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The Repressor Function of the Chlamydia Late Regulator EUO
Is Enhanced by the Plasmid-Encoded Protein Pgp4

Qiang Zhang,a,b Christopher J. Rosario,b Lauren M. Sheehan,b Syed M. Rizvi,b Julie A. Brothwell,b Cheng He,a Ming Tanb,c

aCollege of Veterinary Medicine, China Agricultural University, Beijing, China
bDepartment of Microbiology and Molecular Genetics, University of California, Irvine, California, USA
cDepartment of Medicine, University of California, Irvine, California, USA

ABSTRACT A critical step in intracellular Chlamydia infection is the production of
infectious progeny through the expression of late genes. This differentiation step in-
volves conversion from a reticulate body (RB), which is the replicating form of the
bacterium, into an elementary body (EB), which is the developmental form that
spreads the infection to a new host cell. EUO is an important chlamydial transcrip-
tion factor that controls the expression of late genes, but the mechanisms that regu-
late EUO are not known. We report that a plasmid-encoded protein, Pgp4, enhanced
the repressor activity of EUO. Pgp4 did not function as a transcription factor because
it did not bind or directly modulate transcription of its target promoters. Instead,
Pgp4 increased the ability of EUO to bind and repress EUO-regulated promoters in
vitro and physically interacted with EUO in pulldown assays with recombinant pro-
teins. We detected earlier onset of EUO-dependent late gene expression by immu-
nofluorescence microscopy in Pgp4-deficient C. trachomatis and C. muridarum
strains. In addition, the absence of Pgp4 led to earlier onset of RB-to-EB conversion
in C. muridarum. These data support a role for Pgp4 as a negative regulator of chla-
mydial transcription that delays late gene expression. Our studies revealed that Pgp4
also has an EUO-independent function as a positive regulator of chlamydial tran-
scription.

IMPORTANCE Chlamydia trachomatis is an important human pathogen that causes
more than 150 million active cases of genital and eye infection in the world. This
obligate intracellular bacterium produces infectious progeny within an infected hu-
man cell through the expression of late chlamydial genes. We showed that the abil-
ity of a key chlamydial transcription factor, EUO, to repress late genes was enhanced
by a plasmid-encoded protein, Pgp4. In addition, studies with Chlamydia Pgp4-de-
ficient strains provide evidence that Pgp4 delays late gene expression in infected
cells. Thus, Pgp4 is a novel regulator of late gene expression in Chlamydia through
its ability to enhance the repressor function of EUO.

KEYWORDS Chlamydia, EUO, Pgp4, RB-EB conversion, cofactor, late gene expression,
plasmid, repressor

Chlamydia is a genus of obligate intracellular bacteria that replicate via an unusual
developmental cycle (1, 2). Chlamydia trachomatis is the most common etiology of

bacterial sexually transmitted disease in the United States and the world, and it causes
an infectious blindness called trachoma (3, 4). Related bacteria, such as C. muridarum,
are veterinary pathogens. Compared to other bacteria, Chlamydia is unusual in having
two specialized morphologic forms. The elementary body (EB) is an infectious but
nondividing form of chlamydiae that binds and enters a eukaryotic host cell. Within a
membrane-bound compartment called the chlamydial inclusion, the EB converts into a
reticulate body (RB), which is the metabolically active form and divides repeatedly.
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However, the RB is not infectious and must convert into an EB to transmit the infection
to a new host cell.

The mechanism of RB-to-EB conversion is not well defined but correlates with the
expression of late genes, which are one of three temporal classes of chlamydial genes
(5, 6). Late genes are upregulated from about 24 h postinfection (hpi) in C. trachomatis
(5) and are involved in EB function. For example, the late gene omcB encodes the
60-kDa cysteine-rich outer membrane protein, which is an adhesin that is important for
binding of an EB to a new host cell (7). hctA and hctB are late genes that encode the
histone-like proteins Hc1 and Hc2, which bind and condense the DNA in EBs (8, 9). Late
genes are transcribed by two different forms of chlamydial RNA polymerase. One
subset of late genes is transcribed by �66 RNA polymerase, which is the major RNA
polymerase in Chlamydia (10, 11). Another subset is transcribed by �28 RNA polymerase,
which is an alternative RNA polymerase that recognizes a promoter different from that
for �66 RNA polymerase (12–14).

Expression of late genes is regulated by a transcription factor called EUO. EUO acts
as a transcriptional repressor by binding its operator, located near the promoter of each
target gene, and inhibiting transcription. EUO is considered to be the master regulator
of late gene expression in Chlamydia because it binds and represses transcription of
both �66-dependent and �28-dependent late genes (11, 12, 15). We have proposed that
repression by EUO prevents premature expression of late genes (11). Relief of repres-
sion then allows late genes to be expressed so that they can mediate RB-to-EB
conversion, but the mechanism of EUO derepression is not known.

To understand how EUO is regulated, we investigated whether additional chlamyd-
ial factors are involved in the regulation of late genes. Caldwell and colleagues have
recently reported that a C. trachomatis strain lacking the plasmid-encoded protein Pgp4
(16, 17) had altered transcription of 39 plasmid and chromosomal genes (18). We have
noted that two of these differentially regulated genes have a late transcriptional
pattern (5), although it was not known whether they are regulated by EUO. However,
there was no evidence that Pgp4 directly regulated its target genes, and thus its role
in chlamydial transcriptional regulation was not known (18).

In this study, we investigated how Pgp4 regulates chlamydial transcription. Pgp4 did
not appear to have a direct effect on transcription as a transcription factor. Instead, we
present evidence that Pgp4 increased the ability of EUO to bind and repress EUO target
promoters and altered the timing of EUO-regulated late gene expression and RB-to-EB
conversion in chlamydiae. In addition to this novel role of Pgp4 in enhancing EUO
repressor function, Pgp4 also regulates transcription in an EUO-independent manner.

RESULTS
EUO regulates two Pgp4 target genes. We first investigated whether EUO regu-

lates two Pgp4 target genes, glgA and ctl338, that have a late transcriptional pattern (5).
In electrophoretic mobility shift assays (EMSAs), recombinant EUO (rEUO) bound to the
glgA and ctl338 promoters, similar to its binding to the promoter of the known EUO
target gene omcB (Fig. 1A) (11). Furthermore, EUO inhibited in vitro transcription from
the glgA, ctl338, and omcB promoters in a concentration-dependent manner (Fig. 1B).
In control experiments, EUO did not bind or repress groEL, which is neither a late gene
nor regulated by EUO (11). Together, these results demonstrate that the Pgp4 target
genes glgA and ctl338 are regulated by EUO.

In contrast, Pgp4 did not appear to directly regulate these two genes. Recombinant
Pgp4 (rPgp4) did not bind to the glgA and ctl338 promoters in an EMSA (Fig. 1C). This
finding is consistent with a prior report that Pgp4 did not bind glgA or five other
putative target genes (18). We also found that recombinant Pgp4 did not alter tran-
scription of glgA and ctl338 promoters in an in vitro transcription assay (Fig. 1D). These
results indicate that Pgp4 does not appear to function as a transcription factor.

EUO physically interacts with Pgp4. The ability of EUO to regulate Pgp4-
dependent genes prompted us to examine whether there is a physical interaction
between EUO and Pgp4. In a protein pulldown assay with nickel-nitrilotriacetic acid
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(Ni-NTA) beads, maltose-binding protein (MBP)-tagged EUO was recovered only when
it was incubated with His-Pgp4 (Fig. 2A). In a reciprocal experiment, His-Pgp4 was
pulled down with amylose beads when it was incubated with MBP-EUO but not when
it was incubated with MBP (Fig. 2B). These results provide evidence that EUO makes
direct physical contact with Pgp4.

EUO binding and repression are enhanced by Pgp4. We then investigated
whether Pgp4 could modulate the ability of EUO to bind and repress glgA, ctl338, and
other genes. In EMSAs, Pgp4 was found to increase EUO binding to the glgA, ctl338, and
omcB promoters (Fig. 3A). For each gene, a complete shift in the EMSA that required

FIG 1 EUO binds to and represses Pgp4 target promoters. (A) Electrophoretic mobility shift assays (EMSAs) measuring
binding of recombinant EUO (rEUO) to the C. trachomatis promoter regions of two Pgp4 target genes, glgA (–100 to �5)
and ctl338 (–100 to �5), as well as a known EUO target, omcB (�60 to �5) as a positive control and a nontarget, groEL
(�60 to �5), as a negative control. 32P-radiolabeled DNA probes were incubated with 0, 30, or 120 nM rEUO and subjected
to electrophoresis on an acrylamide gel. The locations of free and bound probes are indicated on the right. (B) In vitro
transcription assays showing transcription of these four promoters by C. trachomatis RNA polymerase in the presence of
0, 0.5, or 1.0 �M rEUO. 32P-radiolabeled transcripts were subjected to electrophoresis on an acrylamide gel and detected
with a phosphorimager. (C) EMSA measuring binding of 0 or 2 �M recombinant Pgp4 (rPgp4) to the promoter regions of
C. trachomatis glgA (–100 to �5) and ctl338 (–100 to �5). (D) In vitro transcription of the glgA and ctl338 promoters by C.
trachomatis RNA polymerase in the absence or presence of 2 �M rPgp4.

FIG 2 EUO physically interacts with Pgp4. (A) Pulldown assay in which the indicated combinations of
purified recombinant His-Pgp4, MBP-EUO, and/or MBP were incubated together with Ni-NTA beads.
Bound proteins were eluted with imidazole and analyzed by Western blotting with anti-His (top panel)
or anti-MBP antibodies (bottom panel). (B) Reciprocal pulldown assay in which purified recombinant
MBP-EUO or MBP was incubated with His-Pgp4 and amylose beads. Bound proteins were eluted with
maltose and analyzed by Western blotting with anti-MBP (top panel) or anti-His antibodies (bottom
panel).
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120 nM EUO (Fig. 1C) was produced by just 30 nM EUO when Pgp4 was also present
(Fig. 3A). We did not detect a supershift with Pgp4. Addition of Pgp4 had no effect on
the control groEL promoter, which was still not bound by EUO. These results demon-
strate that Pgp4 enhances EUO binding to its target promoters.

In in vitro transcription assays, Pgp4 increased EUO-mediated repression of the glgA,
ctl338, and omcB promoters in a concentration-dependent manner (Fig. 3B). In contrast,
Pgp4, by itself or in combination with EUO, did not alter transcription of promoters for
the early gene groEL (11) or for ctl305 and ctl397, which are Pgp4-dependent genes (18)
that have a midcycle expression pattern (5). These results show that Pgp4 alters the
activity of late gene promoters through EUO. Pgp4 had no effect on another chlamydial
transcription factor, HrcA (see Fig. S1 in the supplemental material), which regulates
heat shock genes (19, 20). Together these results provide evidence that Pgp4 specifi-
cally enhances the DNA-binding and repressor activities of EUO.

FIG 3 EUO binding and repression are enhanced by Pgp4. (A) EMSAs with radiolabeled DNA probes containing promoter regions of C.
trachomatis glgA, ctl338, omcB (EUO positive control), and groEL (negative control) in the presence of 0 or 30 nM rEUO and increasing
concentrations of rPgp4 (0, 0.5, 1.0, or 2.0 �M). (B) In vitro transcription assays in which the C. trachomatis glgA, ctl338, omcB, ctl305, ctl397,
and groEL promoters were transcribed by RNA polymerase in the absence or presence of 0 or 0.5 �M rEUO and 0, 0.5, 1.0, or 2.0 �M rPgp4.
Transcript levels were quantified with a phosphorimager: for each promoter, baseline transcription in the absence of Pgp4 and EUO was
defined as 100%, and other transcript levels were normalized to this value and reported as relative transcription. Results are the averages
from three independent experiments with standard deviation indicated by an error bar. Asterisks indicate statistically significant
differences compared to rEUO alone (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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Transcription of EUO-regulated genes in Pgp4-deficient strains. We used Chla-

mydia strains that lack Pgp4 (18, 21) to examine the effect of Pgp4 on EUO-mediated
transcriptional repression in chlamydiae. These experiments were performed with
Chlamydia-infected cells because chlamydiae cannot be grown axenically (22). Using
quantitative real-time reverse transcription-PCR (qRT-PCR), we compared transcript
levels for specific genes between the Pgp4-deficient strain and a parental strain that is
identical except for the presence of the pgp4 gene on the transformed plasmid.

Consistent with the role of EUO as a regulator of late gene expression in C.
trachomatis (11, 12), transcription of four EUO targets genes (omcB, copB, ctl338, and
hctB) in the parental strain was low up to 24 hpi but was upregulated from 28 hpi
onwards (Fig. 4A). At some but not all of these late time points, the �pgp4 strain
showed significantly higher transcription of omcB, copB, and ctl338, which are EUO-
regulated genes that are transcribed by �66 RNA polymerase. This effect of the �pgp4
strain was not detected for hctB, which is an EUO-dependent gene transcribed by �28

RNA polymerase. In sharp contrast, the �pgp4 strain had consistently and significantly
decreased transcription of glgA, which was repressed by EUO in our in vitro transcrip-
tion experiments (Fig. 3), and of ctl305 and ctl397, which are Pgp4 target genes not
regulated by EUO. In a negative-control experiment, the parental and �pgp4 strains did
not have differences in transcription of groEL, which is a target of neither EUO nor Pgp4.

We performed a similar qRT-PCR study with a Chlamydia muridarum pgp4s strain
which contains a nonsense mutation in pgp4 (21). A similar overall pattern of gene
expression was observed for the pgp4s strain relative to the parental strain, with a
significant increase in omcB, tc0355 (a homolog of ctl338), and hctB transcription at
isolated time points and a stronger decrease for glgA, tc0319 (a homolog of ctl305), and
tc0419 (a homolog of ctl397) (Fig. 4B). Together, these studies provide evidence that
strains lacking Pgp4 had higher expression of EUO-regulated genes at specific time
points and consistently lower expression of EUO-independent genes.

Protein expression of EUO-regulated genes in Pgp4-deficient strains. We next

sought to determine the effect of Pgp4 on protein expression of EUO-regulated late
genes. We first performed Western blotting on lysates of C. trachomatis-infected cells
for OmcB, which is an EB-specific protein. We did not detect a difference in OmcB
protein levels between the �pgp4 and parental strains at any time point (Fig. 5A; see
Fig. S2 in the supplemental material). However, this method measures total levels of a
protein in the chlamydial population and is not ideal for analyzing late gene expression
and RB-to-EB conversion, which occur asynchronously (2).

We therefore used immunofluorescence microscopy to detect protein expression of
selected EUO-dependent and -independent genes in individual Chlamydia-infected
cells. We detected earlier expression of OmcB in cells infected with the C. trachomatis
Pgp4-deficient strain (onset at 28 hpi with Δpgp4 in Fig. 5B, compared to 32 hpi for the
parental strain in Fig. 5C). Expression of CopB, another EUO-regulated late gene, also
occurred 4 h earlier (see Fig. S3 in the supplemental material). This earlier expression in
C. trachomatis �pgp4 was specific for EUO-regulated genes because there was no
significant difference in temporal expression of the major outer membrane protein
(MOMP) gene (Fig. 5B and C), which is a midcycle gene (5). At higher resolution, OmcB
expression could be localized to individual chlamydiae, which are likely to be EBs (see
Fig. S4 in the supplemental material). These images showed that only a proportion of
the chlamydiae in an inclusion expressed OmcB, whether at 28 or 36 hpi, which is
consistent with the known asynchrony of RB-to-EB conversion (2). These higher-
magnification images also clearly showed that the �pgp4 strain had earlier onset of
OmcB expression in a greater proportion of chlamydiae at 28 hpi.

We also observed earlier onset of OmcB expression in the C. muridarum pgp4s strain
than in its parental strain (compare the 24- and 28-hpi images in Fig. 5D and E). These
immunofluorescence studies show that Pgp4-deficient strains have earlier onset of
protein expression from two EUO-regulated late genes.
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Onset of RB-to-EB conversion in Pgp4-deficient strains. We then investigated
whether earlier expression of late genes had an effect on RB-to-EB conversion in strains
lacking Pgp4. Transmission electron micrographs of C. trachomatis-infected cells
showed that the �pgp4 strain had a small, statistically nonsignificant increase in EBs per
inclusion at 28 hpi, and no difference at 36 hpi, compared to its parental strain (Fig. 6;
see Table S1 in the supplemental material). These strains showed no difference in the
proportions of RBs, EBs, or intermediate bodies (IBs), which are intermediates of RB-EB
conversion. However, the C. muridarum pgp4s strain had significant increases in the
numbers and proportions of EBs and IBs (P � 0.05) at 20 hpi compared to its parental

FIG 4 EUO target genes are transcribed at higher levels in Pgp4-deficient strains. Shown is qRT-PCR analysis of selected chlamydial genes in L929
cells infected with parental or Pgp4-deficient strains of C. trachomatis serovar L2 (A) or C. muridarum (B). omcB, copB, ctl338, and hctB are
EUO-regulated genes; glgA, ctl305, and ctl397 are Pgp4 target genes that do not appear to be regulated by EUO; and groEL is regulated by neither
EUO nor Pgp4. For each time point, transcript levels were normalized to the number of chlamydial genomes, as measured by qPCR. Three
independent experiments were performed, and transcript copy number/chlamydia was calculated for each gene from the mean of the three
replicates. Error bars represent standard deviation. Asterisks indicate statistically significant increases in transcription for the �pgp4 strain
compared to its parental strain (*, P � 0.05; **, P � 0.01).
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FIG 5 Earlier onset of OmcB expression in Pgp4-deficient strains. (A) Western blots of lysates of L929 cells infected with C. trachomatis
parental or �pgp4 strains at 24, 28, 32, and 36 hpi, to check the expression profile of OmcB. (B and C) Immunofluorescence
microscopy of L929 cells infected with C. trachomatis parental or �pgp4 strains. Cells were fixed at 20, 24, 28, 32, or 36 hpi and
stained with antibodies to OmcB (green) and MOMP (red). Expression of OmcB protein was quantified by measuring the average
pixel intensity in the chlamydial inclusion within an infected cell. Scale bars, 20 �m. For each time point, 100 inclusions were

(Continued on next page)
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strain (Fig. 7 and Table S1). For example, in the absence of Pgp4, the proportion of EBs
in an inclusion increased from a mean of 8.5% to 33.5% (P � 0.001), and IBs increased
from 7.7% to 13.2% (P � 0.05) (Fig. 7C and D), consistent with an earlier onset of RB-EB
conversion. These increases in EBs and IBs in C. muridarum pgp4s at 20 hpi were no
longer present at 32 hpi (Fig. 7B to D and Table S1), indicating that there was no
increase in overall EB production under our infection conditions.

As a functional measure of EB production, we quantified the number of infectious
EBs with a progeny assay. The number of progeny produced by each strain was
consistent with the electron microscopy studies: in C. trachomatis, there was no
difference in infectious EB production at any time point (Fig. 8A), but in C. muridarum,
there was a significant increase in EB production at 20 and 24 hpi but not at later time
points (Fig. 8B).

Taken together, the electron microscopy and infectious progeny studies provide
evidence that the absence of Pgp4 results in earlier EB production in C. muridarum but
not in C. trachomatis. However, the presence or absence of Pgp4 did not have a
significant effect on cumulative EB production in either species.

DISCUSSION

In this study, we showed that the repressor activity of the late chlamydial regulator
EUO is enhanced by the plasmid-encoded protein Pgp4. In our studies, Pgp4 did not
directly bind or alter the activity of published Pgp4-regulated promoters. Instead, Pgp4
augmented the ability of EUO to bind and repress late genes and physically interacted
with EUO in reciprocal pulldown assays. In addition, the timing of late gene expression
was altered in Pgp4-deficient strains of C. trachomatis and C. muridarum. We also found
evidence in C. muridarum that Pgp4 may control the timing of EB production. However,

FIG 5 Legend (Continued)
analyzed; each triangle on the graph represents the average pixel intensity for one inclusion, and the horizontal line is the mean
value. (D and E) Similar immunofluorescence analysis of C. muridarum parental or pgp4s strains at 16, 20, 24, 28, and 32 hpi, stained
with antibodies against OmcB (red) and MOMP (green).

FIG 6 No change in onset of RB-to-EB conversion in a C. trachomatis Pgp4-deficient strain. (A) Electron micrographs of L929
cells infected with C. trachomatis parental or �pgp4 strains. Cells were fixed at 28 and 36 hpi and visualized by transmission
electron microscopy. Representative RBs are indicated with arrows, and EBs are indicated with arrowheads. Scale bars,
500 nm. (B) Quantification of the proportions of chlamydial developmental forms in an inclusion. For each time point, 15
chlamydial inclusions were analyzed, and the numbers and relative proportions of RBs, IBs (which are intermediates of
RB-to-EB conversion), and EBs were determined. (C) Dot plot of the percentage of EBs in each of the 15 inclusions analyzed
for each time point.

Zhang et al. Journal of Bacteriology

April 2020 Volume 202 Issue 8 e00793-19 jb.asm.org 8

https://jb.asm.org


the total yield of infectious progeny did not differ between parental and Pgp4-deficient
strains in our cell culture infection model.

This report is the first description of a mechanism to regulate how EUO controls late
gene expression. EUO-mediated repression has been presumed to be reversible be-
cause late genes are eventually expressed at late times in the developmental cycle (23).
However, Pgp4 cannot be the main mechanism for relieving the repression of late
genes because Chlamydia strains lacking Pgp4 are able to complete the developmental
cycle without obvious defects (18). Instead, we propose that Pgp4 provides a mecha-
nism to fine-tune the timing of late gene expression, separate from the main mecha-
nism of late gene derepression, which has yet to be elucidated.

Cofactors have been shown to regulate the activity of a transcription factor in
Chlamydia (24–29). These chlamydial repressors regulate genes involved in either
biosynthesis or import of their cofactor, which is a nutrient such as an amino acid,
nucleotide, or metal ion. For example, chlamydial TrpR requires tryptophan as a
cofactor to repress genes involved in tryptophan synthesis, providing a mechanism to
homeostatically regulate tryptophan levels in chlamydiae (28, 29). However, EUO is not
an aporepressor, because it repressed its target late genes in a cell-free transcription
assay that does not contain other factors such as Pgp4 (11, 12, 15).

The ability of Pgp4 to enhance EUO repressor function may be similar to the role

FIG 7 Earlier onset of RB-to-EB conversion in a C. muridarum Pgp4-deficient strain. (A) Electron micrographs of L929 cells
infected with C. muridarum parental or pgp4s strains at 20 and 32 hpi. Scale bar, 500 nm. (B) Quantification was performed as
described for Fig. 6. (C and D) Dot plot of the percentage of EBs (C) or IBs (D) in each of the 15 inclusions analyzed for each
time point. Statistically significant increases between the parental and Pgp4-deficient strains are shown (***, P � 0.001; *,
P � 0.05).

FIG 8 Earlier onset of EB production in a C. muridarum Pgp4-deficient strain. Progeny assay analysis of
L929 cells infected with C. trachomatis (A) or C. muridarum (B) strains at 4-h time intervals is shown. The
number of infectious progeny, as measured in a secondary infection, are reported as inclusion-forming
units. For each time point and strain, the results are the average from 3 experiments, with error bars
showing standard deviation. Statistically significant differences are indicated by asterisks (*, P � 0.05).
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that GroEL plays as a corepressor for the chlamydial transcription factor HrcA (19, 20,
30). GroEL is a heat shock protein and molecular chaperone, and it enhances HrcA
binding to its target heat shock genes (31). From the ability of Pgp4 to enhance EUO
binding and repression, we infer that Pgp4 helps recruit EUO to its operators. In
addition, the physical interaction between Pgp4 and EUO is consistent with a core-
pressor mechanism. However, we did not detect a supershift when Pgp4 was added to
EUO in the EMSA (Fig. 3), unlike the case for GroEL, which caused a supershift when
HrcA bound its operator (31). It is possible that a Pgp4-EUO-operator complex formed
but was unstable in the EMSA gel and therefore was detectable only as increased
amounts of the EUO-operator complex.

There are no data so far to support other potential mechanisms by which Pgp4
could enhance EUO repressor function. We did not detect Pgp4-DNA binding (Fig. 1A),
and thus Pgp4 is unlikely to increase EUO-operator binding through direct interaction
with DNA. Pgp4 is unlikely to phosphorylate EUO because it enhanced EUO-operator
binding without the addition of ATP, and its amino acid sequence does not reveal an
obvious kinase domain (Q. Zhang, unpublished data). Pgp4 did not induce obvious
changes in EUO migration by SDS-PAGE (Zhang, unpublished data), suggesting that
Pgp4 does not cause proteolysis or dimerization of EUO.

It is clear, however, that Pgp4 also regulates transcription in an EUO-independent
manner. Our qRT-PCR results and DNA microarray and qRT-PCR data from the Caldwell
and Zhong groups (18, 32) have identified genes in both C. trachomatis and C.
muridarum that are downregulated when Pgp4 is absent. Thus, we conclude that Pgp4
is also a positive regulator of specific target genes, separate from its role as a negative
regulator in enhancing EUO-mediated repression. However, Pgp4, by itself, did not alter
transcription of two positively regulated target genes, ctl305 and ctl397 (Fig. 3B), and
thus it may not have a direct effect on these genes. Instead, Pgp4 may upregulate gene
expression in an indirect manner by enhancing the function of a putative transcrip-
tional activator, analogous to its ability to enhance EUO repressor function. Only a few
transcriptional activators, including ChxR, GrgA, and CtcC, have been identified in
Chlamydia (33–37). Of these transcription factors, ChxR shares a common target gene,
ct084 (a homolog of ctl0339), with Pgp4 (33, 37). It remains to be seen whether Pgp4
modulates the activator function of ChxR. It is also possible that Pgp4 positively
regulates transcription of its target genes through a novel chlamydial transcription
factor.

The existence of multiple Pgp4-regulated mechanisms limits the use of Pgp4-
deficient strains to show that Pgp4 is necessary for regulation of a gene. For example,
glgA appears to be regulated by both the EUO-dependent and EUO-independent
functions of Pgp4. Pgp4 enhanced EUO-mediated repression of glgA in vitro (Fig. 3), but
paradoxically, glgA was upregulated in Pgp4-deficient strains (Fig. 4). Thus, for glgA
transcription, Pgp4 had a greater effect as an EUO-independent positive regulator than
as an EUO-dependent negative regulator. This issue highlights the value of in vitro
studies to isolate the specific effect of Pgp4 in enhancing EUO-mediated repression.

Our immunofluorescence analyses of C. trachomatis and C. muridarum infection
showed that there was progressive, asynchronous onset of detectable OmcB expression
among infected cells over a 4- to 8-h window (Fig. 5). Nevertheless, we were able to
detect earlier onset of OmcB and CopB expression by approximately 4 h in Pgp4-
deficient strains compared to parental controls (Fig. 5; see Fig. S3 in the supplemental
material). However, we did not detect a difference in OmcB expression between a
Pgp4-deficient strain and a wild-type strain with Western blots, presumably because of
this asynchrony in the chlamydial population and between infected cells.

Pgp4, through its ability to regulate EUO, may also have a role in RB-to-EB conver-
sion. EUO has been hypothesized to control RB-to-EB conversion because it regulates
promoters of late genes involved in EB development (11, 12). Using electron micros-
copy (Fig. 7) and progeny assays (Fig. 8), we detected increased initial production of EBs
and IBs in a C. muridarum Pgp4-deficient strain, which suggests that the presence of
Pgp4 can delay the onset of RB-to-EB conversion. We did not detect a similar change
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in the timing of EB production with a C. trachomatis Pgp4-deficient strain, but we do
not know if the EUO-independent Pgp4 mechanism may have additional, confounding
effects on EB production that were more prominent in this strain.

As Pgp4 is encoded by the chlamydial plasmid, these results suggest that the
chlamydial plasmid may be involved in regulating late events in the Chlamydia devel-
opmental cycle. The presence of Pgp4 did not affect overall EB production in our cell
culture infections. However, it has been noted that the effect of the plasmid on the
chlamydial infection has not been as apparent in cell culture as in animal models (38).
It thus remains to be seen whether the ability of Pgp4 to modulate EUO function and
the timing of late gene expression has a greater effect on an in vivo infection.

In summary, we propose that Pgp4 enhances EUO-mediated repression and func-
tions as a temporal regulator of late gene expression in Chlamydia. Pgp4 may also have
a role in controlling the timing of RB-to-EB conversion. Thus, it may function as a
plasmid-encoded regulator of the chlamydial developmental cycle.

MATERIALS AND METHODS
Construction of protein expression plasmids. Plasmids and primers used in this study are listed in

Tables S2 and S3 in the supplemental material, respectively. All cloned chlamydial genes were from C.
trachomatis serovar L2 (strain L2/434/Bu).

For construction of pMT1779, primers T3019 and T3020 were used to amplify pgp4 by PCR from C.
trachomatis genomic DNA. Using the Gibson assembly cloning kit (NEB), this C. trachomatis pgp4
fragment, with a His tag at its N terminus, was cloned into the expression plasmid pRSET-C that had been
digested with EcoRI (Invitrogen).

For construction of pMT1736, primers T1804 and T1805 were used to amplify C. trachomatis euo by
PCR. The euo fragment, with an MBP tag at its N terminus, and the expression plasmid pMAL-C5X
(Invitrogen) were digested with NcoI and PstI and ligated together with T4 DNA ligase.

Construction of in vitro transcription plasmids. Promoter sequences were amplified by PCR from
C. trachomatis genomic DNA and cloned upstream of a promoterless G-less cassette transcription
template in pMT1125, as previously described (30), by using the Gibson assembly cloning kit. For
construction of pMT1782, primers T3066 and T3067 were used to amplify the glgA promoter region from
position �100 to �5, relative to the transcription start site (�1). For construction of pMT1811, primers
T3131 and T3132 were used to amplify the ctl338 promoter region from �100 to �5. For construction
of pMT1844, primers T3417 and T3418 were used to amplify the ctl305 promoter region from �50 to �5.
For construction of pMT1848, primers T3412 and T3413 were used to amplify the ctl397 promoter region
from �50 to �5.

Purification of recombinant MBP-tagged proteins. Escherichia coli XL1-Blue (Invitrogen) was
transformed with either pMT1736 (MBP-EUO) or empty vector pMAL-C5X (MBP). For each isolate, cells
were grown in 500 ml LB broth with 100 �g/ml ampicillin to an optical density at 600 nm (OD600) of 0.6
and then induced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 37°C for 2 h. Cells were
harvested at 2,500 � g (Beckman J2-HS centrifuge with a JA-10 rotor) at 4°C for 20 min, and the cell pellet
was resuspended in buffer N (10 mM Tris-HCl [pH 8.0], 0.3 M NaCl). Cells were lysed by sonication with
a digital sonifier (Branson) for three 30-s cycles at 22% output on ice. Lysates were centrifuged at
18,000 � g (Sorvall Super T21 centrifuge with an SL-50T rotor) at 4°C for 30 min. The supernatant was
added to 1 ml of amylose beads (New England Biolabs) and incubated at 4°C for 45 min. The beads were
washed three times with 25 ml buffer N. Recombinant MBP-EUO or MBP was eluted with 5 ml buffer N
containing 1 mM maltose. The eluted protein was dialyzed overnight at 4°C in 1 liter storage buffer
(10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA, 100 mM NaCl, 10 mM 2-mercaptoethanol, 30% [vol/vol] glycerol)
and stored at �80°C.

Purification of recombinant His-tagged proteins. E. coli BL21 was transformed with either
pMT1779 (His-Pgp4) or pMT1133 (His-HrcA) (30). The purification procedure was as described above, with
the following changes: buffer N containing 20 mM imidazole was used to resuspend the cell pellet, 1 ml
of nickel beads (Thermo Scientific) was used to bind the His-tagged proteins, 25 ml buffer N with 20
imidazole was used to wash the beads, and 5 ml buffer N containing 250 mM imidazole was used to elute
recombinant His-Pgp4 and His-HrcA.

EMSAs. DNA fragments (100 bp) for glgA, ctl338, omcB, and groEL were generated by annealing
100-bp complementary primers and radiolabeled with 32P using a fill-in reaction with DNA polymerase
I large (Klenow) fragment (NEB). Electrophoretic mobility shift assays (EMSAs) were performed as
previously described (11). Full details are provided in the supplemental material.

In vitro transcription assay. In vitro transcription assays with C. trachomatis RNA polymerase were
performed as described previously (11, 39). Full details are provided in the supplemental material.

Pulldown assays and Western blotting. Five micrograms of recombinant MBP-EUO was incubated
with 5 �g recombinant His-Pgp4 at 37°C for 30 min and then added to 100 �l Ni-NTA beads that had
been prewashed twice with 1 ml buffer N with 50 imidazole. After incubation at 4°C for 1 h with agitation,
the beads were washed five times with 1 ml buffer N–50 mM imidazole. Proteins were eluted with 40 �l
buffer N–250 mM imidazole. Control reactions were performed with MBP plus His-Pgp4 or MBP-EUO
alone.
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For the reciprocal pulldown assay, 5 �g recombinant MBP-EUO was incubated with 5 �g recombi-
nant His-Pgp4. The assays conditions were the same as described above except for the use of 100 �l
amylose beads, buffer N for the wash buffer, and buffer N containing 10 mM maltose for elution. Control
reactions were performed with MBP plus His-Pgp4.

The eluted proteins were analyzed by 18% SDS-PAGE followed by Western blotting with antibodies
against the His tag (1:5,000; Qiagen) or MBP tag (1:1,000; Millipore). Protein bands were visualized on an
image analyzer (Luminescent, LAS-4000).

Cell culture and Chlamydia infection. For C. trachomatis infections, mouse fibroblast L929 cells
(ATCC) were grown in RPMI medium (Genessee) supplemented with 5% fetal bovine serum (FBS) (Atlanta
Biologicals) with 5% CO2 at 37°C. For C. muridarum infections, McCoy cells (ATCC) were grown in
Dulbecco modified Eagle medium (DMEM) (Genessee) supplemented with 10% FBS (Atlanta Biologicals)
with 5% CO2 at 37°C. The cells were infected with the C. trachomatis L2 �pgp4 strain or its parental strain,
pBRCT (kindly provided by Harlan Caldwell) (18), or with the C. muridarum (Nigg) pgp4s strain or its
parental strain (kindly provided by Guangming Zhong) (32), at a multiplicity of infection (MOI) of 0.5. The
infection was initiated by centrifugation at 700 � g (Beckman Allegra X-14R centrifuge, SX4750�) for 1 h
at room temperature. The inoculum was aspirated, replaced with the appropriate medium plus 1 �g/ml
cycloheximide, and incubated with 5% CO2 at 37°C until the indicated time point.

qRT-PCR. Cells were infected as described above. At the indicated time points, infected cells were
collected, and total RNA and genomic DNA were isolated for quantitative real-time reverse transcription-
PCR (qRT-PCR) and quantitative PCR (qPCR), respectively. Full details are provided in the supplemental
material.

Western blot analysis. L929 cells were infected as described above with C. trachomatis �pgp4 or its
parental pBRCT strain and lysed in 6� sample buffer with benzonase at 24, 28, 32, and 36 hpi. Samples
were then separated by 12.5% SDS-PAGE and analyzed with mouse anti-OmcB (1:1,000), mouse anti-
MOMP (1:5,000), or rabbit anti-�-tubulin (1:4,000) antibodies and goat anti-mouse or goat anti-rabbit
secondary antibodies (1:10,000; Li-Cor). OmcB and MOMP bands were visualized and quantified with an
image analyzer (Odyssey CLx Li-Cor Imaging System). OmcB protein levels were normalized to the MOMP
level for each sample.

Immunofluorescence microscopy. L929 cells, grown on coverslips, were infected with C. tracho-
matis �pgp4 or its parental strain. At 20, 24, 28, 32, and 36 hpi, cells were washed with 0.5 ml
phosphate-buffered saline (PBS) and fixed with methanol (MeOH) at room temperature for 10 min. Fixed
cells were washed three times with 0.5 ml PBS and blocked with 3% FBS in sucrose-phosphate-glutamic
acid (SPG) at room temperature for 1 h. Samples were then stained with mouse anti-OmcB or anti-CopB
antibodies (1:1,000) and donkey anti-mouse IgG secondary antibody (1:1,000) (Alexa Fluor 488; Thermo
Scientific). MOMP expression was visualized with goat anti-MOMP antibody (1:1,000) (LifeSpan Biosci-
ences) and donkey anti-goat IgG secondary antibody (1:1,000) (Alexa Fluor 594; Thermo Scientific). DNA
was visualized with Hoechst DNA dye (blue; Sigma).

In a similar manner, McCoy cells were infected with the C. muridarum pgp4s strain or its parental
strain, fixed at 16, 20, 24, 28, and 32 hpi, and stained with mouse anti-OmcB antibody (1:1,000) and
donkey anti-mouse IgG secondary antibody (1:1,000) (Alexa Fluor 594; Invitrogen). MOMP expression was
visualized with goat anti-MOMP antibody (1:1,000) (Thermo Scientific) and donkey anti-goat IgG sec-
ondary antibody (1:1,000) (Alexa Fluor 488; Invitrogen).

Immunofluorescence microscopy was performed on a fluorescence microscope (Axiovert 200M;
Zeiss) equipped with multiple filter sets. One hundred chlamydial inclusions, picked at random, were
analyzed, and the average pixel intensity of protein expression per inclusion was measured with ImageJ
as previously described (40).

TEM. For transmission electron microscopy (TEM), L929 cells were infected with the C. trachomatis L2
�pgp4 strain or its parental pBRCT strain and harvested at 28 and 36 hpi, or McCoy cells were infected
with the C. muridarum pgp4s strain or its parental strain and harvested at 16 and 32 hpi. Ultrastructural
microscopy was performed as previously described (41). Full details are provided in the supplemental
material.

Progeny assay. L929 cells were infected in duplicate with C. trachomatis L2 �pgp4 or its parental
pBRCT strain and harvested at 16, 20, 24, 28, 32, 36, 40, and 44 hpi. Similarly, McCoy cells were infected
with the C. muridarum pgp4s strain or its parental strain and harvested at 12, 16, 20, 24, 28, 32, 36, and
40 hpi. For each time point, cells were frozen in SPG at �80°C. After all collection at all time points,
samples were thawed and lysed by bead beating in Eppendorf tubes. Serial dilutions of lysates were
applied to fresh L929 or McCoy monolayers in 96-well plates, and infections were carried out as described
above. At 36 hpi (C. trachomatis) or 32 hpi (C. muridarum), cells were fixed with 100% MeOH or 3.7%
formaldehyde, respectively. C. trachomatis inclusions were blocked with 1% BSA in PBS for 1 h and
stained with mouse anti-MOMP antibody (a gift from Elena Peterson) and Alexa Fluor 488-conjugated
goat anti-mouse antibody (Invitrogen). C. muridarum inclusions were green fluorescent protein (GFP)
positive, since GFP is present on the shuttle plasmid. Inclusions were visualized on the GFP channel, and
5 frames at �10 on an automated microscope (Keyence; BZ-X700) were used to calculate the number of
inclusions. This value was divided by the number of input inclusion-forming units (IFU) to normalize the
number of progeny per IFU for each strain. Inclusion-forming units from duplicate samples were
calculated.

Statistical analysis. Data were analyzed using IBM SPSS Statistics 22 statistical software, and results
were expressed as mean � standard deviation. The t test was used to determine differences between
two groups, and differences between more than two groups were evaluated by one-way analysis of
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variance (ANOVA). Statistically significant differences were measured at P values of �0.05, �0.01, or
�0.001.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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