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trachomatis
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ABSTRACT sRNAs are noncoding transcripts that play critical roles in posttranscrip-
tional regulation in prokaryotes. In the intracellular bacterium Chlamydia, sRNAs have
been identified, but functional studies have been limited to an E. coli heterologous
system. We have developed an inducible sRNA overexpression system in Chlamydia
trachomatis and used it to screen putative sRNAs for effects on the Chlamydia devel-
opmental cycle, which involves conversion between replicating (RB) and infectious
(EB) chlamydial forms. Overexpression of 4 of 13 C. trachomatis sSRNAs decreased pro-
duction of infectious EBs. We performed detailed characterization of CtrR3 and CtrR7,
the two sRNAs that caused the largest progeny defects in our screen. By quantifying
chlamydial number and infectious progeny, and by visualizing chlamydial forms using
electron microscopy, we showed that overexpression of CtrR3 prevented RB-to-EB con-
version, whereas CtrR7 overexpression blocked bacterial replication. We also describe
a workflow that allowed us to identify the mRNA targets of CtrR3 in Chlamydia. We
first used MS2 aptamer affinity purification coupled with RNA sequencing as an
unbiased approach to isolate interacting mRNAs. We then prioritized candidates based
on sequence complementarity to the CtrR3 target recognition sequence, which we
had identified with bioinformatic and mutational analyses. Finally, we tested putative
targets with translational fusion assays in E. coli and C. trachomatis. Using this inte-
grated approach, we provide experimental evidence that YtgB and CTL0389 are mRNA
targets of CtrR3 in Chlamydia. These findings demonstrate how our C. trachomatis
sRNA overexpression system can be used to investigate the functions and mRNA tar-
gets of chlamydial sRNAs.

IMPORTANCE Small RNAs (sRNAs) are a class of regulatory RNAs that play important
roles in bacterial physiology and pathogenesis. In the intracellular bacterium Chlamydia,
however, sRNAs are poorly understood, and functional studies have been limited to a
heterologous system. In this study, we developed a genetic system for studying sRNAs
in Chlamydia trachomatis and used it to identify four chlamydial sSRNAs whose overex-
pression decreased the production of infectious bacteria. We also successfully utilized
this genetic system to determine the target recognition sequence and mRNA targets of
an uncharacterized, chlamydial sSRNA named CtrR3. Overall, this work offers a generaliz-
able approach for investigating the role of chlamydial sSRNAs in their native organism.

KEYWORDS MS2 affinity purification, posttranscriptional gene regulation, genetic
screen, mRNA target identification, small RNA

hlamydia are obligate intracellular bacteria that cause a wide array of human ill-
nesses. Chlamydia trachomatis is the most common cause of bacterial sexually trans-
mitted disease, with more than 1.8 million new cases reported annually in the U.S. (1, 2).
C. trachomatis also causes an infectious blindness called trachoma, and the related
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Genetic Analysis of Chlamydial SRNAs

species, C. pneumoniae and C. psittaci, are responsible for community-acquired pneumo-
nia and psittacosis, respectively (3).

All Chlamydia spp. share a developmental cycle that is marked by conversion
between two specialized forms within a eukaryotic host cell (4). An infectious form,
called the elementary body (EB), binds and enters the host cell. Within 2 to 8 h postin-
fection (hpi), the EB differentiates into a larger, intracellular form, known as the reticu-
late body (RB), in a membrane-bound vacuole called the chlamydial inclusion. RBs are
metabolically active and undergo multiple rounds of replication before asynchronously
converting back into EBs. This conversion step is critical for transmission because only
EBs can infect new host cells. The time course of the intracellular infection varies
between species, but for C. trachomatis, RB-to-EB conversion starts at around 24 hpi,
with EBs released by 48 hpi to end the developmental cycle (5).

Another hallmark of this developmental cycle is the regulated expression of chlamydial
genes in three main temporal groups (6). Early genes play important roles in establishing
the inclusion, and midcycle genes are expressed during RB replication. Late genes are
expressed during RB-to-EB conversion and include genes with EB-specific functions (7). For
example, hctA and hctB encode histone-like proteins HctA (also known as Hc1) and HctB (or
Hc2), which condense the DNA in EBs, while omcB encodes an EB-specific outer membrane
protein (8, 9). Most of the work on chlamydial gene expression has focused on the regula-
tion of transcription by transcription factors and alternative sigma factors (7). In contrast, lit-
tle is known about the posttranscriptional regulation of gene expression in Chlamydia.

Small RNAs (sRNAs) play an important role in regulating protein expression in bacte-
ria. These sRNAs are 50 to 500-nucleotides long and form stable secondary structures
that are critical for their function. Binding of a sRNA to one or more mRNA targets
through complementary base pairing commonly leads to decreased expression of each
target protein (10, 11). SRNAs can be grouped into two classes (12). A cis-encoded sRNA
is transcribed from the complementary strand of its single target gene and functions as
an anti-sense RNA that binds its mMRNA target to regulate its stability (13). In contrast, a
trans-encoded sRNA typically has multiple mRNA targets and binds at or near their re-
spective ribosome binding site (RBS). This association occurs via a short region of imper-
fect sequence complementarity that impedes ribosome binding and/or promotes mRNA
degradation. Target genes of trans-encoded sRNAs are located at different genomic sites
from the sRNA, which makes their identification more challenging (12).

Putative chlamydial SRNAs have been identified, but functional analysis has been limited
to a heterologous system. Albrecht et al. and AbdelRahman et al. used RNA sequencing or
an intergenic tiling microarray to identify a total of 66 putative sSRNAs in C. trachomatis, 20
of which were confirmed by Northern blotting (3 cis and 17 trans sRNAs) (14, 15).
Functional studies have been performed on two C. trachomatis sRNAs, IhtA and CTIG270.
IhtA is a trans-encoded sRNA that decreased protein, but not transcript levels of its target
HctA when both were co-expressed in E. coli (16). CTIG270, in contrast, is a cis-encoded
sRNA that downregulated transcript and protein expression of the peptidoglycan synthesis
gene ftsl in an E. coli co-expression assay (14, 17). The functions and targets of these sSRNAs
have not been assessed in Chlamydia with its complex biphasic developmental cycle.

In this study, we describe a novel C. trachomatis sSRNA overexpression system to
study chlamydial sSRNAs in their native environment. We used this genetic approach to
screen 13 chlamydial sRNAs for deleterious effects on the infection and identified 4
whose overexpression caused a severe reduction in infectious progeny. We also
applied our genetic system to identify mRNA targets of a chlamydial SRNA. By combin-
ing an unbiased screen to capture putative mRNA targets with a bioinformatics-based
prioritization scheme and functional studies in E. coli and Chlamydia, we identified
YtgB and CTL0389 as likely mRNA targets of the uncharacterized sRNA CtrR3.

RESULTS
Development of a SRNA overexpression system in Chlamydia. To study the role
of chlamydial sRNAs in the developmental cycle, we developed an inducible system to

July/August 2022 Volume 13 Issue 4

10.1128/mbio.00864-22

mBio

2


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00864-22

Genetic Analysis of Chlamydial SRNAs

A B
pBOMB5-tet-mCherry
P, mCherry IhtA
IhtA -—

pBOMB5-tet-IhtA

. e
<tem Hreto, |- i rRNA

C D
mCherry IhtA ” [CJuninduced [induced
. L 1
Induction: - + - + [ 5 &
HCtA rwwsm s e % € e
23810
HctB —_ gg .
OmeB — e a—— g3
- > 205
MOMP S-S S -(% 5
@ O
GAPDH &) e

HctA HctB Och
A

FIG 1 Development of an inducible sRNA overexpression system in C. trachomatis. (A) Schematics of
the overexpression cassettes for mCherry (control) and IhtA in the pBOMB5 plasmid. +1 marks the
transcriptional start site. (B) Northern blot of Hela cells infected with Chlamydia transformants that
overexpressed either mCherry or IhtA after incubation with or without 50 ng/mL aTc starting at 16
hpi. IhtA levels are shown at 36 hpi. 55 rRNA served as a loading control. (C) Hela cells infected for
36 h with mCherry or IhtA transformants that were either left uninduced or induced with aTc at 16
hpi were lysed and subjected to Western blotting with antibodies to HctA, HctB, and OmcB. MOMP
and GAPDH served as loading controls for Chlamydia and host cells, respectively. (D) HeLa cells infected
with the IhtA transformant and induced as above were analyzed by RT-qPCR for the transcript levels of
HctA, HctB, and OmcB at 36 hpi. 16S rRNA served as the reference gene. Transcript levels for each gene
in the induced sample was compared to the average transcript levels of each respective gene in the
uninduced control via the Pfaffl equation. Data are presented as mean = SEM (n = 3).

overexpress individual sRNAs in C. trachomatis. This system is based on the pBOMB4
plasmid, a chlamydial shuttle vector for tetracycline-inducible protein expression in C.
trachomatis (18). We modified pBOMB4 by removing the second downstream Tet oper-
ator to avoid adding extra nucleotides to the 5’ end of the sRNA, which might alter its
secondary structure and function (Fig. 1A). The sRNA overexpression cassette was also
relocated to avoid possible read-through transcription of downstream genes. We
called this new plasmid pBOMBS (Fig. S1).

We tested this overexpression system with IhtA, the best characterized chlamydial
sRNA, which was previously shown to downregulate translation of the histone-like pro-
tein HctA in a heterologous system (16). We cloned the sequence of |htA into this plas-
mid to generate pBOMB5-tet-IhtA and transformed it into C. trachomatis (Fig. 1A).
Induction with anhydrotetracycline (aTc) increased IhtA expression, as measured by
Northern blots (Fig. 1B) and decreased protein levels of HctA, but not HctB and OmcB,
which are two other late gene products (Fig. 1C). These effects were specific for IhtA
because they were not seen when mCherry expression was induced by aTc in the con-
trol transformant (data not shown). IhtA overexpression did not change mRNA levels
of HctA, HctB, or OmcB (Fig. 1D), demonstrating that IhtA negatively regulates the pro-
tein, but not transcript levels of HctA in Chlamydia. These results provide proof of prin-
ciple that our overexpression system offers a novel and powerful approach to alter the
levels of a SRNA and its target inside this intracellular bacterium.

Identification of sSRNAs that are involved in a productive chlamydial infection.
We next used this SRNA overexpression system to screen putative C. trachomatis sSRNAs for
effects on the developmental cycle. We focused on 14 sRNAs that have been previously
confirmed by Northern blotting analysis and whose transcription start sites have been
mapped (14, 15). Each sRNA was cloned into pBOMBS5, and 12 of 14 were successfully
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FIG 2 Screen to identify C. trachomatis sRNAs important for the Chlamydia developmental cycle. (A)
Schematic of the sSRNA overexpression screen. (B) For each transformant, the number of infectious EBs of
induced samples is expressed as a percentage of the uninduced control samples. HelLa cells infected with
transformants expressing mCherry or a sSRNA were incubated in the absence or presence of 50 ng/mL aTc
starting at 1 hpi. Lysates were collected at 32 hpi and analyzed for infectious progeny production in a
secondary infection. Data are presented as mean = SEM (n = 3), ***, P < 0.001.

transformed into C. trachomatis. We then individually induced the overexpression of these
12 sRNAs, as well as IhtA, and measured effects on the production of infectious EBs with a
progeny assay, which is performed with a secondary infection (Fig. 2A).

Overexpression of four sRNAs caused measurable reductions in progeny (Fig. 2B).
The largest defect was with CtrR3 overexpression (Fig. S2A), which decreased progeny
by 68-fold at 32 hpi, compared to its uninduced control. The severity of the CtrR3
defect was proportional to the aTc concentration used for induction (Fig. S3). There
were also overexpression defects with CtrR7 (Fig. S2B), which decreased progeny by
38-fold at 32 hpi, and with IhtA and CTIG270, which caused more modest 2.8-fold and
7.7-fold reductions in progeny, respectively (Fig. 2B). Induction of the nine other sRNAs
did not affect progeny, and of these, we verified overexpression for CtrR1 and CtrR4 by
Northern blotting analysis (Fig. S2C). These results suggest that CtrR3, CtrR7, CTIG270
and IhtA have important functions in the chlamydial developmental cycle.

sRNA overexpression can disrupt different steps in the developmental cycle.
(i) CtrR3 overexpression caused an RB-to-EB conversion defect. We performed addi-
tional experiments to identify the stage in the developmental cycle disrupted by CtrR3
overexpression. This trans-encoded sRNA is located downstream of the tmRNA, and we
detected its endogenous expression throughout the developmental cycle (Fig. 3A and B;
Fig. S4A). RT-qPCR was not used to quantify CtrR3 expression because the sRNA is only
~110 nt long. Compared to its uninduced control, CtrR3 overexpression only had a mod-
est effect on RB replication, as shown by 1.9-fold and 1.6-fold decreases in genome copy
number at 24 hpi and 36 hpi, respectively (Fig. 3C). In contrast, there was a 24-fold and
104-fold reduction in progeny at 24 and 36 hpi, respectively (Fig. 3D), and thus a dispro-
portionate effect on EB production compared to RB replication (Fig. 3E). Progeny counts
remained lower also at later times, which indicates that this defect was not due to a
delay in EB production (48 and 60 hpi, data not shown).

We confirmed the defect in EB production with additional assays. Western blot analy-
sis at 36 hpi showed that CtrR3 overexpression decreased expression of the EB-specific
proteins HctB and OmcB, but not of MOMP, which is present in RBs and EBs (Fig. 3F).
Transmission electron microscopy analysis of these samples at 36 hpi revealed inclusions
that were full of RBs and dividing RBs, but only had few EBs and intermediate bodies
(IBs), which are RBs in the process of converting into EBs (Fig. 3G). This distribution of
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FIG 3 CtrR3 overexpression results in an RB-to-EB conversion defect. (A) The position of the ctrR3 gene in the C
trachomatis serovar L2 genome is shown. (B) Total RNA isolated from Hela cells that were infected with wild type C.
trachomatis serovar L2 was analyzed by Northern blotting at the indicated times. Blots were probed for CtrR3 and 5S
rRNA as loading control. (C) The number of chlamydial genomes and (D) infectious EBs produced in Hela cells infected
either with the mCherry or the CtrR3 transformant were determined by qPCR and progeny assay, respectively, at the
indicated time points and normalized to the number of host cells. mCherry or CtrR3 overexpression was induced as
described in Fig. 2B. Data are mean = SEM (n = 3); **, P = 0.01 and ***, P < 0.001. (E) The numbers of chlamydial
genomes and infectious EBs in CtrR3 overexpression samples are expressed as a percentage of their respective
uninduced control to represent the relative effect of CtrR3 overexpression. (F) Western blot analysis of lysates from
Hela cells infected with the mCherry or CtrR3 transformants treated with aTc from 1-36 hpi. The levels of HctB and
OmcB (late gene products) MOMP (mid gene product) are shown. GAPDH served as a loading control. (G) Electron
micrographs of CtrR3 transformant-infected Hela cells at 36 hpi, in the absence or presence of aTc starting at 1 hpi.
The chlamydial developmental forms are as indicated: RB, reticulate body; dRB, dividing reticulate body; IB,
intermediate body; and EB, elementary body. White scale bar: 2 um, black scale bar: 1 wm.

chlamydial developmental forms was strikingly different from uninduced control cells,
which resembled a wild-type infection in having predominantly EBs at this late time (5).
Together, these findings provide strong evidence that the large progeny defect caused
by CtrR3 overexpression is due to impairing RB-to-EB conversion.
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FIG 4 CtrR7 overexpression results in RB replication defect. (A) The position of the ctrR7 gene in the C. trachomatis serovar L2
genome is shown. (B) Total RNA extracted from Hela cells that were infected with wild type C. trachomatis serovar L2 was
analyzed by Northern blotting at the indicated times. Blots were probed for CtrR7 and 5S rRNA as loading control. (C) The
number of chlamydial genomes and (D) infectious EBs produced in Hela cells infected with the CtrR7 transformant were
determined by gPCR and progeny assay, respectively, at the indicated time points and normalized to the number of host cells.
CtrR7 overexpression was induced as described in Fig. 2B. Data are mean = SEM (n = 3); **, P = 0.01 and ***, P < 0.001. (E) The
numbers of chlamydial genomes and infectious EBs in CtrR7 overexpression samples are expressed as a percentage of their
respective uninduced control to represent the relative effect of CtrR7 overexpression. (F) Western blot analysis of lysates from
Hela cells infected with the CtrR7 transformants treated with aTc from 1 to 36 hpi. The levels of HctB and OmcB (late gene
products) MOMP (mid gene product) are shown. GAPDH served as a loading control. (G) Electron micrographs of CtrR7

transformant-infected Hela cells at 36 hpi, in the absence or presence of aTc starting at 1 hpi. White scale bar: 2 um.

(ii) CtrR7 overexpression caused an RB replication defect. CtrR7 is a trans-
encoded sRNA that is located in the intergenic region between the oppA4 and ctl0742
genes (Fig. 4A). Its endogenous expression follows a mid-cycle pattern, with a peak at
16 hpi and a decrease at 36 hpi (Fig. 4B; Fig. S4B). In contrast to CtrR3, CtrR7 overex-
pression had strong effects on both RB replication (9.3-fold and 21-fold decreases in
chlamydial genomes at 24 and 36 hpi, respectively, Fig. 4C) and infectious EB produc-
tion (14-fold and 47-fold decreases in progeny at 24 and 36 hpi, respectively, Fig. 4D).
These defects in chlamydial replication and EB production were proportional to each
other (Fig. 4E). Western blot analysis further demonstrated that CtrR7 overexpression
affected the expression of both late (HctB and OmcB) and midcycle gene products
(MOMP) (Fig. 4F). In addition, transmission electron microscopy at 36 hpi showed that
CtrR7 overexpression resulted in an inclusion that was mostly empty except for a few
large RBs that resemble aberrant bodies observed under stress-induced persistence
(Fig. 4G). Thus, the severe reduction in progeny caused by CtrR7 overexpression can be
mainly ascribed to an RB replication defect.

Together, these analyses of CtrR3 and CtrR7 demonstrate that overexpression of a
chlamydial sSRNA can cause a progeny defect by disrupting different steps in the devel-
opmental cycle.

July/August 2022 Volume 13 Issue 4

10.1128/mbio.00864-22

mBio

6


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00864-22

Genetic Analysis of Chlamydial SRNAs

A CtrR3
7y ™y
3882, S5,

AG = -55.05 kcal/mol

CtrR3 CtrR3mut
Se-6? Seg?
GY™BA GY™BA
3 \/GUA’\(;_ U ') (1:1 )
mRNA target C A C A
Sleec® s || Cuye®
RBS GGG
B CtrR3 CtrR3™
transformant transformant
Induction: - + - +
hpi: 20 32 20 32 32

o !
S
cRmAm Bes,

250

[ Juninduced [T]induced

3
@

ns

150+

100+

Progeny/cell

(o))
?

CtrR3  CtrR3m™

FIG 5 The C-rich hairpin sequence is necessary for CtrR3 function. (A) The secondary structure of CtrR3
was predicted bioinformatically using the RNAfold software. The free energy of the thermodynamic
ensemble is shown (AG). The box on the left shows its C-rich hairpin sequence (highlighted in green)
interacting with the RBS (highlighted in purple) of a putative mRNA target. The box on the right box
shows the sequence for CtrR3™"* with two C-to-U substitutions. (B) Total RNA extracted at the indicated
time points from the CtrR3 or the CtrR3™* transformant in the absence or presence of aTc was
analyzed by Northern blotting. CtrR3 and CtrR3™* levels were detected by a probe that recognized
both forms of the sRNA; 55 rRNA served as the loading control. (C) The numbers of infectious EBs in
Hela cells infected with either CtrR3 or CtrR3™" transformants after treatment with aTc from 1 hpi
were determined by progeny assay at 32 hpi and normalized to the number of host cells. Data are
shown as mean = SEM (n = 3); *, P = 0.05.

Identification of the target recognition sequence of CtrR3. We next applied our
overexpression system to identify mRNA targets of a chlamydial sRNA, exemplified
by CtrR3, which is the sRNA that caused the greatest progeny defect. We first used a
combined bioinformatic and mutational approach to identify the target recognition
sequence, or seed region, of CtrR3. From the predicted secondary structure (RNAfold)
(19) of CtrR3, we predicted the seed region to be in the large C-rich single-stranded
hairpin loop because of its sequence complementarity to the ribosome binding site
(RBS) sequence of bacterial mRNAs (Fig. 5A). In addition, the sequence is conserved
in CtrR3 from C. suis and C. muridarum (data not shown). To test if this sequence is
important for CtrR3 function, we generated a transformant expressing CtrR3 with
two C-to-U substitutions within the potential anti-RBS sequence (CtrR3™vY) (Fig. 5A).
The two nucleotide substitutions do not alter the predicted secondary structure of
the sRNA (data not shown). Overexpression of CtrR3™ut (Fig. 5B) no longer decreased
progeny production (Fig. 5C), providing strong experimental evidence that this hair-
pin loop sequence is the seed region through which CtrR3 mediates its effects on EB
production.
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Identification of mRNA targets of CtrR3. For the remainder of this study, we used
CtrR3 to develop a generalizable, multistep approach to isolate and identify the mRNA
targets of a sSRNA in Chlamydia.

(i) MS2-affinity purification with RNA sequencing (MAPS). To identify mRNAs
that bind to CtrR3, we overexpressed CtrR3 tagged at the 5’ end with two MS2 hairpins
(MS2-CtrR3). We used RNAfold (19) to check that these MS2 hairpins did not alter the
predicted secondary structure of CtrR3 (Fig. S5A). We also constructed a control con-
sisting of two MS2 hairpins followed by a rnpB T1 terminator (MS2-Control, Fig. S5A).
MS2-CtrR3 and MS2-Control were individually cloned into pBOMB5 and successfully
transformed into C. trachomatis. Using Northern blot analysis, we confirmed that these
tagged RNA constructs were detected and that the sRNA levels at 1 h after aTc induc-
tion were comparable to sSRNA levels at 2 or 6 h after aTc induction (Fig. S5B).

We then performed MS2-affinity purification coupled with RNA sequencing (MAPS)
on these transformants (20-22). We infected Hela cells with MS2-CtrR3 or MS2-Control
transformants and induced MS2-sRNAs expression with aTc for 1 h before lysing the
cells at 30 hpi. We captured MS2-sRNAs and their interacting mRNAs using MS2-
Maltose binding fusion proteins (MS2-MBP) that were bound to amylose resins. We
verified that MS2-CtrR3 and MS2-Control were enriched in the eluted samples com-
pared to the respective whole-cell lysate (Fig. S5C), and analyzed the eluates by RNA-
seg. We then performed a differential expression analysis to identify RNAs that were
enriched in the MS2-CtrR3 library compared to the MS2-Control library. Using an
enrichment cutoff log,,q change = 2 (P-value = 0.01), we identified 52 transcripts
that were enriched in the MS2-CtrR3 library (Fig. 6).

(ii) Bioinformatic prioritization scheme. We performed a bioinformatics analysis
to prioritize these CtrR3-interacting RNAs and to select likely mRNA targets of CtrR3.
Using the program IntaRNA (23-26), which predicts sSRNA-mRNA target base-pairing,
we found that 34 of the 52 mRNA hits showed sequence complementarity to the CtrR3
seed region (Table S1). We focused on four of these mRNAs, YtgB, CTL0389, CTL0015
and CTL0674, because they contained predicted CtrR3-interacting sequences located
at their RBS, which is the site where sRNAs frequently bind to regulate protein expres-
sion (Fig. 6, Table 1).
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TABLE 1 List of candidate mRNA targets of CtrR3 tested in this study

Gene name Predicted mRNA binding sites (5’ to 3')
ctl0389° (—16) CGGGAGGAGAG (—6)

ytgB® (—17) AUUGGGAGGGA (—7)

ctlo0159 (—12) AGGGAGGGGAU (—2)

ctlo674° (—9) UUUUGGGAGA (+1)

gatA® (—51) GUUGGGAGGAUU (—40)

rpsT® (—13) AUUGGGAGAGAUU (—1)

rpsMP (—15) AGGGAGGC (—8)

ctlo190° (—10) GGGGAGGAGGA (+1)

hctB? (+9) GUUGGGAGUACAA (+21)

9Enriched in MAPS.
bNot enriched in MAPS.

(iii) Functional testing with translational fusion reporter assays. We tested
these four candidates in translational fusion reporter assays, first in E. coli (27), then in
Chlamydia. For the E. coli analysis, we included five negative controls, which were C.
trachomatis mRNAs predicted to have sequence complementarity to the CtrR3 seed
region at or near the RBS, by the sRNA target prediction program TargetRNA2 (28), but
not recovered in our MAPS analysis (Fig. 6, Table 1). For each of these nine mRNA can-
didates, we constructed a translational fusion reporter containing the region from —50
to +30, relative to the start codon, fused upstream of gfp. Co-expression of these trans-
lational fusion reporters with CtrR3 in E. coli decreased GFP levels for YtgB and
CTLO0389, but not for CTL0015, CTL0674 or the five control mRNAs (Fig. S6).

To confirm that YtgB and CTL0389 are bona fide CtrR3 targets, we developed an
analogous translational fusion assay in C. trachomatis (Fig. S7A). This analysis required
generation of a C. trachomatis transformant for each sRNA-target pair that we tested.
As proof of principle, we first showed that overexpression of lhtA downregulated GFP
reporter expression for its known target HctA, but not for the negative-control HctB
(Fig. S7B, C). We then tested CtrR3 overexpression and found that it significantly
decreased GFP reporter expression for YtgB and CTL0389 (Fig. 7A and B). For both
these targets, the level of downregulation was proportional to the aTc concentration
used for induction (data not shown). Importantly, GFP expression was not decreased
when either YtgB and CTL0389 were co-expressed with CtrR3™4t, which contains a dis-
rupted target recognition sequence (Fig. 7C). These data confirm our E. coli translational
fusion results and provide strong evidence that YtgB and CTL0389 are mRNA targets of
CtrR3 in C. trachomatis.

We also performed reciprocal mutation experiments to test if CtrR3 directly inter-
acts with CTL0389. In initial experiments, we made mutations in the RBS of the
CTLO389 translational fusion reporter to complement the CtrR3mut seed region (5'-
GGGAGG-3' to 5'-GAAAGG-3’). However, CtrR3™t did not downregulate this version of
CTLO0389 reporter (data not shown). We then generated a new reciprocal pair by mak-
ing two CT—TC mutations in the seed region of CtrR3 (CtrR3m1) and introducing re-
ciprocal mutations in the RBS of the CTL0389 GFP reporter (CTL0389m1::GFP) (Fig. 7D).
Overexpression of CtrR3m1, but not wild type CtrR3, decreased CTL0O389m1 GFP re-
porter expression, providing genetic evidence of base-pairing between CtrR3 and
CTL0389 mRNA.

DISCUSSION

In this study, we developed a novel sRNA overexpression system in Chlamydia to
investigate the function of chlamydial SRNAs in their native environment. We used this
genetic system to screen 2 known and 11 uncharacterized chlamydial sSRNAs for delete-
rious effects on the intracellular infection. We then combined our genetic approach
with biochemical, bioinformatic, mutational and functional analyses to identify the tar-
get recognition sequence and mRNA targets of CtrR3, a previously uncharacterized
SRNA.
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FIG 7 C. trachomatis translational fusion assays validate YtgB and CTL0389 as CtrR3 targets. (A)
Representative Western blots of lysates from Hela cells infected with transformants that co-expressed
CtrR3 together with HctB, YtgB, or CTL0389 translational fusion proteins. To minimize deleterious
effects of CtrR3 overexpression, samples were induced with aTc at 20 hpi and analyzed at 24 hpi. The
level of GFP is shown. MOMP served as a loading control for Chlamydia. (B) Quantification of the
Western blots in (A). GFP was normalized first to MOMP and then to the respective uninduced
controls. Data are mean * SEM (n = 3); ***, P =< 0.001. (C) Western blots of lysates from HelLa cells
infected with transformants that co-expressed the translational fusion proteins with either CtrR3 or
CtrR3™, SRNA overexpression was induced as described in (A). The level of GFP is shown, and MOMP
served as a loading control. (D) Top: diagram of the compensatory mutations that were made to
CtrR3 and the CTL0389 translational fusion. Each box shows the seed region (highlighted in green) of
CtrR3 or CtrR3m1 interacting with the RBS (highlighted in purple) of either wild type CTL0389 or
CTL0389m1 translational fusion mRNAs. Bottom: representative Western blots of lysates from Hela
cells infected with three different transformants that co-expressed CtrR3 together with either the
CTL0389 or CTL0389m1 translational fusions, or CtrR3m1 together with the CTL0389m1 translational
fusion. SRNA overexpression was induced as described in (A). The level of GFP is shown, and MOMP
served as a loading control.

Until now, functional studies of chlamydial sSRNAs have been performed in E. coli
but not in Chlamydia itself. The main impediment has been that Chlamydia genetic
studies have not been possible until recently, and new methodologic innovations,
such as transformation of Chlamydia, remain inefficient (29, 30). Studies in E. coli have
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demonstrated that two C. trachomatis SRNAs, IhtA and CTIG270, regulate their respec-
tive mRNA targets HctA and Ftsl (Pbp3). While useful, this heterologous approach has
two limitations: (i) target recognition between a chlamydial sRNA and its target tran-
scripts may be different because Chlamydia lacks the RNA chaperone Hfg, which stabil-
izes SRNA-mRNA target interactions in E. coli (31); and (ii) potential roles of a chlamydial
sRNA in the unique chlamydial developmental cycle cannot be investigated.

Our inducible sRNA overexpression system has a number of advantages. Most
importantly, it allows a sRNA to be studied in the context of the chlamydial SRNA ma-
chinery and in the native environment of an infected host cell. Its inducible design
allows the level and timing of sRNA expression to be controlled by adjusting the con-
centration and duration of aTc induction. Furthermore, it is versatile and can be
applied to investigate SRNA target recognition and sSRNA-mRNA interactions with func-
tional studies. One experimental consideration is that this approach requires familiarity
and expertise with Chlamydia genetics, which remains work-intensive. A valuable com-
plementary genetic strategy would be to knock out the endogenous sRNA gene.
However, targeted gene deletion is not suitable for studying essential genes, which is
an issue for Chlamydia since this obligate intracellular bacterium has a greatly reduced
genome that contains a large proportion of essential genes (32, 33). An alternative
approach would be to knockdown the sRNA with the inducible CRISPRi system that
has recently been developed and optimized (32, 34). This approach blocks transcrip-
tion by targeting the promoter, and thus may have limitations if the sRNA is processed
from an mRNA or pre-tRNA transcript, as may be the case for IhtA and CtrR3 (14, 15).

Our sRNA genetic system allowed us to identify chlamydial sSRNAs whose overexpres-
sion had deleterious effects on the intracellular infection. We used a progeny defect as
our read-out, but the same sRNA overexpression transformants can also be screened for
other phenotypes, such as alteration of a known Chlamydia-host interaction. In our
study, four SRNAs produced a progeny defect when overexpressed, suggesting that they
each have an important role in the developmental cycle. This conclusion is supported by
published reports showing that two of these four sRNAs, IhtA and CTIG270, regulate pro-
teins with important functions in the Chlamydia infection. In studies with E. coli, IhtA
decreased levels of HctA, which controls RB-to-EB conversion, and CTIG270 reduced the
expression of Ftsl, which is involved in chlamydial division (14, 16, 17). CtrR3 and CtrR7
are the two other sRNAs with a strong overexpression phenotype in our screen. They are
uncharacterized trans-encoded sRNAs that caused a much greater progeny defect than
IhtA or CTIG270. We did not detect progeny defects with nine of the sRNAs that we
tested, but we cannot exclude their potential involvement in Chlamydia-host interactions
or pathogenesis in vivo. It is also possible that this lack of a progeny defect is due to inef-
ficient sSRNA expression for seven out of the nine sRNAs.

Our analysis of CtrR3 and CtrR7 shows that overexpression of these two sRNAs
affected different steps in the C. trachomatis developmental cycle. Based on assays of
chlamydial genome number, progeny production, late gene expression and ultrastruc-
tural analysis, we propose that overexpression of CtrR3 disrupted RB-to-EB conversion
because its effect on chlamydial genome number was small compared to the large
reduction in infectious progeny. In contrast, overexpression CtrR7 mainly blocked RB
replication, with the reductions in genome copies and progeny being of similar magni-
tude. These differential effects of CtrR3 and CtrR7 overexpression demonstrate that (i)
these sSRNAs most likely regulate different mRNA targets; (ii) the overexpression pheno-
types are specific for each sRNA and not due to general toxicity; and (iii) it is possible
to narrow down the cause of the progeny defect to a specific step in the developmen-
tal cycle. Our analysis does not, however, reveal how CtrR3 and CtrR7 overexpression,
respectively, inhibit RB-to-EB conversion and RB replication, which they could do
through direct or indirect mechanisms. Further studies are ongoing to delineate the
roles of CtrR3 and CtrR7 in the C. trachomatis developmental cycle.

We utilized our sRNA genetic system in multiple complementary approaches to iden-
tify the mRNA targets of a chlamydial SRNA. For example, it allowed us to overexpress an
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MS2-tagged CtrR3 so that we could use MAPS as an unbiased method to identify inter-
acting mRNA targets. This approach is attractive for chlamydial sSRNA target identification
because it does not rely on a sSRNA chaperone protein, such as Hfg, as the bait to capture
a sRNA and its bound targets. Our genetic approach also allowed us to identify the tar-
get recognition sequence of CtrR3, which we then used to prioritize candidate mRNA tar-
gets based on sequence complementary to the seed region. In this analysis, we focused
on complementarity to the RBS (11, 12), but there is also precedent for a sSRNA to bind to
the coding region of its mRNA targets (22, 35, 36). Our MAPS analysis also recovered
mRNAs lacking complementarity to the CtrR3 seed region, which are less likely to be
bona fide targets. Since interactions identified through MAPS may be direct or indirect
(22, 37), it is important to confirm the regulation of the sRNA on a candidate mRNA
target.

We paired our sSRNA overexpression approach with a translational fusion reporter to
test and validate candidate mRNA targets. This reporter approach is commonly used in
other bacteria to demonstrate that a sRNA regulates specific mRNA targets (38) and
can distinguish between direct and indirect targets identified by MAPS (37). However,
translational fusion assays in Chlamydia are labor-intensive because a transformant
with a customized translational reporter has to be generated for each candidate target.
For this reason, we first tested candidate targets with a translational fusion reporter in
E. coli and then used the C. trachomatis translational fusion for confirmation. Using this
approach, we identified YtgB, an ATPase for iron transport, and CTL0389, an uncharac-
terized inclusion membrane protein, as likely mRNA targets of CtrR3 (39, 40). We did
not pursue CTL0O015 and CTL0674, because they were negative in the E. coli transla-
tional fusion assay, but it remains possible that they could be targets of CtrR3 in C. tra-
chomatis since the two bacteria have differences in their SRNA machinery. We do not
yet know if CtrR3 has other mRNA targets and which target(s) may mediate its
observed progeny defect.

Our studies of CtrR3 target recognition shed light on how C. trachomatis sRNAs
interact with their mRNA targets in the absence of Hfg. Small RNAs in Mycobacterium,
and other Gram-positive bacteria that lack Hfq and another RNA chaperone ProQ, are
proposed to use C-rich motifs to interact with their mRNA targets (41). For example,
Mycobacterium sRNA 6C, which is named after the 6 C-nucleotides in its recognition
motif, requires 5 of these 6 C-nucleotides to regulate its target (42). Our translational
fusion studies with reciprocal compensatory mutations showed that an intact 5 C/G
base-pairing was necessary for functional interactions between CtrR3 and the CTL0389
translational fusion reporter (Fig. 7D). These findings are consistent with the E. coli
studies conducted by Grieshaber et al, who showed that interactions between |htA
and HctA mRNA required 5 G/C interactions. This observation led these authors to pro-
pose that perfect complementarity with G/C-rich base-pairing is important for
Chlamydia sSRNA-mRNA binding to compensate for the absence of Hfq (43).

In summary, we have developed a Chlamydia sRNA overexpression system that pro-
vides a genetic means to study the function of a chlamydial sSRNA during the intracellu-
lar infection. This approach is particularly suited for investigating the roles of sSRNAs in
the control of Chlamydia-specific functions, such as the developmental cycle, that can-
not be studied in a heterologous system. Our overexpression system is powerful
because it can be (i) readily used to screen sRNAs for effects on the infection; (ii) com-
bined with mutational analyses to identify and validate the sRNA target seed region;
and (iii) used together with an unbiased approach, such as MAPS, followed by bioinfor-
matic prediction and functional testing to identify candidate mRNA targets. In princi-
ple, a chlamydial SRNA could even be modified to recognize a nonnative mRNA target,
as the basis for a novel conditional protein knockdown method in Chlamydia, as has
been done in E. coli (44, 45). Thus, our sRNA overexpression system represents an
advance for studying an important posttranscriptional mechanism of gene regulation
and will help to elucidate the molecular mechanisms that control the intracellular
Chlamydia infection.
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MATERIALS AND METHODS

DNA oligonucleotides and plasmids. DNA oligonucleotides and plasmids can be found in the
Supplemental Materials, Table S2. Details on plasmids construction is described in the Supplemental
Materials, Text S1.

Antibodies used in this study. Primary antibodies used were polyclonal rabbit anti-HctA and poly-
clonal rabbit anti-HctB (gifts from Ted Hackstadt), monoclonal mouse anti-MOMP (gift from Ellena
Peterson), polyclonal rabbit anti-OmcB (gift from Guangming Zhong), monoclonal mouse anti-GFP
(11814460001, Roche), polyclonal rabbit anti-GroEL (G6532, Sigma-Aldrich), and mouse anti-GAPDH (sc-
47724, Santa Cruz). Secondary antibodies were goat anti-rabbit IgG LI-COR IRDYE 680 (926-680-71,
Fisher Scientific) and goat anti-mouse IgG LI-COR IRDye 800 (926-32210; Fisher Scientific). Membranes
were imaged on Odyssey CLx LI-COR machine.

Cell culture and Chlamydia infection. Hela cells were obtained from ATCC and cultured at 37°C
and 5.0% CO, in DMEM (11995-065, Gibco) supplemented with 10% FBS (51155, Atlanta Biologicals).
McCoy cells (ATCC) were also cultured in a similar condition.

Chlamydia infections were done by infecting near-confluent cell monolayers with C. trachomatis
serovar L2 (ATCC) or Chlamydia transformants at an MOI of 3 in SPG (200 mM sucrose, 20 mM sodium
phosphate and 5 mM glutamate; pH 7.2) followed by centrifugation at 700 x g for 1 h at room tempera-
ture. After centrifugation, the inoculum was removed and replaced with DMEM containing 10% FBS. For
induction of mCherry or sRNAs expression, infected cells were incubated with 50 ng/mL of aTc (94664,
Supelco) in complete DMEM media at the indicated times. For experiments with aTc inductions starting
at 1 hpi, aTc was replenished at 16 hpi due to the short half-life of aTc at 37°C (46).

Chlamydia transformation. Transformation of C. trachomatis serovar L2 was performed as previ-
ously described (47). In brief, Chlamydia EBs were incubated with 10 ug of plasmid and CaCl, buffer
(10 MM TRIS pH 7.4 in 50 mM CaCl,), followed by spin infection of a cell monolayer. The inoculum was
then removed and replaced with DMEM containing 10% FBS. At 10 hpi, the medium was replaced with
complete DMEM containing 10 ug/mL of ampicillin (A9518, Sigma-Aldrich). At around 48 hpi, the
infected host cell monolayer was disrupted via glass beads, with the collected EBs being used to infect a
new cell monolayer. After this second spin infection, the infected cells were immediately incubated in
complete DMEM containing 10 ng/mL of ampicillin and 1 wg/mL of cycloheximide (NC9651091, Chem
Service Inc.). This infection was labeled as passage 1 (P1). The previous two steps were repeated until P3,
resulting in a selected population of Chlamydia transformants. To obtain a clonal population of trans-
formants, EBs from P3 underwent two rounds of plaque purifications in McCoy cells as previously
described (48). For the studies reported here, we generated a total of 27 C. trachomatis transformants.

E. coli culture conditions and co-expression study. E. coli strain DHF« (NEB5-alpha) were grown in
LB (Miller) under aerobic conditions at 37°C. Where appropriate, antibiotics were used at the following
concentrations: 100 wg/mL ampicillin (A9518, Sigma-Aldrich) and 25 pg/mL chloramphenicol (C0378,
Sigma-Aldrich). Co-expression studies were conducted by co-transforming E. coli with the high-copy
PRSETC plasmid containing the sRNA under the Tet-inducible promoter and the low-copy pBAD33.1
plasmid containing the translational fusion protein under the control of an arabinose-inducible pro-
moter. Overnight culture of the co-transformed E. coli was diluted to an OD,, of 0.1 and grown to an
ODy,, of 0.5. SRNA expression was induced with 200 ng/mL aTc for 30 min, followed by induction of the
translational fusion protein expression with 0.02% arabinose. Bacteria were collected 90 min post arabi-
nose induction. Lysates, prepared through incubation 2% SDS, were subjected to SDS-PAGE and
Western blot analysis.

Progeny assay. Progeny assays were performed as previously described (49). In brief, at the indi-
cated times, Chlamydia-infected cells were washed with 1xPBS and collected in SPG to harvest infec-
tious EBs from the primary infection. Samples were subjected to one cycle of freeze-thaw to lyse the
host cells, then serially diluted in SPG and used to reinfect a new monolayer of HelLa cells in the absence
of aTc. At 27 hpi, cells were fixed with ice-cold methanol, followed by visualization of chlamydial inclu-
sions with mouse anti-MOMP antibodies (gift from Ellena Peterson, UC Irvine) using immunofluores-
cence microscopy. The number of inclusions, determined in 10 fields of view using a 20x objective, was
used to calculate the total number of infectious progeny (IFU/mL). Progeny per cell was determined by
dividing IFU/mL by the number of host cells present at the time of the infection, which was determined
through counting trypsinized cells on a hemocytometer.

Statistical analyses. For each experiment, 3 independent biological replicates were performed, and
the results are presented as mean *= SEM. Data were analyzed by unpaired, two-tailed t tests with
Welch'’s correction on Graph Pad PRISM software version 8.
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