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Type III secretion (T3S) is important for the establishment and maintenance of a chlamydial infection. The
genes encoding T3S components in Chlamydia are transcribed as separate temporal classes, but the mecha-
nisms that regulate the timing of their expression are not understood. In this study, we demonstrate that
promoters for 10 predicted T3S transcriptional units are each transcribed in vitro by the major form of
chlamydial RNA polymerase but not by an alternative form of RNA polymerase containing �28. Since changes
in DNA supercoiling during chlamydial development have been proposed as a mechanism for temporal gene
regulation, we examined the in vitro response of T3S promoters to altered superhelical density. Promoters for
three T3S genes that are upregulated at mid times were activated in response to increased DNA supercoiling.
In contrast, promoters for three late T3S genes were not sensitive to changes in superhelical density. This
differential response to changes in DNA topology is similar to the pattern that has been reported for repre-
sentative mid and late chlamydial genes that are unrelated to the T3S system. Based on these results, we
propose that the temporal expression of T3S genes in Chlamydia is controlled by general mechanisms that
regulate �66-dependent gene expression during the developmental cycle. Our results are consistent with a
model in which T3S genes that are upregulated in mid cycle are activated together with other mid genes in
response to increased DNA supercoiling.

Gram-negative pathogenic bacteria utilize a type III secre-
tion (T3S) system to deliver virulence factors into eukaryotic
cells. The components of this specialized secretion machinery
include structural proteins that are conserved among different
bacteria, as well as specific effector proteins and regulatory
chaperones. A wide range of effectors have been described
with activities that modulate host cell functions to promote
infection. For example, Salmonella secretes a T3S effector,
SipA, into M cells to modulate actin dynamics and induce
bacterial uptake (10). After entry, Salmonella secretes a dif-
ferent set of T3S effectors, such as SpiC, which inhibits the
fusion of the Salmonella-containing vacuole with endosomes
(31).

The Gram-negative pathogen Chlamydia utilizes a T3S sys-
tem at different stages of its obligate intracellular infection
(11). All Chlamydia species encode conserved T3S structural
genes (5), and treatment with T3S inhibitors prevents intracel-
lular chlamydial growth (15, 23, 33). Although there is no
chlamydial T3S assay, the T3S machinery of other bacteria has
been used to provide functional evidence that chlamydial T3S
effectors can be secreted (4, 6, 26). An example of a chlamydial
T3S effector is the translocated actin-recruiting phosphopro-
tein (TARP) that is secreted into host cells, where it induces
actin recruitment and nucleation (3). These localized cytoskel-
etal rearrangements are necessary for chlamydial uptake into a

membrane-bound cytoplasmic compartment, called the chla-
mydial inclusion, where chlamydiae replicate. Intracellular
chlamydiae secrete T3S effectors to modify the inclusion mem-
brane. For example, IncA is a chlamydial T3S effector that is
translocated into the inclusion membrane where it plays an
important role in the fusion of chlamydial inclusions (8, 26).
These examples demonstrate that the T3S is involved in both
the initiation and maintenance of an intracellular chlamydial
infection (11).

There are several distinctive features about the organization
and regulation of the genes that encode the T3S system in
Chlamydia. Unlike other Gram-negative bacteria, in which T3S
genes are located on a pathogenicity island, the chlamydial T3S
genes are present on six loci dispersed throughout the genome
(5). This difference has led to the hypothesis that the T3S genes
originated in Chlamydia and then spread by horizontal gene
transfer to other Gram-negative bacteria (13). In C. trachoma-
tis, the structural T3S genes have been proposed to be tran-
scribed as 10 operons by the major form of chlamydial RNA
polymerase (9) on the basis of their putative promoter se-
quences, but this prediction has not been experimentally tested
(21, 30). Thus, the chlamydial T3S does not appear to be
regulated by an alternative form of RNA polymerase, as in the
case of Salmonella enterica (18). Chlamydia spp. also do not
encode orthologs of AraC-like transcriptional activators, such
as Yersinia VirF, that regulate T3S genes in other bacteria (14).

Another unusual feature of chlamydial T3S genes is that
they are transcribed at different times during the chlamydial
developmental cycle (9, 19, 24). The CT863 operon is tran-
scribed at early time points, soon after entry of the organism
into the host cell. In contrast, many T3S genes are transcribed
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at higher levels at mid cycle when chlamydiae are actively
growing and replicating by binary fission. Another subset of
T3S genes is upregulated late in the developmental cycle, dur-
ing conversion from the metabolically active intracellular form
to an extracellular, infectious form. The mechanisms that reg-
ulate this temporal expression of T3S genes in Chlamydia have
not been defined.

The expression of genes in three temporal classes is a gen-
eral feature of gene regulation in Chlamydia (2, 16, 22). Early
genes are transcribed as soon as 1 h after infection, but the
majority of chlamydial genes are not transcribed until mid
times in the developmental cycle (2). We have proposed that
the promoters of mid genes may be activated by the increased
DNA supercoiling levels that we have measured during mid
cycle (17). Furthermore, we have shown that representative
mid-cycle promoters are transcribed at higher levels from more
supercoiled templates in vitro (17), but we do not know if DNA
supercoiling is a general mechanism for the activation of mid
genes. Late genes are transcribed only at the end of the devel-
opmental cycle, and they appear to be regulated by two mech-
anisms. A subset is transcribed by the major chlamydial RNA
polymerase, �66 RNA polymerase, while another group of late
genes is regulated by an alternative form of RNA polymerase
containing �28 instead of �66 (34, 36). While the mechanism
that regulates the �66-dependent late genes has not been de-
fined, it does not appear to involve DNA supercoiling since
promoters for these genes were insensitive to changes in DNA
supercoiling (17).

To understand how the T3S genes are regulated in Chla-
mydia, we examined if T3S promoters belonging to each tem-
poral class are transcribed by different forms of chlamydial

RNA polymerase and if transcription is affected by DNA to-
pology. Our results indicate that there are similarities in the
regulation of the promoters of T3S genes and non-T3S genes
of the same temporal class. These results suggest that the
temporal expression of T3S genes in Chlamydia may be regu-
lated by general and not T3S-specific mechanisms.

MATERIALS AND METHODS

Construction of in vitro transcription plasmids. Each promoter was cloned
upstream of a promoterless G-less cassette transcription template as described
previously (32). The promoter sequences were amplified by PCR from Chla-
mydia trachomatis serovar D genomic DNA and cloned into pMT1125 (32). All
transcription plasmids and the primers used to clone the promoters contained
therein are listed in Table 1.

Generation of transcription plasmid topoisomers. For each of the following
promoters cloned on a transcription plasmid (CT863, cdsC, fliF, incA, cdsJ, cdsU,
and scc2), a series of topoisomers was generated using the method of Rhee et al.
(20). For each plasmid, 10 �g of CsCl gradient-purified DNA was incubated for
3 h at 37°C with 5 U of wheat germ topoisomerase I (Promega) in a total of 40
�l containing 50 mM Tris-HCl (pH 7.6), 0.1 mM EDTA, 1 mM dithiothreitol, 50
mM NaCl, 10% glycerol, and various concentrations of ethidium bromide rang-
ing from 0 to 48 �M. After incubation, the ethidium bromide was removed from
the DNA by phenol-chloroform (1:1) extraction, followed by extraction with
chloroform. The plasmid DNA was then recovered by ethanol precipitation and
suspended in 30 �l of RNase-free TE buffer (10 mM Tris [pH 10], 1 mM EDTA).
The purity and concentration of the DNA were assessed using a NanoDrop
ND1000 spectrophotometer. The topoisomers were resolved on 1.4% agarose
gels in 1� TAE buffer (40 mM Tris-acetate, 1 mM EDTA) with concentrations
of ethidium bromide ranging from 0.02 to 0.16 �g/ml. Gel electrophoresis was
performed at 3.5 V/cm with buffer circulation for 16 to 20 h at room temperature.
The average difference in linking-number (�LK) for the topoisomers was deter-
mined by the band-counting method of Keller (12). The average superhelical
density (�) was calculated using the following formula: � � �10.5(�LK/N),
where N is the total number of base pairs in the plasmid.

TABLE 1. Plasmids and cloning primers

Plasmid Promoter Primer sequence Region cloned

pMT1441 cdsU 5�-CTAGAATTCAAGAAAAAGCAAGATTAGTGCTTCA �153 to �5
5�-AGGAATACTTCGCAAGTTACCG

pMT1442 scc2 5�-CGCGAATTCTTGCAAGGCAACGACACACG �144 to �5
5�-ATTATTAACAATATTAAATTCTAACGATCTGATTTAACAA

pMT1483 CT863 5�-GGTTCTTTCGCACACCTTTC �227 to �5
5�-AAAGGAGGGAACTTATCTAA

pMT1511 cdsJ 5�-AAAGAATTCGCGGATTCTGTTTTTGAAGC �157 to �5
5�-TTTTTCACTCACCATAGCAAATG

pMT1512 lpdA 5�-ACCGAATTCGGCCAAAGAATCGCTCATAC �169 to �5
5�-TATTTCCCGGGTTGTACAT

pMT1513 cdsC 5�-ACCGAATTCCCCCTAGAGATCCACGAACA �146 to �5
5�-TTGTTTGGCAGAATATATCTATTT

pMT1514 CT663 5�-CCCGAATTCAGTCGTTCGTGCCCGATT �139 to �5
5�-ATTTTATGCTGAGTTATGCCAATAC

pMT1515 CT665 5�-ACCGAATTCCGGTATCCAGGCCGTTATC �170 to �5
5�-TAATTTTATATTTCAACCCTTCC

pMT1516 fliF 5�-CCCGAATTCCAGCTCTTTCGAGCTCATGTT �154 to �5
5�-TTTTTGTCTTCTGTAACAAAAAGAGG

pMT1577 incA 5�-GTAGAATTCTTTCGTATCGCCAATGCAACA �150 to �3
5�-TGAAACCAGATCCTATGGCTTTATATG
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Purification of chlamydial RNA polymerase. L929 cells were infected with C.
trachomatis serovar L2, and chlamydial �66 RNA polymerase was partially pu-
rified at 21 h postinfection by heparin-agarose chromatography as previously
described (29). Core enzyme lacking detectable �66 activity was prepared from
this partially purified RNA polymerase by gel filtration chromatography using a
Superdex S200 10/300 GL column (GE Healthcare) on an AKTA Purifier 10
chromatography system (GE Healthcare). �28 RNA polymerase was reconsti-
tuted by adding l �l of 15 nM recombinant chlamydial �28 protein (34) to 4 �l of
chlamydial core enzyme. Details of the transcription assays and the quantitation
of promoter activity have been previously described (32, 34).

In vitro transcription. Transcription experiments were performed as described
previously (29), using 0.5 �l of chlamydial �66 RNA polymerase or chlamydial
�28 RNA polymerase and 25 nM CsCl gradient-purified plasmid DNA or an
individual plasmid topoisomer. The transcripts were resolved by electrophoresis
on an 8 M urea–6% polyacrylamide gel, and the gels were fixed, dried, and
exposed to a phosphor screen. The transcripts were visualized with a Personal
FX phosphorimager (Bio-Rad). The amount of transcript produced by each
promoter topoisomer was quantified using Quantity One software (Bio-Rad).
Relative promoter activity was calculated by normalizing the amount of activity
obtained from each topoisomer to the maximal promoter activity (defined as
100%) observed over the range of superhelical densities tested. In order to
calculate a mean and standard deviation, three independent measurements of
relative promoter activity were obtained for each set of promoter topoisomers.

RESULTS AND DISCUSSION

The T3S genes are transcribed by the major form of RNA
polymerase in Chlamydia. We first tested candidate promoters
for 10 T3S operons in the C. trachomatis genome (Fig. 1) to
determine if they were transcriptionally active. Nine of these
promoters were predicted by Hefty and Stephens based on the
mapping of in vivo transcription start sites (9). In addition we
predicted a promoter for the T3S effector, incA, immediately
upstream of a transcription start site mapped previously (26,
27). Each of these 10 candidate T3S promoters resembles the
promoter transcribed by �66 RNA polymerase (Table 2) (21,
28, 30) but not promoter sequences defined for Chlamydia �28

RNA polymerase (35) or predicted for Chlamydia �54 RNA
polymerase (1).

We tested these putative C. trachomatis T3S promoters for
transcriptional activity with in vitro assays (32) since an exper-
imental genetic system to test in vivo promoter activity in
Chlamydia is not yet available. All transcription plasmids and
the primers used to clone the promoters contained therein are
listed in Table 1. We found that all 10 candidate T3S promot-
ers were transcribed by �66 RNA polymerase, which is the
major form of chlamydial RNA polymerase (Fig. 2A). We also
examined whether T3S promoters can be transcribed by �28

RNA polymerase since this alternative RNA polymerase reg-
ulates a subset of late genes in Chlamydia (34, 36). However,
�28 RNA polymerase did not transcribe the promoters for
three late T3S operons, cdsU, cdsJ, and scc2 (Fig. 2B). We were
unable to test for �54-dependent promoter activity because
there is no assay for chlamydial �54 RNA polymerase at this
time. Taken together, these results indicate that the main T3S
genes in Chlamydia are transcribed by the major form of RNA
polymerase and do not support a role for the late regulator, �28

RNA polymerase, in the expression of T3S genes. Additional
mechanisms must exist, however, to explain how the T3S genes
are transcribed by �66 RNA polymerase as three temporal
groups during the chlamydial developmental cycle (24).

T3S promoters show different responses to changes in su-
perhelical density. Since DNA supercoiling has been proposed
as a mechanism to regulate mid-cycle genes but not late genes
in Chlamydia (17), we examined whether T3S promoters are
sensitive to alterations in DNA supercoiling. We performed a

FIG. 1. Transcriptional organization and temporal expression of
T3S operons. For each operon, the promoter location is indicated by a
bent arrow, followed by a dashed line above each gene in the operon,
and the arrowheads indicate the temporal expression patterns of the
first gene in each operon, as noted on the figure. Genes or open
reading frames are identified by name or number, respectively, below
the large filled arrows, which are color coded according to functional
class. An unrelated function is one not involved in T3S.

TABLE 2. Promoter sequences of chlamydial T3S operons

Operona Promoter sequenceb Temporal
class

Discriminatorc G/C
content (%)

cdsU (CT091) .......................................TTGAGAAAAACATTTATATACGGTAACTTGCCAAGT*A Late 50
lpdA (CT557) .......................................TTGAGATTTTATCCACCCAGATGTACAACCCGGG*A Mid 83
cdsJ (CT559) ........................................TTGGCACTAATCTCCCCATTTCGTATGGTGAGTG*A Late 50
scc2 (CT576) ........................................TTGTTAAATCAGATCGTTAGAATTTAATATTGTTAGT*A Late 25
CT663....................................................TCTTTTTAAAGTAGGTATTGGCATAACTCAGCATA*A Mid 29
CT665....................................................TTGTATCTTTTTAGAACGGGAAGGGTTGAAATATA*A Mid 0
cdsC (CT674) .......................................TTGCAAGATAGAGGGCAAATAGATATATTCTGCCA*A Mid 57
fliF (CT719)..........................................TTGTTTTTAATAGCCTCTTTTTGTTACAGAAGAC*A Mid 33
CT863....................................................TTGCATGAAAAATACTTTTTAGATAAGTTCCCT*C Early 80
incA (CT119)........................................TAGAATTTTTATCATATAAAGCCATAGGATCTGGT*T Mid 50

a Each operon is identified by the name and/or the open reading frame identification number of its first gene.
b Transcription start sites (�) were mapped by Hefty and Stephens (9), with the exception of that for incA, which was mapped by Suchland et al. (27) Promoter

elements (�35 and �10 elements, underlined) were predicted by Hefty and Stephens (9), with the exception of the incA promoter, which was predicted in this study.
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supercoiling-sensitivity transcription assay to test promoter ac-
tivity at different supercoiling levels using plasmid topoisomers
that differ only in superhelical density (17). We tested promot-
ers for three T3S operons that are first expressed at mid times
in the chlamydial developmental cycle (cdsC, fliF, and incA)
and another three T3S operons that are not transcribed until
late time points (cdsJ, cdsU, and scc2) (2, 9, 24). We also tested
the promoter for the CT863 operon as a putative early T3S
promoter based on detection of the CT863 transcript as early
as 1.5 h postinfection (24). We cloned each T3S promoter on
a transcription plasmid and generated a panel of topoisomers
for each plasmid over a range of superhelical densities (�)
from 0 (completely relaxed) to 	�0.08 (highly negatively su-
percoiled) (20) to encompass the physiologic range of super-
coiling (�0.028 to �0.077) that we have measured in Chla-
mydia (17).

Four of the seven T3S promoters tested were transcribed in
a supercoiling-responsive manner (Fig. 3). The CT863, cdsC,
fliF, and incA promoters were upregulated by 4.1- to 6.6-fold in
response to increased superhelical density. In contrast, the
cdsJ, cdsU, and scc2 promoters were insensitive to changes in
DNA supercoiling since they showed only 1.4-, 1.6-, and 1.6-
fold respective changes in promoter activity across the range of
superhelical densities tested. None of these T3S promoters was
transcribed at higher levels from completely relaxed DNA.

It has been proposed that the sequence of a chlamydial
promoter may determine whether it is responsive to DNA
supercoiling and that supercoiling-sensitive promoters contain
a high proportion of G or C (G/C) sequence (17). The two
most supercoiling-responsive promoters, CT863 and cdsC,
have a high G/C content (80% and 57%, respectively) in the
discriminator region, which is the sequence between the �10
promoter element and the transcription start site (Table 2).
However, we found no clear correlation between the super-
coiling responsiveness and the G/C content of the other T3S
promoters.

The response of T3S promoters to alterations in DNA su-
percoiling correlates with their temporal expression pattern.
We next examined if there is a relationship between this dif-
ferential response to DNA supercoiling and the temporal ex-

pression of T3S genes. For each promoter, we calculated the
relative promoter activity by defining the maximal level of
transcription at any superhelical density as 100% and normal-
izing other transcription levels to this value. To compare the
promoters, we graphed the effects of superhelical density on
the relative activity of each promoter. The promoters for the
three mid-cycle T3S operons were transcribed at low levels
from a relaxed template and at much higher levels from more
supercoiled templates. Transcription of the cdsC, fliF, and incA
promoters was highest at a superhelical density (�) of approx-
imately �0.06 and leveled off or decreased slightly for a � of
	�0.06 (Fig. 4A). These superhelical density optima are close
to the in vivo superhelicity of �0.063 to �0.077 that we mea-
sured for the chlamydial plasmid in the reticulate body (RB)
stage of the developmental cycle (17). In addition, this re-
sponse to DNA supercoiling closely mirrors the supercoiling
response pattern for promoters of two other non-T3S chlamyd-
ial mid genes, ompA (Fig. 4D) and pgk (17). ompA encodes the
major outer membrane protein (7), and pgk is the gene for

FIG. 2. In vitro transcription of candidate C. trachomatis T3S pro-
moters. (A) Transcription of 10 candidate promoters with chlamydial
�66 RNA polymerase. The promoter for each operon is indicated by
the name or the open reading frame number of its first gene. The
promoters for the CT663, CT665, and CT863 operons are abbreviated
as 663, 665, and 863, respectively. (B) Three late T3S promoters were
not transcribed by chlamydial �28 RNA polymerase. The hctB pro-
moter is a known �28-regulated promoter that was used as a positive
control (33).

FIG. 3. Supercoiling sensitivity transcription assay. For each T3S
promoter cloned on a transcription plasmid, a series of plasmid topo-
isomers was generated over a range of superhelical densities (�) from
0 (completely relaxed DNA) to 	�0.08 (highly negatively super-
coiled). Each topoisomer was transcribed by �66 RNA polymerase in
an in vitro transcription reaction to measure the promoter activity at
different superhelical densities. The greatest difference in promoter
activity over this range of superhelical densities was calculated as fold
change and is reported as the average of three independent experi-
ments. For each promoter, the temporal expression class (early, mid,
or late) is listed.

2572 CASE ET AL. J. BACTERIOL.



phosphoglycerol kinase (25); neither is known to be associated
with the T3S system in Chlamydia.

In contrast, the promoters for three late T3S operons, cdsJ,
cdsU, and scc2, were not affected by alterations in DNA su-
percoiling. Transcript levels from each late promoter did not
change over the range of superhelical densities, and the rela-
tive promoter activity was above 50% at all superhelical den-
sities tested (Fig. 4B). Thus, the promoters for late T3S genes
show a lack of response to DNA supercoiling that is similar to
promoters for the late genes omcAB (Fig. 4E), hctA, and ltuB
(17), which have no known connection to the T3S system.

The promoter for the single early T3S operon showed a
supercoiling-responsive transcription pattern. The CT863 pro-
moter was transcribed at low levels from a relaxed template
and at higher levels with increasing superhelical density (Fig.
4C). The maximal activity was at the highest superhelical den-
sity tested (� of �0.087), but unlike the three mid T3S pro-
moters, the CT863 promoter did not reach a supercoiling
optimum prior to this supraphysiologic level of DNA super-
coiling. The CT863 promoter is the first early chlamydial pro-
moter whose supercoiling response has been characterized,
and thus it remains to be seen whether its supercoiling depen-

FIG. 4. Graphs showing the relationship between promoter activity and superhelical density for promoters of T3S genes belonging to mid (A),
late (B), and early (C) temporal classes. For comparison, the graphs for mid (D) and late (E) promoters of non-T3S genes are shown (adapted
from reference 17). Relative promoter activity was calculated as a percentage of the maximal promoter activity over the range of superhelical
densities (�) tested. A relative promoter activity of 50% is indicated by a dashed horizontal line on each graph. All reactions were performed as
three independent experiments, and error bars represent standard deviations.
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dence is typical of early promoters. In summary, promoters of
T3S genes show differential responses to changes in DNA
supercoiling that correlate with their temporal patterns of gene
expression. We found that three mid T3S promoters were
transcribed in a supercoiling-dependent manner that is similar
to the pattern described for two other mid chlamydial promot-
ers (17). These in vitro findings are consistent with a model in
which the T3S mid genes, together with other supercoiling-
responsive mid genes, are activated by increased DNA super-
coiling during mid cycle. In contrast, we demonstrated that
three late T3S promoters were transcribed in a supercoiling-
insensitive manner by �66 RNA polymerase but were not tran-
scribed by �28 RNA polymerase. Thus, the late T3S genes
appear to belong to the subset of supercoiling-independent,
�66-regulated late genes that includes omcAB, which encode
two outer membrane proteins that are specific for elementary
bodies, and hctA, the gene for the histone-like protein, Hc1,
that condenses chlamydial DNA. The ability of late promoters
to be well transcribed from relaxed templates is consistent with
the low DNA supercoiling levels that we have measured at late
time points in the chlamydial developmental cycle (17). Our
results indicate that the temporal expression of T3S genes in
Chlamydia appears to be controlled by general mechanisms
that regulate developmental gene expression in this pathogenic
bacterium.
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