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Abstract

Chlamydia is an obligate intracdlular bacterium that differentiates between two distinct
functional and morphological forms during its developmental cycle: elementary bodies (EBs) and
reticulate bodies (RBs). EBs are non-dividing, small electron dense forms that infect host cells. RBs
are larger, non-infectious replicative forms that develop within a membrane-bound vesicle, termed
an incluson. Given the unique properties of each developmental form of this bacterium, we
hypothesized that the Clp protease system plays an integral role in proteomic turnover by degrading
specific proteins from one developmental form or the other. Chlamydia has five uncharacterized clp
genes:. clpX, clpC, two clpP paralogs, and clpB. In other bacteria, CIpC and ClpX are ATPases that
unfold and feed proteins into the ClpP protease to be degraded, and ClpB is a deaggregase. Here, we
focused on characterizing the ClpP paralogs. Transcriptional analyses and immunoblotting
determined these genes are expressed mid-cycle. Bioinformatic analyses of these proteins identified
key residues important for activity. Over-expression of inactive clpP mutants in Chlamydia
suggested independent function of each ClpP paralog. To further probe these differences, we
determined interactions between the ClpP proteins using bacterial two-hybrid assays and native gel
analysis of recombinant proteins. Homotypic interactions of the CIpP proteins, but not heterotypic
interactions between the ClpP paralogs, were detected. Interestingly, ClpP2, but not ClpP1, protease
activity was detected in vitro. This activity was stimulated by antibiotics known to activate ClpP,
which also blocked chlamydial growth. Our data suggest the chlamydia ClpP paralogs likely serve
digtinct and critical roles in thisimportant pathogen.
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I mportance

Chlamydia trachomatis is the leading cause of preventable infectious blindness and of
bacterial sexually transmitted infections worldwide. Chlamydiae are developmentally regulated,
obligate intracellular pathogens that alternate between two functional and morphologic forms with
digtinct repertoires of proteins. We hypothesize that protein degradation is a critical aspect to the
developmental cycle. A key system involved in protein turnover in bacteria is the Clp protease
system. Here, we characterized the two chlamydial ClpP paralogs by examining their expression in
Chlamydia, their ability to oligomerize, and their proteolytic activity. Thiswork will help understand
the evolutionarily diverse Clp proteases in the context of intracellular organisms, which may aid in

the study of other clinically relevant intracellular bacteria.
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Introduction

Chlamydia trachomatis is one of the most prevalent human sexually transmitted infections
and the leading cause of preventable infectious blindness worldwide (1). Of particular note are the
negative effects associated with untreated C. trachomatis infections. Because of the asymptomatic
nature of 60-80% of cases (2), infection by this organism can lead to complications such as pelvic
inflammatory disease, which can in turn lead to infertility and ectopic pregnancies in women (3). An
infant can also acquire conjunctivitis during birth should the mother be infected, which can result in
irreversible blindnessiif left untreated.

C. trachomatisis an obligate intracellular pathogen with a complex developmental cycle (see
(4) for detailed review). These pathogenic bacteria differentiate between two distinct functional and
morphological forms over the course of 48 to 72 hours, depending on the strain. The electron dense
elementary body (EB) is the infectious but non-dividing form that is characterized by its histone-
compacted chromosome (5) and cysteine-rich, disulfide-crosslinked outer membrane (6). The
reticulate body (RB) is the non-infectious and replicating form that has a relaxed chromosome
structure and lipid-based cell walls that are sensitive to disruption. The typical size of each form is
~0.3 um and ~1 um, respectively (4). A single EB initiates infection of a host cell by attaching to the
plasma membrane and inducing uptake into the cell by type Il secreted effectors (7) (8). The EB
remains within a host-derived vesicle, which is diverted from the endocytic pathway, and
differentiates into the much larger RB. The vesicle is rapidly modified into a pathogen-specified
parasitic organelle termed an inclusion (9) (10). Proliferation of this RB within the inclusion follows
until such time that secondary differentiation occurs, and the RBs begin to condense their genome
and crosslink their outer membrane. After a significant amount of EBs have accumulated, they exit
the cdll for infection of surrounding cells. Proteomic and transcriptional analyses indicate that EBs

and RBs have distinct patterns of gene expression and protein repertoires (11) (12) (13) (14). Given
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82 the striking phenotypic differences between the two developmental forms, we hypothesize that
83  protein turnover plays a key role in differentiation in addition to general maintenance of bacterial
84  homeostasis during both normal and persistent growth modes (15) (16) (17).
85 Even though Chlamydiae exhibit such a complex developmental cycle and evade the host
86 immune system during chronic infections, these bacteria have undergone significant reductive
87 evolution to eiminate unnecessary genes. This in turn suggests that most genes retained by this
88 organism likely serve an important function to bacterial fitness (18). Within its genome, Chlamydia
89  encodes homologs to four caseinolytic protease clp genes: clpC, clpX, clpP (clpP1 and clpP2), and
90 clpB. ClIpB is a putative deaggregase and does not appear to interact directly with other Clps for
91 proteomic turnover (12). CIpC and ClpX proteins are classified as AAA+ (ATPases Associated with
92 various cdlular Activities) unfoldases that serve as adaptor proteins to linearize target proteinsin an
93 ATP-dependent manner (19) (20). ATP binding, but not necessarily hydrolysis, potentiates
94  interaction between a homo-hexamer of these proteins and a ClpP complex in other organisms (21)
95 (22). ClpP is a serine protease that gives peptidase function to the resultant complex (23). ClpP
96 proteins have been shown to oligomerize into a tetradecameric complex of a stack of two heptamers
97 that can then perform proteolytic function upon interaction with the adaptor protein oligomer (24)
98 (25). Binding of the unfoldase protein complexes relaxes and stabilizes the N-terminal region of the
99  ClpP complex, allowing larger substrates into the proteol ytic complex.
100 Multiple pathogenic bacteria possess two clpP paralogs including Pseudomonas aeruginosa,
101 Listeria monocytogenes, and Mycobacterium tuberculosis. The Baker lab characterized the dual
102 ClpP system of P. aeruginosa and demonstrated that each system potentially has a distinct function
103  contributing to virulence and fitness of the bacterium (26). While the group studying ClpP1/2 in
104  Mycobacterium showed heterologous interactions between these paralogs, these genes are co-

105 transcribed, suggesting coupled function (27). The dual ClpP proteases of Listeria monocytogenes
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106 (Lm) were shown to form both hetero- and homotypic complexes (28) (29), yet the authors
107  demonstrated that Lm ClpP2 likely can function independently of Lm ClpP1. These studies, taken
108 together with the reductive evolution of the chlamydia genome and the distinct protein repertoires of
109 EBs and RBs, led us to hypothesize that the chlamydial ClpPs may serve distinct and critical
110 functionsin the physiology of the organism.

111 To begin investigation of the role of the Clp protease system in chlamydial biology, we
112  initiated a series of studies to characterize the ClpP paralogs. All clp genes are expressed as RB-
113  specific gene products during the developmental cycle. Bioinformatic and structural modeling
114  analysesindicate that CIpP1 and CIpP2 proteins retain key residues important for function as well as
115  structure. Interestingly, over-expresson of a mutant ClpPl was detrimental to chlamydial
116  development whereas a mutant CIpP2 had no observable effect. Over-expression of wild-type ClpPs
117 had no effect on recovery of infectious EBs. To explore the basis of these observations, we
118 performed a seriesof in vitro and in vivo assays to determine oligomerization and protease activity of
119 each paralog. Whereas we observed homo-oligomerization of each ClpP paralog, we did not detect
120  hetero-oligomerization between these proteins. From in vitro protease activity assays, we observed
121  proteolytic activity for ClpP2 only. Consistent with this, antibiotics known to activate ClpP proteases
122  stimulated the protease activity of ClpP2 only and blocked chlamydial growth. Combined, our data
123  suggest ClpP1 activity may be tightly regulated. We conclude that each chlamydial ClpP protease
124  serves a unique and independent role, either in differentiation or more conserved physiological
125 processes.

126

127 Results

128 The clp genes are expressed as RB specific genes. We hypothesize, based on the arrangement of

129 the genes in the chromosome, that ClpC interacts with ClpP1 and that ClpX interacts with ClpP2.
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130 This does not preclude each individual component from acting independently and is not mutually
131 exclusiveto our hypothesis. We base our prediction of ClpP2X interaction due to the juxtaposition of
132  the two genes within the same operon (Fig. 1A). We then reasoned that ClpP1 would serve as the
133  proteolytic subunit that would interact with ClpC, as both are encoded independently of each other in
134  separate genomic contexts (Fig. 1A). Because chlamydiae are developmentally regulated bacteria,
135 geneexpression can differ from one developmental form to the other. Gene expression in Chlamydia
136  can be broadly categorized into three different stages. early-, mid-, and late-developmental cycle
137  genes (30). Early cycle genes areinvolved in initial differentiation from EB to RB and establishment
138 of the nascent inclusion. Mid-cycle genes are RB specific and typically play a role in growth and
139 divison of the RBs as well asin inclusion modification. Late cycle genes function in differentiation
140 from an RB to an EB or serve an important function in the secondary infection of a host cell. The
141  specificity of a transcript to a particular point of the developmental cycle can give insight into the
142  possible function of the encoded protein. To determine when during the developmental cycle the clp
143  genes are transcribed, we measured the transcription of each gene over a time course of infection.
144 Nucleic acid samples were collected for analysis at various time points of infection using wild-type
145 C. trachomatis L2. Our data indicate that the clp genes analyzed are transcribed in a pattern
146  consisent with mid-cycle, RB specific function since the transcript levels peak after primary
147  differentiation has occurred and a population of RBs has been established (i.e. 16 hpi; Fig. 1B-E).

148 In parallel, we analyzed lysates from infected cells using primary antibodies generated
149 against the Clp proteins. Given the high level of homology between the Pseudomonas aeruginosa
150 (Pa) CIpPl1 and C. trachomatis (Ctr) ClpP2 (see Fig. 2), we speculated a polyclonal antibody
151 developed against Pa ClpPl (a kind gift of Dr. T. Baker, MIT) would detect Ctr ClpP2 by western
152  blot. As seen, Ctr ClpP2 was detected from infected cell lysates starting at 24h post-infection (hpi)

153 using the polyclonal anti-Pa_ClpP1 antibody (Fig. 1C). Given the relatively low levels of ClpP2
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154  compared to the mgor outer membrane protein (MOMP; Fig. 1F), we cannot conclude that ClpP2 is
155 not present at earlier times or that an antibody specific to chlamydial ClpP2 would be more sensitive
156 to detect such lower levels. The polyclonal antibody developed against Pa_ClpP2 did not react with
157  chlamydial lysates or recombinant Ctr ClpP1l or ClpP2 (Fig. S1).We obtained additional antibodies
158 raised againgt chlamydial ClpP1, ClpX, and ClpC (a kind gift of Dr. G. Zhong, UTHSC) and used
159 these antibodies to detect their targets (validated in Fig. 1S). We observed similar patterns of
160 expression for these proteins as for ClpP2 although faint bands for ClpX and ClpC were observed at
161 1e6hpi (Fig. 1B, D, & E). Clp protein levels mirror the transcripts and are detected from mid-
162 developmental cycle for the remainder of the infection. These patterns are distinct to those of
163 canonical early or late cycle genes such as euo or omeB (31) (32) (33). Operon status seems likely
164  for clpP2 and clpX given that clpX so closely mirrors clpP2 with slightly lower transcript abundance.
165 Overdl, the expression data indicate that the Clp components are expressed primarily in the RB
166  phase of growth and division. This does not, however, preclude these proteins from having functions
167  at other times during the developmental cycle.

168

169 Bioinformatics analyses identify key residues important for structure and function of each
170 chlamydial ClpP paralog. We hypothesized that each ClpP paralog of C. trachomatis serves
171  digtinct functions in the biology and pathogenesis of this unique bacterium, despite their similarity in
172  expression patterns. To further test this hypothesis, we performed a series of bioinformatics analyses.
173  We began by looking at pairwise alignments of the chlamydial ClpP proteins against each other and
174  against ClpP homologs from other bacteria (Fig. 2A). Interestingly, each chlamydial ClpP shared
175 more homology to ClpP of E. coli, at 44% and 55% identity with expect values of 4x10™ and 2x10
176 % respectively, and to other ClpP homologs than to its paralog. This observation was supported by

177  the ability of the anti-Pa_ClpP1 antibody to recognize Ctr ClpP2 but not Ctr ClpP1 (Fig. 1C). The
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178  sequence identity between Ctr ClpP1 and Ctr ClpP2 is 39% with an expect value of 10*. Similarly,
179 thetwo ClpP paralogs of P. aeruginosa also share alow amount of similarity to each other compared
180 to other ClpP homologs via protein aignment (data not shown), and each serves a distinct function
181 inP. aeruginosa (26). Therefore, these observations support the likelihood that the chlamydial ClpP
182  paralogs have digtinct roles.

183 A closer analysis of the chlamydial ClpP paralogs provides further evidence for unique
184  functionality of each protein. A 3-dimensional predicted structure alignment of Ctr ClpP1 and ClpP2
185 to E. coli ClpP indicates that the structural architecture would allow for homo-oligomer formation
186 and interaction with unfoldases (Fig. 2B), though distinct differences in the oligomer interface may
187  prevent hetero-oligomerization (34). Additional variation in structure is mostly limited to the N- and
188 C-termini, however the catalytic triad active site aligns well for all ClpP homologs analyzed (Fig.
189 2B&C). Also unique to chlamydial ClpPl are distinct differences at residues that align to amino
190 acids critical to activation in other bacteria. An alanine at position 37 of Ctr ClpP1 may result in a
191 conformational difference in the P1 pre-activation complex that precludes P1/P2 interaction (35),
192  which may act as a layer of regulation. Further supporting differential regulation is the lack of an
193 aromatic amino acid at position 57 of ClpPl that is relatively well-conserved in other ClpP
194  homologs, suggesting that Ctr ClpPl enters the “open” conformation differently than Ctr ClpP2.
195 Given the conserved catalytic residues and the structural similarity of the Ctr CIpP proteins to
196 homologs from adiverse set of bacteria, we conclude that the chlamydial ClpP proteins are bona fide
197 proteases. However, the predicted structural differences at the termini of the protein and in other key
198 residues suggests that the chlamydia ClpP proteins (i) do not interact with each other and (ii) have
199  specialized functions.

200
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201 Overexpression of only inactive ClpP1 negatively affects C. trachomatis. Leveraging recent
202  advances in chlamydial genetics, we next determined the effect of over-expression of ClpP proteins
203 in C. trachomatis. We designed and constructed plasmids encoding wild-type or inactive mutants of
204  each clpP paralog, fused to a 6xHis tag, under the control of an anhydrotetracycline (aTc)-inducible
205 promoter (36). We successfully transformed C. trachomatis with plasmids encoding either ClpP1
206  S92A or CIpP2 S98A active site serine mutants that are known to abolish protease activity (See Fig.
207  2B; (37)) in addition to plasmids encoding either wild type ClpP protein. To assess the effect of
208 over-expression of both the wild type and the inactive mutant ClpPs, HEp2 cells were infected with
209 each transformant, and expression was induced at 10hpi with 10 nM aTc. 14-hour pulses were
210 utilized to determine inclusion morphology at 24hpi. Use of aTc a 10 nM did not alter wild-type
211 chlamydial inclusion growth (Suppl. Fig. S2; (36)). At that time point, the localization of the ClpP
212  proteins was within the bacterial cytosol. Over-expression of mutant ClpP1 resulted in noticeably
213 gsmaller inclusion sizes after 14h of induction (Fig. 3A) whereas over-expression of inactive ClpP2
214  had no demonstrable effect (Fig. 3B). Of note is that neither of the wild type chlamydia ClpP
215 proteins had any apparent negative impact. Further analysis of recoverable inclusion forming units
216 (IFUs) confirmed the observed reduction in chlamydial viability following ClpPl1 S92A
217  overexpression, with a severe decrease in IFU recovery following a 14h pulse with the aTc¢ inducer
218 (Fig. 3C). Conversdly, CIpP2 S98A or wild-type protein overexpression has no statistical and likely
219 no biologically significant impact on development. From these data indicate we conclude that over-
220 expression of ClpP1 S92A isdetrimental to chlamydiae. In support of this, we were unable to isolate
221 aclonal population of purified ClpP1 S92A transformants as we routinely observed small bacterial
222  populations susceptible to antibiotic selection even after multiple passages. This observation
223 indicates that leaky expression may drive plasmid loss as has been observed in other chlamydial

224 transformation systems (38) (39).

10
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225

226 The ClIpP paralogs demonstrate homotypic, but not heterotypic, interactions. To better
227  understand the function of each ClpP paralog and why over-expression of ClpP1l S92A, but not
228  ClpP2 S98A or wild-type proteins, was detrimental to Chlamydia, we initiated a series of in vivo and
229 in vitro biochemical assays to characterize the properties of the ClpP proteins. Extensive evidence
230 exists from other bacterial systems to indicate that ClpP forms a tetradecameric complex composed
231  of two heptameric rings (21-25, 40, 41). To determine whether the chlamydial ClpP paralogs formed
232  homo- and/or heterooligomers, we first employed the bacterial adenylate cyclase-based two-hybrid
233 (BACTH) system to detect protein-protein interactions. This in vivo assay is based on the
234  recongtitution of adenylate cyclase activity when two functional fragments of Cya from B. pertussis
235 are brought into close proximity by interacting proteins (42). Interactions can be qualitatively
236  determined on Xgal plates and quantified by beta-galactosidase activity. Using the BACTH system,
237  we observed homo-oligomerization of each ClpP paralog, but failed to detect interactions between
238 ClpP1 and ClpP2 (Fig. 4A&B). Importantly, the active site mutants also interacted with each other
239  and the wild-type proteins, indicating that this mutation did not interfere with homo-oligomerization
240 (Fig. 4B). These data are consistent with the predicted structural and sequence differences noted
241  (Fig. 2B&C).

242 As the BACTH system cannot indicate oligomerization state, we next purified recombinant
243  chlamydia ClpP1 and ClpP2 (22 and 23 kDa, respectively), including the active site mutants, and
244  analyzed their migration by native PAGE. As a positive control, we also purified E. coli ClpP (24
245  kDa). Each of the recombinant chlamydial proteins clearly formed a heptamer with a fainter, slower
246  migrating band indicating potential tetradecamer forms (Fig. 4C). The E. coli ClpP, in contrast,
247  migrated primarily as a tetradecamer with a less intense band at the predicted size of a heptamer. In

248  purifying Ctr ClpP1, we noticed the presence of a doublet band (Suppl. Fig. S3). However, the N-

11
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249  terminus encodes two additional methionine residues at positions 6 and 7, thus the smaller product
250 may have resulted from an aternative start site when expressed in E. coli. Mass spectrometry
251 anaysis of the N-terminus of each band supported this conclusion (Suppl. Fig. S3). Note that the
252 BACTH constructs relied on N-terminal fusions such that the alternative start site of ClpP1 would
253  not be relevant. To ensure that only the larger, full-length recombinant ClpP1 product was produced,
254  we mutated the methionine residues to leucine and isoleucine. This recombinant ClpP1 (M6L/M7I)
255 aso migrated predominantly as a heptamer in the native PAGE assay (Fig. 4C). Therefore, we
256  conclude that the smaller product did not alter the oligomerization state of the protein.

257 Both our bioinformatics predictions and the BACTH data indicated that ClpP1 and ClpP2 do
258 not interact. To further test this, we mixed each recombinant protein in equimolar amounts and
259 analyzed their oligomerization state by native PAGE. In support of our early observations, we did
260 not observe heteromers of each ClpP paralog as each protein ran as distinct heptamers with no
261 intermediate bands indicative of mixing of the monomers (Fig. 4D). However, we can neither
262  exclude that the in vitro conditions preclude an interaction between these components nor that these
263 paralogs interact in vivo. Nevertheless, given the differences in predicted structures at the termini of
264 each CIpP paralog (Fig. 2) and the different interaction data presented, the parsimonious
265 interpretation isamodel wherein each protease complex functions separately.

266

267 Chlamydial ClpP1 and ClpP2 vary in protease activity in vitro. To determine the functionality of
268  the protease complexes, we used the recombinant ClpP proteins to assess their ability to degrade the
269  small, fluorogenic compound Suc-LY-AMC. The degradation of this compound by other bacterial

270  ClpP enzymes does not rely on ClpP activation (43), thus we could probe the basal protease activity

271  of the ClpP paralogs. While ClpP2 degraded the substrate under our given assay conditions, ClpP1

272  activity could not be detected (Fig. 5A). This result for ClpP1 was not due to the presence of the

12
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273  dternative start site product since the M6L/M 71 mutant displayed no activity in this assay. We also
274  observed enhanced protease activity for CIpP2 in a sodium citrate buffer, as noted by others (44), but
275  this buffer did not stimulate ClpP1 activity. That ClpP1 lacks the ability to degrade Suc-LY-AMC
276  suggests the N-terminal region of the complex (Fig. 2) may block entry of even this small reporter
277 subdtrate into the active site. Importantly, the activity of the ClpP2 protease was abolished by the
278  active site serine mutation S98A (Fig. 5A). As a positive control, we also tested the activity of the E.
279  coli ClpP complex in our assay conditions and observed degradation of the Suc-LY-AMP compound
280 that was increased by sodium citrate (Fig. 5B). Thus, in spite of the activity of Ctr ClpP2, it
281 displayed asignificantly less proteolytic capacity in vitro compared to the E. coli ClpP. The apparent
282  preference of heptameric formation by both chlamydial ClpP1 and ClpP2 could explain the reduced
283  activity as compared to the E. coli ClpP, which preferentially formed tetradecamers in vitro. These
284  observed differences may suggest that either the assay conditions are not optimal or that Chlamydiae
285  tightly regulate the activity of their ClpP complexes.

286

287  ClpP-activating antibiotics stimulate protease activity of ClpP2, but not ClpP1 and block
288 chlamydial growth. Recently, anovel class of antibiotics that target ClpP have been developed (45).
289  ACP and ADEP derivatives activate CIpP by eliminating or reducing its need for ATPase binding.
290 The unregulated proteolysis that results has been demonstrated to eliminate persister bacteria (46).
291 We used these compounds to determine whether the activated chlamydial ClpP proteases could
292  degrade amore complex substrate, casein. As noted with the Suc-LY -AMP substrate, ClpP1 failed to
293 degrade casein in the presence of any of the ACPL derivatives (Fig. 6A). By contrast, the ACP1
294  compounds stimulated ClpP2 to degrade casein (Fig. 6B), abeit with some detectable substrate
295 remaining at the end of the assay. As before, the E. coli ClpP was more efficient in degrading the

296  substrate with little to no casein detectable (Fig. 6C; (47)). ClpP2 was thus able to, in the presence of

13
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297  these drugs that relax the N-termini of the complex, degrade larger substrates with intrinsically
298 disordered regions (i.e. casein). The inability to detect proteolytic activity of ClpPl again suggests
299 that the N-terminus of CIpP1 may act as a regulatory block consistent with the differences we
300 observed in our bioinformatics analysis (Fig. 2). Also consistent with the difference in activation is
301 the lack of an aromatic amino acid at residue 57 of Ctr ClpPl. This particular residue of the
302  hydrophobic pocket has recently been shown to be instrumental in ADEP-induced dysregulation of
303 proteolytic activity, which supports a model where chlamydial ClpP1 is unaffected by activating
304  drugs (35). However, we cannot exclude that we have not identified the optimal conditions necessary
305 todemonstrate the enzyme activity of wild-type ClpP1.

306 As we were able to demonstrate the ability of the ACP1 compounds to activate Ctr CIpP2, we
307 next sought to test the effect of these compounds on Chlamydia. To ensure that any effect on the
308 bacteria was not due to host cell death, we first tested cell viability of infected, ACP-treated HEp2
309 cdls. Indeed, we noted limited loss (~10%) in host cell viability for both 25 and 50 pug/mL
310 concentrations following 16 hours of drug treatment (Fig. 6D), which reinforces that any loss of
311  bacterial viability would not be due to a reduction in host cell viability. The ACP drugs all showed a
312 remarkable impact on Chlamydia at both concentrations tested when added at 8hpi and samples were
313 harvested at 24hpi (Fig. 6E). The lower drug concentration resulted in a 50-fold reduction in
314  recoverable EBs whereas the higher concentration led to almost complete abrogation of chlamydial
315 viahility. Given the effects of the ACP compounds on ClpP protease activity in vitro, these data
316  suggest that uncoupling of ClpP2 activity from its cognate ATPase strongly inhibits bacterial growth.
317

318 Discussion

319 The Clp protease system has been extensively characterized in E. coli and Bacillus subtilis,

320 and itsimportance in the growth and virulence of various pathogens (opportunistic or not) has been
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321 examined (see (23) for review). Since the discovery of the ClpP protease (48), interaction studies
322 demonstrated that the ClpP proteins typically form a tetradecameric stack of two heptamers (49).
323  The serine active sites are buried within these barrel-like structures (50). ClpP hydrolysis of large
324  protein substrates is increasingly stimulated in the presence of AAA+ ATPase binding (51).
325 However, complexed ClpP alone processes small substrates of up to 30 amino acids regardless of the
326  presence of ATP, suggesting that active site availability and complex accessibility are the two main
327 mechanisms regulating ClpP activity (52). Substrates that enter this complex by either ATPase-
328 mediated or ATPase-independent means are hydrolyzed into short peptides of 6-8 amino acids with
329 some degree of amino acid specificity (53) (44). While not unprecedented, the presence of two
330 encoded clpP paralogs in a bacterial chromosome is unusual. In P. aeruginosa, another bacterium
331 encoding dual ClpP proteases, the two isoforms have not been shown to interact in any test
332 condition, and the different transcriptional profiles and differential effects on virulence factor
333  production indicate these paralogs likely have distinct roles in P. aeruginosa (26). Conversely, the
334 two ClpP proteins of M. tuberculosis and L. monocytogenes heterologously interact as two
335 homotypic heptamers, which facilitates an increase in function (27, 29, 54). The activation of one
336  homotypic ClpP heptamer activates the heptamer of the other isoform in M. tuberculosis, providing a
337 novel mechanism for activation (41). Of note is that L. monocytogenes ClpP2 may aso form a
338 completdy homotypic tetradecamer of one ClpP paralog (55). Again, the Clp proteolytic subunits
339 play an integral role in virulence factor regulation in addition to enhancement of bacterial survival
340 during intracellular growth (56). Taken together, these studies demonstrate the diverse function of
341  dual ClpP peptidase systems in the pathogenesis and growth of various bacteria.

342 The work presented here to characterize the ClpP paralogs is the first to explore the function
343 and role of the Clp protease system in C. trachomatis. Our results suggest that the two ClpP

344  proteases likely serve distinct roles in chlamydial physiology and, we hypothesize, in the complex
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345 developmental cycle of this organism. We utilized bioinformatics techniques as an initial approach to
346 investigate the potential function of the ClpP proteins. We observed significant similarity of the
347  chlamydial ClpP paralogs to ClpP homologs of more studied organisms such as E. coli. In support of
348 this, most of the hallmark conserved residues, including the active site triad, are present in the
349 chlamydial ClpP paralogs. Both ClpP1 and ClpP2 have hydrophobic residues aligned with those of
350 other bacterial ClpPs, suggesting the presence of AAA+ adaptor protein docking sites (57). Indeed,
351 chlamydia ClpC and ClpX encode the evolutionarily retained IGF/L loop motifs that facilitate
352 interaction with the ClpP tetradecameric complex (unpublished observation) (41). In spite of the
353 gimilarities between the ClpP paralogs, there are also notable differences. The C-termini of both
354 chlamydial ClpPs contain two residues that comprise the hydrophobic pocket (47, 58), but the
355 alignment shows the presence of charged residues (D15, K40, K41, and D66) in ClpP1 while the
356  conserved residues appear to be uncharged. In addition, ClpPl lacks a highly conserved tyrosine
357 residue (D15), a conserved glutamine (A36), and a conserved aromatic residue (V57), al of which
358 contribute to canonical activation and tetradecamer chamber access for other homologs (35).
359 Ongoing studies are investigating these residues in addition to others that are involved in complex
360 activation. Of note is the predicted apha helix at the N-terminus of ClpP1 and the C-terminus of
361 ClpP2, which may contribute to some form of steric hindrance to prevent interaction between ClpP1
362 and ClpP2 (59). Indeed, we did not detect an interaction between ClpP1 and ClpP2 using both in
363 vivo and in vitro techniques. Rather, we detected only homooligomers. While our in vitro assays
364 have failed to show P1/P2 complex formation, we cannot rule out the possibility of protein
365 modification promoting heteromers in vivo. Further studies examining the role of the N- and C-
366 termini will be conducted to determine whether or not they play a role in complex formation and/or

367  gpecificity.
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368 Given the role of the N-terminal regionsin regulation of the ClpP protease via reduced access
369 into the proteolytic complex (60), the hypothesis of a difference in interaction or regulation of the
370 ClpP complexes in C. trachomatis is reasonable based on the data presented here. We detected
371  ClpP2 protease activity against both a small oligopeptide substrate and the more complex casein
372  subgrate. However, we did not detect proteolytic activity of CIpP1 in vitro, even in the presence of
373  well-characterized drugs that activate ClpP complexes in the absence of an ATPase, which agrees
374  with an important and highly regulated role for ClpP1 in C. trachomatis. The structural conservation
375 and presence of the catalytic active site makes it unlikely that ClpP1 is a catalytically inactive
376 protease. Rather, some form of modification or conformational change in structure, possibly
377  chaperone or adaptor mediated, may be necessary to promote full complex formation and activity
378 bothinvitro and in vivo. In this model, an unknown regulatory factor may modulate ClpP1 activity.
379  In amanner consstent with our bioinformatics data, ClpP1 may be activated non-canonically, as the
380 mechanism needed to open the channel at the V57 residue is likely different than those targeting the
381 aromatic amino acids present in other homologs. We are investigating this and other possibilities.

382 Our data lead us to hypothesize that each ClpP protein in Chlamydia forms a separate
383 protease complex and, therefore, serves a different function. Whether each ClpP interacts
384  gpecifically with ClpX or ClpC remains to be determined. However, the genomic proximity of ClpP2
385 to ClpX suggests a likely interaction with ClpX by sequestration immediately following translation;
386 thus, we speculate that ClpPl likely interacts preferentially with CIpC. Our gPCR and western blot
387 data suggest that the clpX-encoding gene follows the clpP2-encoding gene in an operon, further
388  supporting coupled function and an in vivo complex of ClpP2 and ClpX oligomers. Complex
389 formation is currently under investigation asis what role each complex hasin vivo. It is also possible
390 that ClpP tetradecamers may function independently in vivo in a housekeeping role to degrade small

391 oligopeptides resulting from degradation of larger proteins and/or import from the host cell.
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392 Chlamydiae encode a large repertoire of oligopeptide transporters, and the short peptide substrates
393  are animportant source of nutrients, particularly early during infection (61).

394 We were able to transform C. trachomatis with plasmids encoding either wild type or mutant
395 ClpPl or ClpP2. Overexpression of either wild type protein had seemingly little negative effect on
396 growth and morphology, which strengthens a scenario where these proteins are tightly regulated and
397  exhibit little function without a cognate ATPase. The tolerance of C. trachomatis to wild type ClpP1
398 and ClpP2 overexpression suggests that this system resists AAA+ ATPase saturation with an
399 overabundance of either proteolytic subunit. Given the reduced tendency for either ClpP to form a
400 tetradecamer, excess ClpPl or CIpP2 beyond what is needed for homeostasis may also remainin a
401  functionally inactive heptameric form unless recruited by an unfoldase. Interestingly, overexpression
402  of the inactive ClpP mutants in Chlamydia resulted in differential effects on chlamydial growth and
403  morphology. CIpP2(S98A) has, even upon the highest level of induction, little negative effect on
404  inclusion morphology. Incorporation of inactive forms of ClpP2 (activity loss confirmed in vitro,
405  Figure 5B) into the tetradecameric oligomer is not necessarily harmful to C. trachomatis. The ability
406 of ClpP2 to degrade a small peptide reporter (Fig. 5A) is in congruence with a model where an
407  unfoldase-independent ClpP2 tetradecamer targets and degrades imported peptides. Given that
408 overexpression of inactive ClpP2 seems to have limited negative impact on chlamydial development,
409 an inactive ClpP2 oligomer may bind small peptides, preventing extensive targeting of other, more
410 vita substrates and negating any dominant negative effect. Conversely, overexpression of
411  ClpP1(S92A) and its incorporation into the endogenous ClpPl proteolytic machinery has a clear
412 negative impact on C. trachomatis. Because overexpression of wild-type ClIpPl has no obvious
413  negative effect, that inactive ClpP1 overexpression reduces chlamydial viability may mean that fully
414  functiona operation of ClpPl is essentia to the bacteria. The adverse effect observed may also

415 suggest that ClpP1 has a limited reserve of unique adaptors that we have not yet identified and that
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416  production of an inactive ClpP1 complex titers out these adaptors and reduces function to the point
417  of harm to the bacteria. We observed that the mutant ClpP proteins interacted with the wild-type
418 proteins in the BACTH assay (Fig. 4B), suggesting the potential of the inactive proteins to form
419 complexes with the endogenous proteins. Overall, these data suggest that, should each mutant
420 protein oligomerize with endogenous wild-type protein in vivo, subunit poisoning of the ClpP1
421  complex is deleterious to chlamydiae whereas the ClpP2 complex is more tolerant.

422 We hypothesize that proteolytic Clp subunit regulation by a chaperone protein is vital to
423  chlamydial survival. Based on our studies with the ACPL1 antibiotics, our assays showed that ClpP2
424  acts in a manner similar to other well-characterized ClpP proteases when artificialy activated by
425  these compounds (Fig. 6A, C). Consequently, treatment of Chlamydia-infected cells with ACP1 (or
426  one of its derivatives) significantly and drastically reduced chlamydial growth (Fig. 6E), which we
427  speculate is due to the effects on ClpP2 function. Whether the negative effect stems from
428  dysregulation of ClpP2 leading to uncontrolled proteolysis, which is supported by the in vitro
429  degradation of casein, or from blocking of ClpP2/AAA+ ATPase complex formation, resulting in the
430 inability to degrade larger substrates not accessible to ClpP2 alone, is currently under investigation.
431 In gpite of the inability of ClpP2(S98A) overexpression to significantly impact chlamydia growth,
432  the antibiotics data suggest that disruption of ClIpP2 via dysregulation of activity is overwhelmingly
433 negative to chlamydia development. However, we cannot exclude a possible effect of these
434  antibiotics on ClpPl in vivo. Clearly, overexpression of CIpP1(S92A) was deleterious to chlamydial
435  growth, thus each ClpP paralog is essential to normal growth and development.

436 We have shown here an initial characterization of the chlamydial Clp protease system
437  focusing on the ClpP protease components. Overall, the sensitivity of the organisms to perturbations
438 in ClpP activity suggests a critical function for these paralogs in maintenance of chlamydial

439 physiology. We speculate that these systems will also play an integral role in differentiation and
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440 possibly persistence (62) (63), which may provide a mechanism that could be leveraged to block
441  growth or eiminate persister cells (46). Further characterization of the chlamydial Clp system could
442  facilitate development of targeted therapeutics for treatment of C. trachomatis infection, thereby
443 lowering dependence on broad-spectrum antibiotics. Ongoing efforts are investigating this
444  hypothesis as well as the function of the AAA+ unfoldases.

445

446  Materialsand Methods

447  Strainsand Cell Culture: The human epithelial cell line HEp2 was utilized in the transcriptional and
448  antibiotic studies and was routinely cultivated and passaged in Iscove’s Modified Dulbecco’'s
449  Medium (IMDM, Gibco/ThermoFisher; Waltham, MA), and 10% FBS (Sigma; St. Louis, MO).
450 McCoy mouse fibroblasts were used for the purpose of chlamydia transformation, and human
451  epithelial HelLa cells were used for plaque purification of the resulting chlamydial transformants as
452  well as for protein isolation and assessment of ClpP2 expression. All of these cell lines were
453 passaged routinely in Dulbecco's Modified Eagle's Medium (DMEM, Gibco/ThermoFisher).
454  Density gradient purified Chlamydia trachomatis L2/434/Bu (ATCC VR902B) EBs were used for
455  the antibiotic studies. C. trachomatis serovar L2 EBs (25667R) naturally lacking the endogenous
456  plasmid were prepared and used for transformation [see (64)].

457

458  Transcript Analysis Using RT-gPCR:

459 HEp2 cels seeded in 6-well plates were infected at a multiplicity of infection of 1 with C.
460 trachomatis serovar L2. At the indicated times post-infection, total RNA and DNA were collected
461  from duplicate wells (63). Briefly, total RNA was collected from infected cells using Trizol reagent,
462  extracted with chloroform, and the agueous phase precipitated with an equal volume of isopropanol

463  according to the manufacturer’ s ingtructions (ThermoFisher). DNA was removed from total RNA by
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464  rigorous DNase-free treatment (ThermoFisher) before 1 ug was reverse transcribed with Superscript
465 11l RT (ThermoFisher). Equal volumes of cDNA were used for gPCR. Total DNA was collected
466  from infected cells by trypsinizing the cdlls, pelleting for 5 min at 400 xg, and resuspending in PBS.
467  Samples were freeze-thawed three times before processing with the DNeasy Blood and Tissue kit
468  according to the manufacturer’s instructions (Qiagen). 150 ng of total DNA were used for gPCR.
469  Transcripts and genomic DNA were quantified by gPCR in 25 L reactions using 2x SYBR Green
470 Master Mix in an ABI7300 thermal cycler in comparison to a standard curve generated from purified
471  C.trachomatis L2 genomic DNA. Transcripts were normalized to genomic DNA.

472

473 C. trachomatis propagation and detection of Clp proteins. DFCT28, a GFP-expressing C.
474  trachomatis 434/Bu clone (65), was routinely grown in and titered (using the IFU assay) on HeLa
475 cels (66). Briefly, cells were maintained in Dulbecco's modified Eagle medium (DMEM)
476  supplemented with 10% fetal bovine serum (FBS) and grown at 37 °C with 5% CO,. For chlamydial
477  infection experiments, Hel.a cells were grown until confluent in 6-well tissue culture dishes and then
478  infected with DFCT28 at an MOI of ~3 using centrifugation at 545 xg for one hour. The infected
479  cels were then incubated at 37 °C with 5% CO, with DMEM/FBS supplemented with 0.2 pg/mL
480 cycloheximide and 1x non-essential amino acids. At various times post infection, the medium was
481 removed, cells were washed twice with 2 ml of PBS, and cells were lysed via addition of 200 pL
482  Laemmli buffer with B-mercaptoethanol followed by heating at 90-100 °C for 5 minutes. Chlamydial
483  protein samples or purified, recombinant ClpP samples were run on 12% SDS-PAGE gels and either
484  stained for total protein with Coomassie Brilliant Blue or transferred to nitrocellulose for western
485  Dblotting. Blots were probed with a rabbit polyclonal anti-Pa ClpPl (Pseudomonas aeruginosa
486 designation, similar to ClpP2 from C. trachomatis) diluted 1:10000 in 5% milk Tris-buffered saline

487 (mTBS) or anti-Pa Clp2 (Pseudomonas aeruginosa designation, similar to ClpP1 from C.
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488 trachomatis) at 1:2500. The antibodies were kindly provided by Dr. T. Baker (Massachusetts
489 Ingtitute of Technology) (26). Mouse polyclonal antibodies againgt chlamydial ClpP1, ClpC, and
490 ClpX (kind gift of Dr. G. Zhong, University of Texas Health Sciences Center at San Antonio) were
491  diluted 1:2000 in mTBS. After incubating with primary antibodies, blots were washed with Tween
492  (0.5%)-TBS (TTBS) and then probed with a goat, anti-rabbit 1gG poly-HRP conjugated secondary
493  antibody (Thermo Scientific 32260) diluted 1:1000 in mTBS or goat anti-mouse 1gG HRP
494  conjugated secondary antibody (Millipore AP124P) diluted 1:2000 in mTBS. As a control for
495  chlamydial protein, blots were also probed for the major outer membrane protein (MOMP) using a
496 mouse monoclonal anti-MOMP antibody (1:1000; Abcam, ab41193) and a goat anti-mouse 1gG
497  HRP conjugated secondary antibody as above. After incubation with the secondary antibodies, blots
498 were washed with TTBS followed by TBS and then incubated with chemiluminescent substrate
499 (EMD Millipore Immobilon ECL) for imaging on a Bio-Rad Chemidoc MP.

500

501 Bioinformatics Analysis: Gene maps and sequences of genes of Chlamydia trachomatis used were

502  obtained from STDGen database (http://stdgen.northwestern.edu). RefSeq protein sequences from E.

503 coli, B. subtilis, M. tuberculosis, and P. aeruginosa were acquired from the NCBI protein database

504  (https.//www.ncbi.nlm.nih.gov/quide/proteing). The ClpPl vs. ClpP2 protein alignment to find

505 sequence  identity was  peformed using  NCBI Protein  BLAST  function

506 (https://blast.ncbi.nim.nih.gov/Blast.cgi) (67). Multiple sequence alignments were performed using

507  Clustal Omega (68) with default settings and were presented using Jalview Version 2 (69). PDB files
508 for  predicted 3D @ structures were  acquired from  the  Phyre2  website

509  (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?d=index) (70). Protein models and mode

510 aignments were rendered using the UCSF Chimera package from the Computer Graphics

511 Laboratory, University of California, San Francisco (supported by NIH P41 RR-01081) (71).
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512

513 Plagnid Congtruction: A full list of the primers and plasmids used is included in the supplementary
514 material (S1). Plasmids for the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) system were
515 cloned using the Gateway® recombination system (72). The genes were amplified from Chlamydia
516 trachomatis L2 genomic DNA with primers designed to add an attB recombination site on either side
517  of the gene. The PCR products were then incubated with a pDONR™221 entry vector (containing
518 attP recombination sites) in the presence of BP Clonase Il (Invitrogen) that inserts the gene via the
519 flanking attB sites and removes ccdB endotoxin flanked by the attP sites encoded on the plasmid,
520 allowing for positive selection. The result of the BP reaction was an entry vector containing the gene
521  of interest flanked by attL sites. 2 uL were transformed into DH5a chemically competent E. coli and
522  plated onto an LB agar plate containing 50 pg/mL kanamycin. Plasmid from an individual colony
523 was purified and used for the LR reaction into one of three destination vectors (pST25-DEST,
524  pSNT25-DEST, or pUT18C-DEST). The same entry vector for any given gene was used for all three
525 LR reactionsto insert into the destination vector with LR Clonase I1. 150 ng of the entry vector was
526  incubated with 150ng of destination vector for 1 hour at room temperature. 2 uL were used to
527 transform XL1 E. coli, which were plated on the appropriate selection plate. Purified plasmid from
528 anindividual colony was sequence verified prior to use thein BACTH assay (see below).

529 Constructs for chlamydial transformation were created using the HiFi Cloning (New England
530 Biolabs) protocol. To add the C-terminal 6xHis tag to the Clp proteins, the genes were amplified
531 from the genome with a primer to add the poly-histidine tag. These products served as the template
532 for PCR reactions to add the necessary overlap for the HiFi reaction. Primers were generated using

533  the NEBuilder® assembly tool available from New England BioLabs (http://nebuilder.neb.com). The

534  backbone used was the pTLR2 derivative of the pASK plasmid (36). The pTLR2 backbone was

535 digested using FastDigest BshTl and Eco52I restriction enzymes and dephosphorylated using
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536 FastAP (ThermoFisher), and then 25ng of digested plasmid was incubated with a 2:1 ratio of insert
537 copy number to backbone and 2x HiFi master mix (NEB). Following a 15 minute incubation of the
538 reaction mix at 50° C, 2 L of the reaction was transformed into DH5a chemically competent E. coli
539 (NEB) and plated on the appropriate antibiotic selection plate. Positive clone sequences were
540 verified by Eurofins Genomics. Sequence verified plasmids were transformed into dam-/dcm+- E. coli
541  (New England BioLabs) in order to produce demethylated plasmid, which was sequence and digest
542  verified prior to transformation into C. trachomatis (see below).

543 Strains created or used in this study are listed in the supplementary material. E. coli strains
544  were maintained on LB agar plates and grown in LB medium or on LB agar plates supplemented
545  with 100 pg/ml ampicillin as needed. Chlamydial genomic DNA for cloning was obtained from EBs
546  using a phenol:chloroform extraction after extensive heat treatment in the presence of proteinase K
547 (73), and E. coli genomic DNA was isolated using sodium hydroxide lysis of colonies. The
548 chlamydial clpP1 and clpP2 aong with clpP from E. coli were amplified via PCR using the primers
549 listed in Supplemental Information and Phusion DNA polymerase (Thermo Scientific). PCR
550 products were cloned into the pLATES31 expression vector from Thermo Scientific as directed by the
551 manufacturer to create fusion proteins with a C-terminal 6x Histag. Plasmids were initially
552  transformed into E. coli NEB10 and selected on LB agar ampicillin plates. Transformants were
553  screened for inserts using colony PCR with Fermentas Master Mix (Thermo Scientific) and positive
554 clones were grown for plasmid isolation (GeneJet Plasmid Miniprep Kit, Thermo Scientific). DNA
555 inserts were sequenced by Macrogen USA and sequence-verified plasmids were then transformed
556 into E. coli BL21(DE3) bacteria for protein production.

557

558 Chlamydial Transformation: The protocol followed was a modification of the method developed by

559  Mueller and Fields (74). For transformation, 10° C. trachomatis serovar L2 EBs (25667R) naturally
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560 lacking the endogenous plasmid were incubated with 2 pug of unmethylated plasmid in a volume of
561 50 uL CaCl, at room temperature for 30 minutes. Each reaction was sufficient for a confluent
562 monolayer of McCoy cells in one well of a six well plate that had been plated a day prior. The
563 transformants were added to a1 mL overlay of room temperature HBSS per well, and an additional 1
564 mL of HBSS was then added to each well. The plate was centrifuged at 400 xg for 15 min at room
565 temperature, where the beginning of this step was recorded as the time of infection. Following the
566  spin, the plate was incubated for 15 minutes at 37° C. This infection was recorded as To. The
567 inoculum was aspirated at the end of the incubation and replaced with antibiotic-free DMEM+10%
568 FBS. 8 hours post-infection, the media was replaced with DMEM containing 1 pg/mL
569 cycloheximide, 10 ung/mL gentamicin, and 1 U/mL penicillin. Cells infected with transformants were
570 passaged every 48 hours until a population of penicillin resistant bacteria was established. These EBs
571  werethen harvested and frozen in sucrose/phosphate (2SP; (64)) solution at -80° C prior to titration.
572

573 Determining the Effect of Overexpresson of Wild Type and Mutant Clp Proteins via
574  Immunofluorescence and Incluson Forming Unit Analysis. Transformed C. trachomatis
575  containing a mutant clp gene under control of an anhydrotetracycline (aTc) inducible promoter was
576  used to infect a monolayer of HEp2 cells on coverslips with penicillin as a selection agent. Samples
577  were induced with increasing, subtoxic amounts of aTc at 10 hours post-infection (hpi) and were
578 methanol fixed after a 14 hour pulse (24 hpi). Fixed cells were incubated with an anti-Ctr serovar L2
579 guineapig primary antibody (kindly provided by Dr. Rucks, UNMC) to stain for the organism and a
580 goat anti-guinea pig Alexad88 conjugated secondary antibody for visualization of organisms within
581 the incluson. Additionally, a mouse anti-6xHis tag was used, followed by a goat anti-mouse
582  Alexab94 secondary antibody for confirmation of protein expression and localization. Finally, the

583 samples were stained with DAPI to visualize the host cell and bacterial DNA. Representative images
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584  were taken on a Zeiss LSM 800 laser scanning confocal microscope with a 60x objective and 3x
585 digital zoom and were equally color corrected using Adobe Photoshop CC. To assess the effect of
586  wild type and inactive Clp mutant overexpression via the Inclusion Forming Unit (IFU) assay, HEp2
587 monolayers were infected as described above. At 10hpi, samples either were or were not induced
588 with a10 nM aTc concentration. Infections were allowed to proceed for another 14h (24hpi) prior to
589 harvest. To harvest IFUs, sample wells were scraped in 2SP and lysed by vortexing with three Imm
590 (glassbeads for 45s. Samples were serially diluted in 2SP and titrated in duplicate directly onto a new
591 monolayer of HEp2 cells. Following a 24h incubation, the samples were fixed and stained with an
592  anti-Ctr serovar L2 guinea pig primary and Alexa488 secondary. 15 fields of view were counted for
593  each duplicate well, giving a total of 30 fields of view per experiment. Three independent replicates
594  were performed, and the totals for each experiment were averaged. Values were expressed as a
595  percentage of the uninduced sample to provide an internal control. A Student’s two-tailed t test to
596 compare the induced samples to the uninduced control was performed using the averages of each
597  biological replicate. An asterisk (*) indicates P<0.05, N.S. indicates P>0.05.

598

599 Determining Protein-Protein Interactions with the BACTH System: To test interaction of the Clp
600 proteins, the Bacterial Adenylate Cyclase Two-Hybrid (BACTH) assay was utilized. This assay
601 relies on reconstitution of adenylate cyclase activity in adenylate cyclase deficient (Acya) DHT1 E.
602  coli. The genes of interest are trandlationally fused to one of either subunit, denoted as T18 and T25,
603 of the B. pertussis adenylate cyclase toxin. Each wild-type or mutant clpP gene cloned into one of
604  the pST25, pSNT25, or pUT18C Gateway® vectors was tested for both homotypic and heterotypic
605 interactions (10). One plasmid from the T25 background and one from the T18 background were co-
606 transformed into the DHT1 CaCl, competent E. coli and were plated on a double antibiotic minimal

607 M63 medium selection plate supplemented with 0.5 mM IPTG for induction of the protein, 40
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608 ug/mL Xgal to give a visua readout upon cleavage, and 0.2% maltose as a unique carbon source.
609 These plates also contain 0.04% casein hydrolysate to supplement the bacteria with the branched
610 chain amino acids as Acya DHT1 E. coli cannot synthesize these amino acids. Blue colonies were
611 indicative of positive interaction between proteins since both the lac and mal operons require
612 recongtituted CAMP production from interacting T25 and T18 fragments to be expressed. Leucine
613 zipper motifs were used for controls in pKT25 and pUT18C backgrounds on the appropriate
614  antibiotic selection plates because these have been previously shown to interact (75). p-galactosidase
615 activity was then measured from 8 colonies to quantify protein interactions. Random positive
616 colonies were used to inoculate individual wells and grown 24 hours at 30° in M63 with 0.2%
617 maltose and appropriate antibiotics. These bacteria were permeabilized with 0.1% SDS and
618 chloroform prior to addition of 0.1% o-nitrophenol-f3-galactoside (ONPG). The reaction was stopped
619 using 1 M NaHCO; after precisaly 20 minutes of incubation at room temperature. Absorbance at the
620 405 wavelength was recorded and normalized to bacterial growth (ODggo), dilution factor, and time
621 (in minutes) of incubation prior to stopping the reaction. Totals were reported in relative units (RU)
622  of B-galactosidase activity.

623

624  Purification of Recombinant wild-type and mutant ClpP proteins. His-tagged Ctr ClpPl, Ctr
625 ClpP1(S92A), Ctr ClpP1(M6L/MT1), Ctr ClpP2, Ctr ClpP2 (S98A), and Ec ClpP were purified from
626 500 mL cultures of BL21(DE3) E. coli transformed with the respective plasmid based on the
627  protocol described in (76). Samples were induced with 0.5 mM IPTG and incubated with shaking for
628 20 hours at 18°C. Cultures were pelleted and frozen at -20°C prior to purifications. Buffers used are
629 listed in Table S2. Samples were suspended, sonicated, bound to HisPur Cobalt Resin (Thermo
630 Scientific), and washed in buffer A. Proteins were eluted from the resin using buffer B. Buffer

631 exchange for buffer C was performed using a Millipore Amicon Ultra 15 filtration units (3 kDa cut-
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632  off). ClpP proteins were quantified using the Bio-Rad Protein assay, assessed for purity on 12%
633 SDS-PAGE ges with Coomassie staining, and identified using anti-His-tag western blot. Blotting
634  was performed using a mouse monoclonal anti-6x His antibody (1:1000; Millipore HIS.H8) and a
635 goat anti-mouse IgG HRP conjugated secondary antibody (1:2000). Protein samples were aliquoted
636 and stored at -80°C.

637

638 In Vitro Analysis of ClpP Homo-Oligomerization: 5 ug of purified protein was incubated in buffer
639 D at 37°C for 1 hour before being mixed with a 5x native sample buffer (5 mM Tris [pH 6.8], 38
640 mM glycine, 0.06% bromophenol blue) and analyzed on a BioRad MiniProtean 4-20% gradient gel
641 for Native-PAGE. Samples were run for 90 minutes at 200V. Gels were assessed using Coomassie
642  staining.

643

644  Assessment of ClpP activity in vitro. Fluorometric peptide assay: The ClpPs (at 1 UM monomeric
645  concentration) were added to 500 uM of Suc-Luc-Tyr-AMC (Boston Biochem) dissolved in buffer E
646 (50 mM Tris-HCI [pH 8], 200 mM KCI, and 1 mM DTT) or buffer F (with 0.2 M sodium citrate)
647  (44). Final reaction volumes were 50 pl. Reactions were monitored over six hours at 37 °C using a
648 BioTek Synergy HT plate reader set at an excitation of 340/360 and an emission of 440/460 with
649 readings taken at five-minute intervals. Casein degradation assays. Casein (Sigma-Aldrich) was
650 dissolved in buffer E and 1 pg was used per assay. Samples containing casein and 1 uM of the
651  respective ClpP monomer were incubated at 37 °C for 3 hours with or without the respective ACP
652 compound (500 pM). Reactions were halted by mixing with 2x Laemmli buffer containing f-
653 mercaptoethanol and heating at 90-100 °C for 5 minutes. Samples were analyzed for digestion of
654  casein using 12% SDS-PAGE gels followed by Coomassie staining.

655
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656  Effect of ACP compounds on chlamydial growth and host cell viability. Antibiotic stocks of ACP1,
657 ACPla, and ACP1b were synthesized as described (47), resuspended at 25 mg/mL in DM SO, and
658 frozen at -20°C in aliquots to avoid freeze-thawing. Methods for the synthesis, purification, and
659 analysis of these compounds is available in Supplementary Information. For assessment of cell
660 viability upon treatment, four wells of a 96-well plate with a confluent monolayer of HEp2 cells
661 were either infected with density gradient purified wild type C. trachomatis serovar L2 with an MOI
662 of 1 or left uninfected. These wells were either treated or not with 25 or 50 ng/mL of ACP1, ACPla,
663 or ACP1b, with a set of DMSO only samples used as a control. Antibiotics were added eight hours
664  post-infection (hpi). At 24 hpi, 100 puL of 2x Resazurin (Abcam) was added to three wells of each
665 treatment condition, adding only DMEM to the fourth as a background control. Following a four-
666  hour incubation at 37° C, absorbance at the 570 nm wavelength was recorded using a Tecan plate
667 reader. The wells were averaged, subtracting background absorbance from samples without dye.
668  Absorbance was reported as percentage of the untreated samples. To quantify the effect of the drug
669 on C. trachomatis, variable treatments of each drug (25 ng and 50 pg) were added or not eight hours
670 post-infection. Cell lysates containing C. trachomatis were collected in 2SP and frozen at -80° C
671  prior to serid titration on a fresh cell layer. Inclusion forming units (IFUs), a proxy for recoverable
672 EBsfrom theinitial infection samples, were calculated from the average number of inclusionsin 15
673 fields of view multiplied by the number of fields of view within the well and corrected for the
674  dilution factor and volume of inoculum.

675
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903 Figurelegends

904

905 Figure1: The clp genes are expressed during RB growth. (A) Gene maps of the clp genesin the
906 Chlamydia trachomatis genome. Gene numbers are in numerical order from left to right and reflect
907 the serovar D numbering scheme of Stephens et al. (18). The clp genes are circled in red. The clpP2
908 geneisct706. (B) — (E) Temporal expression of the clp genes. RT-gPCR analysis of the clp genes
909 from two independent time course experiments of a C. trachomatis serovar L2 infection of HEp2
910 cels was performed. Total RNA and DNA were collected at the indicated times post infection and
911 processed as described in Materials and Methods. Equivalent amounts of cDNA were used for each
912 assay and analyzed in triplicate. Results were reported as a ratio of cDNA to genomic DNA.
913  Standard deviations for each were typically less than 10% of the sample. Note that some transcripts
914  were not detectable at 1 hpi. Western blotting was performed on whole cell lysates of total protein
915 from a time course of Chlamydia-infected cells, separated by SDS-PAGE, and transferred to a
916 nitrocellulose membrane for blotting. All four of the genes analyzed appear to be expressed mid-
917 developmental cycle. (F) Major outer membrane protein (MOMP) was blotted as a control for
918 chlamydial development over the course of infection.

919

920 Figure 2: Bioinformatics analyses suggest both chlamydial ClpP paralogs are functional
921  proteases. Pairwise alignments performed using NCBI-BLAST (default settings) and presented as
922  %ldentity/%Similarity/%Coverage. Multiple sequence alignment performed using Clustal Omega
923  default settings and presented using Jalview Version 2. Organisms included are C. trachomatis (Ctr),
924  E. coli (Ec), B. subtilis (Bs), M. tuberculosis (Mtb), and P. aeruginosa (Pa). Predicted 3D structures
925 acquired from Phyre2 aligned and colored in Chimera (UCSF). (A) Conserved residues highlighted

926 in varying shades of blue depending on conservation strength across species, with the catalytic triad
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927 in red, the oligomer interface in yellow, and the hydrophobic docking region in green. Residues in
928 which ClpP1 hasaradically different substitution compared to other ClpP proteins are denoted by Q.
929 Residues involved in activation conformational changes denoted by v (35) (B) 3D structural
930 alignment of Ctr ClpPl, Ctr ClpP2, and Ec ClpP (peptide colors as shown in multiple sequence
931 aignment). Active site residues are circled in red. (C) Space filling model of predicted 3D
932  structures. “Rear” is a 180° rotation around the Y axis to show the surface of the protein not shown
933 inthe“Front” image.

934

935 Figure 3: Overexpression of wild type or inactive ClpP proteins has varying effects on
936 Chlamydia. C. trachomatis serovar L2 was transformed with anhydrotetracycline (aTc)-inducible
937  shuttle vectors encoding either wild type or active site mutants of each ClpP paralog with a 6xHis tag
938 at the C-terminus. HEp2 cells were infected with each transformant, and expression was induced at
939  10h post infection (hpi). (A) ClpP1 wild type and S92A over expression assay. Overexpression of
940 inactive ClpPl has a negative impact on the bacteria. (B) ClpP2 wild type and S98A
941 overexpresson assay. Parameters same as described above. Overexpression does not appear to
942 negatively affect Chlamydia. Samples were stained for mgor outer membrane protein (MOMP,
943  green), 6xHistagged ClpP protein of interest (red), and DNA (blue). Representative images of three
944  independent experiments are presented. Scale bars are equal to 10 um. Images were acquired on a
945 Zeiss LSM 800 laser scanning confocal microscope with a 60x objective and a 3x digital
946  magnification. (C) Inclusion forming unit (IFU) assay measuring the effect of increasing levels of
947  ClpP protein induction on chlamydial growth. Values and error bars are averages of three
948 independent experiments and are reported as a % of the respective uninduced sample. *= P<0.05,
949  N.S.=not sgnificant.

950
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951 Figure 4. The chlamydial ClpP paralogs self-associate but do not form hetero-oligomeric
952 complexes. (A) Bacterial adenylate cyclase-based two-hybrid assay of homotypic interactions of
953 C. trachomatis (Ctr) ClpP1 and ClpP2. The indicated constructs encoding each clpP paralog fused to
954 the T18 or T25 fragment of the Cya toxin of B. pertussis were co-transformed into Acya E. coli
955 DHT1 and plated on minimal medium containing X-gal. Interactions between proteins results in the
956 formation of blue colonies. Representative images of results from at least three independent
957 experiments are shown along with positive (Zip/Zip) and negative (T25 empty vector versus T18-
958 Zip) controls. Photos set to grayscale. (B) B-Galactosidase assay results from experiments
959 performed as described in Panel (A). Y-axisis a measurement of relative units of beta-galactosidase
960 activity. X-axis indicates the test conditions for proteins fused to the T25 or T18 as indicated.
961 Interactions are considered positive when at least five times the activity of the negative control is
962 measured. Only homotypic interactions were positive in these assays. (C) Test of ClpP
963 Oligomerization by Native-PAGE. 5 pug samples were run on 4-20% native-PAGE gels and stained
964 with Coomassie for protein detection. Representative results from at least three experiments with
965 independent protein purifications are shown. The Ctr ClpP1 methionine mutant (M6L/M7I) was run
966 in a separate lane and the contrast was uniformly adjusted to help with band visualization. Native
967 molecular weight markers are shown to the left of the gel. E. coli (Ec) ClpP isincluded as a positive
968 control on thefar right of the gel. (D) Test of Heter o-oligomerization between Ctr ClpP1 and Ctr
969 ClpP2. Each recombinant protein was incubated together prior to eectrophoresis. The gel has been
970 cropped and enlarged to aid in detecting P1 and P2 hetero-oligomers, which appear to be absent
971 consistent with panel (B) results. The predicted heptamer/tetradecamer sizes in kDa are: Ctr ClpP1,
972  154/308; Ctr ClpP2 161/322; and Ec ClpP 168/336.

973
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974  Figure5: Chlamydial ClpP2, but not ClpP1, has ATPase-independent protease activity. In vitro
975 protease activity of the C. trachomatis (Ctr) CIpP proteins versus a peptide substrate. ClpP samples
976 (1 uM monomer) were incubated with the fluorometric peptide Suc-Luc-Tyr-AMC, and fluorescence
977 was analyzed over atime. (A) Relative activity is shown for each protein run with or without the
978 sodium citrate buffer. Use of sodium citrate buffer is indicated as “Sod-Cit”. Loss of activity is
979 observed for the Ctr ClpP2 catalytic serine mutant. (B) E. coli (Ec) ClpP was used as a positive
980 control. Experiments were run a minimum of three times and baseline assay values obtained with
981 buffer alone were subtracted from each sample. Average values are reported with standard error.

982

983 Figure 6: ClpP2, but not ClpP1, activity is stimulated by the antibiotic ACP1, which is
984  detrimental to chlamydial growth. (A-C) Casein (1 pg) was incubated with 1 uM of the respective
985 ClpP at 37 °C for 3 hours with or without the ACP compounds (used at 500 uM). Reactions were
986  halted by mixing samples with Laemmli followed by boiling. Samples were run on 12% SDS-PAGE
987 and stained with Coomassie. Molecular weight markers are shown to the left of each gel.
988 Representative gels are shown,; at least three experiments were performed for each protein. Ctr = C.
989 trachomatis. Ec = E. coli (D) Cell viability of ACP treated cells were analyzed with resazurin
990 assays. Values are reported as a percentage of the vehicle control and are representative of three
991 independent experiments. (E) Reinfection models of ACP drug-treated cells reported on a Logio
992 scale. A student’stwo-tailed T test was used to compare each parameter to the vehicle control (***=
993 P<0.0001). For (D) and (E), HEp2 cells were infected with C. trachomatis serovar L2, and the ACP1
994  compounds or DM SO only was added to the infected cultures at 8 hours post-infection (hpi). At 24
995  hpi, cell viability was assessed for (D), or infected cells were collected to re-infect fresh monolayers
996 to determine the recovery of inclusion forming units (IFUs) as described in Materials and Methods

997 for (E).
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