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ABSTRACT As an obligate intracellular, developmentally regulated bacterium, Chla-
mydia is sensitive to amino acid fluctuations within its host cell. When human epi-
thelial cells are treated with the cytokine interferon gamma (IFN-v), the tryptophan
(Trp)-degrading enzyme, indoleamine-2,3-dioxygenase, is induced. Chlamydiae within
such cells are starved for Trp and enter a state of so-called persistence. Chlamydia
lacks the stringent response used by many eubacteria to respond to this stress. Un-
usually, chlamydial transcription is globally elevated during Trp starvation with tran-
scripts for Trp codon-containing genes disproportionately increased. Yet, the pres-
ence of Trp codons destabilized 3’ ends of transcripts in operons or large genes. We
initially hypothesized that ribosome stalling on Trp codons rendered the 3’ ends
sensitive to RNase activity. The half-life of chlamydial transcripts containing different
numbers of Trp codons was thus measured in untreated and IFN-vy-treated infected
cells to determine whether Trp codons influenced the stability of transcripts. How-
ever, no effect of Trp codon content was detected. Therefore, we investigated
whether Rho-dependent transcription termination could play a role in mediating
transcript instability. Rho is expressed as a midcycle gene product, interacts with it-
self as predicted, and is present in all chlamydial species. Inhibition of Rho via the
Rho-specific antibiotic, bicyclomycin, and overexpression of Rho are detrimental to
chlamydiae. Finally, when we measured transcript abundance 3’ to Trp codons in
the presence of bicyclomycin, we observed that transcript abundance increased.
These data are the first to demonstrate the importance of Rho in Chlamydia and the
role of Rho-dependent transcription polarity during persistence.
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hlamydia is a developmentally regulated, obligate intracellular bacterium. These
unique bacteria alternate between functionally and morphologically distinct forms
during their developmental cycle (see reference 1 for a review). The elementary body,
or EB, mediates attachment and internalization into a susceptible host cell, whereas the
reticulate body, or RB, grows and divides within a membrane-bound pathogen-
specified parasitic organelle termed an inclusion (2). At the end of the developmental
cycle, RBs differentiate back to EBs and are released from the cell to initiate a new round
of infection. In evolving to obligate intracellular growth, chlamydiae have undergone
significant reductive evolution. These pathogens have streamlined their genomes by
eliminating superfluous pathways and genes (3). Conversely, if they have maintained a
set of genes, then it is likely important for the bacteria.
Chlamydiae are pathogens that cause a range of illnesses in humans and animals
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(4-7). Within humans, Chlamydia trachomatis and Chlamydia pneumoniae are the
primary agents of chlamydial diseases. Of clinical significance is that chlamydial infec-
tions are often unrecognized and asymptomatic, which can lead to chronic sequelae.
These can include pelvic inflammatory disease, tubal factor infertility, and reactive
arthritis for C. trachomatis (8, 9) and possibly atherosclerosis and adult-onset asthma,
among other illnesses, for C. pneumoniae (10, 11). One hypothesis for asymptomatic
chlamydial infections is that the organisms enter a nonproductive growth state referred
to as persistence.

Chlamydial persistence is defined as a state of culture-negative but viable growth
wherein cell division is blocked and the bacteria are morphologically aberrant (12, 13).
In vitro, persistence is induced primarily by nutrient limitation (14-19). As chlamydiae
depend on their host cell for most of their nutritional needs, when the host cell is
starved, so are the bacteria. Interferon gamma (IFN-y) treatment of human epithelial
cells induces expression of the enzyme indoleamine-2,3-dioxygenase (IDO), which
cleaves tryptophan (Trp or W) to produce N-formyl-kynurenine (20-23). C. trachomatis
and C. pneumoniae are Trp auxotrophs and acquire this essential amino acid from the
host cell via free amino acids in the cytosol or uptake of lysosomal degradation
products (24). Some C. trachomatis serovars can convert indole, presumably supplied by
the microbiota, to Trp (25, 26). Once starved of Trp, the chlamydial developmental cycle
is diverted to persistence. However, reactivation of productive growth with continued
progress through the developmental cycle can be restored by removal of IFN-y (27). In
cell culture, IFN-y-mediated Trp limitation is a model system for inducing a reproduc-
ible amino acid stress response in Chlamydia.

We previously investigated chlamydial transcription during IFN-y-mediated persis-
tence and found that transcription was globally increased whereas translation was
globally decreased (28). Importantly, transcriptional responses of orthologous genes
during IFN-y-mediated persistence between C. trachomatis and C. pneumoniae are
also similar (e.g., euo and omcB [28]). More recently, we hypothesized, and presented
evidence in C. pneumoniae, that the Trp codon content of a gene influences its
transcription during Trp limitation (29). Interestingly, we found that the transcription of
genes with multiple Trp codons was significantly increased whereas for those genes
lacking Trp codons, no change in transcription was detected. However, we did observe
that, within operons or large genes, the presence of Trp codons had a destabilizing
effect on the 3’ end of the transcript. These findings are consistent with a model in
which ribosome stalling on Trp codons destabilizes downstream messages.

The current work was designed to understand why Trp codons cause the 3’ ends of
their respective transcripts to become less abundant during Trp starvation. We hypoth-
esized that one of two effects could be occurring. Under Trp-replete conditions,
ribosomes translate efficiently across Trp codons and protect the message from deg-
radation. When Trp is limiting or absent, ribosomes will stall at Trp codons. We
hypothesized that this would lead to the transcript 3’ to the stalled ribosomes
either becoming susceptible to ribonucleases (RNases) or becoming available for Rho
binding through internal Rho sites to terminate transcription prematurely, termed
Rho-dependent polarity. These possibilities are depicted in Fig. 1. In the former case,
this would lead to an increase in the stability of Trp codon-rich transcripts protected by
ribosomes. In the latter case, Rho, a well-described transcriptional terminator in pro-
karyotes, would bind RNA and translocate along it until it catches the RNA polymerase
(RNAP), where it induces disassociation of the RNAP from the DNA template (30).
However, in testing the first possibility, we observed no effect of Trp codons on
transcript stability. Therefore, we initiated a series of studies to test the function of Rho
in mediating transcript termination via Rho-dependent polarity during Trp starvation
and to determine the importance of Rho more generally in Chlamydia. Our data are
consistent with a model wherein the presence of Trp codons in transcripts induces
ribosome arrest that leads to Rho-dependent polarity and transcription termination.
These data are the first to demonstrate the importance of Rho in Chlamydia and its
critical role in chlamydial persistence.
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FIG 1 Model for transcript instability during IFN-y-mediated Trp starvation. Hypothetical model for transcript
stability before and after tryptophan (Trp) codons under normal and Trp starvation conditions. Under normal
culture conditions (Trp replete), ribosomes translate the entire mRNA, thus blocking any aberrant RNase activity.
During Trp starvation, the ribosomes are blocked from or impaired in progressing beyond the Trp codon (UGG). In
these circumstances, one of two possibilities is proposed to explain the decrease in transcript abundance: (i) the
3" end of mRNA becomes accessible to RNase degradation, or (ii) Rho-dependent polarity effects occur when Rho
binds exposed sites on the transcript. This could occur in either monocistronic or polycistronic messages with Trp
codons.

RESULTS

Measurement of transcript stability as a function of Trp codon content. We
previously observed that chlamydial Trp codon-containing transcripts were dispropor-
tionately increased during IFN-y-mediated Trp starvation (29). We hypothesized that
ribosome stalling on Trp codons near the 5" end of the transcript would render the 3’
end susceptible to RNase degradation while simultaneously stabilizing the 5’ end.
Conversely, we anticipated that the stability of transcripts lacking Trp codons would be
unaffected by Trp starvation. To test this hypothesis, we extracted nucleic acids from C.
pneumoniae-infected cultures, treated or not with IFN-v, in the presence or absence of
rifampin to block RNA polymerase activity. Transcript abundance was measured by
reverse transcriptase quantitative PCR (RT-gPCR), and the half-life of each transcript was
calculated.

We assessed 11 transcripts from genes carrying 0 to 11 Trp codons and involved in
metal import, cell division, transcription, and a variety of other cellular processes. Two
different sets of genes, ytgA-ytgD and rnhB_1-metG, were parts of polycistronic operons
with high and low Trp codon density in the 5’ gene, respectively (29). This allowed us
to test the effects of Trp codons on transcript stability within a single transcript. All
these target genes had been previously assessed by us for their transcriptional pattern
during IFN-y-mediated Trp limitation and, importantly, have orthologs in C. trachomatis
(29). All primer sets were designed to bind within the first third of the nucleotide
sequence of the gene and, when possible, 5" to all Trp codons (29). For untreated
cultures, half-life measurements were made at 24 hours postinfection (hpi), when C.
pneumoniae RBs are actively transcribing, except for the late gene omcB, in which case
the half-life was calculated at 48 hpi, when it is actively transcribed. For IFN-y-treated
cultures, half-life measurements were made at 48 hpi, when the transcriptional effects
of IFN-y are detectable (29).
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FIG 2 Measure of transcript stability as a function of Trp codon content. The human epithelial cell line HEp2 was
infected with C. pneumoniae AR39 and treated with interferon gamma (IFN) or not treated (UTD) at the time of
infection. At 24 hpi, transcription was blocked in UTD cultures by the addition of rifampin, whereas rifampin was
added at 48 hpi for IFN-vy-treated cultures. Nucleic acid samples were collected at these time points and 15 min
after rifampin addition. Transcript levels were quantified by RT-qPCR and normalized to genomic DNA levels, and
the half-life of transcripts for each gene, on the x axis, was calculated in minutes, on the y axis. The number of
tryptophan (W) codons present in the genes is indicated. The bars under ytgA and ytgD and, separately, under
rnhB_1 and metG indicate that these genes are present in the same operon. For omcB, a late gene, the half-life of
the message in UTD cultures was calculated at 48 hpi, when it is actively transcribed (7). *, P < 0.05 by one-tailed
Student’s t test.

As observed in Fig. 2, the average half-life of chlamydial transcripts measured after
15 min of rifampin addition was generally increased during IFN-y-mediated Trp star-
vation (3.92 min in untreated [UTD] versus 18.95 min in IFN-y-treated samples).
However, there was no correlation between transcript half-life and the presence of Trp
codons within the transcript. This was also true when the half-life was measured after
30 min of rifampin treatment (see Fig. S1 in the supplemental material). The 3" ends of
the transcripts for the ytg and rnhB_1 operons appeared more stable than the 5’ end.
Consequently, our hypothesis was disproved and rejected. Recently, a study analyzing
transcript stability in Chlamydia by transcriptome sequencing (RNA-seq) was published,
in which half-lives were measured to be approximately 15 min (31). However, our
results are consistent with other measures of bacterial transcript stability (see reference
32 for a review). In addition, our methodology (using RT-gPCR) requires less handling/
modification of the RNA samples than does RNA-seq and is likely more reliable because
of this.

Chlamydia encodes a Rho homolog with an extended N terminus. As our first
hypothesis was invalidated, we next hypothesized that transcript instability may be due
to Rho-dependent polarity (33-36). Rho is a transcription terminator that acts as a
hexameric helicase (33). In this scenario, ribosome stalling at Trp codons would render
rut (Rho utilization) sites accessible to Rho, leading to premature transcript termination.
Rho contains a conserved N-terminal domain, an RNA-binding domain, and an ATPase
domain containing Walker A and B motifs, which allows it to translocate along mRNA
transcripts. A basic schematic of Rho is illustrated in Fig. 3A. Rho is essential in most
bacteria in which it has been studied (37), and all Chlamydia species encode a Rho
homolog (from our analysis of publicly available genome sequences). Interestingly,
chlamydial Rho contains an additional N-terminal region (amino acids 1 to 49) in almost
all strains and species of Chlamydia that is absent in Escherichia coli and most Gram-
negative Rho homologs but present in other types of bacteria, including Mycobacterium
tuberculosis. Given that Chlamydia has undergone extensive genomic reduction in
evolving to obligate intracellular dependence, the fact that this sequence has not been
deleted indicates a potentially important function for the organism. In the very few
chlamydial strains lacking these additional residues, there is a methionine residue in
place of a valine (V46 in sequence), and thus it is likely that the start site has been
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FIG 3 Chlamydia encodes a Rho homolog with an extended N terminus. (A) A basic schematic showing the domain organization of a canonical
Rho protein with a conserved N-terminal domain (NTD), an RNA binding domain, and a P-loop NTPase domain with Walker motifs indicated by
a plus sign (+). (B) BLAST alignment of C. trachomatis (Ctr) Rho versus E. coli (Ec) Rho and M. tuberculosis (Mtb) Rho with associated amino acids
aligned indicated by the numbers on the axes. (C) Protein disorder prediction plots for the Rho homologs depicted in panel B. The red line
indicates the threshold value for a false-positive rate of 5% with the overall predicted disorder probability indicated on the y axis and the
associated amino acids from the N terminus to the C terminus increasing along the x axis. (D) Bacterial two-hybrid (BACTH) test of the ability of
chlamydial Rho to interact with itself. Full-length Rho or a truncated mutant lacking the first 49 amino acids, Rho50, was fused to each of the T25
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misannotated. A recent article described a role for an extended N-terminal domain of
Rho from Clostridium botulinum in prion formation (38). However, the extended chla-
mydial domain does not align to any identified sequences aside from Chlamydia
species, based on our analysis of publicly available genome sequences. We hypothesize
that this domain may be important for mediating interactions with either itself or other
factors (e.g., protein or metabolite).

To begin an investigation into Rho function in Chlamydia, we initiated basic bioin-
formatics analyses. C. pneumoniae and C. trachomatis Rho proteins are 88% identical
and 92% similar, with both proteins containing 464 amino acids. C. trachomatis Rho is
also highly homologous to both E. coli (61% identical, 78% similar over 99% of E. coli
Rho with an E value of 0) and M. tuberculosis (53% identical, 72% similar over 67% of
M. tuberculosis Rho with an E value of 8e—146) and aligns well with both of these
homologs (Fig. 3B). The variability within Rho between the chlamydial species is
localized to the extended N terminus, and if these amino acids are excluded from
alignments, then C. pneumoniae and C. trachomatis Rho are even more highly con-
served (94% identical and 96% similar). This additional domain is predicted to be
disordered within the Rho protein, similar to M. tuberculosis Rho (Fig. 3C), suggesting
potential additional functionality to chlamydial Rho or additional determinants that
govern the proper folding or interactions of this domain.

To test whether chlamydial Rho is capable of interacting with itself and whether the
additional N-terminal residues are important for homotypic interactions, we employed
the bacterial adenylate cyclase-based two-hybrid (BACTH) system to monitor protein-
protein interactions. This system is predicated on the ability of two complementary
fragments of the adenylate cyclase toxin, T25 and T18, of B. pertussis to reconstitute
enzyme activity when brought into close proximity by interacting proteins (39). When
an adenylate cyclase mutant of E. coli was cotransformed with plasmids expressing T25-
and T18-Rho, a positive interaction was detected (Fig. 3D), indicating the ability of
chlamydial Rho to interact with itself. This was also true for plasmids expressing the
truncated mutant of Rho, Rho50. The truncated mutant also retained the ability to
interact with full-length Rho. Thus, we conclude that the additional N-terminal 49
amino acids of chlamydial Rho do not function in the ability of this protein to interact
with itself and likely have an alternative role in vivo, which requires further study.

Chlamydial Rho is expressed as an RB product. We next sought to determine the
expression pattern of chlamydial Rho. As chlamydiae are developmentally regulated
bacteria, they transition between functional and morphological forms (EBs and RBs),
and chlamydial gene expression can be broadly divided into three classes that coincide
with differentiation from EB to RB (early), RB growth and division (midcycle), and
differentiation from RB to EB (late) (40). We previously noted that C. pneumoniae rho
transcription peaks at 24 hpi, coinciding with the midcycle phase in this species, and is
unchanged during IFN-y-mediated Trp starvation as it carries no Trp codons (29). To
confirm and more accurately assess rho transcription over a developmental cycle, we
assessed the transcriptional profiles of C. trachomatis rho and control genes represent-
ing the different classes by RT-qPCR to determine which of these classes best described
its expression profile. Total RNA and DNA were collected over a time course of infection
with C. trachomatis L2. As seen in Fig. 4, the transcriptional pattern of rho most closely
resembles that of fts/, a midcycle cell division-associated gene, as opposed to ct135, an
early gene, or IcrH_1, a late gene. This is consistent with C. pneumoniae rho transcrip-
tion, which also peaks during the midcycle RB phase of the developmental cycle (29).

Determination of the effect of overexpression of Rho on chlamydial growth. It
is currently not possible to transform C. pneumoniae. However, with the recent ability

FIG 3 Legend (Continued)

Infection and Immunity

or T18 fragments of the adenylate cyclase domain of B. pertussis. Plasmids encoding these constructs were cotransformed into E. coli DHT1 cells
and plated on minimal medium. Interacting proteins reconstitute adenylate cyclase activity, which results in blue colonies when grown on X-Gal.
A positive (+) control of T25-zip and T18-zip, encoding the GCN4 leucine zipper motifs, is shown, as is a negative (—) control of T25-Rho and T18

only (i.e., empty vector).
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FIG 4 Chlamydial Rho is expressed as an RB product. Nucleic acid samples were collected over a tim

e course from C. trachomatis L2-infected HEp-2 cells.

Transcripts (cDNA) were quantified by RT-qPCR and normalized to genomic DNA (gDNA) using a standard curve. The indicated genes represent the different
developmental stages, including early (ct735), midcycle (ftsl), and late (lcrH_T1). Note that rho is transcribed similarly to fts/. These data are the averages from
at least two experiments analyzed in triplicate with standard deviations typically less than 10% of the averages.

to transform Chlamydia trachomatis with a shuttle vector having been developed by
the Clarke lab (41), we sought to take advantage of this, along with an inducible
expression system developed by the Hefty lab (42), to determine what effect overex-
pression of Rho would have on chlamydial growth. Reports in the literature indicate
that overexpression of nonessential proteins, such as green fluorescent protein (GFP) or
IncA, in C. trachomatis have no biologically significant effect on chlamydial growth
whereas overexpression of essential proteins, such as the cell division protein FtsQ,
leads to aberrant bacterial morphologies and stalled growth (43, 44). We constructed a
shuttle vector encoding an anhydrotetracycline (aTc)-inducible 6 X His-tagged chlamyd-
ial Rho (Rho-6xH) and used this to transform C. trachomatis L2. When cells were infected
and aTc was added at 10 hpi, we observed a strong 6 X His signal in the bacterial cytosol
after 6 h of induction consistent with the predicted localization of Rho. The morphology
of the bacteria was normal with typical RB forms visualized around the periphery of
the inclusion membrane (Fig. 5). However, after 12 h of induction (a total of 22 h of
infection), we failed to observe any further development of the chlamydial forms
whereas the untreated cultures continued to develop normally. Rather, we detected
inclusions that appeared no different in size or bacterial numbers from those observed
after 6 h of induction. A similar effect was observed for the truncation mutant
Rho50-6xH, lacking the first 49 amino acids of Rho (data not shown), thus indicating
that this effect is not attributable to these additional amino acids. We routinely
observed aberrantly enlarged bacteria typical of persistent chlamydiae that are blocked
in cell division in the organisms expressing most strongly the Rho-6xH protein. This did
not appear to be an effect of simply overexpressing an exogenous protein, as a C.
trachomatis transformant expressing a predicted nonfunctional Rho-6xH with a muta-
tion (D311A) in the Walker B motif failed to display this phenotype (see Fig. S2 in the
supplemental material). This observation suggests that the expression of the Walker B
mutant, presumably impaired in its ATPase activity, could not sufficiently interfere with
the normal function of endogenous Rho. However, we cannot exclude the possibility
that the mutant protein, while clearly expressed with the 6 XHis at the C terminus, does
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FIG 5 Determination of the effects of overexpression of Rho on chlamydial growth. C. trachomatis L2 (Ctr
L2) was transformed with an anhydrotetracycline (aTc)-inducible vector encoding 6XHis-tagged Rho
(Rho-6xH). McCoy cells were infected with the transformant and cultured in the presence of 1 U ml~’
penicillin. At 10 hpi, expression of Rho-6xH was induced in a subset of wells by adding aTc. At 16 hpi and
22 hpi, cells were fixed in methanol and processed for immunofluorescence microscopy with images
acquired at a magnification of X40 with a 4 digital zoom on a Zeiss LSM710 confocal microscope. Bars,
10 pm.

not fold properly to interact with native Rho in Chlamydia. Interestingly, we have been
unable to plaque purify the Rho-6xH or Rho50-6xH transformants, as we routinely
observe mixed morphologies of inclusions, suggesting that some leakiness of expres-
sion is not well tolerated, possibly leading to plasmid instability. This, unfortunately,
precludes population-wide transcriptional analyses of the effects of overexpression of
the 6XHis-tagged constructs since there is a mixed population. Taking both the
long-term induction effects and the inability to isolate clonal populations of transfor-
mants, we interpret this as a deleterious effect of extended Rho expression on chla-
mydial growth, which supports the likelihood that Rho is essential to Chlamydia.

Chlamydia is inhibited by the Rho-specific antibiotic, bicyclomycin. We antici-
pated that Rho would be an essential protein in Chlamydia and thus not a potential
target for gene disruption by recently developed techniques (45, 46). However, a
Rho-specific antibiotic exists, called bicyclomycin (Bic) (47), which allowed us to probe
the essentiality of Rho in Chlamydia via a chemical genetic approach. Bicyclomycin is a
reversible, noncompetitive inhibitor of Rho that interferes with its ATPase activity
and ability to translocate along mRNA (48). When we treated C. pneumoniae-infected
cultures with bicyclomycin, we did not observe any recoverable infectious organisms
(data not shown). To determine if Bic could block C. trachomatis growth, we treated C.
trachomatis L2-infected cultures with various doses of Bic and quantified the infectious
EB yield through an inclusion-forming unit (IFU) assay. C. trachomatis L2 is the fastest-
growing human-infecting species (49), and we observed that its growth was sensitive
to Bic with little to no detectable growth with treatments as low as 5 ug ml~' added
at the time of infection (Fig. 6A). Furthermore, C. trachomatis L2 growth was inhibited
effectively by treatment as late as 12 hpi (beginning of log-phase RB growth [Fig. 6B])
or during the first 12 h of infection only (EB-to-RB differentiation and lag phase; data
not shown). Conversely, pretreatment of EBs or treatment during only the first hour of
infection (to test effects on attachment and entry) had no biologically significant impact
on growth (data not shown). To date, we have been unable to isolate a bicyclomycin-
resistant mutant of C. trachomatis, and we believe this to be due to the instability of the
drug over extended treatment times resulting in heterotypic resistance.

We next wanted to determine whether the inhibition by Bic of Chlamydia was a
static or cidal effect. We therefore treated infected cultures with two different inhibitory
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FIG 6 Chlamydia is inhibited by the Rho-specific antibiotic, bicyclomycin. (A) Dose-response curve for the effect of bicyclomycin (Bic) on
chlamydial growth. HEp-2 human epithelial cells were infected with C. trachomatis L2 and treated at the time of infection with the indicated
concentration of Bic. After 24 h of infection, cells were lysed and used to reinfect a fresh HEp-2 cell layer to quantify the inclusion-forming units
(IFUs). (B) Determination of the effects of Bic when added at different time points during infection. HEp-2 cells were infected as described above
and treated with 25 wg ml~" Bic at the indicated times, in hours postinfection (hpi). IFUs were quantified as described above. (C) Test of cidal
activity of Bic on Chlamydia. HEp-2 cells were infected and treated or not (UTD) at the time of infection with the indicated concentrations (in
micrograms per milliliter) of Bic. In a subset of wells, the antibiotic was washed out at 24 hpi and replaced with fresh medium (React.) to determine
if the drug was static or cidal. IFUs were quantified at 24 and 48 hpi (React. at 48 hpi). Data in panels B and C were normalized to the IFUs
recovered from the 24-hpi untreated wells. Data for all figures are representative of at least two experiments with the averages and standard
deviations shown. For panels A to C, an asterisk (*) indicates a P value of <0.05 by one-tailed Student’s t test. For panels A and B, the significance
is in comparison to the UTD sample. For panel C, the significance is in comparison to UTD samples at the 24-h time point, but for the reactivated
(React.) samples significance is in comparison to the 48-h time point for the respective Bic-treated samples. (D) Immunofluorescence analysis of
the effects of known static and cidal antibiotics on chlamydial growth compared to the effects observed with Bic. HEp2 cells were infected with
C. trachomatis L2 and treated with the indicated antibiotics. The static antibiotics penicillin (Pen) and A22, targeting chlamydial cell division, and
the cidal antibiotic rifampin (Rif) were used. At 24 hpi, one set of samples was fixed, whereas the others were washed three times with the
subsequent addition of fresh medium without antibiotics to reactivate (React) chlamydial growth at 24 h and 48 h postreactivation (total, 48 h
and 72 h). Bars, 20 um.

doses, 10 ug ml~" and 25 ug ml~", of Bic for 24 h following infection and then washed
out the antibiotic and further cultured for another 24 h before quantifying IFU output.
As seen in Fig. 6C, the two doses of Bic were able to significantly inhibit chlamydial
growth as late as 48 h in culture, although IFUs increased for both doses at 48 h
compared to 24 h. This suggests either that the drug is losing stability in culture or that
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the bacteria are beginning to outgrow its effects (e.g., heterotypic resistance). Once the
drug was removed at 24 hpi, more-robust chlamydial growth was seen in the culture
originally treated with the lower (10-ug ml~') concentration, whereas the culture
initially treated with the higher (25-ug ml~') concentration still resulted in a >2-log
inhibition compared to the 24-h untreated sample.

We compared the ability of Bic to effectively block chlamydial growth to those of
known antibiotic inhibitors of Chlamydia that are static or cidal. Penicillin (Pen) and A22
target chlamydial cell division (50) and are static to chlamydiae, resulting in reactivation
of productive growth after removal of the antibiotic from the culture medium. Rifampin
(Rif) is considered cidal to chlamydiae with little to no recovery of productive growth
after removal from the medium (51). C. trachomatis L2-infected cells were treated with
each of these antibiotics and Bic and, at 24 h postinfection, the drugs were removed
from the medium with three washes before adding fresh medium without antibiotics.
The recovery of chlamydial growth was monitored by immunofluorescence analysis of
inclusion growth and development for a further 48 h to assess the ability of chlamydiae
to recover from the antibiotic treatment (Fig. 6D). As expected, removal of Pen or A22
from the medium resulted in the outgrowth of chlamydiae as indicated by the
detection of large inclusions. For Pen, a mixture of normal and sensitive bacteria was
still detected 24 h after removal of the drug, with more normal bacteria present 48 h
after removal. For A22, evidence of secondary infection 48 h after antibiotic removal
was detected. However, for Rif and Bic, we observed very few, if any, mature inclusions
after antibiotic removal from the medium. Thus, Bic more closely resembles the known
cidal antibiotic Rif than the static antibiotics Pen and A22. We conclude from these data
that Bic is likely a cidal antibiotic to Chlamydia, depending on dosage, with the caveat
that the stability of the drug in culture may not allow for an accurate assessment of its
activity.

Transcript abundance at the 3’ end of the Trp codon-rich ytg operon is
increased after bicyclomycin treatment in IFN-y-mediated persistent C. pneu-
moniae. We previously demonstrated that operons and large genes that are rich in Trp
codons at their 5" end had significantly lower levels of transcripts at their 3" end during
IFN-y-mediated Trp starvation in C. pneumoniae. To test whether Rho-mediated polarity
was leading to the decrease in abundance of the 3’ transcripts, we collected nucleic
acid samples from IFN-y-treated, C. pneumoniae-infected cultures at two different time
points after the addition of Bic. We performed short treatments to avoid any potential
cidal effect of Bic on the chlamydiae. If Rho were functioning to stop transcription after
Trp-rich sequences, then the abundance of the transcript 3’ to these sequences should
increase after blocking Rho activity. We used the Trp codon-rich ytg and Trp codon-
poor rnhB_1 operons (with the Trp codon-rich metG at the 3’ end [29]), as well as the
Trp codon-rich large gene greA and the Trp codon-free bicistronic operon clpP2X, to test
this, as we have extensively assessed their transcription during Trp starvation (28, 29).
As previously observed for the ytg operon, the 5’ gene, ytgA, was significantly elevated
in transcription and much more abundant (~50X) than the 3’ gene, ytgD, which is
downstream of the Trp codon-rich ytgC gene (Fig. 7A) ([29]). For greA, the 5’ end
(measured after three Trp codons) was approximately 2-fold more abundant than its 3’
end (measured after eight Trp codons) (Fig. 7B). Conversely, for the rnhB_1 operon, the
5’ gene, rnhB_1, was less than 2-fold more abundant than the 3’ gene, metG, when
using a primer set targeting the 5’ end of the Trp codon-rich metG gene (Fig. 7C) (29).
However, the 3’ end of metG was 2-fold less abundant than its 5 end when using a
primer set downstream of 5 of 8 Trp codons (29). The clpP2 transcripts were less than
2-fold more abundant than clpX transcripts (Fig. 7D).

Interestingly, we observed that, after 2 h of Bic treatment, the abundance of ytgD
was approximately 3-fold less than that of ytgA, a change of roughly 20-fold. Similarly,
for greA, both its 5 and 3’ ends were not statistically distinguishable after Bic addition.
Collectively, these data indicate that inhibition of Rho leads to a significant increase in
the abundance of transcripts downstream of Trp codon-rich sequences. This is consis-
tent with the hypothesis that Rho-dependent polarity is mediating transcript instability
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FIG 7 Transcript abundance at the 3" end of messages is increased after bicyclomycin treatment in IFN-y-mediated persistent Chlamydia pneumoniae. HEp2
cells were infected with C. pneumoniae AR39 and treated with interferon gamma at the time of infection. At 48 hpi, bicyclomycin (Bic) was added to a subset
of wells. Nucleic acid samples were collected at this time point and at 49 and 50 hpi (1 and 2 h posttreatment). Transcript levels were quantified by RT-gPCR
and normalized to genomic DNA levels, expressed as nanograms of cDNA/gDNA on the y axis. Normalized transcript levels were expressed as a percentage
of the 48-h IFN data point. Transcript levels of ytgA and ytgD (A), of greA measured at both its 5" and 3’ ends (B), of rnhB_1 and metG, with the latter measured
at both its 5" and 3’ ends (C), and of c/pP2 and clpX (D). Above each graph is a schematic representation of the operon or gene with the indicated numbers
of tryptophan (W) codons and the relative position of the gPCR primer sets used (downward arrows). Also shown is the approximate size of the transcript. Data
are the averages from at least three experiments analyzed in triplicate. Significance levels as measured by two-tailed, unpaired Student’s t test between the

5" and 3’ ends during IFN treatment with or without Bic: *, P < 0.005; +, P < 0.025; ns, not significant.

downstream of Trp codon-rich sequences during Trp starvation. For the Trp codon-poor
rmhB_1 operon, the levels of rnhB_1 and metG (at both its 5" and 3’ ends) were nearly
identical, as was true for clpP2X. Furthermore, rnhB_1 and clpX transcript levels in-
creased modestly after Bic addition compared to IFN treatment alone. This suggests
that there may be internal rut sites within these operons as well and that Rho
termination may occur at some frequency in these transcripts. Alternatively, Rho may
play a role at the level of the promoter. Both of these possibilities are under investi-
gation.

Transcript abundance at the 3’ end of the Trp-codon rich ytg operon is
increased after bicyclomycin treatment in IFN-y-mediated persistent C. trachoma-
tis serovar L2. To determine whether the effect of bicyclomycin on transcript abun-
dance during IFN-y-mediated tryptophan starvation was unique to C. pneumoniae or
common in Chlamydia during persistence, we initiated studies to test the effects of
bicyclomycin in persistent C. trachomatis serovar L2. This serovar of C. trachomatis is
rapidly growing and less sensitive to amino acid limitation than C. pneumoniae (24), and
there are no studies demonstrating bona fide persistence for C. trachomatis L2. Con-
sequently, our initial attempts to induce persistence of C. trachomatis L2 with IFN-vy
failed. We tested pretreatment at various doses and for various times without success.
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FIG 8 Transcript abundance of ytgD increases in proportion to ytgA after bicyclomycin treatment during IFN-y-mediated persistence in Chlamydia trachomatis
serovar L2. HEp2 cells were pretreated or not (untreated; UTD) with interferon gamma 11 h prior to infection with C. trachomatis serovar L2. Medium was
replaced with interferon gamma-conditioned medium at 10 hpi in those samples pretreated with interferon gamma. (A) Measurement of persistence-associated
transcripts for euo and trpB at 10 and 18 hpi. Transcript levels were quantified by RT-gPCR, normalized to genomic DNA levels, and expressed as nanograms
of cDNA/gDNA on the y axis. (B) At 18 hpi, bicyclomycin (Bic) was added to a subset of interferon gamma-treated wells. Nucleic acid samples were collected
at this time point and at 22 hpi (4 h posttreatment). Transcript levels were quantified by RT-qPCR, normalized to genomic DNA levels, and expressed as the
ratio of ytgD to ytgA. Data are the averages from at least three experiments analyzed in triplicate with the exception of euo, which was measured from two
experiments. Significance levels as measured by two-tailed, unpaired Student’s t test between the IFN treatment with or without Bic compared to UTD: *, P <

0.005; ns, not significant.

We also attempted to add medium lacking tryptophan at various times postinfection,
also without success. In each instance, we either failed to induce persistence or
completely abrogated chlamydial growth. Therefore, we investigated a combination of
approaches. Eleven hours prior to infection, HEp2 cells were treated with a low dose of
IFN-y. At 10 hpi, the medium was replaced with IFN-y-conditioned medium prepared
from uninfected cells. The rationale was that IDO would be induced and active by 10
hpi, but the medium would still have sufficient tryptophan to support C. trachomatis L2
growth, based on our earlier failed attempts, and was thus replaced by medium
depleted of tryptophan. This approach resulted in the increase in classical persistence
transcripts for C. trachomatis, including euo and trpB (Fig. 8A) (28, 52) as well as aberrant
morphological forms (data not shown). We next tested the effect of bicyclomycin on
transcript abundance in the ytg operon. As with C. pneumoniae, bicyclomycin led to an
increase in abundance of ytgD compared to ytgA in IFN-vy-treated cultures (Fig. 8B).
Bicyclomycin treatment had no effect on euo or trpB transcript abundance (data not
shown). Therefore, the role of Rho-dependent polarity in mediating transcript termi-
nation downstream of Trp codons during Trp-limiting conditions is likely common
among Chlamydia.

DISCUSSION

The effects of IFN-vy in activating cells to block chlamydial growth have been well
characterized over the course of several decades (53-55). As it pertains to human cells
infected with Chlamydia, the primary mechanism whereby chlamydial growth is inhib-
ited is by depletion of intracellular tryptophan (Trp) pools via activation of the Trp-
catabolizing enzyme, indoleamine-2,3-dioxygenase (IDO) (21, 56). Subsequent studies
attempting to characterize the effects of Trp starvation on chlamydiae revealed that the
developmental cycle is stalled, with the bacteria blocked in division, resulting in
aberrantly enlarged RB forms (14, 22, 27). This was referred to as “persistence.”
Persistent chlamydiae remain viable such that removal of IFN-y from the culture
medium results in the organisms reentering the developmental cycle with continued
RB growth and division and the production of EBs. Although these effects have been
characterized in vitro in cell culture, the ability of chlamydiae to persist may have
potential in vivo disease relevance (20), and thus a better understanding of the
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mechanisms governing chlamydial persistence may result in better diagnostic and
therapeutic strategies.

Chlamydial persistence is not equivalent to persistence as characterized in other
bacteria, even if the phenotypic effects are similar in terms of reduced growth and
resistance to stressful stimuli. In evolving to obligate intracellular dependence, chla-
mydiae have streamlined their genomic content and eliminated genes primarily asso-
ciated with nutrient anabolic pathways (3). In contrast to other bacterial species in
which persisters are induced by the combined effects of the stringent response (i.e.,
ppGpp) and toxin-antitoxin systems (57), Chlamydia lacks such responses (3). Thus, how
Chlamydia becomes persistent is an interesting microbiological question. Initial at-
tempts at characterizing the molecular mechanisms controlling chlamydial persistence
have focused on transcriptional changes in response to Trp limitation via IDO induction.
However, chlamydial transcription becomes disconnected from translation during IFN-
y-mediated Trp starvation, with transcription globally increased while translation is
globally decreased (28). Thus, there was no convincing evidence for a regulon control-
ling persistence in response to amino acid limitation. Rather, we recently demonstrated
that chlamydial transcription during Trp limitation is dependent on the Trp codon
content of the gene being transcribed (29). We found that Trp codon-rich transcripts
were preferentially elevated during Trp starvation whereas Trp codon-poor transcripts
were unaffected. This unusual finding carried a surprising caveat: transcript abundance,
regardless of Trp codon content, was significantly decreased downstream of Trp
codon-rich sequences. This resulted in an apparent contradiction of our findings in two
main scenarios: operons and large genes. In these cases, Trp codon-rich sequences
downstream of a Trp codon-rich 5" region of an operon or gene appeared inconsistent
with our model. Similarly, Trp codon-rich sequences downstream of a Trp codon-poor
5’ region of an operon or gene followed the Trp codon-poor pattern of transcription.
In spite of these exceptions, the effect of Trp codons on the transcription of chlamydial
genes during Trp starvation was still detectable by microarray analyses (29). The goal
of the current study was to better understand how transcripts become destabilized
downstream of Trp codon-rich sequences.

We initially proposed two hypotheses to explain how ribosome stalling at Trp
codons could destabilize downstream transcripts (Fig. 1): (i) RNase degradation of
unprotected 3’ transcripts and (ii) Rho-dependent polarity. In investigating the first
possibility, we found no effect of Trp codon content on the stability of transcripts.
However, we did observe that transcripts were generally more stable during IFN-vy-
mediated Trp starvation. Although this stability increase was observed after 15 min of
blocking RNA polymerase activity with rifampin, transcripts do decrease in abundance
after extended rifampin treatment (reference 28 and data not shown). This is somewhat
surprising and suggests that RNases may be overwhelmed by the generalized increase
in transcription that occurs during chlamydial persistence induced by Trp starvation
(28). Although the annotated RNases in Chlamydia are generally low in Trp (0 or 1 W
codon) and show no change in transcription during IFN-y-mediated Trp starvation (e.g.,
rmhB_1 [29]), the putative RNase G gene (encoding 2 W) shows an increase in tran-
scription by microarray consistent with our hypothesis of the effects of Trp codons on
transcription (29). Further work will be required to determine the role of RNases during
chlamydial persistence.

Seeing no effect of Trp codons in stabilizing transcripts, we investigated the roles of
Rho in Chlamydia more generally and in transcript instability more specifically. Inter-
estingly, the Rho gene carries no Trp codon, and its transcription is unchanged during
IFN-y-mediated Trp starvation (29). This suggests that the Rho gene will be translated
and present during chlamydial persistence. Given the important function of Rho in
terminating transcription, we were not surprised by the high level of homology
between chlamydial Rho paralogs and distantly related bacterial homologs. However,
the presence of an extended N-terminal region apparently unique to chlamydial
species is interesting and suggests a potentially conserved, and important, function in
Chlamydiaceae. We determined that this additional domain was not involved in medi-
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ating homotypic interactions of Rho, which functions as a hexamer in vivo. Further
studies are required to determine the function and importance of this additional
domain; however, overexpression of the truncated mutant did have a negative effect
on chlamydial inclusion growth and development (data not shown). The prediction that
the domain is disordered suggests that an additional cofactor(s) may be needed to
facilitate correct folding and/or function of chlamydial Rho. This may in turn act as a
mechanism of regulating Rho.

Although we have recently described a means for creating conditional knockouts in
Chlamydia based on clustered regularly interspaced short palindromic repeat(s)
(CRISPR) interference (58), this technology is not fully developed for population-wide
analyses. We therefore took advantage of a well-characterized antibiotic, bicyclomycin
(47), that inhibits Rho to investigate its biological function in Chlamydia by a chemical
genetic approach. Bicyclomycin effectively blocked chlamydial growth and develop-
ment, indicating the essential role of Rho in chlamydial biology. We were then able to
use bicyclomycin as a tool to address whether Rho was functioning to terminate
transcription prematurely in sequences downstream from Trp codons within large
genes and operons. Indeed, we observed that this was the case, as bicyclomycin
treatment during IFN-y-mediated Trp starvation resulted in the rapid accumulation of
ytgD transcripts, which are ordinarily present at levels ~80-fold lower than those of the
ytgA transcripts. Similar results were observed for both C. pneumoniae and C. tracho-
matis. During normal growth and development, ytgA transcripts are approximately
6-fold more abundant than ytgD transcripts (Fig. 8) (29). As it is difficult to design
reliable primer sets at the 5" and 3’ ends of smaller open reading frames (ORFs), we
focused on large genes and operons to test the role of Rho in the premature termi-
nation of transcription in Trp codon-rich sequences. Furthermore, to detect an effect of
Rho-dependent polarity in a smaller ORF (i.e., a measurable decrease in abundance at
the 3" end) might require a density of Trp codons not realized until the end of the ORF.
Anecdotally, we did not see an effect of bicyclomycin on either Trp codon-rich or -poor
transcript abundance for smaller ORFs during IFN-y-mediated Trp starvation in C.
pneumoniae (our unpublished observation) using the single primer sets previously
characterized (29). We conclude from these data that Rho is essential in Chlamydia and
likely mediating, at least in part, functions similar to those that it mediates in other
bacteria.

Although Rho may perform similar functions in Chlamydia and in E. coli, for example,
there still remain several outstanding questions. Typical Rho binding sites, called rut
sites (for Rho utilization) (59, 65), are C-rich sequences because these sequences are
often unstructured and facilitate Rho translocation along the transcript. Chlamydia
species are AT-rich organisms with a GC content of ~40% (3). Therefore, one project
being pursued in the lab is the identification of chlamydial rut sites as well as genes
whose transcripts are terminated extrinsically by Rho instead of by intrinsic termination
factors. Rho has been characterized as an important mediator of a variety of bacterial
processes beyond its function as a bona fide transcriptional terminator. Recent evi-
dence suggests a role for Rho in blocking antisense transcription and R-loop formation
while acting as a transcriptional regulator by recruitment via riboswitches and by small
RNA (sRNA)-induced polarity (36). Based on our current data, we cannot exclude a role
for riboswitches in mediating premature transcript termination or ribosome stalling
during amino acid starvation, but this does not exclude a role for Rho in these
processes. While it is also of great interest to determine when Rho terminates tran-
scription during a normal developmental cycle in Chlamydia, we are also exploring
what other functions it may have as a global regulator.

Chlamydial persistence remains an intriguing area of study, and the recently devel-
oped genetic tools for this organism, while difficult to use and time-consuming,
suggest that a true mechanistic understanding of this unusual phenotype is possible.
For example, altering the number and placement of Trp codons in a target sequence
would be beneficial yet requires a means for reliably and efficiently starving C. tracho-
matis for Trp since IFN-y requires 24 h of treatment to produce a Trp-limiting environ-
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ment (28): the approach that we implemented here to induce persistence in serovar L2
may provide a means for this. The fact that Chlamydia has evolved to eliminate the
systems normally employed by bacteria to induce persister cells yet retains the ability
to persist in eukaryotic cells suggests either that the chlamydial system represents an
evolutionary precursor (i.e., devolved) to a persister phenotype or that chlamydiae may
have evolved a novel, specific mechanism to arrive at the same endpoint. Regardless of
which may be true, a better understanding of chlamydial persistence may yield
surprising benefits ranging from synthetic organism design to novel diagnostic and
therapeutic strategies. The current work has furthered our understanding of a key
observation of chlamydial persistence mediated by amino acid starvation and revealed
an important role for Rho in this process. It is likely that Rho will play additional
important roles in chlamydial biology.

MATERIALS AND METHODS

Organisms and cell culture. C. pneumoniae AR39 EBs or C. trachomatis serovar L2 EBs were
harvested from infected HEp-2 cell cultures at 35°C or 37°C, respectively, with 5% CO, and density
gradient purified, and their titers for infectivity were measured by determining inclusion-forming units
(IFVU) on fresh cell monolayers. The human epithelial cell line HEp-2 was routinely cultivated at 37°C with
5% CO, in Iscove’s modified Dulbecco’s medium (IMDM) containing Glutamax, glucose, HEPES, and
sodium bicarbonate (Gibco/ThermoFisher, Waltham, MA) supplemented with 10% fetal bovine serum
(FBS; Sigma, St. Louis, MO). The mouse fibroblast cell line McCoy was used for transforming C. trachomatis
L2 and was routinely cultivated in Dulbecco’s modified Eagle medium (DMEM; Gibco) supplemented with
10% FBS. The HEp-2 and McCoy cells were a kind gift of H. Caldwell (NIH/NIAID). Recombinant human
interferon gamma (IFN-y) was purchased from Cell Sciences (Canton, MA) and resuspended to 100 pg
ml="in 0.1% bovine serum albumin (BSA; Sigma) diluted in water. Aliquots were frozen at —80°C and
used only once to avoid freeze-thawing. IFN-y was titrated for its effect to induce persistence without
killing the bacteria and, in our experiments, was used at 2 ng ml~" and added at the time of infection
for C. pneumoniae. For C. trachomatis, 0.5 ng ml~' was added to cells approximately 11 h prior to
infection. Medium was replaced at 10 hpi with IFN-y-conditioned medium (ICM) to induce persistence in
C. trachomatis. ICM was prepared by adding 2 ng ml~" IFN-vy to uninfected HEp2 cells for approximately
54 h prior to collection and filtration of the medium. To determine the half-life of C. pneumoniae
transcripts in the presence or absence of IFN-y, 1 ug ml~" rifampin (Rif; Sigma) was added directly to the
wells at the indicated time points to inhibit RNA polymerase. Nucleic acid samples were collected 15 or
30 min after rifampin addition (see below). To determine the effects of bicyclomycin (Bic) on transcript
abundance, 25 ug ml—" Bic (Cayman Chemical, Ann Arbor, MI) was added to C. pneumoniae-infected
IFN-y-treated cultures at 48 hpi and for C. trachomatis-infected IFN-vy-treated cultures at 18 hpi, with
samples subsequently collected at the indicated time points.

Nucleic acid extraction and RT-qPCR. For transcript analyses, HEp-2 cells were plated in 6-well
plates at a density of 10° per well and infected at a multiplicity of infection (MOI) of 2 with C. pneumoniae
AR39 or an MOI of 1 for C. trachomatis L2. In some wells, cells were plated and infected on coverslips to
monitor the infection and progression to persistence (see “Immunofluorescence analysis of the effects of
antibiotics on chlamydial inclusion formation” below). Assays to quantify the indicated transcripts were
performed essentially as described previously (28, 29, 60). Briefly, total RNA was collected from infected
cells at the indicated times using TRIzol (Invitrogen/ThermoFisher) and rigorously treated with Turbo
DNAfree (Ambion/ThermoFisher) to remove contaminating DNA according to the manufacturer’s guide-
lines. One microgram of DNA-free RNA was reverse transcribed or not with random nonamers (New
England Biolabs, Ipswich, MA) using SuperScript Il RT (Invitrogen/ThermoFisher) according to the
manufacturer’s instructions. The RT and no-RT reaction mixtures were diluted 10-fold with water,
aliquoted, and stored at —80°C. Equal volumes of each reaction mixture were used in 25-ul qPCR
mixtures with SYBR green (Quanta Biosciences, Gaithersburg, MD) and quantified on an ABI 7300 system
(Applied Biosystems/ThermoFisher) using the standard amplification cycle with a melting curve analysis.
Results were compared to a standard curve generated against purified C. pneumoniae or C. trachomatis
L2 genomic DNA as appropriate. Duplicate DNA samples were collected from the same experiment using
the DNeasy tissue kit (Qiagen). Chlamydial genomes were quantified from equal amounts of total DNA
by qPCR using the euo primer set and used to normalize transcript data as described previously (28, 29,
60). RT-qPCR results were corrected for efficiency (typically above 90% with r? values above 0.999). The
half-life (t,,,) of transcripts was calculated using the formula t,,, = t/{log,(N,) — log,[N(t)]}, where t
represents the 15 min of treatment with Rif, N, is the amount of transcript measured at the time of
addition of Rif, and N(t) is the amount of transcript measured after 15 min of Rif treatment. Primer
sequences are listed in Table S1 in the supplemental material and were designed using the PrimerQuest
Tool (Integrated DNA Technologies, Coralville, 1A) based on the C. pneumoniae CWL029 sequence
available from the STD sequence database (http://stdgen.northwestern.edu) or C. trachomatis serovar L2
sequence available from NCBI (https://www.ncbi.nlm.nih.gov/gene/). Results were graphed using Mi-
crosoft Excel. Student’s two-tailed t test was used for the determination of significance of differences
between the untreated and IFN-y-treated samples.

Bioinformatics analyses. Sequences and gene maps for C. trachomatis serovar D were obtained
from the STD sequence database (http://stdgen.northwestern.edu), for E. coli from the Ecogene 3.0
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project (http://ecogene.org), and for M. tuberculosis from the NCBI Gene database (https://www.ncbi.nlm
.nih.gov/gene/). Other chlamydial Rho sequences were searched via NCBI. Alignments were performed
using the NCBI Protein BLAST function (Fig. 3C) (61). The protein disorder probabilities were calculated
using the protein disorder prediction system (http://prdos.hgc.jp) with a false-positive prediction rate
of 5% (66).

Plasmid construction. A complete list of primers and plasmids is available in Table S1 in the
supplemental material. For bacterial two-hybrid studies, the plasmids pKT25 and pUT18C were digested
with Xbal and Kpnl and treated with alkaline phosphatase (all enzymes from Fermentas/ThermoFisher).
PCR products of full-length rho or a truncation of rho lacking the first 49 amino acids, Rho50, were
generated from C. trachomatis L2 with flanking Xbal and Kpnl sites and subsequently digested with these
enzymes. The digested plasmids and PCR products were ligated using T4 ligase (Fermentas) and
transformed into chemically competent E. coli XL1 (Stratagene/Agilent, Santa Clara, CA) and plated on
Luria agar containing 0.4% glucose and appropriate antibiotics. Positive clones were sequence verified
by Eurofins Genomics (Louisville, KY). For chlamydial transformation plasmids encoding Rho-6XHis or
Rho50-6 X His, a first PCR product was generated to add the 6XHis tag to chlamydial rho. A second PCR
product was generated using the first product as the template to add flanking regions for Gibson-type
cloning into the anhydrotetracycline (aTc)-inducible plasmid pASK linearized with Agel (42). To mutate
the Walker B motif (D311A) of Rho (RhoBmut), the Q5 mutagenesis kit (New England BioLabs) was used
according to the manufacturer’s instructions using the primers listed in Table S1 and the pKT25-rho
vector as the template. A PCR product encoding a 6XHis tag at the 3’ end was then generated (using
the mutated pKT25-rho vector as the template for the first reaction) as described above for cloning into
pASK. The plasmid encoding the rho product was assembled using the NEBuilder HiFi DNA assembly kit
(New England BioLabs) according to the manufacturer’s instructions. PCR primers for the assembly were
designed using the NEBuilder assembly tool (http://nebuilder.neb.com/). The pASK-rho plasmids were
sequence verified and used to transform an E. coli strain with deletion of genes dam and dcm, E. coli
Adam Adcm (New England BiolLabs), from which demethylated plasmid midipreps (Qiagen) were
prepared, sequence verified, and used to transform C. trachomatis serovar L2 (see below).

Bacterial protein-protein interactions. Bacterial adenylate cyclase two-hybrid (BACTH) interactions
were performed as described elsewhere (43, 62) using the adenylate cyclase mutant (Acya) strain DHT1
of E. coli. Briefly, chemically competent DHT1 cells were cotransformed with plasmids encoding the
chlamydial Rho proteins (truncated or full length) fused to the C terminus of the T25 or T18 fragment of
adenylate cyclase from Bordetella pertussis. Separately, positive (L-zip-encoding) and negative (empty
vector) control plasmids were also cotransformed into DHT1 cells. Transformed bacteria were plated on
M63 minimal medium agar containing selective antibiotics, 40 ug ml—' X-Gal (5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside), 0.5 mM IPTG (isopropyl-B-p-thiogalactopyranoside), and 0.2% maltose
(39, 50). Plates were incubated at 30°C for up to 5 days to detect interactions between the Rho constructs.
Robust growth with blue colonies on minimal medium plates occurs only when adenylate cyclase activity
is reconstituted by interacting proteins to activate the mal and lac operons (63, 64).

Chlamydial transformation. C. trachomatis serovar L2 lacking the endogenous plasmid (—pL2) was
transformed according to the protocol of Mueller and Fields (45) using the aTc-inducible plasmids
encoding either Rho_6His, Rho50_6XHis, or RhoBmut_6XHis. Briefly, 2 ug of demethylated plasmid
was used to transform 106 EBs in Tris-CaCl, buffer (41) for 30 min at room temperature. This transfor-
mation inoculum was used to infect a confluent layer of McCoy cells by centrifugation at 400 X g for 15
min followed by incubation at 37°C for 15 min. The inoculum was aspirated, and DMEM only was added
to the well. After 8 h of infection, the medium was replaced with DMEM containing 1 U ml~" penicillin.
Infected cells were passaged at 48 h postinfection and every 48 h thereafter until penicillin-resistant
bacteria were isolated.

Determination of the effect of overexpression of Rho-6 X His transformants in C. trachomatis L2
by immunofluorescence analysis. For C. trachomatis L2 transformed strains expressing anhydrotetra-
cyline (aTc)-inducible, C-terminal 6XHis-tagged Rho variants, HEp2 cells plated on coverslips were
infected and treated with penicillin as a selecting agent, and 10 nM aTc was added or not at 10 hpi. Cells
were subsequently fixed in methanol at 16 or 24 hpi and stained with primary mouse antibody against
the 6XHis tag (GenScript, Piscataway, NJ) and secondary Alexa 594-conjugated goat anti-mouse anti-
body (Thermo Fisher) to detect Rho-6 XHis. To detect the chlamydial organisms directly, a primary guinea
pig antichlamydial antibody (kind gift of Elizabeth Rucks, University of Nebraska Medical Center [UNMC])
was used, followed by a secondary Alexa 488-conjugated goat anti-guinea pig antibody. Cell nuclei and
bacterial DNA were visualized with DAPI (4',6-diamidino-2-phenylindole). Images were acquired on an
LSM710 Zeiss confocal microscope, with a 40X objective and 4X digital zoom, located within the UNMC
Advanced Microscopy Core. Images were minimally processed for brightness/contrast using Adobe
Photoshop Creative Cloud 2017.

Quantification of inclusion-forming units after bicyclomycin treatment. To determine the effect
of bicyclomycin (Bic), an antibiotic that targets Rho, on chlamydial growth, HEp-2 cells were plated in
24-well plates. Cells were infected with C. trachomatis L2 at an MOI of 1 and treated at the indicated time
point with the indicated concentration of Bic. At 24 hpi, infected cells were scraped in sucrose storage
medium (2SP [41]) and collected into 1.5-ml microcentrifuge tubes containing 3 glass beads. Samples
were vortexed for 1 min and frozen at —80°C. The frozen samples were thawed, serially 10-fold diluted,
and used to infect a fresh cell layer of HEp-2 seeded in 24-well plates. After 24 hpi, the infected cells were
fixed and stained with a primary guinea pig antichlamydial antibody (kind gift of Elizabeth Rucks, UNMC)
followed by a secondary Alexa 488-conjugated goat anti-guinea pig antibody. Fluorescent inclusions
were counted from 15 fields of view at a magnification of X20, the average of which was multiplied by
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the fields of view per well and the inverse of the dilution counted. Taking into account the volume of
inoculum used from the serial dilution, the calculation is reported as IFUs recovered.

Immunofluorescence analysis of the effects of antibiotics on chlamydial inclusion formation.

HEp2 cells were plated in 24-well plates on coverslips and infected the following day with C. trachomatis
serovar L2 at an MOI of 0.5. At 8 hpi, the indicated antibiotics were added to the medium. Penicillin
(Pen) was used at 1 U/ml, A22 was used at 75 uM, rifampin (Rif) was used at 1 ug ml~', and
bicyclomycin (Bic) was used at 25 ug ml='. At 24 hpi, a subset of coverslips was fixed in methanol
at room temperature for 5 min. The remaining coverslips were rinsed three times with Hanks’
balanced salt solution, and fresh medium without antibiotics was added to the wells to allow for
reactivation of chlamydial growth. At 48 hpi (24-h reactivation) and 72 hpi (48-h reactivation), a
subset of wells was fixed in methanol. All coverslips were stained with a primary guinea pig
antichlamydial antibody (kind gift of Elizabeth Rucks, UNMC) followed by a secondary Alexa
488-conjugated goat anti-guinea pig antibody to visualize inclusions. Images were acquired on an
LSM710 Zeiss confocal microscope, with a 20X objective to capture a wide field of view, located
within the UNMC Advanced Microscopy Core. Images were minimally processed for brightness/
contrast using Adobe Photoshop Creative Cloud 2017.
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