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ABSTRACT Chaperonins are essential for cellular growth under normal and stressful
conditions and consequently represent one of the most conserved and ancient protein
classes. The paradigm Escherichia coli chaperonin, EcGroEL, and its cochaperonin, Ec-
GroES, assist in the folding of proteins via an ATP-dependent mechanism. In addition to
the presence of groEL and groES homologs, groEL paralogs are found in many bacteria,
including pathogens, and have evolved poorly understood species-specific functions.
Chlamydia spp., which are obligate intracellular bacteria, have reduced genomes that
nonetheless contain three groEL genes, Chlamydia groEL (ChgroEL), ChgroEL2, and
ChgroEL3. We hypothesized that ChGroEL is the bona fide chaperonin and that the para-
logs perform novel Chlamydia-specific functions. To test our hypothesis, we investigated
the biochemical properties of ChGroEL and its cochaperonin, ChGroES, and queried the
in vivo essentiality of the three ChgroEL genes through targeted mutagenesis in Chla-
mydia trachomatis. ChGroEL hydrolyzed ATP at a rate 25% of that of EcGroEL and bound
with high affinity to ChGroES, and the ChGroEL-ChGroES complex could refold malate
dehydrogenase (MDH). The chlamydial ChGroEL was selective for its cognate cochaper-
onin, ChGroES, while EcGroEL could function with both EcGroES and ChGroES. A P35T
ChGroES mutant (ChGroESP35T) reduced ChGroEL-ChGroES interactions and MDH
folding activities but was tolerated by EcGroEL. Both ChGroEL-ChGroES and EcGroEL-
ChGroESP35T could complement an EcGroEL-EcGroES mutant. Finally, we successfully in-
activated both paralogs but not ChgroEL, leading to minor growth defects in cell culture
that were not exacerbated by heat stress. Collectively, our results support novel func-
tions for the paralogs and solidify ChGroEL as a bona fide chaperonin that is biochemi-
cally distinct from EcGroEL.

IMPORTANCE Chlamydia is an important cause of human diseases, including pneu-
monia, sexually transmitted infections, and trachoma. The chlamydial chaperonin
ChGroEL and chaperonin paralog ChGroEL2 have been associated with survival un-
der stress conditions, and ChGroEL is linked with immunopathology elicited by chla-
mydial infections. However, their exact roles in bacterial survival and disease remain
unclear. Our results further substantiate the hypotheses that ChGroEL is the primary
chlamydial chaperonin and that the paralogs play specialized roles during infection.
Furthermore, ChGroEL and the mitochondrial GroEL only functioned with their co-
chaperonin, in contrast to the promiscuous nature of GroEL from E. coli and Helico-
bacter pylori, which might indicate a divergent evolution of GroEL during the transi-
tion from a free-living organism to an obligate intracellular lifestyle.

KEYWORDS Chlamydia, GroEL, GroES, Hsp60, chaperonin

haperonins (Hsp60s) and cochaperonins (Hsp10s) are essential molecular chaper-
ones that mediate protein folding under both normal and stress conditions and are
conserved among the three domains of life (1, 2). The detailed molecular mechanism
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of this chaperonin system has been revealed from intensive biochemical and structural
studies of the Escherichia coli GroEL and GroES system (3-6). E. coli GroEL (EcGroEL) is
a tetradecamer assembled from two heptameric rings stacked back-to-back, forming
two functionally correlated cavities for binding and folding of the misfolded sub-
strate protein (7). Each EcGroEL monomer folds into three domains. (i) The apical
domain is located at the opening of the folding cavity and contains the binding
sites for the misfolded substrate protein and EcGroES. (ii) The equatorial domain
forms the bottom of the folding cavity, comprises all the inter-ring and most of the
intra-ring contacts, and contains the nucleotide binding site. (iii) The intermediate
domain connects the apical and equatorial domains, transmitting the signal be-
tween them. The cochaperonin, EcGroES, functions as a heptamer (8, 9) in which
amino acids 17 to 35 form a structurally flexible region, termed the mobile loop,
that is important for GroES-GroEL interactions. In the EcGroEL-EcGroES-ADP (10) crystal
structure, the amino acids 1,5V,¢L,, of EcGroES make direct contact with EcGroEL,
mediated largely by hydrophobic interactions. Overall, the system functions as a barrel
in which EcGroES binds to one end of the heptameric EcGroEL ring, inducing a large
domain movement in EcGroEL and leading to the formation of an enclosed cavity
where protein folding occurs.

Besides the conventional folding chaperonin, many bacteria contain multiple GroEL
paralogs (11, 12). Mycobacteria, including Mycobacterium tuberculosis, contain extra
chaperonin copies (13, 14) that play important roles in granuloma formation (15),
biofilm maturation (16), and cell wall synthesis and oxidative stress resistance (17).
Since groEL is among the few ancient genes that are essential and conserved across the
three domains of life (1, 2), it has been proposed that bacteria have evolved a
mechanism to duplicate groEL and repurpose these paralogs for specialized functions
important for individual survival (12).

Chlamydia can cause a range of respiratory, ocular, and sexually transmitted infec-
tions (STIs), the last of which is the most common CDC-reportable bacterial infection in
the United States (18). Chlamydia is an obligate intracellular Gram-negative bacterium
that undergoes a two-phase developmental cycle (19) comprised of the extracellular
infectious elementary body (EB) and the intracellular noninfectious replicative reticulate
body (RB). Chlamydia possesses a relatively small genome of ~1.0 Mb (~900 open
reading frames [ORFs]) that is hypothesized to have reached a stable point in genome
reduction, i.e., that which remains likely plays an important role in some stage of
development, growth, and/or pathogenesis (20, 21). Strikingly, its reduced genome
encodes three chaperonins, termed ChGroEL, ChGroEL2, and ChGroEL3. Sequence
identity between ChGroEL and EcGroEL is high (64%), while that between ChGroEL2 or
ChGroEL3 and EcGroEL is low (23% or 32%, respectively). Previous research found that
ChGroEL-ChGroES assists in the folding of proteins, including malate dehydrogenase
(MDH) (22), and can replace EcGroEL-EcGroES to support the growth of E. coli (23),
suggesting a conventional folding chaperone function for ChGroEL. By contrast,
ChGroEL2 and ChGroEL3 cannot substitute for EcGroEL (23), suggesting that neither
paralog duplicates the conventional folding function of a chaperonin.

We (and others) have hypothesized that Chlamydia’s lifestyle as an obligate intra-
cellular pathogen with a biphasic developmental cycle imposes a unique selection
environment resulting in novel biochemical properties of ChGroEL and the repurposing
of the chaperonin paralogs, ChGroEL2 and ChGroEL3, to fulfill pathogen-specific needs.
To further investigate the roles of the chaperonins in Chlamydia, we characterized
ChGroEL-ChGroES in vitro and in vivo using E. coli as a surrogate host and found that
the biochemical properties of ChGroEL are distinct from those of EcGroEL. In addition,
we demonstrated through the creation of intron-based insertional mutants in C.
trachomatis that ChgroEL2 and ChgroEL3 are not essential for growth in cell culture
under normal and heat-induced stress conditions. Our results further support ChGroEL
as the bona fide GroEL homolog in Chlamydia and set the stage to further elucidate the
biochemical properties and substrate preferences of chaperonins and the unique roles
of the chlamydial chaperonin paralogs.
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FIG 1 ATP hydrolysis activities of chaperonins alone or in the presence of cochaperonins. The ATP
hydrolysis rate of EcGroEL was set to 100%. All the rates are listed in Table 1. Error bars represent
standard deviations from at least three measurements. ATP hydrolysis was assayed using the malachite
green method.

RESULTS

ATP hydrolysis of ChGroEL. We initially sought to thoroughly characterize the
biochemical properties of ChGroEL to perhaps explain why additional chaperonins are
encoded by the genome of Chlamydia. ChGroEL hydrolyzed ATP at a rate 25% of that
of EcGroEL (Fig. 1 and Table 1). A prior study with ChGroEL from C. pneumoniae
reported ATP hydrolysis at a rate 50% of that of EcGroEL (22). ChGroES inhibited the
ATPase activity of ChGroEL by 50%, the same inhibitory effect seen for EcGroES with
EcGroEL (24-28). Inhibition of ChGroEL was not observed using EcGroES, suggesting
that no direct interaction between the chlamydial chaperonin and the E. coli cochap-
eronin occurred. Intriguingly, ChGroES decreased ATP hydrolysis by EcGroEL to the
same level (50%) as that by the cognate EcGroES (Table 1). These findings suggest that
the chlamydial chaperonin is selective for its cognate cochaperonin but that the E. coli
chaperonin is promiscuous and can collaborate with cochaperonin homologs.

The cochaperonin interacts with the chaperonin via a mobile loop that contains the
conserved tripeptide binding site amino acids I,5V,cL,, (ECGroES numbering) (10). The
residues following the binding site are Thr for EcGroES and Pro for ChGroES (see Fig. S1
in the supplemental material). Since structural dynamics of the mobile loop are
important for a cochaperonin-chaperonin interaction (29) and the constrained side
chain of Pro is likely to affect these dynamics, we mutated Pro to Thr in ChGroES,

TABLE 1 Biochemical characterizations of the chaperonin systems from Chlamydia and
E. coli

ATPase activity K b (nM)
Sample (mol/min) (mean [SD]) MDH yield? (%) (mean [SD])
ChGroEL 0.095 (0.007) NA< NA
ChGroEL + ChGroES 0.046 (0.005) 53.9 40.0(10.7)
ChGroEL + EcGroES 0.088 (0.027) 15.8 ND4
ChGroEL + ChGroESP35T 0.087 (0.005) 10.1 ND
EcGroEL 0.368 (0.018) NA NA
EcGroEL + EcGroES 0.163 (0.014) 60.9 6.0 (0.6)
EcGroEL + ChGroES 0.165 (0.024) 51.6 8.8(0.6)
EcGroEL + ChGroESP35T 0.274(0.019) 34.4 563.0 (39.0)

aAveraged over the last two time points (45 and 60 min).
bBinding affinity.

°NA, not available.

4dND, not detected.
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FIG 2 Folding of MDH by the chaperonin systems. Black lines, samples containing chaperonin EcGroEL;
red lines, samples containing ChGroEL. MDH activity was evaluated via its enzymatic reduction of
mesoxalic acid using electrons from NADH. Representative results from 3 experiments are shown. The
average folding yields of MDH are listed in Table 1.

creating ChGroESP35T. In the presence of ChGroESP35T, ChGroEL largely maintained its
ATPase activity (92.3% of that of wild-type ChGroEL) (Fig. 1), indicating that the P35T
mutation abolished the binding of ChGroES to ChGroEL. The mutation also weakened
binding to EcGroEL (Fig. 1), as ChGroESP35T exerted a lesser degree of inhibition (25%)
than ChGroES on the ATPase activity of EcGroEL. These findings suggest an important
role for P35 in the interaction of ChGroES with ChGroEL.

Folding activity of ChGroEL-ChGroES. We next investigated the activity of the
chlamydial chaperonin system in assisting the folding of malate dehydrogenase
(MDH). Spontaneous folding of MDH is low, and efficient folding of MDH requires
the complete chaperonin system, including chaperonin, cochaperonin, and ATP
(30). ChGroEL-ChGroES refolded MDH but with slower kinetics than EcGroEL-
EcGroES (Fig. 2). The slow MDH folding kinetics of the chlamydial chaperonin system
may be correlated with its low ATP hydrolysis rate (Fig. 1). No active MDH folding was
observed using ChGroEL-EcGroES, while the high MDH folding efficiency of EcGroEL-
EcGroES was maintained with EcGroEL-ChGroES (Fig. 2). These findings, consistent with
those from the ATPase experiments, indicate that ChGroEL is selective for its cognate
cochaperonin in contrast to EcGroEL's cochaperonin promiscuity.

The P35T mutation in ChGroES led to a loss of MDH folding activity when paired
with ChGroEL. Since folding of MDH requires an enclosed chaperonin folding cavity, the
lack of efficient MDH folding suggested no formation of ChGroEL-ChGroESP35T, sup-
porting the importance of P35 for interactions between ChGroES and ChGroEL. The
P35T mutation also impacted the folding activity of EcGroEL-ChGroES, as it lowered the
MDH folding rate and reduced the folding yield by 50% compared with that of
the wild-type ChGroEL (Fig. 2).

Binding affinity between chaperonin and cochaperonin. Since formation of the
enclosed chaperonin cavity is required for chaperone function, we measured the
binding affinity between chaperonin and cochaperonin using microscale thermopho-
resis (MST) (Fig. 3). In the presence of ADP, the EcGroEL-EcGroES interaction is tight,
with a dissociation constant (K,) of 6.0 = 0.6 nM, consistent with the values reported
by other techniques (26, 31, 32). The ChGroEL-ChGroES interaction is approximately six
times weaker, with a K; of 40.0 = 10.7 nM.

ChGroEL displayed no affinity for EcGroES under the experimental conditions
(K; >11 uM) (data not shown in Fig. 3). The lack of a ChGroEL-EcGroES interaction is
consistent with the lack of inhibition of ChGroEL's ATPase activity by EcGroES and the
lack of MDH folding activity by ChGroEL-EcGroES. By contrast, EcGroEL interacted with
ChGroES with the same binding affinity with which it interacted with the cognate
EcGroES. ChGroES and EcGroES had similar binding affinities for EcGroEL (Table 1),
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FIG 3 Chaperonin-cochaperonin interaction affinities by MST. Labeled cochaperonins were kept at a constant concentration of 10 nM while unlabeled EcGroEL
or ChGroEL was titrated. To obtain the percentage bound, the value of the bottom plateau of the curve was subtracted from each raw fluorescence value and
the result was divided by the amplitude. Data for each sample were fit to the equation y = [m1 + (m2 — m1)]/(1 + m3/x) to generate the titration line and
to derive the dissociation constant (K,). The derived K, values are summarized in Table 1.

corroborating the ability of both cochaperonins to inhibit EcGroEL’s ATPase activity and
promote the folding of MDH (Fig. 1 and 2). These findings indicate that ChGroEL has
a stringent selectivity for its cognate ChGroES but that EcGroEL can accommodate
cochaperonins of different sources.

The P35T mutation abolished ChGroES’s affinity for ChGroEL, as no binding was
observed between ChGroEL and ChGroESP35T. The mutation also impacted the bind-
ing affinity with EcGroEL, as the K, of EcGroEL-ChGroESP35T was reduced ~60-fold, to
563.0 = 39.0 nM, compared with the K, of EcGroEL-ChGroES. These findings confirm
the importance of ChGroES P35 for interactions with the chaperonin.

In vivo complementation of E. coli chaperonin function. Both EcGroEL and
EcGroES are required for cellular viability (33), as the chaperonin system assists in the
folding of a range of essential proteins (34). To further confirm the chaperone function
of ChGroEL-ChGroES and the promiscuity of the EcGroEL, we examined whether combi-
nations of the cochaperonin/chaperonin could functionally complement EcGroEL-EcGroES
using E. coli MGM100, which carries a conditionally lethal GroEL/GroES expression system.
Based on the work of Karunakaran et al. (23) that demonstrated the failure of ChGroEL2
and ChGroEL3 to complement EcGroEL and our biochemical data supporting a molecular
chaperone role for ChGroEL, complementation studies with the paralogs were not
pursued. At 37°C, the chlamydial orthologs supported cell growth in a manner similar
to that of the E. coli proteins (Fig. 4A) (also reported earlier for the C. trachomatis
chaperonin/cochaperonin [23]), although the colonies with the chlamydial substitu-
tions appeared less robust than the E. coli counterparts (Fig. 4A). However, the
chlamydial system could not fully complement the E. coli system at 42°C (Fig. 4B),
suggesting a compromised chaperone function under heat stress. Consistent with the
prior report (23) and our biochemical analysis of cochaperonin/chaperonin pairings,
ChGroEL required its cognate cochaperonin, ChGroES, to complement the E. coli
chaperonin system at 37°C. By contrast, EcGroEL functioned with ChGroES in the same
manner as with its cognate, EcGroES, and supported cell growth at both 37 and 42°C.
These observations are consistent with the chlamydial chaperonin having a stringent
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FIG 4 In vivo chaperone complementation assay using MGM100 at 37°C (A) and at 42°C (heat stress) (B).
Cells were serially diluted and plated on LB plates containing ampicillin, kanamycin, chloramphenicol,
glucose, and IPTG. The added glucose was to repress the chromosomal EcgroEL-EcgroES and the added
IPTG was to express plasmid-carried chaperonin/cochaperonin genes controlled by the lac promoter in
pTrc/pBbE5Sc or pBbES5a/pBbES5c.

requirement for its cochaperonin while the E. coli chaperonin can function with
cochaperonin homologs.

The ability of ChGroEL-ChGroES to functionally complement EcGroEL-EcGroES at
37°C was disrupted by the P35T mutation (Fig. 4A) as predicted by our biochemical data
(Table 1). However, the P35T mutation appeared not to affect chaperone function of
the EcGroEL-ChGroES pairing in vivo, as cells expressing EcGroEL-ChGroESP35T grew as
vigorously as those expressing EcGroEL-EcGroES at both 37 and 42°C. This result
deviates from our biochemical observations in which the P35T mutation reduced
ChGroES'’s effect on EcGroEL ATPase activity (Fig. 1), decreased the MDH folding rate
and yield by EcGroEL-ChGroES (Fig. 2), and weakened the binding affinity for EcGroEL
(Fig. 3).

Isolation and validation of ChgroEL2 and ChgroEL3 mutants. The results from
our in vitro biochemical experiments and E. coli complementation experiments, along
with prior studies, support ChGroEL as the bona fide GroEL chaperonin in Chlamydia
(23, 35). Consequently, we hypothesized that ChgroEL but not ChgroEL2 and ChgroEL3
would be essential for chlamydial growth in cell culture. We tested this hypothesis by
attempting to insertionally inactivate each groEL gene using a Gll intron. To inactivate
ChgroEL, ChgroEL2, and ChgroEL3, the Gl intron-containing pDFTT60 vectors targeted
for each groEL gene were separately transformed into EBs, and intron insertion mutants
were selected with spectinomycin. Mutant strains carrying intron insertions in ChgroEL2
and ChgroEL3 were obtained using pDFTT602B and pDFTT603B, respectively, while four
attempts to select mutants with two different ChgroEL-targeted introns failed to
generate mutants. Chlamydia isolates harboring ChgroEL2:Gll(aadA) and ChgroEL3:

June 2017 Volume 199 Issue 12 e00844-16

Journal of Bacteriology

jb.asm.org 6


http://jb.asm.org

Analysis of Chlamydial GroEL Chaperonins

A) Loci Maps and PCR Reactions
DFCT19 DFCT20
537/2749 bp *
ChgroEL3

1 854 bp 2 710/2922 bp *

CherolL_ Y{CheroESy SZTEIR)
A

3

*2
B) GII intron PCR C) Gene-specific PCR, insertion
N identification
(g&b N D
o K& WT _ DECTI9 _ DFCT20

) 1231231 23
3EE % 3 - B
2 el o .

lg: - - 0;_ e & L

e .5- L e

| e

FIG 5 PCR validation of DFCT19 and DFCT20. EBs were transformed with pDFTT602B and pDFTT603B to
create DFCT19 and DFCT20, respectively. Genomic DNA was isolated from both mutant strains as well as
from the wild-type strain for PCR analysis. (A) Maps of the insertion sites for ChgroEL2 and ChgroEL3 are
shown with expected PCR product sizes for the wild-type and mutated genes. (B) PCR detection of the
Gll(aadA) intron. (C) Gene-specific PCR products. Asterisks denote the mutant PCR products for ChgroEL2
and ChgroEL3. Product sizes (in kilobases) are indicated by the DNA ladder. All primer sets and expected
sizes are listed in Table S2 in the supplemental material.

Gll(aadA) mutations were plaque purified to obtain clones DFCT19 and DFCT20,
respectively.

Genomic DNA was isolated from DFCT19 and DFCT20 and used for PCR-based
analysis of intron insertion (locus maps are shown in Fig. 5A). As expected, the Gll(aadA)
intron was detected in both DFCT19 and DFCT20 (Fig. 5B), and the intron insertion
mapped to the expected locus, yielding PCR products approximately 2 kb larger than
the wild-type genes (Fig. 5C). The PCR products from the mutant loci from DFCT19 and
DFCT20 were sequenced to verify the exact locations of the intron insertions, which
matched the predicted insertion sites shown in Table S2.

Gene expression analysis of DFCT19 and DFCT20. To confirm the inactivation of
ChgroEL2 and ChgroEL3, we used reverse transcriptase PCR to test for the loss of the
gene transcripts. L2 cells were infected at a multiplicity of infection (MOI) of ~3 with
DFCT19, DFCT20, or the wild-type strain, and mRNA was harvested at 30 h post-
infection (PI) for cDNA synthesis. Negative-control reactions were run without reverse
transcriptase to ensure the absence of contaminating genomic DNA in the cDNA
preparations. All cDNA templates were assessed for the presence of ompA (chlamydial
outer membrane protein) and ChgroEL transcripts as positive controls. The ompA and
ChgroEL transcripts were detected in all strains (Fig. 6A and B), while the ChgroEL2
transcript was only detected in DFCT20 and the wild-type strain (Fig. 6C) and ChgroEL3
was detected in DFCT19 and the wild-type strain but not in DFCT20 (Fig. 6D). The
absence of wild-type ChgroEL2 and ChgroEL3 in DFCT19 and DFCT20, respectively, is
consistent with the insertional inactivation of each gene.

Growth analysis of the paralog mutants at normal and elevated temperatures.
Plaque assays were initially used to determine whether DFCT19 and DFCT20 displayed
growth differences compared with the wild-type parental strain. Plaques were allowed
to form over 14 days, were stained with neutral red, and were assessed via light
microscopy for the presence of inclusions prior to measuring. The average plaque areas
for DFCT19 and DFCT20 were both significantly smaller than that of the wild-type strain
(Fig. 7). No statistical difference in plaque areas was observed between DFCT19 and
DFCT20.

We next explored whether the growth defect observed between the wild type and
the paralog mutants was apparent over a single infection cycle, and we also explored
the sensitivity of the mutants to elevated temperatures. As we hypothesized that (i)
ChGroEL is the bona fide chaperonin responsible for normal protein folding and protein
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FIG 6 Gene expression analysis of DFCT19 and DFCT20. mRNA was extracted and purified from DFCT19,
DFCT20, and the wild-type strain. As a negative control, one extra cDNA synthesis reaction was run per
strain without the addition of reverse transcriptase. PCR was then performed to detect transcript
presence. Primers specific for the chlamydial outer membrane protein gene ompA (A) and ChgroEL (B)
were used as positive controls. The ChgroEL2-specific (C) and ChgroEL3-specific (D) primers were used to
test for the presence of wild-type transcripts in each strain. Primer sequences and expected product sizes
are listed in Table S2. Product sizes (in kilobases) are indicated by the DNA ladder. Bands lower than 0.25
kb are likely primers and were not considered.

folding under temperature stress and (ii) the paralogs perform alternative tasks, we
predicted that the mutant growth deficiencies compared with the wild-type strain
would not be exacerbated by heat stress. To aid in the analysis of growth pheno-
types via inclusion size and progeny production, we constructed strains constitutively
expressing green fluorescent protein (GFP) by transforming the DFCT19 and DFCT20 strains
with pBOMB3-bla. This E. coli-C. trachomatis shuttle vector contains the C. trachomatis
cryptic plasmid backbone and a cat-gfp fusion resulting in chloramphenicol-resistant
GFP-positive strains (36). As a control, the wild-type strain was also transformed with
pBOMB3-bla. The strains were plaque purified and expanded using chloramphenicol
selection for the parental strain (DFCT28) and chloramphenicol and spectinomycin for
the paralog mutants DFCT29 [ChgroEL2:Gll(aadA)] and DFCT30 [ChgroEL3::Gll(aadA)]. All
subsequent growth assays were carried out using only chloramphenicol to select for
the shuttle vector.

Replicate plates containing L2 cells were infected at an MOI of ~0.1 via centrifuga-
tion, and the infected cells were then incubated at either 37°C (normal temperature) or
40°C (stress temperature) for 34 h. The 40°C temperature was selected based on the

Area (mm2)
*
*

WT DFCT19 DFCT20

FIG 7 Analysis of DFCT19 and DFCT20 plaque phenotypes. Wild-type and mutant EBs from DFCT19 and
DFCT20 were used to infect confluent monolayers of L2 cells. Cells were fed using an agarose overlay and
incubated for 14 days at 37°C with 5% CO,. Plaques were stained using neutral red and microscopically
verified before plaque areas were measured. Average plaque areas in millimeters squared were calcu-
lated for each strain. Error bars represent standard errors and asterisks indicate a statistically significant
difference from the wild-type strain (P < 0.05, one-way analysis of variance [ANOVA]). No significant
differences were present between DFCT19 and DFCT20.
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FIG 8 Growth of ChgroEL2 and ChgroEL3 mutants at 40°C. Strains DFCT28, DFCT29, and DFCT30 were used
to infect L2 cells at an MOI of ~0.1. The infected cells were then incubated at either 37°C or 40°C for 34
h. (A) Inclusion areas were measured using Imagel for each strain at both temperatures. (B) Relative
inclusion sizes of DFCT29 and DFCT30 were calculated compared to DFCT28 at both temperatures and were
not significantly different. (C) Progeny production relative to input is shown. Both mutant strains, DFCT29
and DFCT30, show significant reductions in inclusion area and burst size compared with those of the
wild-type strain (DFCT28) at both temperatures. Asterisks denote a significant decrease at 37°C, while
pound signs indicate a significant decrease at 40°C (P < 0.0001, one-way ANOVA). (D) The relative burst
sizes were also calculated, showing no significant decreases at 40°C. A significant increase for DFCT29 is
denoted by a plus sign (P < 0.05, one-way ANOVA). All experiments were performed in triplicate.

study by Brothwell et al. that identified heat-sensitive mutants from a C. trachomatis
mutant library grown at 40°C, indicating that this temperature shift is sufficient to
induce stress (37). Higher temperatures typically used for inducing a more acute stress
response would likely not be sustainable for long-term culturing of the host cells (38,
39). Chlamydial growth was assessed by measuring the areas of the inclusions (Fig. 8A;
see also Fig. S3) and the burst sizes (Fig. 8C) for each strain under normal and elevated
temperatures. As observed with the plaque assay, both paralog mutants showed
significantly reduced growth compared with that of the parental strain at both tem-
peratures when inclusion size and progeny production were compared. However, when
considering the fold reduction in growth using either metric, the growth deficiencies
observed for each paralog versus the parental strain were not negatively altered by the
increase in temperature (Fig. 8B and D). This is consistent with the paralogs not playing
an essential role during growth under chronic high-temperature stress and supports
ChGroEL as the primary chaperonin.

DISCUSSION

Despite their reduced genomes, Chlamydia spp. harbor and express three putative
chaperonins, of which ChGroEL appears to be the bona fide chaperonin. ChgroEL,
located in an operon with ChgroES, is expressed during normal growth, and its
expression is upregulated during heat stress through derepression of the HrcA-CIRCE
regulatory element (38, 40). Neither the ChgroEL2 nor the ChgroEL3 promoter encodes
the CIRCE sequence recognized by HrcA, nor are the genes located next to groES
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genes (20, 35). While ChGroEL2 levels increase during iron deprivation in cell
culture, ChGroEL3 has yet to be correlated with a specific stress response (41).
Interestingly, ChGroEL is antigenic in chlamydia-infected humans, and immune
responses to ChGroEL have been associated with increased pathology, including
tubal factor infertility (42, 43). We sought to further characterize the biochemical
function of ChGroEL and to determine the essentiality of ChGroEL and its enigmatic
paralogs, ChGroEL2 and ChGroEL3, for chlamydial growth under normal and temper-
ature stress conditions to further elucidate why these reduced genome pathogens
possess multiple chaperonins.

Our inability to inactivate ChgroEL is consistent with the predicted essentiality of this
gene based on our biochemical and complementation studies and further supports its
designation as the bona fide chaperonin. We also found that ChGroEL has properties
distinct from those of EcGroEL. ChGroEL hydrolyzed ATP at a rate 25% of that of
EcGroEL, and ChGroEL-ChGroES mediated MDH folding with slower kinetics than
EcGroEL-EcGroES. In addition, ChGroEL interacted with ChGroES with a K six-fold lower
than that for the EcGroEL-EcGroES interaction.

Importantly, we found that the chlamydial ChGroEL functions only with its cognate
ChGroES but that EcGroEL is promiscuous and can function with cochaperonin ho-
mologs. The human mitochondrial chaperonin mtHsp60 has also been shown to
function only with its cochaperonin, mtHsp10, and not with EcGroES, while EcGroEL can
collaborate with mtHsp10 as effectively as with EcGroES in the MDH folding assay (44).
Consistent with these findings, mtHsp60-EcGroES did not substitute for EcGroEL-
EcGroES, while EcGroEL-mtHsp10 did in our E. coli complementation assays (see Fig.
S2 in the supplemental material). Interestingly, EcGroEL could also function with the
cochaperonin GroES from Helicobacter pylori (HpGroES) (Fig. S2), further supporting the
promiscuity of EcGroEL. Compared with E. coli, which carries ~4,300 ORFs (45), intra-
cellular Chlamydia and mitochondria have much-reduced proteomes, with ~900 ORFs
for Chlamydia (20) and ~1,000 proteins found in mitochondria (46). In addition, the
intracellular organisms do not possess the complete sets of proteins required for
viability outside a host cell. We speculate that the cochaperonin specificity of reduced-
genome organisms/organelles, particularly that of intracellular organisms, may have
evolved to focus on the efficient folding of a small specialized proteome unique to
their lifestyle. By contrast, the ability of the E. coli chaperonin to function with the
cochaperonin homologs may be associated with its requirement to fold a more diverse
proteome. Our results support the possibility that individual chaperonin systems have
distinct properties required to maintain protein homeostasis for their host organism.
Information about such distinctive chaperonin properties is important for understand-
ing how ancient proteins such as chaperonins have been exploited by organisms to
adapt to different environments and lifestyles. In addition, these distinctive chaperonin
properties could be explored as organism-specific targets for therapeutics or antimi-
crobials. For example, because deficiencies in the human mitochondrial chaperonin
system are associated with various diseases, including neurodegeneration (47), re-
agents specifically improving the activity of mtHsp60-mtHsp10 could be therapeutically
useful.

In addition to the mechanistic adaptability of chaperonins supported by our results,
chaperonins also have been shown to evolve new functions. Many bacteria contain more
than one chaperonin: ~30% of bacteria whose genomes have been sequenced (189 of
669) contain chaperonin paralogs, ~21% contain one paralog, ~5.4% contain two
paralogs, and one bacterium contains six paralogs (11). The best-studied chaperonin
paralogs are found in mycobacteria, and these paralogs are associated with nonfolding
biological functions ranging from granuloma formation (15) and biofilm maturation
(16) to cell wall synthesis and oxidative stress resistance (17). In support of novel
functions (48), the mycobacterial paralog appears to exist as a dimer (49), in contrast to
the conventional folding-related tetradecamer (7). Limited molecular studies of paral-
ogs from Thermosynechococcus elongatus and Myxococcus xanthus support roles in
survival under temperature stress for both organisms, along with roles in predation and
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development for M. xanthus (50, 51). Knowledge of the paralogs’ novel functions not
only is important for mechanistic understandings of their particular roles in the
associated biological processes of the organisms but also can provide molecular
insights into organism evolution. For example, the duplication and repurposed function
of a chaperonin may have been necessary to meet a specific survival challenge,
allowing an organism to expand into a new niche (11, 12).

In this study, we demonstrated that the chlamydial chaperonin paralogs ChGroEL2
and ChGroEL3 were not essential for Chlamydia under the culture conditions used,
supporting the possibility that the paralogs have evolved novel functions in Chlamydia.
In support of evolved functions, both paralogs have divergent sequences with low
sequence identities (~23%) with EcGroEL, in contrast to the high sequence identity
(64%) between ChGroEL and EcGroEL. Our observations that the paralog mutants
generated smaller plaques and smaller inclusions and produced fewer progeny at both
normal and elevated temperatures than the wild-type strain suggest that while they are
not essential, both paralogs play an undefined role in chlamydial growth in cell culture.
Interestingly, we saw increases in both inclusion and burst sizes for the wild-type strain
and paralog mutants when incubated at 40°C compared with those at 37°C. We
speculate that this difference may be due to impaired innate processes of the mouse
cell line that would normally be restrictive at 37°C. However, this difference does not
appear to impact the relative growth of the mutants compared with that of the
wild-type strain at 37°C versus 40°C, with the exception of a slight increase in relative
growth for DFCT29. In reference to paralog function, we hypothesize that the “generic”
deleterious growth effects are likely to be exacerbated under non-heat-induced stress
conditions. Further experiments to assess growth defects of the mutant strains under
stress conditions in cell culture and using an animal model should shed light on how
these proteins contribute to chlamydial biology and infection.

MATERIALS AND METHODS

Culturing of cells and bacteria. Hela cells were used for all C. trachomatis transformations and
plaque expansions, while L2 mouse fibroblast cells were used for plaque assays, Chlamydia infections
destined for mRNA extraction, and temperature-sensitive growth analysis of mutants (strains are listed in
Table S1 in the supplemental material) (52, 53). Cell lines were grown in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO.. For the growth
of C. trachomatis L2 434/Bu (GenBank accession no. NC_010287), confluent cell monolayers were infected
with EBs via centrifugation at 545 g for 1 h or by rocking for 2 h with 5% CO, for plaque assays. Once
infected, cells were grown at 37°C with 5% CO, in DMEM with 10% FBS, 0.2 ug/ml cycloheximide, and
1 nonessential amino acids. For growth of Gll(aadA) mutant strains of C. trachomatis, spectinomycin
was added at 500 pg/ml, and 0.4 wg/ml chloramphenicol was used for strains carrying pBOMB3-bla (36,
54). Assays comparing growth differences between chlamydial strains used only the antibiotics appro-
priate for resistance markers carried by all strains being tested. E. coli strain NEB 10-beta or DH5« was
used for all cloning procedures, and E. coli BL21(DE3) was used for protein production. E. coli was grown
in LB broth or on LB agar containing chloramphenicol (20 or 50 pg/ml), ampicillin (100 wg/ml), or
kanamycin (50 png/ml) at 30 or 37°C.

Protein expression and purification. Genes encoding ChGroEL and ChGroES were amplified from
genomic DNA of Chlamydia muridarum strain Nigg (55) via PCR and cloned into pET15b via Ncol/BamHlI
and Ndel/BamHI, respectively, to express native ChGroEL and Hiss-ChGroES. The ChGroESP35T mutation
was generated using the QuikChange kit (Agilent). Plasmid inserts were verified using Sanger sequencing
performed by the IU Center for Genomics and Bioinformatics. Conditions for cell growth, induction of
protein expression, and protein purification have been described previously (24).

ATPase activity assays via malachite green. Chaperonins and cochaperonins were dialyzed into
TEA reaction buffer (50 mM triethanolamine [pH 7.5], 50 mM KCI, and 20 mM MgCl,) to final concen-
trations of 0.125 uM for the tetradecameric chaperonins and 0.3 uM for the heptameric cochaperonins.
ATPase activity was measured via malachite green as previously described (24). Absorption at 660 nm
(Agso) Was measured, and the final Ay, values were averages from three readings. The amount of
hydrolyzed free phosphate was derived from a standard curve, and the hydrolysis rate was normalized
to the chaperonin EcGroEL or ChGroEL monomer and expressed as the amount of PO, per minute per
monomer. At least three independent experiments were performed.

MDH refolding assay. Chaperonins and cochaperonins were dialyzed into TEA reaction buffer.
Malate dehydrogenase (MDH; Roche) was unfolded in TEA buffer including 3 M guanidine HCl to a final
concentration of 36.7 uM (monomeric MDH) for 60 min prior to the experiments. MDH refolding assays
were carried out by monitoring the enzymatic activity of the refolded MDH at A,,, (24). The final protein
concentrations were 1 uM chaperonin, 4 uM cochaperonin, and 0.7 uM monomeric MDH. The enzymatic
activity of native MDH was set to 100%, and at least three independent experiments were performed.
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Chaperonin-cochaperonin binding via MST assay. Chaperonins EcGroES, ChGroES, and
ChGroESP35T were fluorescently labeled with DyLight 650 NHS ester amine-reactive dye (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The labeled chaperonins were separated from the
free dye using MidiTrap (GE Healthcare) followed by dialysis (50 mM Tris HCI [pH 7.5], 100 mM KCl, 10
mM MgCl,, and 1 mM EDTA), and the concentrations were measured using the Bradford assay. A serial
dilution of 15 samples for each unlabeled protein (EcGroEL and ChGroEL) was prepared in the binding
buffer (50 mM Tris HCl [pH 7.5], 100 mM KCl, 10 mM MgCl,, 1 mM EDTA, 2 mM ADP, and 0.5 mg/ml
bovine serum albumin [BSA]). Next, 10 ul of the unlabeled protein was incubated with 10 ul of the
labeled cochaperonin for 30 min, and the solution was loaded into a glass capillary (NanoTemper
Technologies) for MST measurements. The thermophoresis measurements were carried out using a
NanoTemper Monolith NT115 (NanoTemper Technologies) with 80% light-emitting diode (LED) power
and 40% infrared (IR) laser power. At least three independent experiments were performed. Initial MST
data were processed using Monolith NT115, and the dissociation constant (K,) was determined using
KaleidaGraph by fitting the equation y = [m1 + (m2 — m1)]/(1 + m3/x), where m1 is the thermophoresis
reading of the labeled cochaperonin in the absence of the unlabeled titrating protein, m2 is the
thermophoresis reading when all the labeled cochaperonin was bound with the unlabeled titrating
protein, and m3 is the K.

E. coli MGM100 in vivo complementation assay. E. coli MGM100 (kanamycin resistant) was
obtained from the E. coli Genetic Stock Center of Yale University and grown in LB medium containing
kanamycin and 0.2% arabinose, as the genomic copies of groEL and groES in MGM100 are under the
control of the ara promoter (56). MGM100 is viable only in the presence of arabinose and is not viable
in the presence of the repressor glucose. The plasmids pTrc and pBbE5a (ampicillin resistant) were used
to express chaperonins EcGroEL and ChGroEL. pBbE5c (chloramphenicol resistant) was used to express
cochaperonins EcGroES, ChGroES, and ChGroESP35T. These plasmids contain the lac promoter, and
protein expression can be induced by IPTG (isopropyl-B-p-thiogalactopyranoside). Both pBbE5a and
pBbE5c belong to the BglBrick series (57). CaCl,-competent MGM100 cells were cotransformed with both
plasmids and plated onto LB agar containing kanamycin, ampicillin, chloramphenicol (50 pg/ml), and
0.2% (wt/vol) arabinose. Cultures (5 ml of LB with antibiotics and arabinose) from single colonies were
grown at 37°C with shaking overnight. Culture densities were measured via optical density at 600 nm
(ODgq0) and adjusted to an ODy,, of 0.6. Serial dilutions (10" to 10~7) were prepared with LB without
antibiotics or arabinose, and 5 ul of each dilution was pipetted onto LB agar containing antibiotics, 0.2%
(wt/vol) glucose, and 0.1 uM IPTG. Plates were incubated at 37°C or 42°C for 18 h.

Construction of pDFTT60 vectors. The group Il intron in pDFTT3aadA was retargeted to two
predicted insertion sites for ChgroEL, ChgroEL2, and ChgroEL3 within the C. trachomatis L2 434/Bu
genome (58) as described by Johnson and Fisher (59) using unique IBS/EBS1d/EBS2 primer sets along
with the universal EBS primer. Primer sets (listed in Table S2) were used for each gene, yielding the intron
donor vectors pDFTT601A, pDFTT601B, pDFTT602A, pDFTT602B, pDFTT603A, and pDFTT603B. After
ligation, products were transformed into electrocompetent E. coli and bacteria were plated on LB agar
with 20 ug/ml chloramphenicol for selection. Recombinant vectors were isolated and the retargeted sites
were verified by sequencing. DNA was routinely isolated using GeneJET DNA kits (Thermo Fisher
Scientific), and Sanger DNA sequencing was performed by Macrogen USA.

Creation of ChGroEL insertion mutants. Transformation of the pDFTT60 vector series into C.
trachomatis L2 434/Bu and mutant selection were performed as described by Lowden et al. (54). HelLa
cells were used for the initial passages and expansion of plaque isolates, while L2 mouse fibroblast cells
were used for plaque isolation of mutants. For all selection steps, spectinomycin was added at a
concentration of 500 pg/ml. Isolated plaques were stored in sucrose-phosphate-glutamic acid (SPG)
medium and expanded in cell culture. Mutant strains DFCT19 and DFCT20 were isolated from transfor-
mations with pDFTT602B and pDFTT603B, respectively, which targeted either ChgroEL2 or ChgroEL3.

Molecular validation of DFCT19 and DFCT20. Genomic DNA from DFCT19 and DFCT20 was
isolated using the DNeasy blood and tissue kit (Qiagen) and was used for PCR along with Phusion
high-fidelity PCR master mix. For each reaction, either 1 ng of plasmid DNA or 50 ng of genomic DNA
was used as the template. The expected product sizes are listed in Table S2. PCR products were run on
1% agarose gels before being stained with ethidium bromide and were viewed via UV transillumination.

For DNA sequencing, ChgroEL2 from DFCT19 and ChgroEL3 from DFCT20 were amplified using the
respective primer sets 60_2F/60_2R and 60_3F/60_3R and ligated into pJET1.2 from the CloneJET PCR
cloning kit (Thermo Fisher Scientific). Transformants were isolated and plasmid DNA was extracted for
Sanger sequencing. Inserts were sequenced using primers pJET1.2F and pJET1.2R, and sequences were
analyzed in comparison to the wild-type sequence from C. trachomatis L2 434/Bu.

mRNA isolation and reverse transcriptase PCR. Two wells of a 24-well plate containing a confluent
monolayer of L2 mouse cells were infected with either wild-type C. trachomatis L2 434/Bu, DFCT19, or
DFCT20 EBs at an MOI of ~3 by centrifugation. At 30 h postinfection, cells were washed three times with
phosphate-buffered saline (PBS) and 500 wl of TRI reagent (Molecular Research Center) was used to
harvest cell contents from each well, yielding 1-ml pooled samples. RNA extraction was performed
according to the TRI reagent protocol. Extracted RNA portions were washed twice in 70% ethanol to
remove excess salt and resuspended in 50 ul of TE buffer (10 mM Tris-HCl [pH 8] with 1 mM EDTA). Host
cell RNA and rRNAs were removed using the MICROBEnrich and MICROBExpress kits (Ambion), and
purified RNA was resuspended in 50 ul of nuclease free water. The random hexamer primer protocol of
the Maxima H Minus First Strand cDNA synthesis kit with double-strand-specific DNase (dsDNase)
(Thermo Fisher Scientific) was then used to synthesize cDNA. For each RNA sample, two reaction mixtures
were set up containing either reverse transcriptase or water as a control. PCR was performed using
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Fermentas 2 master mix (Thermo Fisher Scientific) in 50-ul reaction mixtures containing 2 ul of each
cDNA reaction product as the template. Primer sets 60_1F/60_1R, 60_2F/60_2R, 60_3F/60_3R, and
FPompA/RPompA were used to amplify each sample over 30 cycles, and 10 ul of each PCR product was
separated on 1% agarose gels before ethidium bromide staining and viewing via UV transillumination.

C. trachomatis plaque assay phenotype analysis. Confluent L2 mouse cells in 60-mm cell culture

dishes were infected with ~20 EBs of either the wild type, DFCT19, or DFCT20 by rocking for 1 h at 37°C
or for 2 h at 37°C with 5% CO,. The medium was replaced with an agarose overlay and plaque dishes
were fed with fresh agarose overlays at 5-day intervals. Plaques were then stained with neutral red after
14 days of incubation and verified using light microscopy, and plaque dimensions were measured with
a hand loupe. Plaque areas were calculated and the average plaque area was determined for each strain.
All assays were performed in the absence of spectinomycin.

Growth of chlamydial strains at an elevated temperature. To facilitate the assessment of any

growth differences among the wild type and the mutant chlamydial strains at an elevated temperature,
strains carrying a GFP-producing vector were constructed. The pBOMB3 vector (kindly provided by Ted
Hackstadt) (36) was modified via removal of the bla resistance cassette using inverse PCR and primers
BOMB3-blaF and BOMB3-blaR. Briefly, PCR was performed using Phusion high-fidelity polymerase and
the PCR product was gel purified and self-ligated. Ligation products were transformed into NEB 10-beta
E. coli, and transformants were selected with chloramphenicol at 20 ug/ml. The pBOMB3-bla plasmid was
then isolated and sequenced in its entirety to ensure that no errors were introduced into the cryptic
plasmid backbone and shuttle region of the vector during PCR. The vector was then transformed into the
parental strain and the ChgroEL2 and ChgroEL3 mutants, DFCT19 and DFCT20, respectively, using our
transformation protocol and the chloramphenicol selection protocol described by Weber et al. (36)
except that chloramphenicol was used at 0.4 pg/ml starting at passage 3 instead of passage 4. The
resulting strains, DFCT28 (parental background), DFCT29 (DFCT19 background), and DFCT30 (DFCT20
background), were plaque purified and expanded, and we determined the titers using the inclusion-
forming unit (IFU) assay (53) with vector-encoded GFP fluorescence as an inclusion marker.

via centrifugation at 545

Confluent L2 cells in 96-well plates were infected at an MOI of ~0.1 with DFCT28, DFCT29, or DFCT30
g for 1 h using medium supplemented with chloramphenicol at 0.4 pg/ml.

Duplicate plates were then incubated for 1 h at 37°C with 5% CO, before being incubated at either 37°C

or 40°C with 5% CO,. At 34 h postinfection, fluorescent inclusions were imaged at

400 magnification

using a Leica DMIL microscope fitted with a Leica EC4 camera and LAS EZ software (Leica). The
cross-sectional areas of inclusions were measured using ImageJ (freeware from https://www.nih.gov/) for
at least 95 inclusions per strain. Progeny were then harvested from the wells, and the IFU assay was
performed to measure infectious EBs. All experiments were performed in triplicate with three technical
replicates used per type for each assay.
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