029 and AR39); unidirectional arrows, direct sequence
repeats conserved in C. trachomatis L2, D, and MoPn; bidirectional arrows, putative NifA binding site conserved in C. trachomatis 12, D, and MoPn (TGT-N,-ATA
in MoPn). Variations from the C. trachomatis L2 NtrCI and NtrCII for C. trachomatis D and MoPn are GCAACAATTGCGTTTC (D, CT652.1 NtrCI), CGAACA
GCTGCATTTC (MoPn, CT652.1 NtrCI), GCGTAAGGAGATTTC (MoPn, CT652.1 NtrCIT), GCTCCTGAACAACTGT (MoPn, CT683 NtrCI), and GTACCGC

TGATGTAAT (MoPn, CT683 NtrCI), where the underlined nucleotides represent changes to the sequence (shaded underbox).

(CWLO029 and AR39) sequences. The TAAT element is con-
served in the same position relative to the predicted o>* pro-
moters across all CT652.1 and CT683 upstream sequences
investigated, except that C. pneumoniae CT683 has TAGT.
Two extra putative regulatory elements for CT652.1 were iden-
tified by comparison of different chlamydial strains and species
(Fig. 2). First, the UAS, TGT-N10/11-ACA (22), for the NtrC-
like EBP, NifA (15), was conserved in the C. trachomatis and
C. pneumoniae sequences. Second, a perfect direct repeat,
GC(A/T)AT separated by 9 bp is conserved between the C.
trachomatis 1.2, D, and MoPn sequences. The strong conser-
vation of sequence patterns in noncoding regions of the ge-
nome, both between genes and between species, supports a
role in regulation.

Since IHF binding sites are often found between the UAS
and o”* promoter, we examined the sequence between the °*
promoter and putative UAS for IHF binding sites by searching
for the consensus WATCAA-N,-WTR (13, 32). We identified
two putative IHF binding sites in the upstream sequences of
CT652.1 and CT683 (Fig. 2). Without a transformation system
for Chlamydia, it is difficult to obtain functional data to support
the involvement of the above-mentioned sequence patterns in
the two-component ¢°* regulatory system.

These first two chlamydial 0>* promoters have been mapped
upstream of hypothetical proteins. The ORF for CT652.1
shows no homology to any other known proteins by BLAST
analysis, and the CT683 ORF contains the ubiquitous tetratri-
copeptide repeat module involved in protein-protein interac-
tion (3). The chlamydial CT683 has been classified as both an
O-linked GlcNAc transferase (27) and a type III secretion
chaperone (25), proteins which play a direct role in signal
transduction (4, 11). Since CT652.1 and CT683 are probably
regulated by o*-mediated transcription initiation, we propose
that they might be required for reticulate body-to-elementary
body conversion, since our earlier investigations identified
rpoN expression during mid- to late-stage-specific chlamydial
development (18). Further analysis to determine the temporal
expression and function of CT652.1 and CT683 will be re-
quired to elucidate their role in chlamydial development and

pathogenesis. It is hard to imagine that Chlamydia has rpoN
and ntrC genes for regulating only two genes; thus, different
search strategies are required to identify other o>* promoters
in Chlamydia. Since o°®-regulated promoters often show lim-
ited homology to the major o factor consensus (8, 12, 17, 29),
it is possible that a unique class of ¢°* promoters exist in
Chlamydia.
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