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We have previously identified a chlamydial protein, chlamydial protease/proteasome-like activity factor
(CPAF), for degrading host transcription factors in cells infected with the human chlamydial species Chlamydia
trachomatis or Chlamydia pneumoniae. We now report that functional CPAF was also produced during infection
with the species Chlamydia muridarum, Chlamydia psittaci, and Chlamydia caviae, which primarily infect
nonhuman hosts.

Chlamydiae, a family of obligate intracellular bacterial
pathogens that must replicate in cytoplasmic vacuoles of eu-
karyotic cells (11), consist of multiple species with a diverse
range of tissue tropism and disease processes (8), including the
human pathogens Chlamydia trachomatis (16) and Chlamydia
pneumoniae (1, 2, 14, 15, 22) and the animal pathogens Chla-
mydia muridarum (formerly known as C. trachomatis mouse
pneumonitis agent, designated MoPn) (3, 17, 18), Chlamydia
caviae (also known as GPIC) (13), and Chlamydia psittaci 6BC
(24, 25). Despite the profound difference in host range, the
chlamydial species display a remarkable similarity in their ge-
nome sequences (20, 21, 23) and possess a profoundly con-
served intracellular growth cycle with distinct biphasic stages
(11). To complete their obligate intracellular replication, chla-
mydial species may have to protect the infected cells from host
immune recognition and effector mechanisms. Both C. tracho-
matis and C. pneumoniae have been shown to possess various
strategies for evading host defense (4, 9, 10, 12, 19, 26–29) and
to produce a 70-kDa protease, chlamydial protease/protea-
some-like activity factor (CPAF), for degrading host transcrip-
tion factors, such as RFX5, required for major histocompati-
bility complex antigen expression (9, 27, 29). Interestingly, the
activation of the 70-kDa CPAF is regulated via the processing
of the inactive full-length CPAF into a 29-kDa N-terminal and
a 35-kDa C-terminal fragment for forming functional intramo-
lecular heterodimers (5, 6, 27). The goal of the present study is
to assess whether CPAF is a functionally conserved protein in
all chlamydial species.

The available chlamydial genome sequences have revealed
that CPAF is encoded not only by the human chlamydial or-
ganisms C. trachomatis serovar D (23) and various C. pneu-
moniae strains (20) but also by the animal chlamydial species
C. muridarum (20) and C. caviae (21). We further sequenced

the CPAF genes carried by the C. trachomatis L2 serovar and
C. psittaci 6BC strain by using primers derived from C. tracho-
matis serovar D and C. caviae GPIC CPAFs, respectively (data
not shown). The oligonucleotide primers were synthesized with
an automated ABI 3900 synthesizer, and the DNA sequencing
was done with an automated ABI 3100 genetic analyzer via a
service from a core facility at the University of Texas Health
Science Center. An alignment analysis of the deduced CPAF
amino acid sequences from nine different chlamydial strains,
representing five major chlamydial species, has revealed that
although the intraspecies identity is as high as 99%, the inter-
species identity is as low as 46% (Table 1). A CPAF homo-
logue was recently identified in the genome of a Parachlamydia
sp. UWE25 strain isolated from an amoeba, and the alignment
score between UWE25 and other chlamydial CPAFs is �30%
(Table 1). We next expressed CPAF from five different chla-
mydial species as glutathione S-transferase (GST) fusion pro-
teins by using a pGEX6p-2 vector system (5) and compared the
GST-CPAF fusion proteins for their abilities to degrade the
human transcription factor RFX5 in a cell-free degradation
assay (Fig. 1). A rabbit anti-RFX5 (Rockland Immunochemi-
cals Inc., Gilbertsville, Pa.) was used to detect the residual
RFX5 on a Western blot (29). Due to the difficulty in obtaining
UWE25 genomic DNA, we did not analyze the UWE25 CPAF
in the present study. The GST-CPAF fusion proteins from all
species were properly expressed and purified (Fig. 1, top
panel), and all of the GST-CPAF fusion proteins, regardless of
species, displayed a significant RFX5 degradation activity (Fig.
1, bottom panel). This observation has not only confirmed our
previous observations that CPAF is active when expressed as
GST fusion proteins in Escherichia coli due to a processing-
triggered activation to a portion of the GST fusion proteins (5),
but also more importantly, it has demonstrated that CPAF
molecules encoded by different chlamydial species possess a
similar proteolytic property.

We further evaluated whether CPAF is expressed by all of
these chlamydial species during infection (Fig. 2). A Western
blot was used to monitor CPAF expression as described pre-
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viously (27, 29). The infected cells were lysed with an MLB
buffer (consisting of 25 mM HEPES, 150 mM NaCl, 1% Ige-
pal, 10 mM MgCl2, 1 mM EDTA, 10% glycerol, 1 mM
Na3VO3, 1 mM phenylmethylsulfonyl fluoride, 60 �M leupep-
tin, and 0.1% aprotinin), and each lane was loaded with the
lysates from �5 � 104 cells. The nitrocellulose membrane-
immobilized proteins were detected with antibodies recogniz-

ing different CPAFs. Due to CPAF sequence variations be-
tween different chlamydial species, antibodies were first
screened for their specific recognition of each type of CPAF
(Fig. 2A). The monoclonal antibody (MAb) 100a recognized
the C-terminal fragments of CPAF from C. trachomatis (Fig.
2A, panel a, lanes 4 and 5), while the MAb 54b recognized the
N-terminal fragments of both CPAF from C. trachomatis (Fig.

TABLE 1. Alignment scores of CPAF amino acid sequences from five different chlamydia and one parachlamydia species

Serovar
or isolate

Alignment score for a

C.
trachomatis

C.
muridarum C. pneumoniae C.

psittaci
C.

caviae Parachlamydia sp.

D L2 MoPn CWL029 AR39 TW183 J138 6BC GPIC UWE25

D 100 99 82 46 46 46 46 54 54 30
L2 100 82 46 46 46 46 54 54 30
MoPn 100 46 46 46 46 54 54 32
CWL029 100 99 99 99 54 54 31
AR39 100 99 99 54 54 31
TW183 100 99 54 54 31
J138 100 54 54 31
6BC 100 99 31
GPIC 100 31
UWE25 100

a Note that the CPAF sequences from C. trachomatis serovar D (accession, version number NP_220380.1, GI:15605594); C. muridarum MoPn (AAF39117.1,
GI:7190287); C. pneumoniae CWL029 (NP_225210.1, GI:15618924), AR39 (NP_445376.1, GI:16752010), TW183 (AAP98983.1, GI:33236896), and J138 (NP_301071.1,
GI:15836547); C. caviae GPIC (AAP05486.1, GI:29834851); and Parachlamydia sp. UWE25 (YP_007915, GI:46446550) were obtained from the NCBI Entrez protein
database (http://www.ncbi.nlm.nih.gov/entrez/viewer/fcgi?db�protein). However, the C. trachomatis serovar L2 and C. psittaci 6BC CPAF sequences were determined
in our own lab using primers derived from C. trachomatis serovar D and C. caviae GPIC, respectively. The derived amino acid sequences were analyzed with the
ClustalW software at the website http://www.ebi.ac.uk/clustalw/. The alignment scores (percent identical amino acids) were assigned between the 10 CPAF amino acid
sequences after pairwise alignment analyses with minimal gaps.

FIG. 1. Degradation of RFX5 by the recombinant CPAF proteins from different chlamydia species. The GST-CPAF fusion proteins expressed
in bacteria were purified with the glutathione-conjugated beads. After extensive washing, the bead-bound fusion protein samples indicated at the
top of the figure were loaded onto a sodium dodecyl sulfate gel, each with different quantities of bead volume, as indicated in the figure. The gel
was stained with a Commassie blue dye (CB) to visualize protein bands (top panel). A parallel set of the bead-bound CPAF fusion proteins
described above was used to mix with a nuclear extract (NE) containing RFX5 for measuring the ability of the CPAF fusion proteins to digest
RFX5 in a cell-free degradation assay. The residual RFX5 was detected by Western blotting (WB) with an RFX5-specific antibody (bottom panel).

VOL. 73, 2005 NOTES 1869



2A, panel b, lanes 4 and 5) and CPAF from C. muridarum
species (Fig. 2A, panel b, lane 3). We have previously shown
that these CPAF C- and N-terminal fragments can form active
CPAF molecules in solutions when they dimerize (5, 6). There-
fore, we can use the MAb 54b to monitor active CPAF pro-

duction in cells infected with either C. trachomatis or C. muri-
darum. As shown previously (9, 12), EB3.1, the MAb specific to
CPAF from C. pneumoniae species, detected the C-terminal
fragment of CPAF from C. pneumoniae (Fig. 2A, panel c, lane
6). A mouse polyclonal antibody raised with CPAF from C.

FIG. 2. Detection of endogenous CPAF proteins expressed in chlamydia-infected cells. (A) HeLa cells infected with the various chlamydial
organisms indicated at the top of the figure were lysed with an MLB lysis buffer 48 h after infection. The lysates were used as antigens to screen
the various anti-CPAF antibodies on a Western blot. Please note that the monoclonal antibodies 100a, 54b, and EB3.1 recognized the 35-kDa
C-terminal fragment of C. trachomatis CPAF (CPAFct/c), the 29-kDa N-terminal fragments of C. trachomatis and C. muridarum CPAF (CPAFct/n
and CPAFcm/n), and the 35-kDa C-terminal fragment of C. pneumoniae CPAF (CPAFcp/c), respectively. The polyclonal antibody (pAb) raised
against CPAF from C. psittaci 6BC (CPAFci) recognized both the C- and N-terminal fragments of CPAF from C. psittaci (CPAFci/c and CPAFci/n)
and C. caviae (CPAFcc/c and CPAFcc/n). ns, nonspecific binding. (B) The antibodies listed above except 100a were used to monitor CPAF
expression in cells infected with various chlamydia strains for various periods of time, as indicated at the top of the figure, on a Western blot. The
infected cell lysates were prepared in the way described above and were loaded with 1 �l per lane after the total amounts of proteins in each sample
were equalized.
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psittaci recognized both the C- and N-terminal fragments of
CPAF from C. psittaci (Fig. 2A, panel d, lane 1) and CPAF
from C. caviae species (Fig. 2A, panel d, lane 2) but showed no
cross-reactivity with any other CPAFs. We then used the MAbs
54b and EB3.1 and the anti-CPAF from C. psittaci antiserum to
monitor the expression of CPAF in cultures infected with chla-
mydia for various periods of time (Fig. 2B). Active CPAF
fragments (C-terminal fragments, N-terminal fragments, or
both) were detected at both 24 and 48 h after infection with
five different strains representing four chlamydial species (Fig.
2B, lanes 1 to 10). The exception is C. pneumoniae AR39. No
obvious CPAF or CPAF active fragment was detected in cells
infected with C. pneumoniae for 24 h (Fig. 2B, lane 11). How-
ever, by 48 h after infection, a C-terminal fragment of CPAF
from C. pneumoniae was clearly detected (Fig. 2B, lane 12)
and, importantly, gradually increased as the infection pro-
gressed (Fig. 2B, lanes 13 to 15). The delayed expression of
CPAF by AR39 obviously reflects the slow growth rate of the
C. pneumoniae species. The above observations have clearly
demonstrated that the five chlamydial species not only ex-
pressed CPAF proteins but also produced active fragments
during infection. To further confirm the functionality of the
chlamydia-expressed CPAFs, we used a cell-free degradation
assay (27) to compare the chlamydia-infected cell lysates (pre-
pared and used in the above Western blot experiment) for
their ability to degrade RFX5 in a nuclear extract (Fig. 3). The
RFX5 was significantly degraded by all lysates made from
chlamydia-infected cells regardless of the chlamydial species
that infected the cells (Fig. 3, lanes 3 to 32) but not from
normal HeLa cells (Fig. 3, lane 2). However, obvious variations
in the levels of enzymatic activity between CPAFs from differ-
ent species were noted, which may reflect the differences in the
amounts of active CPAF produced in different cultures. For
example, cells infected with AR39 for 24 h displayed no de-
tectable RFX5 degradation activity (Fig. 3, lanes 23 and 24),
but the degradation activity gradually increased in AR39-in-
fected cells as infection progressed (Fig. 3, lanes 25 to 32). The
activity patterns of AR39 CPAF perfectly match the patterns
of CPAF quantity detected in Fig. 2B (lanes 11 to 15). These
observations have confirmed that functional CPAF was pro-
duced in cells infected with all chlamydial species regardless of
their differences in tissue tropism and replication cycle.

We have thus demonstrated that in addition to the two
human chlamydial species C. trachomatis and C. pneumoniae,

the species C. muridarum, C. psittaci, and C. caviae, which
mainly infect animals, also encode and express functional
CPAF. First, CPAF genes were identified in all of these chla-
mydial species, and the interspecies identity of CPAF at the
amino acid level is at least 46%. Second, the CPAF genes
cloned from these animal species degraded the human tran-
scription factor RFX5 as efficiently as the CPAF of human
chlamydial species did, suggesting that all CPAFs possess a
similar proteolytic activity. Third, both the active CPAF frag-
ments and CPAF activity were detected in cells infected with
these animal-tropic chlamydial species, indicating that the en-
dogenous CPAF expressed by these chlamydial species can
undergo a similar activation process to acquire the proteolytic
ability. The fact that CPAF is a functionally conserved mole-
cule in all chlamydia species suggests that all chlamydia species
may be selected by a common selection pressure, for example,
to evade host adaptive immune recognition during their intra-
cellular replication. The human RFX5 was used as the sub-
strate for measuring the function of CPAF from all chlamydial
species because the constitutively expressed transcription fac-
tor RFX5 is highly conserved between eukaryotic species. Be-
sides participating in evading host adaptive immunity, CPAF
may also have other important functions, since it has been
recently shown that the Parachlamydia sp. UWE25 isolated
from an amoeba encodes a CPAF homologue with a �30%
amino acid sequence identity to CPAFs of chlamydial species.
Although we do not yet know whether the UWE25 CPAF
possesses the ability to degrade human RFX5, the identifica-
tion of a CPAF homologue in UWE25 suggests that CPAF
may be required for chlamydia’s own biological process and/or
for the intimate interactions with host cells. This is because the
single-celled amoeba does not have adaptive immunity but may
impose a stringent intracellular environment for chlamydial
replication. We have recently shown that CPAF from C. tra-
chomatis can cleave both head and tail domains off cytokeratin
8, a major subunit of intermediate filaments in epithelial cells,
which may cause solubilization of a portion of the intermediate
filaments so that chlamydial inclusions can expand (7). It will
be interesting to know whether UWE25 CPAF also possesses
the ability to solubilize the intracellular cytoskeleton of amoe-
bas.

This work was supported in part by grants (to G.Z.) from the U.S.
National Institutes of Health (R01 AI47997 and R01 HL64883).

FIG. 3. RFX5 degradation by endogenous CPAFs. Cells infected with different chlamydial species and strains, as indicated in the figure, were
lysed as described in the legend to Fig. 2 and used as the source of enzyme to digest RFX5 in the nuclear extract (NE) in a cell-free degradation
assay. To compare the relative enzymatic activities between samples, different amounts of lysates were used for each sample. A 1-�l sample of 1:10
diluted lysates was considered to be 0.1 �l of the original lysates. “1H” indicates that 1 �l of lysates made from normal HeLa cells was used as a
negative control. Please note that the RFX5 degradation activity (this figure) correlates with the presence of active CPAF fragments detected in
the same lysates (Fig. 2B).
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