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ABSTRACT The obligate intracellular human pathogen Chlamydia trachomatis (Ctr)
undergoes a complex developmental cycle in which the bacterium differentiates between
two functionally and morphologically distinct forms: the elementary body (EB) and the re-
ticulate body (RB). The EB is the smaller, infectious, nondividing form which initiates infec-
tion of a susceptible host cell, whereas the RB is the larger, non-infectious form which
replicates within a membrane-bound vesicle called an inclusion. The mechanism(s) which
drives differentiation between these developmental forms is poorly understood. Bulk pro-
tein turnover is likely required for chlamydial differentiation given the significant differen-
ces in the protein repertoires and functions of the EB and RB. We hypothesize that peri-
plasmic protein turnover is also critical for the reorganization of an RB into an EB,
referred to as secondary differentiation. Ct441 is a periplasmic protease ortholog of tail-
specific proteases (i.e., Tsp, Prc) and is expressed in Ctr during secondary differentiation.
We investigated the effect of altering Tsp expression on developmental cycle progression.
Through assessment of bacterial morphology and infectious progeny production, we
found that both overexpression and CRISPR interference/dCas9 (CRISPRi)-mediated knock-
down of Tsp negatively impacted chlamydial development through different mechanisms.
We also confirmed that catalytic activity is required for the negative effect of overexpres-
sion and confirmed the effect of the mutation in in vitro assays. Electron microscopic
assessments during knockdown experiments revealed a defect in EB morphology, directly
linking Tsp function to secondary differentiation. These data implicate Ct441/Tsp as a criti-
cal factor in secondary differentiation.

IMPORTANCE The human pathogen Chlamydia trachomatis is the leading cause of
preventable infectious blindness and bacterial sexually transmitted infections world-
wide. This pathogen has a unique developmental cycle that alternates between dis-
tinct forms. However, the key processes of chlamydial development remain obscure.
Uncovering the mechanisms of differentiation between its metabolically and func-
tionally distinct developmental forms may foster the discovery of novel Chlamydia-
specific therapeutics and limit development of resistant bacterial populations derived
from the clinical use of broad-spectrum antibiotics. In this study, we investigate chla-
mydial tail-specific protease (Tsp) and its function in chlamydial growth and develop-
ment. Our work implicates Tsp as essential to chlamydial developmental cycle pro-
gression and indicates that Tsp is a potential drug target for Chlamydia infections.
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How a microorganism differentiates from one form to another is an intriguing ques-
tion. For example, Caulobacter crescentus differentiates from swarmer to stalk cells,

attack-phase Bdellovibrio cells differentiate into growth-phase cells, and Myxococcus
xanthus fruiting body cells can differentiate into myxospores or peripheral rod cells (1–
3). Invariably, such reorganization requires the careful control of gene expression at ev-
ery level, from transcription to post-translational processes. This is also true for
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Chlamydia, an obligate intracellular, Gram-negative bacterium that undergoes a unique
developmental cycle. During its developmental cycle, the bacterium differentiates
between two functionally and morphologically distinct forms (4). The elementary
body, or EB, is the smaller, infectious, non-dividing form which initiates the develop-
mental cycle by binding to the host cell. Once bound, it induces its uptake into the
host cell, where it recruits and incorporates several host cell components to form a
membrane-bound vesicle called an inclusion (5–8). The EB then undergoes primary dif-
ferentiation into a reticulate body, or RB, which is the larger, non-infectious, replicative
form. The RB then divides via an MreB-dependent polarized budding mechanism (9–
13) to increase bacterial numbers. After multiple rounds of replication, nascent RBs
undergo secondary differentiation into EBs. The RBs continue to divide and differenti-
ate asynchronously until the bacteria egress from the cell either through cell lysis or
inclusion extrusion (14). Despite the known differences between EBs and RBs, the spe-
cific factors which contribute to differentiation between these forms remain unclear.

Notably, chlamydial gene expression is temporally regulated throughout development,
with expression patterns falling into three broad categories: early-, mid-, and late-cycle
genes (15, 16). Early-cycle genes peak shortly after infection at approximately 8 to 12 h
postinfection (hpi) in Chlamydia trachomatis (Ctr) serovar L2 and are likely involved in inclu-
sion establishment, circumvention of host innate immunity, and primary differentiation (EB
to RB). Mid-cycle genes, which represent the bulk of chlamydial genes, peak in transcrip-
tion around 16 hpi and likely function in “housekeeping” duties to ensure replication, divi-
sion, and other growth-related tasks. Late-cycle genes peak at approximately 24 hpi and
are involved in EB formation (secondary differentiation) and priming of EBs for infection
and host cell exit. Coincident with these transcriptional changes is a remodeling of the bac-
terial proteome as developmental-specific proteins are translated. We hypothesize that
protein degradation and turnover is a critical aspect of this remodeling to eliminate pro-
teins which specify the progenitor form. For example, the EB expresses proteins that con-
dense its nucleic acids and cross-link its outer membrane (4, 17–22). Presumably, these pro-
teins must be eliminated or altered in some way to prevent these functions as the EB
differentiates into an RB. Similarly, proteins which maintain or allow an RB state, such as
cell division proteins, must be eliminated or “deactivated” to allow for EB formation.

Despite extensive morphological characterization of the chlamydial developmental
cycle, the molecular mechanisms which drive differentiation in Chlamydia are poorly
understood. Unlike in other bacteria, such as Caulobacter crescentus and Bacillus subtilis,
which differentiate following an asymmetric division event (23, 24), there is no evidence to
suggest that chlamydial differentiation is triggered by an asymmetric division event.
Electron micrographic assessments from various researchers over the decades have failed
to demonstrate an EB forming while attached to an RB progenitor (9, 25–28). Rather, a sin-
gle RB begins a transition into an intermediate body (IB) with a condensing nucleoid,
which then further condenses into a compact EB. Given the clear differences in protein rep-
ertoires between the developmental forms (29–31), we hypothesize that proteomic turn-
over between the developmental forms halts RB division, which is a critical first step in the
reorganization of an RB into an EB during secondary differentiation. Previously, our labs
established a model in which protein turnover in the Ctr cytoplasm by the ClpXP protease
plays a crucial role in secondary differentiation (32). However, as a Gram-negative bacte-
rium, Chlamydia has four compartments requiring remodeling: the cytoplasm, inner mem-
brane, periplasm, and outer membrane. In this study, we investigated the function of a
periplasmic protease in the growth and differentiation of Chlamydia.

Chlamydia encodes two putative periplasmic proteases: Ct823 (HtrA) and Ct441
(Tsp). HtrA is expressed as a mid-cycle gene in Chlamydia and is likely the major house-
keeping periplasmic protease in the organism (33, 34). Ct441 is orthologous to Gram-
negative tail-specific proteases (i.e., Tsp, Prc) (35–39). Typically, in Gram-negative bacte-
ria, Tsp helps maintain peptidoglycan (PG) homeostasis in the periplasm by degrading
or modifying PG-associated proteins (40–42). However, pathogenic Chlamydia does
not have PG in its cell wall, and ct441/tsp has been characterized as a late-cycle gene
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(15, 43, 44). Therefore, we hypothesize that chlamydial Tsp has a specialized function
in the transition from RB to EB. More specifically, we speculate that Tsp degrades or
inactivates RB-specific periplasmic proteins during secondary differentiation, which is
critical for the reorganization of an RB into an EB. To test this hypothesis, we created a
series of transformant strains to evaluate the effects of overexpression or knockdown
of ct441/tsp on chlamydial growth and differentiation. Overexpression of wild-type
Ct441/Tsp, but not a catalytically inactive mutant of Ct441/Tsp, was highly detrimental
to Ctr L2, blocking both replication and generation of infectious EBs. In contrast, knock-
ing down Tsp expression using CRISPR interference had a limited impact on replication
and inclusion size and development. However, secondary progeny were reduced even
though EB-specific proteins were detected, suggesting that the EBs were non-infec-
tious. Electron microscopy analysis indicated morphological changes in the EBs consist-
ent with this. Overall, our data suggest that chlamydial Ct441/Tsp is a critical mediator
of secondary differentiation and is essential for generation of viable EBs.

RESULTS
In vitro analysis of Ct441/Tsp proteolytic activity. Ct441/Tsp contains a signal

sequence for secretion into the periplasm, an N-terminal PDZ domain for substrate rec-
ognition (45), the conserved catalytic residues (S455 and K481) of a Tsp ortholog, and a
domain of unknown function (DUF3340) at the C terminus. Ct441/Tsp is conserved
across chlamydial species (Fig. S1 and 2 in the supplemental material), and key
domains and active site residues are conserved with other Tsp/Prc orthologs from
other Gram-negative bacteria (Fig. S3). As part of our initial studies, we wanted to vali-
date the proteolytic activity of recombinant Ct441/Tsp (Ct_Tsp). We purified Ct_Tsp
and a proteolytically inactive isoform where we mutated the essential catalytic residue,
S455A (35) (Fig. 1A). Both proteins lacked the predicted secretion signal from the N ter-
minus. In parallel, we purified a secretion-competent E. coli Prc (Ec_Prc), an ortholog of
chlamydial Tsp. The 6�His affinity purification tag was cloned onto the N-terminal end
for Ct_Tsp to mimic previous work characterizing Ct_Tsp function and structure (35).
Ec_Prc was expressed with a C-terminal 6�His affinity tag to allow normal secretion to
the periplasm prior to purification and to reflect previous Prc activity experiments (46).
Recombinant proteins were purified using immobilized metal affinity chromatography.
We observed that Ec_Prc, Ct_Tsp, and the S455A mutant showed banding patterns
around 75 kDa, consistent with the expected molecular weight of Ec_Prc (signal pep-
tide processed) and Ct_Tsp isoforms lacking their signal peptide (Fig. 1B). Degradation
products of smaller sizes were detected below the expected bands for wild-type
Ec_Prc and Ct_Tsp in both Coomassie gels and Western blots using an anti-6�His anti-
body (Fig. 1B), signifying potential autoproteolysis for the active proteases. Consistent
with this, degradation products were not observed for the S455A mutant protein (Fig.
1B). We obtained an anti-peptide antibody directed against a region near the C termi-
nus of Ct_Tsp (residues 611 to 626; KKTNKQDRSFGSNDLQ). Interestingly, only the full-
length Ct_Tsp was detected in the blot probed with the anti-Ct_Tsp antibody (Fig. 1B).
These data further suggest that wild-type Ct_Tsp undergoes C-terminal autoprocess-
ing, at least when expressed in E. coli.

Next, we tested the proteolytic activity of Ct_Tsp using either the full chlamydial
SsrA tag appended to green fluorescent protein (GFP) (abbreviated as GFP_VAA) (Fig.
1C) or casein (Fig. 1D). Incubation of GFP_VAA with wild-type Ct_Tsp or Ec_Prc resulted
in processing of the GFP_VAA into a smaller product (Fig. 1C), indicating their ability to
recognize the SsrA tag (47). Importantly, the S455A mutant showed no processing of
GFP-VAA (Fig. 1C), confirming that the S455A mutation effectively blocks Ct_Tsp activ-
ity. Using casein as a relatively unstructured substrate, we observed degradation of
casein in the presence of Ec_Prc and Ct_Tsp, but not the S455A mutant (Fig. 1D), thus
confirming again that the Ct_Tsp S455A mutation inhibits protease activity. Overall,
these data confirm the expected in vitro protease activity of these proteins and confirm
that an S455A mutation renders Ct_Tsp inactive.
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ct441 is transcribed as a late-developmental cycle gene in Chlamydia. Given
that Prc orthologs are constitutively expressed in other Gram-negative bacteria, we
sought to determine the transcriptional profile of ct441/tsp over the course of the chla-
mydial developmental cycle. Prior reports have suggested that ct441/tsp is a late-cycle
gene (15). We initiated reverse transcription-quantitative PCR (RT-qPCR) studies using
wild-type Ctr L2 and measured the transcript levels of known early- (e.g., euo [48]),
mid- (clpP2 [49]), and late-cycle (omcB [26]) genes as well as ct441/tsp (Fig. 1E). As
expected, euo transcripts peaked around 8 hpi, whereas clpP2 transcripts peaked at 16
hpi. We measured a peak in ct441/tsp transcript levels at 24 hpi. These data closely
mimicked the transcriptional profile of omcB, confirming that ct441 is transcribed as a
late-developmental cycle gene in Chlamydia. These data suggest that Ct_Tsp is not
involved in PG homeostasis, as PG synthesis and cell division-associated genes are
mid-cycle genes that function during RB growth and division (50, 51). These transcrip-
tional data suggest that Ct_Tsp functions in the process of secondary differentiation.

Overexpression of wild-type, but not catalytically inactive, Ct_Tsp_63His neg-
atively impacts chlamydial growth. To determine whether altering Ct_Tsp levels affects
developmental cycle progression, we first prepared overexpression constructs for 6�His-
tagged wild-type (WT) or catalytically inactive Ct_Tsp (S455A/K481A; MUT) (Fig. 1A). Tsp
was 6�His-tagged at the C terminus to allow for normal protein localization in Chlamydia.
We prepared the MUT with two active site mutations to avoid the possibility that the single
S455A mutant might retain some residual proteolytic activity in vivo, not detectable in vitro,
which would complicate interpretation of any findings. We transformed these plasmids
into Ctr L2, infected cells with the transformants, induced or did not induce overexpression
at 16 hpi, and fixed samples at 24 and 48 hpi. Using indirect immunofluorescence micros-
copy assays (IFA), we observed a negative impact on chlamydial morphology, with a

FIG 1 Purification and activity analyses of Ct_Tsp. (A) Multiple sequence alignment of the active site in Ct_Tsp and Ec_Prc denoting the conserved catalytic
residues S455A (mutated in this study), K481A (mutated in this study), and Q485. (B) 6�His-tagged recombinant proteins were assessed for purity and
stability on SDS-PAGE stained with Coomassie brilliant blue for total protein (top left) or probed via Western blotting for the 6�His-tag or a C-terminal
region of tail-specific protease (Tsp). (C and D) To assess enzyme activity, 1 mg of enzyme and 3 mg of (C) chlamydial SsrA-tagged green fluorescent
protein (GFP) (abbreviated as VAA) or (D) casein were incubated at 37°C for 3 h and the products were resolved on SDS-PAGE and Coomassie-stained.
Images represent results from replicate experiments with two independently purified protein preparations. Expected sizes: Ec_Prc, 75.3 kDa after signal
processing; and Ct_Tsp, 74.6 kDa. (E) Transcripts of euo, clpP2, omcB, and tsp throughout the Ctr L2 48-h developmental cycle.
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notable decrease in chlamydial numbers within the inclusion following WT, but not MUT,
Ct_Tsp_6�His overexpression at both time points assessed (Fig. 2A and B). Higher magnifi-
cation images revealed that WT Ct_Tsp_6�His localized to the periphery of the bacteria
and overlapped the major outer membrane protein (MOMP) label (Fig. 2C). Based on our
in vitro data, this localization may represent the full-length, potentially unprocessed
Ct_Tsp_6�His. Nonetheless, these data are consistent with a periplasmic localization for
Ct_Tsp because light microscopy cannot resolve spatial differences between a bacterial
periplasm and the inner and outer membranes.

One explanation for the effects of WT Ct_Tsp_6�His overexpression may be that it
is expressed at higher levels than the mutant, even though both constructs are
expressed from the same plasmid backbone. We were unable to detect either 6�His-

FIG 2 Overexpression of Ct_Tsp_6�His negatively impacts Chlamydia. (A and B) Immunofluorescence assay (IFA) of wild-type
(WT) Ct_Tsp_6�His overexpression at 24 and 48 hpi (A) and mutant (MUT) Ct_Tsp_6�His (S455A/K481A) overexpression at 24
and 48 hpi (B). Samples were induced at 16 hpi with 20 nM anhydrotetracycline (aTc), aldehyde-fixed at the indicated time, and
stained for major outer membrane protein (MOMP; gray), 6�His (red), and DAPI (49,6-diamidino-2-phenylindole; blue) to label
DNA. GFP expressed constitutively from the overexpression plasmid is shown in green. Scale bars = 10 mm. Images captured
using a Zeiss AxioImager Z.2 with Apotome2 at �100 magnification. (C) Representative localization of induced Ct_Tsp_6�His in
an individual organism. White box in panel A represents chosen bacteria for the zoomed image in panel C. (D) Transcriptional
analysis of tsp using reverse transcription-quantitative PCR (RT-qPCR) following induction of WT or MUT overexpression at 16
hpi. RNA and genomic DNA (gDNA) were harvested at 24 hpi. Data are presented as a ratio of cDNA to gDNA for the induced
relative to the uninduced. ns, not significant by paired Student’s t test. (E) Inclusion-forming unit (IFU) assay following
overexpression of WT or MUT induced at 16 hpi and harvested at 24 or 48 hpi. IFUs were normalized to uninduced samples
and plotted on a log scale. ****, P , 0.000001; ns, not significant by multiple unpaired Student’s t test. Data represent three
biological replicates.
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tagged or untagged Ct_Tsp by Western blotting using anti-6�His or anti-Tsp antibod-
ies, respectively, and we speculate that either the concentration of protein within the
periplasm is limiting or the C terminus is also processed in vivo in Chlamydia as
observed when the protein was expressed in E. coli (Fig. 1). To address potential differ-
ences in expression of the constructs, we instead quantified ct441/tsp transcripts in the
two strains. We measured no statistically significant differences in ct441/tsp transcript
levels after inducing overexpression of each construct (Fig. 2D). Therefore, we conclude
that differences in WT and MUT Ct_Tsp_6�His expression following induction cannot
account for the observed negative phenotypes of WT overexpression.

We next quantified the impact of overexpression on chlamydial development by meas-
uring recoverable inclusion-forming units (IFU), a proxy for infectious EBs produced during
infection of a primary cell monolayer. Cells were infected with each transformant, and
expression of WT or MUT Ct_Tsp_6�His was induced or not at 16 hpi followed by collec-
tion of IFU samples at 24 and 48 hpi. IFUs were quantified after infecting fresh monolayers
with serial dilutions of these samples. Here, we observed a stark decrease in infectious
progeny at both 24 and 48 hpi after WT Ct_Tsp_6�His overexpression (Fig. 2E), which is
consistent with the smaller inclusions and altered morphology observed (Fig. 2A). In con-
trast, overexpression of the MUT Ct_Tsp_6�His had no measurable effect on IFU produc-
tion. We conclude from these data that overexpression of WT Ct_Tsp_6�His is detrimental
to Ctr L2.

Overexpression of wild-type Ct_Tsp_63His blocks developmental cycle pro-
gression in Chlamydia. The reduction in IFUs measured after WT Ct_Tsp_6�His over-
expression could be due to either a decrease in viable EBs while maintaining overall
bacterial numbers (i.e., RBs and EBs) or a block in the developmental cycle (i.e., reduced
RBs). To further characterize the impact on development following overexpression of
Ct_Tsp_6�His, we measured genomic DNA (gDNA) levels at 24 and 48 hpi to deter-
mine effects related to genome replication as a proxy for overall bacterial numbers. We
detected no increase in gDNA levels from 24 to 48 hpi after WT Ct_Tsp_6�His overex-
pression, indicating a block in chlamydial replication (Fig. 3A). We next probed for
HctB, an EB-specific marker (22, 52, 53), by Western blotting as a proxy for progression
of secondary differentiation. Here, we quantified a reduction in the HctB to MOMP ratio
following induction of WT Ct_Tsp_6�His, demonstrating that secondary differentiation
was blocked (Fig. 3B and C), consistent with our IFU data (Fig. 2E). In contrast, overex-
pression of the inactive mutant isoform had minimal effects on development with no
decrease in gDNA levels and detection of HctB by Western blot. These data indicate
that the increase in catalytic activity of Ct_Tsp rather than the increase in Ct_Tsp

FIG 3 Overexpression of Ct_Tsp_6�His impairs replication of Chlamydia. (A) Quantification of genomic DNA (gDNA) determined by
qPCR following overexpression of WT or MUT (S455A/K481A) Ct_Tsp. Samples were induced at 16 hpi with 20 nM aTc, and gDNA
was harvested at 24 or 48 hpi. Samples were normalized to the genome copy number at 24 hpi and presented as fold change from
24 to 48 hpi. Dotted line represents the normalization of the 24-hpi sample to 1. **, P , 0.01; ns, not significant by paired Student’s
t test. Individual points represent biological replicates. (B) Western blots of HctB (EBs only) and MOMP (all Ctr) levels from uninduced
and induced cultures of WT or MUT overexpression strains. Samples were induced at 16 hpi with 20 nM aTc, and protein was
harvested at 48 hpi. Blot is representative of three biological replicates. (C) HctB levels quantified from Western blots shown in panel
B. Levels are displayed as the HctB to MOMP ratio of induced samples relative to uninduced samples. Individual points represent
biological replicates. ***, P , 0.0001 by paired Student’s t test.
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protein levels leads to the negative impact on development observed during overex-
pression of the WT isoform. Given the severe impact on bacterial morphology and in-
fectious progeny production and the lack of RB replication, we conclude that overactiv-
ity of wild-type Ct_Tsp prevents developmental cycle progression by blocking RB
replication.

Knockdown of Ct_Tsp by CRISPR interference negatively impacts IFUs. Given
the effects on Ctr L2 when overexpressing Ct_Tsp, we next utilized an inducible CRISPR in-
terference/dCas9 (CRISPRi) system to determine the effects of disrupting Ct_Tsp function in
Chlamydia (54, 55). The chromosomal context of tsp indicates that it is encoded as a mono-
cistronic unit (56, 57). We generated CRISPRi vectors that targeted either the intergenic
region 59 to ct441/tsp or no chlamydial sequence (i.e., a non-targeting [NT]) as a control.
These plasmids were transformed into Ctr L2, and the transformant strains were used to
infect cells. To validate the CRISPRi strains, we induced or did not induce knockdown at 4
hpi and measured transcripts at 10 and 36 hpi for both the ct441/tsp-targeting and non-tar-
geting strains. Transcript levels for control developmental cycle genes were unaffected in
either strain (Fig. 4A to C), including the late gene omcB, suggesting that overall develop-
mental cycle progression is unaffected by ct441/tsp knockdown. Importantly, we observed
a 10-fold decrease in ct441/tsp transcripts upon induction of dCas9 expression in the tar-
geting strain, but not in the non-targeting control (Fig. 4D).

After confirming knockdown, we utilized an immunofluorescence approach to visu-
alize inclusion and bacterial morphology after ct441/tsp knockdown, which revealed
no obvious impacts on these parameters (Fig. 4E). However, IFU assays revealed a sub-
stantial .1-log reduction in chlamydial growth at both 24 and 48 hpi following ct441/
tsp knockdown (Fig. 4F). Importantly, the non-targeting control strain also showed no
morphological abnormalities after inducing dCas9 expression and, as expected, did

FIG 4 Knockdown of ct441/tsp reduces infectious progeny but does not affect inclusion size. (A to D) Assessment of temporal gene regulation and
confirmation of ct441/tsp knockdown by RT-qPCR. euo (A), clpP2 (B), omcB (C), and tsp (D) transcripts measured during ct441/tsp knockdown (KD) or
nontargeting (NT) conditions. Ratio of cDNA normalized to gDNA is plotted on a log scale. Samples were induced at 4 hpi, and RNA or gDNA samples
were taken at 10 and 36 hpi for the ct441/tsp KD and NT strains. (E) IFA of ct441/tsp KD and NT at 24 and 48 hpi. Samples were induced at 4 hpi with
20 nM aTc and stained for MOMP (gray), dCas9 (red), and DAPI (blue) to label DNA. Scale bars = 10 mm. A Zeiss AxioImager Z.2 with Apotome2 was used
to take images at �100 magnification. (F) IFU assay following ct441/tsp KD or NT induced at 4 hpi and harvested at 24 or 48 hpi. IFUs were normalized to
uninduced samples and plotted on a log scale. ****, P , 0.000001; ns, not significant by multiple unpaired Student’s t test. Results are representative of
three biological replicates.
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not affect IFU yields. These data indicate a specific negative impact of reduced ct441/
tsp expression on IFU recovery without a concomitant disruption in late gene expres-
sion as represented by omcB expression (Fig. 4C).

Knockdown of Ct_Tsp by CRISPR interference negatively impacts EB viability.
Overexpression of Ct_Tsp showed congruent results between small inclusion sizes and
reduced IFU yields, and this was caused by a block in developmental cycle progression.
However, knocking down ct441/tsp levels resulted in the unexpected findings of nor-
mal inclusion sizes, but reduced IFU yields. To tease apart the apparent discrepancy
between the IFU and inclusion size data, we again assayed replication (via gDNA levels)
and EB production (via HctB production). Consistent with the normal inclusion sizes,
we measured no change in gDNA levels following knockdown of ct441/tsp, which were
comparable to gDNA levels in the non-targeting control (Fig. 5A). Surprisingly, HctB
levels (EBs) relative to MOMP were similarly comparable between the uninduced and
induced knockdown samples (Fig. 5B and C), even though ct441/tsp knockdown results
in reduced IFU yields. The HctB blotting data together with the omcB transcript data
suggest that secondary differentiation proceeds normally during ct441/tsp knockdown,
but that the EBs produced are either non-infectious or non-viable. Taking these find-
ings together, we conclude that Ct_Tsp likely functions in the production of viable,
infectious EBs.

Knocking down ct441/tsp levels alters EB morphology. Given the apparent dis-
crepancy between the immunofluorescence and IFU assays following knockdown of ct441/
tsp, we used transmission electron microscopy (TEM) to observe EB morphology. We rea-
soned that the lack of infectivity may manifest in changes to EB morphology that fall below
the spatial constraints of fluorescence microscopy. A defining characteristic of an RB differ-
entiating into an EB is a condensed nucleoid due in part to the expression of the histone-
like proteins HctA and HctB (17, 52, 58, 59). This condensed nucleoid is easily visualized by
electron microscopy as an electron-dense black spot. We noted obvious atypical differenti-
ating organisms in the ct441/tsp knockdown strain (Fig. 6A). During knockdown of ct441/
tsp, we observed developmental forms that appeared to have a condensing or condensed
nucleoid with a large, voided space between the outer membrane and nucleoid (Fig. 6A).
These abnormal developmental forms were not observed in the uninduced or non-target-
ing controls, suggesting that these morphological impacts were not an artifact of EM proc-
essing. To quantify our observations, we measured the volume of the condensing or con-
densed nucleoid (purple line) and the volume of the outer membrane (yellow line) in all
samples in a blinded fashion (Fig. 6B). Our analysis revealed a significant increase in the
non-nucleoid volume during ct441/tsp knockdown compared to that in the uninduced and

FIG 5 Knockdown of ct441/tsp does not alter replication or production of an elementary body (EB)-specific marker. (A)
Quantification of gDNA determined by qPCR following ct441/tsp KD or NT control conditions. Samples were induced
at 4 hpi with 20 nM aTc, and gDNA was harvested at 24 or 48 hpi. Samples were normalized to the genome copy
number at 24 hpi and presented as fold change from 24 to 48 hpi. Dotted line represents the normalization of the
24-hpi sample to 1. ns, not significant by paired Student’s t test. (B) Western blot of HctB (EBs only) and MOMP (all
Ctr) levels from uninduced and induced cultures of KD or NT knockdown strains. Samples were induced at 4 hpi with
20 nM aTc, and protein was harvested at 48 hpi. Blot is representative of three biological replicates. (C) HctB levels
quantified from Western blots shown in panel B. Levels are displayed as the HctB to MOMP ratio of induced samples
relative to uninduced samples. Individual points represent biological replicates. ns, not significant by paired Student’s
t test.
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non-targeting controls (Fig. 6C). These data suggest that reducing ct441/tsp levels disrupts
the morphology of differentiating developmental forms.

DISCUSSION

Understanding how pathogens like Chlamydia transition between growth states is im-
portant for many reasons, one of which is the practical application of designing strategies
to interrupt or block this process. Chlamydia undergoes a unique, biphasic developmental
cycle in which the organism differentiates between functional forms with distinct morphol-
ogies. The process of secondary differentiation, in which the replicating RB becomes the in-
fectious EB, is an integral aspect of chlamydial development. Given that no studies to date
have identified dividing RBs with condensing nucleoids, a key characteristic of secondary
differentiating forms, we reason that secondary differentiation occurs post-division. While
multiple proteomic studies have profiled the protein repertoires of EBs and RBs (29–31),
the molecular mechanisms which drive the distinct proteomic profiles remain poorly
understood. As such, we hypothesize that protein turnover plays a critical role during dif-
ferentiation. For example, proteins that maintain an RB-like state must be eliminated or
otherwise inactivated to allow an EB to form.

We have previously characterized the chlamydial Clp protease systems and proposed a
model in which protein turnover in the bacterial cytosol contributes to secondary differen-
tiation (32, 49, 60, 61). Because Chlamydia is a Gram-negative bacterium, it has four cellular
compartments from which proteins may need to be eliminated in a coordinated way dur-
ing differentiation events: the cytoplasm, inner membrane, periplasm, and outer mem-
brane. Prior work from the Huston lab has evaluated the periplasmic protease HtrA

FIG 6 Knockdown of ct441/tsp alters EB morphology as revealed by electron microscopy (EM) analysis. (A) Representative EM images for the ct441/tsp KD
or NT control transformant strains. Scale bar = 2 mm. Samples were induced at 4 hpi with 20 nM aTc and harvested at 40 hpi. White arrows represent
organisms that were identified as having condensing or condensed nucleoids (in a blinded fashion by one person) and quantified (in a blinded fashion by
a different person). Black boxes show the organisms represented in panel B. (B) Representation of procedure for measuring the perimeter of the nucleoid
and outer membrane for each organism. Yellow line represents the outer membrane perimeter, purple line shows the nucleoid perimeter. (C)
Quantification of the non-nucleoid volume displayed as the total volume constrained by the outer membrane with the nucleoid volume subtracted. ****,
P , 0.000001; ns, not significant by an ordinary one-way analysis of variance.

Role of Tsp in Chlamydial Development Journal of Bacteriology

May 2023 Volume 205 Issue 5 10.1128/jb.00099-23 9

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00099-23


suggesting its essentiality in the replicative phase of Ctr development and proposing its
direct link to the production of infectious EBs (33, 34, 62). However, HtrA is expressed as a
mid-cycle gene and is likely the major housekeeping protease ensuring protein homeosta-
sis in the periplasm during RB growth and division. As such, other factors may serve a
more specific function in the periplasm during secondary differentiation. Other major con-
served proteases in Chlamydia include Lon, a cytoplasmic protease, FtsH, an inner mem-
brane-anchored protease, and Tsp, another periplasmic protease. Like HtrA, Lon and FtsH
are mid-cycle genes (unpublished data). However, Tsp is expressed as a late-cycle gene
(15) (Fig. 1E), consistent with a proposed function in secondary differentiation. In this study,
we investigated the function of the chlamydial periplasmic Tsp ortholog with the working
hypothesis that it is essential for secondary differentiation.

Our findings indicate that Chlamydia is highly sensitive to disruptions in Tsp levels,
with biologically significant reductions in viable EB progeny under such conditions. We
demonstrated that increased levels of wild-type Tsp impaired the progression of chla-
mydial development such that RB replication was reduced and, accordingly, secondary
differentiation was attenuated (Fig. 2 and 3). These data suggest that increased activity
of wild-type Tsp causes a reduction in chlamydial viability, as overexpression of an
inactive Tsp isoform exhibited little effect on Chlamydia. Interestingly, knockdown of
tsp appeared to exert little effect on both replication and secondary differentiation
while still reducing infectious progeny production (Fig. 4 and 5). Ultrastructural analysis
suggested that the defect in infectious EB production likely arises from dysregulation
of EB organization (Fig. 6). Taken together, these data indicate that endogenous levels
of Tsp are important for appropriate secondary differentiation and that Chlamydia is
extremely sensitive to altered Tsp levels.

We hypothesize that chlamydial Tsp targets RB-specific periplasmic proteins for degrada-
tion or inactivation during secondary differentiation and that this is critical for the reorgan-
ization of an RB into an EB (Fig. 7A). The dysregulation of periplasmic homeostasis following
the increase in Ct_Tsp_6�His levels may lead to excessive degradation of periplasmic com-
ponents, resulting in membrane integrity defects and, subsequently, decreased bacterial sur-
vival (Fig. 7B). Our knockdown data suggest two possible models for why unbalanced Tsp
activity disrupts secondary differentiation (Fig. 7C). The membrane separation model (Model
1) proposes that cytoplasmic proteases, such as the Clp systems, Lon, FtsH, or a combination
thereof, degrade inner membrane and cytoplasmic substrates to reduce cytoplasmic vol-
ume and, concurrently, inner membrane size during secondary differentiation. In this mech-
anism, Tsp would reduce the outer membrane and periplasmic volumes independently of
cytoplasmic volume reduction. However, the timing of these events would need to be
highly coordinated to ensure the successful formation of an EB. The stationary periplasmic
model (Model 2) proposes that periplasmic proteases degrade inner membrane compo-
nents along with periplasmic substrates for proper secondary differentiation. Tsp may either
directly degrade these substrates or cleave substrates in preparation for other periplasmic
proteases, such as HtrA, to degrade them. The models differ in that during knockdown of
ct441/tsp, the stationary periplasmic model indicates that turnover of periplasmic and inner
membrane proteins is inhibited such that the outer membrane and inner membrane remain
anchored together. The result of this is that the cytoplasm still condenses but leads to a
“void” space between the condensed cytoplasm and inner membrane. The membrane sep-
aration model implies that the inner and outer membranes separate, such that the inner
membrane size reduces concurrently with the cytoplasmic volume, thus resulting in separa-
tion between the inner and outer membranes. In this case, the “void” space would likely be
the result of a massive increase in periplasmic volume. Both models allow for production of
EB-specific proteins and virulence factors, but indicate that EBs are disorganized and there-
fore not infectious when Tsp expression is disrupted. Immunogold TEM to label the inner
and outer membranes may help resolve these models, but it requires high-quality antibod-
ies against relatively abundant antigens.

In model organisms such as E. coli and Pseudomonas, Tsp orthologs have been charac-
terized as C-terminal processing proteases (39, 63). Structural homology of chlamydial Tsp
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to orthologous proteases of other Gram-negative bacterial species shows conservation of
key motifs, including the signal sequence, PDZ domain, and catalytic residues (Fig. S3).
However, several regions do not align well with Tsp homologs, including a domain of
unknown function, annotated as DUF3340. DUF3340 has been shown to be critical to the
catalytic activity of Ct_Tsp (35) and may contribute to a novel function of chlamydial Tsp.
Most studies indicate these C-terminal processing proteases function in peptidoglycan ho-
meostasis and regulate cell wall synthesis by targeting PG synthases or hydrolases (40–42).
Such proteins are typically secreted into the periplasm or are membrane-anchored with
domains exposed to the periplasm. Interestingly, pathogenic Chlamydia species lack PG in
their cell walls and only synthesize a transient PG ring during their MreB-dependent polar-
ized division process (9–13, 44). Because only the RB is capable of dividing, and division
and PG-related genes are expressed during the RB phase of the development (i.e., mid-
cycle [50, 51]), the late developmental cycle expression of the chlamydial Tsp ortholog is
incongruent with a homeostatic function in cell wall synthesis. Nonetheless, it is possible
that Tsp degrades, or facilitates degradation of, chlamydial PG-associated proteins to
ensure that cell division ceases so that the EB can begin to form. Interestingly, non-patho-
genic Chlamydia species such as Protochlamydia amoebophila do contain a PG sacculus
(64). We speculate that in these organisms, Tsp activity may be required constitutively
throughout the developmental cycle. Indeed, these organisms also lack the alternative

FIG 7 Proposed model for Ct441/Tsp function in secondary differentiation. (A) Hypothesized model of Ct441/Tsp targeting reticulate body (RB)-specific
proteins during secondary differentiation. During differentiation, Tsp degrades periplasmic proteins to facilitate reduction of periplasmic volume concurrent
with reduction of cytoplasmic volume. (B) Depiction of effects of increased Ct441/Tsp activity on RBs. Excess active Tsp degrades periplasmically exposed
proteins (either specifically or nonspecifically), leading to compromised membrane integrity. (C) Two potential models in which nonfunctional EBs are
produced during ct441/tsp knockdown: the membrane separation model (Model 1) and the stationary periplasmic model (Model 2). In Model 1, the inner
membrane separates from the outer membrane as the cytoplasmic volume decreases, resulting in a large increase in periplasmic volume. The separation of
the membranes results in a decrease in protein density, leaving only diffusible molecules to fill the space. In Model 2, the inner and outer membranes remain
anchored and do not reduce in size with the cytoplasm, resulting in a “void” space between the condensing nucleoid and the inner membrane. This space
likely contains readily diffusible metabolites and ions with few (if any) proteins or nucleic acids. OM, outer membrane; P, periplasm; IM, inner membrane.
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sigma factor s 28, which regulates late-cycle tsp expression in C. trachomatis (Hatch and
Ouellette in prep, Domman and Horn [65]). Therefore, it is expected that P. amoebophila tsp
transcription peaks mid-cycle and that it is not a critical mediator of secondary differentia-
tion. Further work is required to test this prediction.

In E. coli, Prc can cleave substrates in the periplasm that are labeled with an SsrA
tag for degradation (47). Furthermore, the PDZ domain has been characterized as facili-
tating the interaction of E. coli Prc with the targeted SsrA-tagged substrate (66). Our in
vitro studies confirmed that recombinant Ct_Tsp can recognize the SsrA tag (Fig. 1C).
Previously, our lab described a role of trans-translation during secondary differentiation
and proposed that the accumulation of SsrA-tagged proteins may serve as an initiating
mechanism for secondary differentiation in the cytoplasm of Chlamydia by switching
the substrate preference of ClpX (32). Intriguingly, we observed SsrA-tagged proteins
throughout the bacterium and on the inclusion membrane, suggesting that SsrA-
tagged proteins are also present in the periplasm and accumulate over the course of
the developmental cycle. We hypothesize that Tsp, in addition to potential functions in
degrading PG/division proteins, may be needed to specifically eliminate SsrA-tagged
proteins in the periplasm during secondary differentiation to prevent the accumulation
of potentially toxic partial peptides in the EB. This is under investigation.

In conclusion, we have shown that Tsp is essential for chlamydial development.
Given that ct441/tsp is a late gene and that knocking down its expression reduces EB
viability through dysregulation of size and membrane organization, we conclude that
Tsp is a critical mediator of secondary differentiation. While the molecular mechanism
of proteolysis of chlamydial Tsp is likely similar to that of other Prc homologs, we spec-
ulate that the unique gene repertoire of Chlamydia will reveal novel substrates for this
protease. We are currently working to develop the strategies necessary to identify sub-
strates, but these studies are complicated by the obligate intracellular growth of
Chlamydia, which precludes large-scale bacterial cultures. Overall, this work contributes
to the understanding of periplasmic condensation during chlamydial differentiation
and further defines another key mediator of this process.

MATERIALS ANDMETHODS
Primers, plasmids, and strains. A list of all primers, plasmids, and strains used in these studies can

be found in Table S1 in the supplemental material.
Strains and cell culture. McCoy mouse fibroblast cells were used for transformation, overexpres-

sion, knockdown studies, and protein extractions. McCoy cells were also used to harvest DNA and RNA
samples from knockdown or overexpression strains. During our transcriptional profiling experimenta-
tion, human epithelial HEp-2 cells were used to harvest DNA and RNA samples from wild-type CtrL2.
HeLa cells were utilized for plaque purification. These lines were expanded regularly in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal bo-
vine serum (FBS; Sigma-Aldrich, St. Louis, MO). Cells were regularly tested for Mycoplasma using the
LookOut Mycoplasma PCR detection kit from Sigma-Aldrich. For plasmid transformation into Chlamydia,
we used C. trachomatis serovar L2 EBs which lacked the endogenous plasmid (-pL2). Wild-type, density
gradient-purified C. trachomatis L2/434/Bu EBs were used for transcriptional profiling studies.

Bioinformatics. Gene sequences from all organisms were obtained from the KEGG Genome Browser
(67–69). Multiple sequence alignments were generated using Clustal Omega (70) with default settings
and were shown using Jalview version 2 (71). Pairwise alignments to find percent identity for Ct441 and
other Gram-negative Tsp orthologs were performed using the NCBI Protein BLAST Function (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) (72).

Purification and activity analysis of recombinant Tsp. The ct_tsp and ec_prc genes were PCR-
amplified from C. trachomatis L2/434/Bu and E. coli K-12, respectively. PCR products were then cloned
into pLATE52 (N-ter 6�His tag, tsp) or pLATE31 (C-ter 6�His tag, prc) (Thermo Fisher Scientific) and vec-
tors were transformed into E. coli DH5a. Transformants were selected on LB agar with ampicillin
(100 mg/mL) at 37°C. Plasmids were purified and then sequence-verified by PSOMAGEN. Site-directed
mutagenesis was performed on pLATE52-tsp to construct the S455A catalytic mutant.

For protein purification, plasmids were transformed into E. coli BL21(DE3) C43 (35). The recombinant
proteins were purified as described by Kohlmann et al. (73). Briefly, bacteria were grown at 37°C in 2�YT
medium with ampicillin until reaching an optical density at 600 nm (OD600) of 0.8 to 1. Cultures were
then shifted to 20°C and induced with 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside) for 16 h.
Bacteria were harvested and then lysed via sonication in 50 mM Na2HPO4, 500 mM NaCl, 20 mM imidaz-
ole, 5% vol/vol glycerol (pH 8.0). Clarified supernatants were then bound to HisPur cobalt resin (Thermo
Fisher Scientific) for immobilized metal affinity chromatography. Proteins were eluted in modified lysis
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buffer (500 mM imidazole) and then exchanged into storage buffer (20 mM Tris, 150 mM NaCl [pH 7.4])
using Amicon centrifugal concentration devices (Millipore).

Laemmli-treated purified recombinant proteins (1mg) were run on 10% SDS-PAGE gels followed by stain-
ing with Coomassie brilliant blue to detect protein. For Western blotting, 500 ng of recombinant protein was
used. Proteins were transferred from SDS-PAGE to nitrocellulose and blotted overnight at 4°C with a mouse
anti-6�His-antibody (1:1,000, HIS.H8, Invitrogen, Waltham, MA) or rabbit anti-Tsp-antibody (1:200, produced
by Pacific Immunology [St. Ramona, CA] against KKTNKQDRSFGSNDLQ) diluted in 5% milk Tris-buffered sa-
line (TBS). Blots were then washed with 0.05% Tween-TBS (TTBS) and probed with either a goat anti-mouse
IgG HRP (horseradish peroxidase)-conjugated antibody (1:2,000, AP124P, Millipore) or a goat anti-rabbit IgG
HRP conjugated antibody (1:2,000, 32260, Invitrogen) for 1 h at room temperature. Blots were subsequently
washed in TTBS followed by TBS and then incubated with Immobulin chemiluminescent substrate (Millipore).
Blot and gel images were acquired using a Bio-Rad Chemidoc MP.

Ct_Tsp and Ec_Prc activity assays. b-Casein (Sigma-Aldrich) and SsrA-tagged GFP (VAA C termi-
nus), purified as described by Wood et al. (32). were used to assess the protease activity of Ec_Prc and
Ct_Tsp/Ct_Tsp S455A. Here, 1 mg of enzyme was incubated with 3 mg of substrate in 50 mM Tris,
150 mM NaCl (pH 8) for 3 h at 37°C. Reactions were terminated through the addition of Laemmli buffer
and heating at 95°C for 5 min. Samples were then separated on 12% SDS-PAGE gels and stained with
Coomassie brilliant blue to detect protein.

Chlamydial plasmid construction. The Hifi Cloning System (New England Biolabs [NEB], Ipswich, MA)
was utilized to create constructs for chlamydial transformation. The NEBuilder assembly tool from NEB was
used to design primers. Primers were created with overlap to the desired vector. We added a 6�His tag at
the C-terminal end of our gene of interest to detect our overexpressed proteins. Purified chlamydial genomic
DNA was used as a template to amplify our gene of interest using Phusion DNA polymerase (Thermo Fisher
Scientific). Once assembled, the product was ligated into the respective vector and transformed into DH10b
E. coli (NEB) for expansion. The isolated plasmid was verified by restriction enzyme digest and sequencing
before transformation into C. trachomatis serovar L2 (-pL2). The Ct_Tsp_6�His overexpression strains utilized
the pBOMBL expression backbone (55). A CRISPR interference approach using the pBOMBLCRia vector en-
coding an inducible catalytically dead Cas9 protein and guide RNA was engineered by our lab and used to
obtain the ct441/tsp knockdown (54, 55).

Chlamydial transformation. Prior to the transformation, a 6-well plate was seeded with McCoy
cells. Two wells were utilized per plasmid transformation. For transformation into C. trachomatis, ;2 mg
of sequence-verified plasmid was incubated at room temperature with 106 CtrL2 EBs that lacked the en-
dogenous plasmid (-pL2; ATCC 25667R) suspended in 50 mL CaCl2 for 30 min. The transformation mix-
ture was diluted with 1 mL of Hanks’ balanced salt solution (HBSS) and added dropwise to one well of
the 6-well plate containing 1 mL of HBSS. The cells were centrifuged at 400 � g for 15 min at room tem-
perature and incubated at 37°C for 15 min. After incubation, the inoculum was replaced with DMEM/
10% FBS. At 8 hpi, the medium was removed and replaced with DMEM/10% FBS containing 1 mg/mL of
cycloheximide and either 1 or 2 U/mL of penicillin. Cells were monitored and passaged every 48 h until
a population of GFP-positive, penicillin-resistant inclusions was observed. The transformants were then
harvested and frozen at 280°C in a solution of sucrose-phosphate (2SP). Samples were expanded to
make stocks and titrated to calculate the multiplicity of infection (MOI).

IFA imaging and IFU assays to measure the effects of overexpression of Ct_Tsp isoforms or
knockdown of tsp transcripts on Chlamydia. A confluent monolayer of McCoy cells was infected with
Ctr transformed with plasmids encoding the various Tsp isoforms fused to a 6�His affinity tag or
CRISPRi vectors targeting tsp or a non-targeting sequence control. Penicillin and cycloheximide treat-
ment were maintained in the medium for the duration of the experiment. For overexpression experi-
ments, at 16 hpi, 20 nM anhydrotetracycline (aTc) was used to induce samples. At 24 or 48 hpi, three
wells of a 24-well plate were scraped in 250 mL 2SP, pooled, vortexed with three 1-mm glass beads, and
frozen at 280°C for IFU determination. For knockdown experiments, at 4 hpi, samples were either
induced or not induced with 20 nM aTc. RNA and DNA samples were collected at 10 and 36 hpi as
described below. Transcript data were analyzed as a ratio of cDNA to gDNA. Alongside the experimental
time points for both studies, coverslips were fixed with a formaldehyde-glutaraldehyde solution fol-
lowed by methanol to assess expression of the constructs in the primary infection. Coverslips were
stained with primary antibodies, goat anti-Ctr MOMP (Meridian Biosciences, Memphis, TN) and rabbit
anti-6�His (Abcam; Cambridge, MA) for overexpression studies or rabbit anti-dCas9 (Abcam) for knock-
down studies, and DNA was labeled with DAPI (49,6-diamidino-2-phenylindole; Invitrogen). Donkey sec-
ondary antibodies were used against the goat and rabbit primary antibodies. Coverslips were then
mounted on glass slides using ProLong Glass mounting medium (Invitrogen). Images were acquired
from a �100 objective on a Zeiss AxioImager Z.2 equipped with Apotome.2 optical sectioning hardware
and X-Cite Series 120PC illumination lamp using a 2MP Axiocam 506 monochrome camera. To quantify
IFUs, the thawed IFU samples were serially diluted at 1:10 in 2SP buffer and used to infect a fresh mono-
layer of McCoy cells. At 24 hpi, these titrated samples were fixed with a formaldehyde-glutaraldehyde
mix to preserve the GFP signal expressed from the plasmid and then permeabilized using methanol.
Primary goat anti-Ctr MOMP followed by donkey anti-goat 594 (Invitrogen) was used to label inclusions.
Inclusions per field of view were systematically counted. Data were plotted on a log scale and are pre-
sented as a percentage of the uninduced sample.

Isolation of genomic DNA and qPCR readouts. At the indicated time points, cells were trypsinized
and spun at 400 � g for 5 min at 4°C. The pellet was resuspended in 500 mL phosphate-buffered saline
(PBS) and frozen at 280°C. Samples were freeze-thawed three times, and DNA was extracted using the
Qiagen DNeasy kit for processing. DNA concentrations were measured on a Nanodrop spectrophotometer,
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and samples were diluted to 5 ng/mL. A master mix was created using gene-specific primers and SYBR
Green, which was added into wells of a 96-well optical plate containing 5 mL of the diluted gDNA. Blank
wells of the master mix alone were used to assess contamination. The plate was analyzed on a
QuantStudio 3 thermal cycler with standard amplification conditions followed by a melting curve analysis.
Each sample was analyzed in triplicate. A standard curve was created using Ctr L2 genomic DNA to quan-
tify DNA levels. These data were normalized as genome copy numbers, where all data points were multi-
plied by 888,676 (number of chromosomal copies per 1 ng DNA) prior to plotting on a log scale.

Isolation of RNA and generation of cDNA. To collect RNA, 1 mL of TRIzol (Invitrogen) was used to
harvest infected cells from one well of a 6-well plate at the indicated time points, and 200 mL of chloro-
form was added to extract the RNA following the manufacturer’s guidelines. Once spun at 3,000 � g for
5 min at 4°C, 500 mL of the aqueous layer was extracted without disturbance and precipitated with an
equal volume of isopropanol. DNase was used to treat 10 mg of total RNA and eliminate contaminating
DNA. cDNA was then generated from 1 mg of the DNase-treated RNA using SuperScript III reverse tran-
scriptase (Invitrogen) according to the manufacturer’s instructions in a total volume of 20 mL. For the
control conditions, no reverse transcriptase was added (i.e., no RT). After the reaction was complete,
samples were diluted with 200 mL nuclease-free H2O, and cDNA was aliquoted to avoid freeze-thawing.
5 mL of cDNA per well was loaded in a qPCR plate with gene-specific primers and SYBR green for detec-
tion. Three wells were loaded for each sample as internal replicates. Blank wells and no-RT samples were
controlled for any contamination. A standard curve was generated using Ctr L2 isolated genomic DNA.
The qPCR plate was analyzed on a QuantStudio 3 thermal cycler with standard amplification conditions
followed by a melting curve analysis as described above for DNA quantification.

Determining the transcriptional profile of ct441/tsp during chlamydial development. HEp2 cells
were seeded in 6-well plates, and two wells were used per condition. No antibiotics were added during
this experiment. To collect RNA at the time of infection, the protocol described above was followed with
wild-type Ctr L2 being used to infect the cells. DNA was harvested as described above. Samples of RNA
and DNA were harvested, as described above, throughout the developmental cycle, specifically at 1, 3,
8, 16, 24, and 48 hpi. Primers against tsp and representative early- (euo), mid- (clpP2), and late-cycle
(omcB) genes were used to quantify their transcript levels using qPCR. The ratio of cDNA to gDNA was
calculated and plotted on a log scale.

Observation of HctB during ct441/tsp knockdown or overexpression of Ct_Tsp_63His. McCoys
were seeded in a 6-well plate before infection. The respective wells were infected and then either induced or
not induced with 20 nM aTc. Throughout the duration of the experiment, penicillin and cycloheximide were
maintained in the medium. The Ct_Tsp_6�His overexpression strains were induced at 16 hpi. The knock-
down and non-targeting strains were induced at 4 hpi. At 48 hpi, protein lysate was harvested using 8 M
urea-containing buffer which had 0.1% SDS, 2.5% beta-mercaptoethanol, 10 mM Tris, and nuclease added
immediately before use. The protein samples were quantified using the EZQ protein assay kit (Thermo Fisher
Scientific). Next, 30 mg of protein was loaded per well for SDS-PAGE. Protein was transferred to a polyvinyli-
dene difluoride membrane which was then stained with primary goat anti-MOMP and rabbit anti-HctB (kind
gift from T. Hackstadt; Rocky Mountain Labs/NIH). Donkey anti-goat 680 and donkey anti-rabbit 800 second-
ary antibodies (LI-COR Biosciences; Lincoln, NE) were utilized. The FIJI is Just ImageJ (FIJI) program was used
for densitometric quantification. Ratios were displayed as uninduced divided by induced and HctB to MOMP.

Morphology analysis using transmission electron microscopy to observe ct441/tsp knockdown
samples. McCoy cells were infected with the ct441/tsp knockdown or nontargeting strains. Induction
with 20 nM aTc occurred or did not occur at 4 hpi for the knockdown or non-targeting strains. Samples
for TEM imaging were fixed by immersion in a solution of 2% glutaraldehyde, 2% paraformaldehyde in
0.1 M Sorenson’s phosphate buffer (pH 7.2) for a minimum of 24 h at 4°C. Samples were then washed
three times with PBS to clear excess fixative. During processing, samples were post-fixed in a 1% aque-
ous solution of osmium tetroxide for 30 min. Subsequently, samples were dehydrated in a graded etha-
nol series (50, 70, 90, 95, 100%), and propylene oxide was used as a transition solvent between the etha-
nol and Embed 812 resin. Samples were allowed to sit overnight in a 50:50 propylene oxide:resin
solution until all the propylene oxide had evaporated. Samples were then incubated in fresh resin for
2 h at room temperature before final embedding. Polymerization took place at 65°C for 24 h. Thin sec-
tions (90 nm) made with a Leica UC7 Ultracut ultramicrotome were placed on 200-mesh copper grids,
post-stained with 2% uranyl acetate followed by Reynolds lead citrate, and examined on a Tecnai G2

Spirit TWIN (FEI) operating at an accelerating voltage of 80 kV. Images were acquired digitally with an
AMT digital imaging system.

Organisms which had a condensing or condensed nucleoid were identified and labeled by one indi-
vidual in a blind fashion. Using FIJI, the perimeter of the nucleoid and the outer membrane were meas-
ured for each organism, also in a blinded fashion, by a different individual. Using the perimeter values,
radius was calculated using the formula r ¼ P

2p . To account for the electron microscopy images being
two-dimensional, we adjusted for three-dimensional space by calculating volume from the calculated
radii using the equation V ¼ 4

3p r3. We used these volumes of the outer membrane and nucleoid to infer
the difference between these boundaries.
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