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Chlamydial heat shock proteins have important roles in Chlamydia infection and immunopathogenesis.
Transcription of chlamydial heat shock genes is controlled by the stress response regulator HrcA, which binds
to its cognate operator CIRCE, causing repression by steric hindrance of RNA polymerase. All Chlamydia spp.
encode an HrcA protein that is larger than other bacterial orthologs because of an additional, well-conserved
C-terminal region. We found that this unique C-terminal tail decreased HrcA binding to CIRCE in vitro as well
as HrcA-mediated transcriptional repression ir vitro and in vivo. When we isolated HrcA from chlamydiae, we
only detected the full-length protein, but we found that endogenous HrcA had a higher binding affinity for
CIRCE than recombinant HrcA. To examine this difference further, we tested the effect of the heat shock
protein GroEL on the function of HrcA since endogenous chlamydial HrcA has been previously shown to
associate with GroEL as a complex. GroEL enhanced the ability of HrcA to bind CIRCE and to repress
transcription in vitro, but this stimulatory effect was greater on full-length HrcA than HrcA lacking the
C-terminal tail. These findings demonstrate that the novel C-terminal tail of chlamydial HrcA is an inhibitory
region and provide evidence that its negative effect on repressor function can be counteracted by GroEL. These
results support a model in which GroEL functions as a corepressor that interacts with HrcA to regulate

chlamydial heat shock genes.

Chlamydia is a genus of obligate intracellular bacteria that
causes a number of significant human diseases. Chlamydia tra-
chomatis is the etiologic agent for the most prevalent bacterial
sexually transmitted infection in the United States (40) and the
most common form of infectious blindness in the world (9). A
related species, Chlamydia pneumoniae, causes community-ac-
quired pneumonia (18). More cases of chlamydial infections
are reported to the CDC each year than any other notifiable
infectious disease (10).

The major chlamydial heat shock proteins, DnaK, GroEL,
and GroES (also known as Hsp70, Hsp60, and Hsp10, re-
spectively), have been proposed to play an important role in
the host immune response to chlamydial infection (20).
GroEL and DnaK are highly immunogenic in patients in-
fected with C. trachomatis (38), and GroEL and GroES have
been serologically linked to severe sequelae of C. trachoma-
tis infection (3, 7, 20, 30). In addition, GroEL can induce a
number of host processes, such as inflammation and apo-
ptosis, through the Toll-like receptor TLR4 (8, 11, 39). It
has also been suggested that the immunopathogenesis of
chronic chlamydial infection is due to cross-reactivity be-
tween conserved epitopes in chlamydial heat shock proteins
and their human homologs (20).

Heat shock proteins include molecular chaperones and pro-
teases that help to refold or degrade proteins during cellular
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stress (13, 24). Expression of heat shock proteins is maintained
at baseline levels under normal conditions but is transiently
upregulated in response to cellular stressors such as elevated
temperature (2). This conserved heat shock response can be
controlled at the transcriptional level by different regulatory
mechanisms (28). In Chlamydia and many other bacteria, ex-
pression of heat shock genes is negatively regulated by the
transcriptional repressor HrcA through binding to an operator
called CIRCE (controlling inverted repeat of chaperone ex-
pression) (26, 34, 41, 45, 51). HrcA-CIRCE interactions pre-
vent RNA polymerase from binding to heat shock promoters
through steric hindrance, resulting in the repression of heat
shock genes (55).

HrcA orthologs in bacteria are generally proteins of 39 to 40
kDa in molecular size, with conservation in two N-terminal
regions that make up the DNA-binding domain and a C-ter-
minal region of unknown function (21, 34, 41, 47). However,
we noted that HrcA encoded by all Chlamydia spp. are about
10% larger because of additional sequence at their C termini.
This extra C-terminal tail is well conserved in all Chlamydia
spp. but not present in HrcA from other bacteria, and its
functional significance is unknown (Fig. 1).

In this report, we examined whether the Chlamydia-specific
C-terminal tail affects the function of HrcA as a transcriptional
regulator. Unexpectedly, we found that this additional C-ter-
minal region reduced the ability of HrcA to bind its CIRCE
operator and repress chlamydial heat shock genes. In addition,
we present evidence that this effect of the C-terminal tail can
be modulated by the heat shock protein GroEL. These findings
support a model in which chlamydial HrcA is dependent upon
GroEL interactions to regulate heat shock genes in Chlamydia
trachomatis.
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Bacterial Species Amino Acid Sequence of C-terminus Size (aa)
A. tumefaciens ..RVVGAVGVIGPTRLNYARIVPMVDYTAQIMARLSRKQR-—======—— == e e e e e e 363
B. subtilis ..KQIGSIAIIGPTRMNYSRVVSLLQHVTSDLSKALTSLYDE-======—————— e m e mmmm——— — — — 343
B. japonicum ..HIVGVLGVIGPTRLNYARVIPTVDYAARIVSRLLGG-———=———— === == ———— e mmmm 362
C. acetobutylicum .. RPLGTIGIIGPTRIPYSKVIKVIMEVVDQINNNLDKMNNS === === oo o o e 343
C. perfringens KSLGTIALIGPRRINYSKVLSIMTEVMKELNET LKNK== === === = = = = e e e e 339
L. lactis ..RGFGTLTVVGPVEMDYQRTLSVLDLVAKVLTMKLSDYYRYLDGNHYEISK---=-=======————————————————— 347
L. innocua ..ERVGGIVLLGPTRMEYSRMMGLVDVMSRDLTDVLTKLYRDNOQN-=-=== === === mm e e m e mm 345
M. genitalium .EAKHQLAIVGPTRMDYQKIKALLTTLKEEIEKYDKKIHNQT === == == === == mmmm e e e 343
S. pneumoniae .. RGVGILAIIGPVNLDYQQLINQVNVVNRVLTMKLTDFYRYLSSNHYEVH--=-=—-———————-————————————————— 344
S. coelicolor ..EAVAKLGVVGPTRMDYPGTMGAVRAVARYVGQILAES—==—————————— - mm e e e e —m—— 338
C. trachomatis .. TPLGAFGVLGPMNLPYQQVFGTLSLFTERLKVILTQSFYKFKLSFRRPCPTDPRCSQRPAELTRSSSIKLLPAKELS 392
C. muridarum ...TPLGAFGVLGPMNLPYQQVFGTLSLFTERLKTILTQSFYKFKLSFRRPCPTDPRCSQKPAELTRRSSIKLLPAKELT 392
C. abortus ..TPLGAFGVLGPINLPYREIYKTLTIFADKVKESLTQSFYKFKLSFRRPCPSDPKLSKEPTLLARYSSIKLLPPKETS 386
C. felis .TPLGAFGVLGPINLPYREIFQTLTIFADKVKDSLTQSFYKFKLSFRRPCPSDPKLSKEPTLLARYSSIKLLPPKETS 386
C. caviae ..TPLGAFGVLGPVNLPYKEIFKTLTIFADKIKASLTQSFYKFKLSFRRPCPSDPTLSKEPTLLARYSSIKLLPPKETS 386
C. pneumoniae ..SPLGALGILGPINLPYKEALPLLKLFANKINETLTQSFYKFKLSFRRPLTSNCKLSNEPILRTEYSSIKLLPSKETL 398
P. amoebophila 385

gakdE (3 % H

..KPVGAVGLLGPTRLPYRALFSLLKLFSDCISETVTKNVYKFKIDYRQPEQSLYLKKEESLLIGQSRFLIEDKRP—--—

FIG. 1. Chlamydial HrcA contains an additional C-terminal tail. Alignment of the C-terminal sequence of HrcA from six Chlamydia spp. (C.
trachomatis, C. muridarum, C. abortus, C. felis, C. caviae, and C. pneumoniae), the related organism Protochlamydia amoebophila, and selected
bacteria in which HrcA has been previously studied and/or identified. The amino acid sequence was inferred from each nucleotide sequence and
analyzed with ClustalW software at http://www.ebi.ac.uk/Tools/clustalw2/index.html. Amino acid residues in the C terminus that are identical,
strongly similar, or weakly similar among all HrcA orthologs are marked by an asterisk, colon, or period, respectively. The total number of amino
acids (aa) in each HrcA ortholog is listed. The tandem arginine residues of C. trachomatis HrcA implicated in the premature termination of

translation in E. coli are bolded and underlined.

MATERIALS AND METHODS

Cloning of overexpression plasmids. Plasmid pMT1133 contains the entire
wild-type coding sequence of C. trachomatis serovar L2 hrcA, as previously
described (51). Since pMT1133 expresses both a full-length and a truncated form
of HrcA in Escherichia coli, plasmid pMT1214 was constructed to express only
full-length recombinant HrcA. pMT1214 contains the coding region for C. tra-
chomatis hrcA with sequence changes at nucleotides 1080 to 1085 (AGAAGA to
CGTCGC), which substitute alternative arginine codons without changing the
amino acid sequence of the expressed protein. To clone pMT1214, an upstream
portion of ircA was amplified from pMT1133 by PCR with Tgo DNA polymerase
(Roche) using a T7 promoter primer (5'-TGAATTGTAATACGACTCACTA
TAGGG) and primer T507 (5'-GGGTCGGTCGGGCAAGGGCGACGGAAT
GACAATTTAAACTTG). In addition, a downstream portion of hrc4 was am-
plified from pMT1133 using primers T472 (5'-TGCCCGACCGACCCTAGA)
and T123 (5'-CCGGTACCTCATGATAGCTCCTTAGCGGGTAAT). The up-
stream PCR product digested with Xbal and the downstream PCR product
digested with EcoRI were ligated together at their respective blunt ends to form
a 1,330-bp ligation product. This 1,330-bp insert was then ligated into pRSET-C
(Invitrogen) digested with Xbal and EcoRI.

Plasmid pMT1215 expresses a truncated form of C. trachomatis tHrcA, from
amino acids 1 to 360, that lacks the Chlamydia-specific C-terminal tail. Nucleo-
tides 1 to 1080 of hrcA were amplified by PCR from pMT1133 with 7go DNA
polymerase using the T7 promoter primer, described above, and primer T356
(5'-AGCGGTACCTCAGAATGACAATTTAAACTTGTAAAA). This PCR
product and pRSET-C were digested with Xbal and EcoRI and then ligated
together.

Plasmid pMT1620 expresses full-length rHrcA without an affinity tag and was
used for size comparison to endogenous HrcA purified from C. trachomatis. To
clone pMT1620, the coding region for hrcA from pMT1214 was amplified by
PCR with Tgo DNA polymerase using primers T1182 (5'-CGCCATATGGAA
AATAGAATAGAAATGTCCC) and T1183 (5'-TCATGATAGCTCCTTAGC
GGG). The PCR product was digested with Ndel and ligated into the pET21a
overexpression vector (Novagen) between Ndel and blunted Xhol sites. Plasmid
pMT1621, which expresses truncated rHrcA without an affinity tag, was cloned in
the same manner as pMT1620 except that primer T1184 (5'-TCAGAATGACA
ATTTAAACTTGTAAAAACTTTGAG) was used instead of T1183.

Plasmid pMT1494 expresses recombinant DcrA and contains the coding se-
quence for C. trachomatis CT296 cloned into pRSET-C. To clone pMT1494, the
coding sequence for CT296 was amplified from C. trachomatis L2 genomic DNA
by PCR with Pfu DNA polymerase using primers T1177 (5'-GATCCTCGAGA
TATGAGGGCAGTTTTACACCTAGAGCACAAGCGTTATTTC) and T1174

(5'-GATCCTGCAGTTAGTTAGGAAATCCCGCTGAGGAGAACCTAAG). The
PCR product was digested with PstI and Xhol and ligated into pRSET-C be-
tween PstI and Xhol sites.

Overexpression and purification of recombinant proteins. All Hiss-tagged
recombinant proteins were overexpressed in E. coli BL21(DE3) and cells were
lysed as previously described (51). rHrcA was purified with metal affinity chro-
matography with slight variations in the purification scheme, as described below,
to optimize the purification of full-length and truncated forms of rHrcA. For
some experiments, we further purified rHrcA to isolate the active fraction of
rHrcA on the basis of specific binding to the cognate CIRCE operator (also
described below).

Full-length rHrcA was purified with nickel affinity chromatography as previ-
ously described (51) with minor changes: the nickel column was washed with 10
column volumes of buffer N (10 mM Tris-HCI [pH 8.0], 300 mM NaCl, 10 mM
2-mercaptoethanol) containing 100 mM imidazole, and protein was eluted with
5 column volumes of buffer N containing 250 mM imidazole. Eluted proteins
were further purified as described below or dialyzed overnight against storage
buffer (10 mM Tris-HCI [pH 8.0], 10 mM MgCl,, 100 pM EDTA, 10 mM
2-mercaptoethanol, 100 mM NaCl, 30% glycerol) and again for 4 h.

Truncated rHrcA for binding assays with DNA affinity beads was purified with
nickel affinity chromatography as described above except that the nickel column
was washed with 20 column volumes of buffer N containing 20 mM imidazole.
For electrophoretic mobility shift assays (EMSA) and in vitro transcription as-
says, truncated rHrcA was purified with cobalt affinity chromatography using
TALON metal affinity resin (Clontech) instead of nickel to remove nonspecific
nucleases that copurified with the recombinant protein. The cobalt column was
washed with 500 column volumes of buffer N containing 10 mM imidazole prior
to elution with 5 column volumes of buffer N containing 250 mM imidazole.

To isolate the active fraction of rHrcA, we performed an additional DNA
affinity purification step using CIRCE DNA conjugated to magnetic beads (53).
Full-length rHrcA purified by nickel affinity chromatography was diluted in bead
buffer (10 mM Tris-HCI [pH 8.0], 10 mM 2-mercaptoethanol) to a NaCl con-
centration of 50 mM and incubated with the CIRCE DNA beads for 1 h at 4°C
with gentle rocking. The beads were then washed 3 times with bead buffer
containing 50 mM NaCl and eluted with bead buffer containing 1 M NaCl.
Eluted proteins were dialyzed overnight against storage buffer and again for 4 h.
The active fraction of truncated rHrcA was purified in a similar manner except
that the buffer used to wash the beads contained 200 mM NaCl.

Recombinant GroEL was purified using nickel affinity chromatography as
previously described for rHrcA (51) with minor changes: the nickel column was
washed with 10 column volumes of buffer N containing 40 mM imidazole prior
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to elution with 5 column volumes of buffer N containing 250 mM imidazole. All
protein samples were >90% pure as assayed by silver staining on SDS-PAGE
gels. Protein concentrations were determined by the Bio-Rad protein assay.

Purification of C. trachomatis RNA polymerase. RNA polymerase was partially
purified from C. trachomatis serovar L2 at 24 h postinfection by heparin agarose
chromatography as previously described (48).

Binding assays with DNA affinity beads. Full-length and truncated forms of
rHrcA purified with nickel affinity chromatography were diluted in bead buffer to
a NaCl concentration of 100 mM. Diluted protein was incubated with CIRCE
DNA magnetic beads for 20 min at room temperature (RT) with gentle rocking.
Beads were then washed with bead buffer containing 150 mM NaCl for 5 min at
RT, and wash fractions were collected. Washes were repeated with bead buffer
containing 200, 250, 300, 350, 400, 450, and 800 mM NaCl. Wash fractions were
resolved on SDS-PAGE and analyzed by silver staining.

EMSA. DNA probes containing the C. trachomatis dnaK promoter region were
prepared for EMSA as previously described (51). EMSA reactions with rHrcA
were performed and the data were analyzed as previously described (51). For
these experiments, we used rHrcA that had been purified by metal affinity
chromatography only as well as active fractions of rHrcA that had been isolated
with an additional DNA affinity purification step, as indicated in the text. The
dissociation constants for binding reactions were calculated using Lineweaver-
Burk analysis as previously described (51). For EMSA experiments with rGroEL
and rHrcA, a modified 1X binding buffer (40 mM Tris-HCI [pH 8.0], 135 uM
EDTA, 100 uM dithiothreitol, 7.5% glycerol) was used. rGroEL was preincu-
bated with rHrcA for 10 min at RT prior to addition to the EMSA reaction
mixture. Reaction mixtures were then incubated for an additional 10 min at RT.
Samples were then loaded onto a 7% polyacrylamide EMSA gel. Anti-GroEL
(A57-B9) antibodies (a generous gift of Richard Morrison, University of Arkan-
sas for Medical Sciences) and anti-myc antibodies (Invitrogen) were used for
supershift experiments.

In vitro transcription assays. In vitro transcription reactions with rHrcA, par-
tially purified C. trachomatis RNA polymerase, and transcription templates con-
taining the dnaK promoter were performed and the data were analyzed as
previously described (51). These experiments were performed with rHrcA that
had been purified by metal affinity chromatography only as well as active frac-
tions of rHrcA that had been further purified by a DNA affinity purification step,
as indicated in the text. In vitro transcription experiments with rGroEL and
rHrcA were performed in a modified reaction mixture containing 400 pM ATP,
400 pM UTP, 1.2 uM CTP, 0.21 pM [-*?P]CTP (800 Ci/mmol), 100 pM
3’-O-methylguanosine 5'-triphosphate Na salt, 18 U of rRNasin, 5% glycerol,
and 15 nM supercoiled DNA template. For these reactions, rGroEL and rHrcA
were first preincubated for 10 min at RT. These recombinant proteins were then
added to the reaction mixture, which was incubated for an additional 10 min at
RT prior to the addition of 0.02 U of E. coli RNA polymerase holoenzyme
(Epicentre).

Cloning of lacZ reporter fusions. Plasmid pMT1622 contains a fusion of the C.
trachomatis dnaK promoter and the coding sequence of E. coli lacZ, cloned into
plasmid pK-184 (17). The E. coli lacZ coding sequence was excised from plasmid
pRS415 (44) by digestion with BamHI and SnaBI. This lacZ coding sequence was
ligated into pK-184 between BamHI and blunted EcoRI sites to generate plas-
mid pMT1619. The C. trachomatis dnaK promoter was amplified from plasmid
pMT1161 (51) by PCR with Tgo DNA polymerase using primers T1417 (5'-AT
AGCATGCCCTATAAATTGATCATTGGGAAGTCTTTCC) and T1391 (5'-
AAGTTGGTGTCATTATAGGAAAACCGGAG). The PCR product was di-
gested with Sphl and ligated into pMT1619 between Sphl and blunted BamHI
sites to generate plasmid pMT1622.

B-Galactosidase assays. T7 Express (New England BioLabs) is an E. coli strain
with the gene encoding T7 RNA polymerase stably integrated into the chromo-
somal lac operon, resulting in a nonfunctional lacZ gene. T7 Express cells were
cotransformed with pMT1622 and one of four overexpression vectors: pRSET-C,
pMT1214, pMT1215, or pMT1494. Overnight cultures were diluted 1:100 in
Luria broth containing 200 uM isopropyl B-p-1-thiogalactopyranoside (IPTG)
and grown at 37°C to an optical density at 600 nm of 0.8. B-Galactosidase activity
was assayed as previously described (56) with minor changes: 2 or 4 pl of each
culture was mixed with permeabilization buffer (0.8 mg/ml hexadecyltrimethyl-
ammonium bromide, 0.4 mg/ml sodium deoxycholate, 100 mM Na,HPO,, 20
mM KCI, 2 mM MgSO,, 100 mM 2-mercaptoethanol) in a total volume of 100
wl and incubated at 30°C for 30 min. Then, 600 pl of substrate solution (60 mM
Na,HPO,, 40 mM NaH,PO,, 4 mg/ml o-nitrophenyl-B-galactoside) was added to
each sample to initiate the reaction. Reactions were terminated with 700 wl of 1
M Na,CO3;, and samples were centrifuged at 16,000 X g for 10 min at RT to
pellet debris. The optical densities of each sample at 420 nm and 550 nm were
measured, and B-galactosidase activity was calculated in Miller units (25). Over-
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expression of recombinant proteins in T7 Express cells was monitored by West-
ern blotting with anti-His antibodies (GE Healthcare) as previously described
(53).

Isolation of endogenous HrcA. Murine 1.929 host cells (7.5 X 10%) grown in
suspension were infected with C. trachomatis serovar L2 at a multiplicity of
infection of 3. Infected cells were harvested at 24 h postinfection, partially
purified, and lysed as previously described (48). This lysate of chlamydial retic-
ulate bodies was diluted in bead buffer to a NaCl concentration of 50 mM.
Diluted lysate was incubated with CIRCE DNA magnetic beads for 15 min at
4°C with gentle rocking. Beads were then washed with bead buffer containing 50
mM NaCl for 10 min at 4°C, and wash fractions were collected. Washes were
repeated with bead buffer containing increasing NaCl concentrations (100, 150,
200, 250, 300, and 350 mM NaCl). Wash fractions were resolved on SDS-PAGE
and analyzed by Western blotting with anti-HrcA antibodies as previously de-
scribed (53). Lysates of E. coli BL21(DE3) overexpressing untagged forms of
either full-length or truncated rHrcA were included as size comparisons for
endogenous HrcA. In parallel experiments, full-length rHrcA purified by nickel
affinity chromatography was bound to the CIRCE DNA magnetic beads, and
wash fractions were analyzed by Western blotting with anti-His antibodies.

RESULTS

Chlamydial HrcA contains a unique C-terminal tail. When
we compared the predicted amino acid sequence of HrcA from
Chlamydia spp. and those of other bacteria, we noted that the
chlamydial HrcA proteins have approximately 30 to 40 amino
acids of additional sequence at their C termini (Fig. 1). The
additional C-terminal sequence is well conserved among all
Chlamydia spp. (71 to 97% similarity) but not present in HrcA
from other bacteria (Fig. 1). This C-terminal tail accounts for
the 10% larger size of chlamydial HrcA compared to its bac-
terial orthologs. It appears to be a unique sequence, since it did
not have significant sequence similarity to other proteins in a
BLAST search (data not shown). Interestingly, HrcA from the
related bacterium Protochlamydia amoebophila, an endosym-
biont of amoeba that has a Chlamydia-like developmental cy-
cle, also contains an extended tail at its C terminus that is 64%
similar to the C-terminal tail from C. trachomatis (Fig. 1).

Full-length recombinant HrcA binds its CIRCE operator
with lower affinity than a truncated form lacking the C-termi-
nal tail. To examine whether this Chlamydia-specific C-termi-
nal tail has functional significance, we generated recombinant
forms of C. trachomatis HrcA containing or lacking this region.
We engineered a truncated form of rHrcA that does not have
the C-terminal tail by introducing a stop codon to prevent
translation of this region (Fig. 2A, lane 3). We had to take
extra steps to generate full-length rHrcA because expression of
the wild-type C. trachomatis hrcA sequence in E. coli also
produced a shorter form of the recombinant protein (Fig. 2A,
lane 1). We reasoned that this shorter form was due to pre-
mature termination of translation in E. coli because of tandem
arginine codons AGA-AGA at amino acid positions 361 to
362. AGA is a rare codon in E. coli (14) but not in Chlamydia
(36), and tandem AGA codons are known to cause premature
translational termination (12, 15, 35). By replacing these tan-
dem AGA codons with the silent mutations CGT-CGC, we
were able to produce full-length rHrcA alone (Fig. 2A, lane 2).

We tested and compared purified forms of full-length and
truncated rHrcA to determine whether binding of HrcA to its
CIRCE operator is altered by the presence of the C-terminal
tail. We measured their respective binding affinity for the
CIRCE operator located on a DNA fragment conjugated to
magnetic beads. Full-length rHrcA eluted at 150 to 200 mM
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FIG. 2. Full-length and truncated forms of rHrcA differ in their
binding affinity for the CIRCE operator. (A) Silver stains of 12%
SDS-PAGE showing purified wild-type chlamydial rHrcA (lane 1)
utilized in previous studies (51-53), and full-length (lane 2) and trun-
cated forms (lane 3) of recombinant HrcA used for in vitro assays in
this report. (B) Recombinant forms of full-length and truncated HrcA
that had been purified by metal affinity chromatography were bound to
CIRCE DNA affinity beads in the presence of 100 mM NaCl. The
beads were then sequentially washed with increasing concentrations of
NaCl over a range from 150 to 800 mM NaCl. Wash fractions were
resolved by 12% SDS-PAGE, and proteins were visualized by silver
staining. IN, input sample.

NaCl, compared to 250 to 450 mM NaCl for truncated rHrcA
(Fig. 2B). These unexpected results suggest that full-length
chlamydial rHrcA has a lower binding affinity for its operator
than a truncated form lacking the C-terminal tail.

We used an electrophoretic mobility shift assay (EMSA) to
quantitate this paradoxical increase in binding affinity when the
C-terminal tail was deleted. The lower binding affinity of full-
length HrcA could not be explained by differences in solubility
because full-length rHrcA was much more soluble than trun-
cated rHrcA (data not shown). Nevertheless, we isolated the
active fraction of each recombinant HrcA protein by perform-
ing an additional affinity purification step with CIRCE DNA to
remove misfolded or inactive protein that did not bind the
CIRCE operator. In EMSA experiments, we obtained a 90%
shift of the CIRCE DNA probe with 128 nM this active frac-
tion of full-length rHrcA compared to only 1.6 nM active
truncated rHrcA (Fig. 3). From these in vitro binding studies,
we calculated an apparent dissociation constant (K,,) of 49 nM
for full-length rHrcA and 0.89 nM for truncated rHrcA, which
is a >50-fold difference. These results demonstrate the striking
effect of the Chlamydia-specific C-terminal tail in decreasing
the affinity of HrcA for its CIRCE operator.

Full-length recombinant HrcA does not repress transcrip-
tion in vitro. We next tested if this decrease in operator binding
leads to decreased transcriptional repression of a heat shock
promoter. We compared the ability of active full-length and
truncated rHrcA to repress the C. trachomatis dnaK promoter,
which is an HrcA-regulated promoter that contains a CIRCE
operator (51). Active full-length rHrcA did not repress dnaK
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FIG. 3. EMSA experiments quantitating the lower binding affinity
of full-length rHrcA for the CIRCE operator compared to truncated
rHrcA. (A) Representative EMSA in which active fractions of full-
length and truncated rHrcA that had been purified with DNA affinity
chromatography were incubated with a DNA probe containing the C.
trachomatis dnaK promoter and its CIRCE operator (51). Full-length
rHrcA was tested over a range of concentrations from 4 to 128 nM,
while truncated rHrcA was tested at a lower concentration range, up to
1.6 nM, which was sufficient to produce an almost complete gel shift.
The locations of the free and bound probes on the gel are marked.
(B) Graphs showing quantification of the EMSA results over a range
of rHrcA concentrations. Note the different scales for the x axes of the
two graphs. The values shown are the mean of results of three inde-
pendent experiments, and the error bars represent standard deviations.

transcription in vitro, even at concentrations as high as 280 nM
(Fig. 4). In contrast, the active fraction of truncated rHrcA
decreased dnaK transcription in a concentration-dependent
manner, up to a maximum of 10-fold at 100 nM protein (Fig.
4). Taken together, these in vitro binding and transcription
studies indicate that the C-terminal tail of chlamydial HrcA is
an inhibitory region that reduces the ability of HrcA to bind to
its operator and to repress transcription.

At first glance, this inability of full-length rHrcA to repress
the dnaK promoter stands in contrast to our previous studies
that showed that C. trachomatis HrcA is a transcriptional re-
pressor (51-53). However, those studies were performed with
a chlamydial rHrcA preparation that also contained truncated
protein lacking the C-terminal tail (Fig. 2A, lane 1) as an
artifact of premature translational termination in E. coli, as
described above. In light of our new findings showing that
full-length rHrcA has minimal repressor activity, it is likely that
the repressor activity that we measured in our previous studies
was due to the presence of truncated HrcA in our rHrcA
preparation.

Full-length HrcA causes less repression in vivo than trun-
cated HrcA. We used a B-galactosidase reporter assay to test if
the presence of the C-terminal tail also decreases HrcA-medi-
ated repression in vivo. Since no experimental genetic system
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FIG. 4. Only truncated and not full-length rHrcA repressed tran-
scription of the dnaK promoter in vitro. (A) In vitro transcription of the
C. trachomatis dnaK promoter with C. trachomatis RNA polymerase in
the presence of rHrcA over a range of concentrations from 35 to 280
nM for full-length rHrcA and 12.5 to 100 nM for truncated rHrcA.
These experiments were performed with active fractions of rHrcA that
had been purified with DNA affinity chromatography. (B) Graphs
showing quantification of the transcription results as measured by
phosphorimager analysis. Note the different scales for the x and y axes
of the two graphs. Reactions were performed in triplicate, and the
amount of repression is reported as an average fold decrease relative
to transcription in the absence of rHrcA. Error bars represent standard
deviations.

exists for Chlamydia, we performed these experiments in E.
coli as a heterologous host that lacks its own HrcA homolog
(5). Overexpression of truncated HrcA caused a 5-fold de-
crease in B-galactosidase activity from the C. trachomatis dnaK
promoter, while full-length HrcA decreased reporter activity
by 2-fold (Fig. 5). This increased repression with truncated
HrcA could not be accounted for by differences in protein
overexpression alone because truncated HrcA was expressed
at 2-fold-lower levels than full-length HrcA by Western blot
analysis (data not shown). These effects on reporter activity
were specific, since there was no repression with C. trachomatis
DcrA, which is a metal ion-responsive regulator (31, 54). These
results provide support for our in vitro findings by verifying that
the presence of the Chlamydia-specific C-terminal tail de-
creases the ability of HrcA to repress transcription in vivo.
These experiments, however, raise the question of how full-
length chlamydial HrcA is able to function as a repressor in
vivo but not in vitro.
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FIG. 5. Full-length HrcA produced less repression in vivo com-
pared to truncated HrcA. B-Galactosidase assays in which E. coli was
cotransformed with a reporter plasmid containing a C. trachomatis
dnaK promoter-lacZ transcriptional fusion and an expression plasmid
encoding a C. trachomatis transcription factor (full-length HrcA, trun-
cated HrcA, or DcrA as a negative control). The results are reported
in Miller units, together with the average fold decrease relative to
control levels obtained with an empty expression vector. The assays
were performed in triplicate, and error bars represent standard devi-
ations.

Full-length HrcA is the form of HrcA present in Chlamydia.
To determine if endogenous HrcA in C. trachomatis contains
the inhibitory C-terminal tail, we attempted to purify HrcA
from a lysate of chlamydial reticulate bodies. However, we did
not detect HrcA in this lysate by Western blot analysis with
polyclonal antibodies against HrcA, which is likely due to its
low abundance (53). As an alternative, we used DNA affinity
chromatography to isolate HrcA from the lysate on the basis of
specific binding to the CIRCE operator and then detected the
protein by Western blot analysis. Using this approach, we re-
covered a single form of endogenous HrcA that comigrated
with untagged full-length rHrcA by SDS-PAGE (Fig. 6). We
did not detect any endogenous protein corresponding to trun-
cated HrcA, even though this form would be predicted to bind
the CIRCE DNA beads with higher affinity. Intriguingly, en-
dogenous HrcA eluted from the DNA affinity beads at 200 to
300 mM NacCl, in contrast to full-length rHrcA, which eluted at
100 to 200 mM NacCl (Fig. 6). These results indicate that
endogenous HrcA in C. frachomatis is the full-length protein,

NaCl (mM)
FL T 50 100 150 200 250 300 350

49 kDa-

L _ Endogenous
.. : HrcA
37 kDa- ;
b Full-length
49 kDa- - -
——— a— A
37 kDa-

FIG. 6. Endogenous HrcA from C. trachomatis is the full-length
protein. Western blot showing endogenous HrcA purified from a lysate
of chlamydial reticulate bodies (top panel, probed with anti-HrcA
antibodies) or full-length His,-tagged rHrcA overexpressed and puri-
fied from E. coli (bottom panel, probed with anti-His antibodies). Each
form of HrcA was incubated with CIRCE DNA beads at 50 mM NaCl
and then washed in a stepwise manner with increasing concentrations
of NaCl from 50 to 350 mM as marked. Wash fractions were then
resolved by 12% SDS-PAGE. Samples of untagged full-length (FL)
and truncated (T) rHrcA are shown as size markers.
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although we detected a difference in its binding affinity for the
CIRCE operator compared to recombinant full-length protein.

GroEL enhances binding of rHrcA to the CIRCE operator.
One explanation for the apparent higher binding activity of en-
dogenous full-length HrcA is that its repressor activity is modu-
lated by an additional factor. We focused our efforts on GroEL
since this heat shock protein has been shown to copurify as a
complex with endogenous HrcA from a C. trachomatis lysate (53).
Furthermore, GroEL has been shown to promote the binding of
HrcA to CIRCE in vitro for a number of bacterial species (23, 27,
37, 47). This interaction with GroEL has been proposed to in-
crease the binding affinity of HrcA for CIRCE by inducing an
active conformation of the repressor (27).

We performed EMSA experiments to test if GroEL can in-
crease the binding of full-length chlamydial HrcA to a DNA
probe containing the CIRCE operator. For these binding exper-
iments, and subsequent transcription studies, we reasoned that
this putative effect of GroEL would be best measured on rHrcA
that had not been enriched for high binding affinity with the
additional DNA affinity chromatography step. When we preincu-
bated 120 nM C. trachomatis tGroEL with 350 nM full-length
rHrcA, the proportion of bound probe increased by 6.4-fold to
58%, compared to 9% for rHrcA alone, and produced an addi-
tional slower-migrating supershifted band (Fig. 7A, compare
lanes 2 and 3). This extra band represents a higher-order complex
that also contains rGroEL, since the addition of anti-GroEL an-
tibodies caused a further retardation of this band on the gel (Fig.
7B, lane 4, marked as antibody supershift). The antibody super-
shift was not seen with anti-myc antibodies (data not shown).
These complexes were specific for the dnaK promoter and its
CIRCE operator, as no gel shifts were observed with a DNA
probe containing the C. frachomatis troA promoter, which is a
non-heat shock promoter (data not shown). rGroEL by itself did
not bind the CIRCE DNA probe (Fig. 7A, lane 6), which is
consistent with published reports (53). These results demonstrate
that GroEL interacts with the HrcA-CIRCE complex and en-
hances the binding of full-length HrcA to its CIRCE operator.

We also found that GroEL enhanced the binding of truncated
chlamydial HrcA lacking the C-terminal tail, although the effect
was more modest. Since truncated rHrcA binds to CIRCE with a
higher affinity than full-length rHrcA (Fig. 3), we titrated the
concentration of truncated rHrcA in this experiment in order to
start with a level of baseline binding (6%) that was similar to that
of full-length rHrcA (Fig. 7A, lane 2). rGroEL (120 nM) caused
the proportion of probe bound by truncated rHrcA to increase by
3-fold, from 6% to 18%, while also producing a supershifted band
(Fig. 7A, compare lanes 4 and 5). These results indicate that
GroEL also interacts with truncated chlamydial HrcA in vitro and
enhances its binding to CIRCE. The greater effect of GroEL on
full-length HrcA than on truncated HrcA (Fig. 7A, compare lanes
3 and 5) suggests that at least some of the enhancement by
GroEL is mediated through the Chlamydia-specific C-terminal
tail of HrcA. These results are consistent with a role for GroEL in
counteracting the inhibitory effect of the C-terminal tail on HrcA
repressor activity.

We tested if GroEL enhances the binding of full-length HrcA
to the CIRCE operator via its conventional role as a molecular
chaperone that refolds proteins in an ATP-dependent process (6).
To prevent GroEL chaperone activity, we performed EMSA ex-
periments in the presence of ATPYS, a nonhydrolyzable form of
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FIG. 7. GroEL enhances rHrcA binding to the CIRCE operator.
Representative EMSA in which rHrcA was preincubated with rGroEL
prior to binding to a DNA probe containing the C. trachomatis dnaK
promoter and its CIRCE operator. The rHrcA preparations used for
this assay were purified by metal affinity chromatography without fur-
ther purification by DNA affinity chromatography. DNA probes
shifted by rHrcA alone or supershifted by rHrcA and rGroEL are
marked. (A) rGroEL (120 nM) had a greater effect on 350 nM full-
length rHrcA (lane 3) than on 2 nM truncated rHrcA (lane 5), which
are concentrations of full-length and truncated rHrcA that produced
similar baseline proportions of shifted probe in the absence of rGroEL
(lanes 2 and 4). (B) Specificity control showing that anti-GroEL anti-
body further retarded the mobility of the supershifted band produced
by incubation of 120 nM rGroEL with 350 nM full-length rHrcA.
(C) Addition of ATP and ATP+S at 50 or 100 wM had no effect on the
enhancement caused by 120 nM rGroEL when it was preincubated
with 350 nM full-length rHrcA.

ATP. Addition of 50 or 100 uM ATPyS to reaction mixtures
containing 120 nM rGroEL and 350 nM full-length rHrcA did not
decrease the amount of bound probe (Fig. 7C, lanes 6 and 7).
There was also no effect if we added 50 or 100 wM ATP (Fig. 7C,
lanes 4 and 5) instead of ATPyS. These results indicate that
GroEL enhances the binding of full-length HrcA to its operator
in an ATP-independent manner.

GroEL enhances transcriptional repression by full-length
but not truncated rHrcA in vitro. We tested if the stimulatory
effect of GroEL on HrcA-CIRCE binding also causes in-
creased HrcA-mediated repression of the C. trachomatis dnaK
promoter in vitro. Since our C. frachomatis RNA polymerase
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FIG. 8. GroEL enhanced transcriptional repression by full-length
but not truncated rHrcA in vitro. In vitro transcription of the C. tra-
chomatis dnaK promoter with E. coli RNA polymerase in the presence
of 350 nM full-length rHrcA or 100 nM truncated rHrcA, which pro-
duced similar baseline repression in the absence of rGroEL (lanes 3
and 5). rGroEL (170 nM) was added to reactions in lanes 2, 4, and 6.
These rHrcA preparations were purified by metal affinity chromatog-
raphy without further purification by DNA affinity chromatography.
The graph shows quantification of the transcription results as mea-
sured by phosphorimager analysis. Transcription levels were normal-
ized to the amount of transcription produced by RNA polymerase
alone, which was defined as 100%, and the percentage change in
transcription due to the addition of rHrcA and/or rGroEL is reported.
Reactions were performed in triplicate, and error bars represent stan-
dard deviations.

preparation is partially purified and contains unidentified chla-
mydial proteins (48), we performed these transcription assays
with commerecially purified E. coli RNA polymerase to ensure
that we were measuring the effect of GroEL, and not those of
other proteins, on HrcA. The addition of 170 nM rGroEL
more than doubled the level of repression by 350 nM full-
length rHrcA from 18.5% to 44.5% (Fig. 8, compare lanes 3
and 4). To compare the effect of GroEL on truncated HrcA,
which is a more effective repressor by itself (Fig. 4), we titrated
the concentration of truncated rHrcA in this experiment so
that we started with a level of repression (16.1%) similar to
that of full-length rHrcA (Fig. 8, lane 3). In contrast to the
results with full-length rHrcA, 170 nM rGroEL did not en-
hance this repression by truncated rHrcA (Fig. 8, compare
lanes 5 and 6). These results demonstrate that GroEL aug-
ments HrcA-mediated repression, which agrees with previous
reports (53). However, these EMSA and transcription studies
indicate that GroEL has a greater effect when the C-terminal
tail of HrcA is present. These results are consistent with a
model in which the auto-inhibitory effect of the C-terminal tail
is counteracted by GroEL, thereby facilitating the ability of
full-length chlamydial HrcA to function as a repressor.

DISCUSSION

Our study demonstrates that the C-terminal tail of C. tra-
chomatis HrcA has an inhibitory effect on the repressor func-
tion of this stress response regulator. This additional region is
a distinguishing feature of chlamydial HrcA that is not present
in HrcA from other bacteria (Fig. 1). It is well conserved in
orthologs from six Chlamydia spp. and also present in HrcA

CHLAMYDIAL HrcA HAS A C-TERMINAL INHIBITORY REGION 6739

from a related intracellular bacterium, Protochlamydia amoe-
bophila, which suggests that it may have a conserved evolution-
ary function (4, 16, 32, 33, 46, 49). We found that the C-ter-
minal tail decreased binding of chlamydial HrcA to its cognate
CIRCE operator in vitro. The presence of this Chlamydia-
specific region also reduced the ability of chlamydial rHrcA to
repress transcription in vitro and in vivo.

The inhibitory effect of the C-terminal tail was not recog-
nized in previous studies that utilized recombinant chlamydial
HrcA (51-53). The likely reason is that expression of chlamyd-
ial rHrcA in E. coli artifactually produces a truncated product
lacking the C-terminal tail (Fig. 2A, lane 1) that binds CIRCE
and represses heat shock promoters with higher efficiency than
the full-length protein. This truncated recombinant protein
appears to be the result of premature termination of transla-
tion in E. coli (14), since we were able to prevent it from being
produced by replacing tandem AGA arginine codons in the
hrcA sequence with silent mutations. By performing experi-
ments with 100% full-length C. trachomatis rHrcA, the current
study demonstrates that the C-terminal tail has a negative
effect on DNA binding and repression. We detected full-length
HrcA only in chlamydiae and found no evidence that C. fra-
chomatis overcomes the inhibitory effect of the C-terminal tail
by generating a truncated form of HrcA.

There is precedent for the DNA-binding activity of a protein
to be altered by an inhibitory C-terminal tail. E. coli single-
stranded DNA-binding protein (SSB) and T7 bacteriophage
gene 2.5 protein (gp2.5) each contain a C-terminal tail that
inhibits binding to single-stranded DNA (ssDNA) (19, 22).
Inhibitory domains are also common on eukaryotic transcrip-
tion factors, such as p63, FoxM1, and Pitx2 (1, 29, 43). In some
cases, this auto-inhibition can be regulated, as illustrated by
Pit-1, a factor that enhances the DNA-binding activity of Pitx2
by counteracting the inhibitory effect of its C-terminal tail (1).

The inhibitory C-terminal tail provides a second example of
how HrcA-CIRCE binding has been weakened in Chlamydia.
The CIRCE sequence is normally well conserved in bacteria
(42), but the CIRCE operator of the C. trachomatis groESL
operon is unusual in having 5/18 mismatches with the consen-
sus CIRCE sequence (52). We have previously demonstrated
that chlamydial HrcA showed reduced binding to this diverged
operator compared to binding to the conserved operator of the
C. trachomatis dnaK operon (52). Thus, it appears that Chla-
mydia has utilized genetic changes in both the repressor and
the operator to reduce HrcA-CIRCE interactions.

We propose that the inhibitory effect of the C-terminal tail
on the DNA binding and repressor functions of HrcA is re-
versible and can be regulated by a cofactor such as the heat
shock protein GroEL. We showed that rGroEL enhanced the
ability of full-length rHrcA to bind the CIRCE operator and to
repress transcription in vitro. rtGroEL had a greater effect in
stimulating CIRCE binding and transcriptional repression by
full-length rHrcA than by truncated rHrcA, which suggests
that GroEL interactions may specifically counteract the inhib-
itory effect of the C-terminal tail. This proposed role in mod-
ulating HrcA repressor activity does not appear to involve the
canonical function of GroEL as a molecular chaperone, since
the effect was ATP independent.

This proposed role for GroEL as a regulator of HrcA may
explain some of our in vivo findings. For example, our ability to
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detect repression by full-length rHrcA in vivo, but not in vitro,
may be due to the presence of endogenous E. coli GroEL in
our in vivo reporter system (Fig. 5). In addition, the higher
CIRCE binding affinity of HrcA isolated from chlamydiae
compared to that of rHrcA may be due to the association of
GroEL with endogenous HrcA, which has been previously
shown (53).

A role for GroEL in counteracting the inhibitory effect of
the C-terminal tail of HrcA is consistent with the GroEL titra-
tion model of heat shock regulation in bacteria (28). According
to this model, GroEL promotes the binding of HrcA to its
CIRCE operator when bacteria are in nonstress conditions.
During cellular stress, however, GroEL is titrated away to
correct protein misfolding, which reduces HrcA-CIRCE bind-
ing and causes derepression of the heat shock genes. While
there is evidence that GroEL promotes HrcA-CIRCE binding
(23, 27, 37, 47), the mechanism has not been determined ex-
perimentally. From in vitro studies, GroEL has been proposed
to increase HrcA binding to its operator by correcting HrcA
misfolding via its role as an ATP-dependent molecular chap-
erone (23, 27). Structural data, however, suggest that HrcA is
intrinsically in an inactive conformation because residues in its
C terminus interact with and inhibit the N-terminal CIRCE-
binding domain (21). These findings have led to an alternative
model in which GroEL enhances HrcA repressor function by
preventing this auto-inhibition (21). Our studies provide the
first experimental support for this auto-inhibitory model by
showing that GroEL can counteract a C-terminal auto-inhibi-
tory region of chlamydial HrcA. Although the C-terminal tail
described in this report is unique to chlamydial HrcA, it may
represent an exaggerated form of HrcA auto-inhibition that
provides insight into the mechanism by which GroEL regulates
HrcA-mediated repression of heat shock genes in other bac-
teria. However, we have not ruled out the possibility that the
C-terminal tail of chlamydial HrcA may have an indirect effect
on operator binding by disrupting HrcA dimerization (50).

In summary, the C-terminal tail of chlamydial HrcA repre-
sents a novel feature that may have implications for the heat
shock response in Chlamydia. We propose that its inhibitory
effect on HrcA-mediated repression leads to a greater depen-
dence on GroEL as a corepressor during nonstress conditions.
Consequently, when GroEL is titrated away in response to
cellular stressors, such as elevated temperature, nutrient de-
privation, or oxidative stress, there is increased derepression
and higher expression of heat shock proteins. Thus, we pro-
pose that the Chlamydia-specific C-terminal tail of HrcA is an
adaptation by this intracellular pathogen to alter heat shock
protein expression in response to cellular stress.
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