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Chlamydia species are bacterial pathogens that affect over 140 million individuals worldwide. Ocular infec-
tion by Chlamydia trachomatis is the leading cause of preventable blindness, and urogenital tract infection by
Chlamydia causes sexually transmitted disease. As obligate intracellular organisms, Chlamydia species have
evolved mechanisms to evade the host immune system, including the degradation of the transcription factors
regulatory factor X5 and upstream stimulation factor 1, which are required for the expression of major
histocompatibility complex molecules I and II by CPAF and cleavage of p65 of the NF-�B pathway by the
encoded CT441 protein. Here, we report the characterization of CT441 as a tail-specific protease. CT441
contains a PDZ domain of protein-protein interactions and a Ser/Lys dyad catalytic unit. Mutation at either
Ser455 or Lys481 in the active site ablated CT441 activity of p65 cleavage. In addition, we found that the
production of CT441 Tsp, which was detected at the middle and late stages of an infection, correlated with p65
cleavage activity. In addition to high homology, human and mouse p65 proteins also contain an identical
C-terminal tail of 22 amino acid (aa) residues. However, only human p65 was susceptible to cleavage. Using
molecular biology approaches, we mapped the p65 cleavage site(s) to a region that differs from that of mouse
p65 by 6 aa residues. Additionally, the substitution of T352 with a proline inhibited p65 cleavage. Together, the
study demonstrates that CT441 is a tail-specific protease that is capable of interfering with the NF-�B pathway
of host antimicrobial and inflammatory responses.

The carboxyl-terminal processing proteases (Ctp), including
the bacterial tail-specific protease (Tsp), are a group of endo-
proteases of posttranslational protein modification, matura-
tion, and disassembly or degradation. The Ctp proteases have
been found in Archaea, plant chloroplasts, bacteria (reviewed
in reference 20), and viruses (5). A well-characterized Ctp is
the P1D protease that contains a PDZ domain of protein-
protein interaction and a domain of the S41B family peptidase
(15, 20). P1D catalyzes the C-terminal processing of the D1
protein of photosystem II, an essential event for the conse-
quent water oxidation and the generation of oxygen molecules
in oxygenic photosynthetic organisms. Tail-specific proteases
have been identified from bacterial pathogens of medical im-
portance, including Borrelia, Chlamydia, Escherichia, Helico-
bacter, Pseudomonas, Salmonella, Shigella, Vibrio, and Yersinia.
Limited examples indicate that these proteases play a critical
role in bacterial protein modifications. For example, the inac-
tivation of Tsp of Borrelia burgdorferi, the etiologic agent of
Lyme borreliosis, affected borrelial protein synthesis and outer
membrane protein P13 processing (19). Escherichia coli Tsp
has been implicated in the processing of penicillin binding
protein 3 (8). In general, the physiological functions of most
bacterial Tsps are less well understood.

Chlamydiae are parasitic bacterial pathogens that infect the
epithelium of the eye, causing the most preventable blindness
in the world, and the urogenital tract, which is the most com-
mon cause of sexually transmitted disease in the United States
(3). The annotated Chlamydia genome has two Tsps, CT441
and CT858 (25). The biological functions of CT441 and CT858
Tsps in Chlamydia replication are unknown; however, both
proteins have been found to target host proteins to interfere
with host cellular processes. CT858 degrades regulatory factor
X5 (RFX5) and upstream stimulation factor 1 (USF-1), tran-
scription factors required for the expression of the major his-
tocompatibility complex molecules of antigen presentation
(27). We found that CT441 Tsp was responsible for chlamydial
protease activity that cleaves the p65 protein, an important
regulator of the NF-�B pathway of inflammatory response.
Degradation of RFX5 or cleavage of the p65 protein can sup-
press the host immune response against microbial infection.

The PDZ domain-containing Tsps are composed of a Ser/
Lys dyad catalytic unit, which was first described by Slilaty and
Little (23; reviewed in reference 20) and further defined from
crystal structure studies of the P1D protein (15). Sequence
analysis indicates that chlamydial CT441 Tsp and homologous
proteins of Chlamydia serovars and biovars contain a con-
served PDZ domain and a Ser/Lys catalytic unit. CT441 pro-
tease shows an overall identity of approximately 28% with P1D
and bacterial Tsps, and the sequence identity around the active
site of Ser and Lys is close to 70% among CT441 and many
defined Tsp proteases of this group. To understand the func-
tional roles of chlamydial Tsp in pathogen-host interactions,
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we performed mutagenesis analysis of cloned CT441 and iden-
tified the amino acid residues essential for p65 cleavage activ-
ity. Here, we report the characterization of CT441 as a PDZ
domain-containing Tsp associated with p65 cleavage.

MATERIALS AND METHODS

Cell lines and bacterial strains. HeLa 229 cells were obtained from the ATCC
(Manassas, VA). HEK293T cells, which allow for episomal replication of trans-
fected plasmids containing the simian virus 40 origin of replication, were cultured
in Dulbecco’s modified Eagle’s medium (high glucose; Invitrogen, Carlsbad, CA)
supplemented with nonessential amino acids, sodium pyruvate, L-glutamine, 20
�g/ml gentamicin, and 10% heat-inactivated defined fetal bovine serum
(HyClone, Logan, UT). Chlamydia trachomatis serovar D and lymphogranuloma
venereum (LGV2) were obtained from H. Caldwell of Rocky Mountain Labo-
ratories of the NIH and G. Zhong of the University of Texas Health Science
Center at San Antonio, respectively, and C. trachomatis of murine pneumonitis
Nigg (MoPn) was obtained from L. M. de la Maza of the University of California
Irvine. The bacteria were propagated in HeLa 229 cells, and the titers were
determined as previously described (2, 18).

Antibodies. Both rabbit and mouse anti-human p65, anti-Myc, and anti-Erk2
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz). Mono-
clonal antibodies to chlamydial major outer membrane protein (MOMP) and to
cysteine-rich protein 60 (CRP60) were kindly provided by L. M. de la Maza.
Antibody to the hemagglutinin (HA) tag was obtained from Sigma (St. Louis,
MO). Rabbit anti-CT441 polyclonal antibody was raised against a recombinant
CT441 (amino acids [aa] 352 to 490) using a protocol approved by the IACUC.
This antibody recognizes a single protein band of 70 kDa from Chlamydia-
infected cell lysates and the purified elementary body of C. trachomatis.

Sequence analysis and molecular modeling. A position-specific iterated and
pattern-hit initiated BLAST (PSI-BLAST and PHI-BLAST) search was per-
formed using the precursor sequence of CT441 (GenBank accession number
NP_219953) as a query against the nonredundant peptide database. The
region of aa 194 to 527 of CT441 was aligned with P1D (Protein Data Bank
accession number 1FC7), and a comparative modeling was obtained using the
MODELLER modeling package (21).

Infection assays. Monolayers of HEK293T cells, or cells as specified, were
infected with LGV2 at 1 inclusion-forming unit (IFU)/cell for various times or as
indicated. In parallel experiments, an antibiotic agent was included throughout
the infection process. The infected cells or control samples were lysed with a
buffer containing 143 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol,
1% NP-40, 0.1% sodium dodecyl sulfate (SDS), and a cocktail of protease
inhibitors (Roche Diagnostics, Indianapolis, IN). Soluble proteins were sepa-
rated by SDS-polyacrylamide gel electrophoresis. The proteins were transferred

onto a Immobilon-P polyvinylidene difluoride membrane (Millipore, Minneapolis,
MN). Protein expression and p65 cleavage were detected with specific antibod-
ies, followed by horseradish-conjugated secondary antibody and an ECL reagent
kit (Pierce, Rockford, IL).

Molecular cloning and transfection. Constructs for the expression of HA-
tagged CT441, CT823, and CT858 as mature peptides were described previously
(14). A standard PCR protocol was used to generate CT441 S455A and K481T.
Briefly, the codon for S455 (TCG) was changed to GCA (S445A mutation),
which effectively introduced a Pst1 site at this area. Similarly, the codon for K481
(AAA) was changed to ACC (K481T mutation). By introducing a silent mutation
corresponding to G480 (GGA to GGT), a Kpn1 restriction site was created. The
ligation of two corresponding PCR fragments into the pRK5HA vector (BamHI/
HindIII) led to pRK5HA/CT441(S455A) and pRK5HA/CT441(K481T), respec-
tively. Similarly, Myc-tagged p65 mutants were prepared using the pRK5Myc
vector (BamHI/EcoRI site) for mammalian expression. All intended mutations
were validated with automated DNA sequence analysis.

For protein expression and in vivo activity assays, 293T cells were transiently
transfected with an expression plasmid or an empty vector using Fugene-6
(Roche). The cells were lysed 24 h posttransfection, and protein expression and
cleavage of the endogenous p65 protein were detected by Western blotting
analyses. Alternatively, the cell lysates were used as substrates in in vitro protein
cleavage assays as described previously (14).

RESULTS

Chlamydial CT441 as a PDZ domain-containing tail-spe-
cific protease. A search of the conserved-domain database of
protein sequences using CT441 (GenBank accession number
NP_219953) as the query revealed the protein as being a PDZ-
Ctp/Tsp protease that contains a PDZ domain and a catalytic
unit composed of a serine residue and a lysine residue (Fig. 1).
CT441 shares an overall identity of approximately 28% with
archaeal P1D (Protein Data Bank accession number 1FC7),
and residues around the Ser/Lys active site have an overall
identity of 50%. The PDZ domain was aligned to aa 251
through 335, and the catalytic unit was between aa 324 and 526,
consistent with the previously proposed domain requirement
of PDZ-Tsp proteins (1).

Characterization of active site of CT441. The structure of
P1D (PDB accession number 1FC7) was therefore used as a

FIG. 1. Multiple alignment of the conserved PDZ and the Ser/Lys dyad catalytic unit of carboxyl-terminal proteases and tail-specific proteases.
The alignment was constructed using the conserved-domain BLAST and adjusted manually to include representative proteins of different species.
Fragments of the D1 C-terminal processing protease (P1D) (Protein Data Bank accession number 1FC7) sequence of Scenedesmus obliquus
around the PDZ and the catalytic unit are shown for comparison. The GenBank gene identifiers are shown on the left of each sequence. Species
name abbreviations are as follows: 1FC7, S. obliquus P1D Ctp; CT441, C. trachomatis D CT441; Ecoli, E. coli; Borr, B. burgdorferi; Heli,
Helicobacter pylori; Baci, Bacillus subtilis; Arab, Arabidopsis thaliana. The GLGF motifs of the PDZ domain are shaded, and the conserved Ser and
Lys residues of Ser/Lys dyad are marked with #. * indicates identical residues.
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structural template to generate a model for residues 194 to 527
of CT441 Tsp by employing the MODELLER program (21)
(Fig. 2A). The PDZ domain of CT441 is formed by five-
stranded antiparallel �-sheets with a single-turn helix inserted
between the second and third �-sheets. The residues that form
the highly conserved GLGF (Gly-Leu-Gly-Phe) loop of car-
boxylate binding (4, 9, 12) were conserved (residues 253 to 256,
GIGV, in CT441). The three domains form a shallow cleft that
resembles those observed in P1D and the hepatitis C virus NS3
protease. The Ser455 and Lys481 residues conserved in PDZ-
Tsp situated in the middle of the cleft and the side chains of
Ser455 and Lys481 are in a position for hydrogen bond forma-
tion. Together, these results indicate that CT441 is a PDZ
domain-containing Tsp that may utilize a Ser/Lys dyad for
catalytic activity.

To define the catalytic unit, we generated CT441 mutants
(Ser455Ala and Lys481Thr) using standard protocols of mo-
lecular biology and investigated whether mutations at the cat-
alytic unit affected p65 cleavage activity of CT441. To this end,
a cDNA encoding the mature peptide of CT441 or the corre-
sponding mutants was subcloned into a mammalian expression
vector for N-terminal HA-tagged protein expression. Mono-
layers of 293T cells were then transfected for the expression of
wild-type (wt) CT441 or the S455A or K481T mutant. CT441
expression and protein cleavage of endogenous p65 were de-

tected by immunoblotting analysis using a specific antibody
against the HA tag or the N terminus of p65, respectively. The
expression of wt CT441 Tsp resulted in the detection of a p65
cleavage product of approximately 40 kDa. Mutation at either
the Ser455 or Lys481 position ablated the p65 cleavage activity
of CT441 (Fig. 2B), indicating that CT441 is a Ser/Lys dyad-
containing protease responsible for p65 cleavage.

It is worth noting that the Chlamydia genome encodes sev-
eral putative serine proteases that contain a leader peptide,
including CT441, CT823, and CT858. CT823 is predicted to
have a trypsin-like protease domain followed by a PDZ domain
at the C-terminal region. We also noticed that CT858, initially
annotated as being a putative Tsp, does not contain a PDZ
domain and a Lys residue in the conserved Ser/Lys catalytic
unit of PDZ-Ctp proteases. Therefore, both CT823 and CT858
proteins were expected to exhibit a different substrate speci-
ficity from that of CT441 even though the substrate for CT823
is unknown. Indeed, neither protein displayed p65 cleavage
activity (14). Instead, CT858 was reported to degrade proteins,
including the RFX5 and USF-1 transcription factors.

Detection of CT441 Tsp during Chlamydia infection. CT441
is predicted to be a �28-regulated gene (26), suggesting that its
expression is developmental cycle dependent. To this end,
HeLa 229 cells were infected with Chlamydia LGV2 at a mul-
tiplicity of infection of 1 IFU/cell for various times, and CT441

FIG. 2. Comparative modeling of CT441 Tsp against Protein Data Bank accession number 1FC7/P1D Ctp and verification of the active site of
CT441 with mutagenesis. (A) Residues 194 to 527 of the CT441 precursor protein were aligned with the 336 residues of the C-terminal processing
protease of photosystem II (P1D) (Protein Data Bank accession number 1FC7) using the MODELLER comparative modeling package (21). A
model representing the PDZ domain and the catalytic unit of CT441 was obtained by satisfaction of spatial restraints. The Ser455 and Lys481
residues of the active site are shown as sticks. (B) Mutation of serine 455 or lysine 481 ablated p65 cleavage activity of CT441. wt CT441 or point
mutations of S455A or K481T were expressed in 293T cells as N-terminal HA-tagged proteins by transient transfection. Protein expression and
p65 cleavage were determined by immunoblotting (IB) analysis. The expression of Erk2 was used as a loading control.
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expression was then detected by immunoblotting analysis to
establish a time course of CT441 production. A protein of 70
kDa was detected approximately 10 to 16 h postinfection, and
the expression persisted thereafter (Fig. 3A). Consistent with
the notion of CT441 as a p65 cleavage protease, significant p65
cleavage was not detected until approximately 20 h postinfec-
tion (Fig. 3A), trailing CT441 expression.

Additionally, the p65 cleavage activity was dependent on
bacterial replication and hence CT441 expression, since treat-
ment with chloramphenicol, an agent that inhibits Chlamydia
growth, prevented p65 cleavage (Fig. 3B). Treatment with pen-
icillin or ampicillin had no effect on CT441 expression or p65
cleavage activity (Fig. 3B) since �-lactams such as penicillin
were previously reported to inhibit Chlamydia maturation but
not its growth (16, 17), which was verified by their inhibition of

the expression of CRP60, a late gene product, but not MOMP,
a middle and late gene product (Fig. 3B).

It is interesting that Tsps, �-lactam acylases, and bacterial
type I leader peptidases use the Ser/Lys dyad for catalytic
activity. An E. coli leader peptidase was reported to be sensi-
tive to certain �-lactams (13, 20), although there seem to be no
structural similarities among these proteases (15). We found
no evidence to implicate CT441 Tsp in processing leader pep-
tide-containing proteins since no precursor MOMP from
�-lactam-treated samples was detected (Fig. 3B).

Identification of substrate cleavage site. PDZ domains of
Tsps recognize nonpolar amino acid residues with a carboxy-
late at the C terminus (24). The cleavage of p65 by CT441 Tsp
was unlikely to be modulated by the C terminus of the p65
protein since the human p65 protein and the cleavage-resistant
mouse p65 protein are identical at their C termini (last 22 aa
residues) (not shown). A growing body of evidence shows PDZ
domains can also recognize internal peptides that can form an
unusual structure, a stable �-hairpin, also known as a �-finger
(10). The human p65 protein seems not to have the consensus
sequences for �-finger formation. We therefore attempted to
characterize the cleavage site using Edman degradation. Since
no conclusive results were obtained using the C-terminus-de-
rived cleavage product (p22) of the p65 protein from those
studies, we instead used deletion mutants to investigate p65
cleavage. An N-terminal Myc-tagged p65 (Myc-p65) or its de-
letion mutants were expressed in 293T cells, and total cell
lysates were then incubated with a bacterial lysate in an in vitro
cleavage assay (14). p65 cleavage was determined by immuno-
blotting analysis with an anti-Myc antibody. Incubation of Myc-
p65 with LGV2 lysate resulted in the detection of two N-
terminus-derived cleavage products, whereas the deletion of aa
331 to 360 (Myc-p65�) prevented p65 cleavage (Fig. 4B), sug-
gesting that the cleavage site(s) resides in this region. This
conclusion was also supported by the following evidence. We
found that only a Myc protein containing the first 360 aa
residues (aa 1 to 360), but not aa 1 to 320 or 1 to 340 of p65,
was cleaved (Fig. 4C), further limiting the cleavage site(s) to a
range of approximately 20 to 25 aa residues.

Cleavage of the endogenous p65 protein led to the detection
of one protein band of 40 kDa (p40) using an N-terminus-
specific antibody (refer to Fig. 3A and B). However, two such
protein bands were detected from the cleavage of overex-
pressed Myc-p65 (Fig. 4B and D). The slower-migrating band
seemed to be subjected to reprocessing since prolonged incu-
bation decreased its detection, which coincided with increased
detection of the faster-migrating protein band (Fig. 4D, top).
Indeed, the p40 cleavage product displayed a motility that fell
within the range of these two proteins (Fig. 4E), suggesting
that the slower-migrating band is the primary product of Myc-
p65 cleavage. The reasons why and how two N-terminus-de-
rived products were detected from the cleavage of Myc-p65
remain uninvestigated.

We noticed that within the cleavage region of p65, human
p65 and the cleavage-resistant murine p65 differ by 6 aa resi-
dues (Fig. 5A). We therefore prepared a mutant that has all
corresponding amino acid residues of human p65 replaced
with the counterparts of mouse p65 and found that this mutant
(Myc-p65*) was completely resistant to Chlamydia cleavage
(Fig. 5B). In addition, we found that Myc-p65* was also resis-

FIG. 3. CT441 expression and p65 cleavage during Chlamydia in-
fection. Monolayers of HeLa 229 cells were infected with Chlamydia
LGV2 at 1 IFU/cell for various times (A) or with 1 IFU for 28 h (B).
In parallel experiments, an antibiotic agent was included at the begin-
ning of an infection. The cells were lysed, and protein expression and
p65 cleavage were detected by immunoblotting (IB) analyses using
specific antibodies. Chl, chloramphenicol (60 �g/ml); Pen, penicillin
(100 �g/ml); Amp, ampicillin (100 �g/ml); P.I., postinfection. Erk2
expression was used as a loading control.
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tant to CT441 cleavage (Fig. 5C), indicating that CT441 was
responsible for chlamydial p65 cleavage activity. A peptidic
bond between F351 and T352 resembles a scissile bond of
serine proteases. Therefore, the T352 residue was replaced
with a proline residue, since the substitution of a P� residue
with a proline tends to alter the substrate specificity of serine
proteases (7). The T352P substitution prevented the produc-
tion of the slower-migrating protein band, although the pro-
duction of the faster-migrating protein band was not af-
fected by T352P (Fig. 5D), suggesting that F351-T352 is a
putative cleavage site. Mutants containing a single point
mutation at the other sites did not affect p65 cleavage (data
not shown). Since only one protein band was detected on
SDS-polyacrylamide gels from the cleavage of endogenous
p65, which migrated between the two cleavage products of a

Myc-tagged p65 (Fig. 5E), we deduced that residue 351/352
is the site of p65 cleavage.

DISCUSSION

Using biochemical and molecular biological approaches, we
showed previously that a chlamydial protein, CT441, has p65/
RelA cleavage activity (14). p65 is a subunit of the NF-�B
complex that regulates gene expression of the immediate-early
response to pathogen infections (11, 22). We now provide
evidence to show that CT441 protease activity is essential for
p65 cleavage. CT441 belongs to a family of PDZ domain-
containing tail-specific proteases that use a Ser/Lys catalytic
unit for protease activity. Mutation of the nucleophilic serine
455 or lysine 481, a general base of Ser/Lys dyad serine pro-

FIG. 4. p65 deletion mutants that are resistant to cleavage. (A) Schematic drawing of p65 protein and a deletion mutant (deletion of aa 331
to 360 of p65). RHD, Rel-homologous domain; TAD, transactivation domain. (B) The p65 cleavage site(s) resides between amino acid residues
331 and 359. wt or mutant p65 proteins were expressed in 293T cells as N-terminal Myc-tagged proteins. The cell lysates were prepared from those
samples and used as substrates for in vitro protease assays by incubation with a preparation of soluble chlamydial proteins (1 �g per reaction) (14).
A deletion mutant (�331-360, Myc-p65�) was resistant to Chlamydia cleavage. (C) Chlamydia cleaves a p65 mutant containing the first 360 aa
residues (residues 1 to 360), but not aa 1 to 320 or 1 to 340. (D) The initial cleavage product of Myc-p65 was subject to reprocessing. Con, control.
(E) Comparison of relative motilities of the p40 cleavage product of endogenous p65 and the two 40-kDa products derived from Myc-p65 cleavage.
Monolayers of 293T cells were transfected with an empty vector or pRK5Myc/p65. The cells remained uninfected or infected with LGV2 at 1
IFU/cell for 28 h. Protein cleavage of endogenous p65 or transiently expressed Myc-p65 in these samples was assayed by immunoblotting (IB)
analysis using an N-terminus-specific p65 antibody.
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teases, rendered CT441 inactive. Consistent with its role in p65
cleavage in Chlamydia infection, we found that the expression
of CT441 preceded p65 cleavage activity in infected cells. In
addition, the substitution of T352 with a proline residue
blocked p65 cleavage, indicating that F351-T352 is a primary
site of p65 subjected to protease cleavage, since a proline
residue that follows a phenylalanine at the P1 position is gen-
erally resistant to serine protease activity (6, 7).

The p65 protein and the NF-�B pathway of inflammatory
response are well conserved among different species. The
mouse and human p65 proteins share an overall identity of

88%. However, we found that mouse p65 was resistant to both
Chlamydia and CT441 cleavage. The PDZ domain of Tsp en-
gages the C terminus of a substrate with �-sheet interactions
and hydrogen bonding through the highly conserved GLGF
motif loop (4). Therefore, the species-specific cleavage of hu-
man p65 is likely sequence dependent since the last 22 aa at the
C termini of mouse and human p65 proteins are identical.
Indeed, a mutant of human p65 that has corresponding amino
acid residues replaced with the counterparts of mouse p65 was
completely resistant to cleavage by Chlamydia infection or
CT441 overexpression (Fig. 4B).

Chlamydiae are obligate intracellular bacterial pathogens
with a parasitic lifestyle. The organisms have evolved diverse
mechanisms to secure a favorable habitat for progeny produc-
tion. Concomitantly, the host mounts an antimicrobial re-
sponse by the activation of innate and acquired arms of im-
mune response. Zhong and colleagues observed that a
chlamydial Tsp (CPAF or CT858) has the ability to degrade
RFX5 and USF-1 proteins (27), transcription factors required
for major histocompatibility complex molecule expression. We
found that chlamydial CT441 cleaves p65 of the NF-�B path-
way (14) to convert a regulator of the inflammatory response to
a dominant negative inhibitor of the same pathway and, hence,
to effectively suppress immune response. These studies dem-
onstrated that Chlamydia has the ability to utilize the encoded
proteases to regulate the host immune response. Therefore,
the characterization and identification of chlamydial virulence
factors shed light on our understanding of mechanisms that
Chlamydia applies for immune evasion. These studies may also
uncover novel targets for antivirulence agents.
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