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ABSTRACT The obligate intracellular pathogen Chlamydia trachomatis is the lead-
ing cause of noncongenital blindness and causative agent of the most common sex-
ually transmitted infection of bacterial origin. With a reduced genome, C. trachoma-
tis is dependent on its host for survival, in part due to a need for the host cell to
compensate for incomplete bacterial metabolic pathways. However, relatively little is
known regarding how C. trachomatis is able to hijack host cell metabolism. In this
study, we show that two host glycolytic enzymes, aldolase A and pyruvate kinase, as
well as lactate dehydrogenase, are enriched at the C. trachomatis inclusion mem-
brane during infection. Inclusion localization was not species specific, since a similar
phenotype was observed with C. muridarum. Time course experiments showed that
the number of positive inclusions increased throughout the developmental cycle. In
addition, these host enzymes colocalized to the same inclusion, and their localiza-
tion did not appear to be dependent on sustained bacterial protein synthesis or on
intact host actin, vesicular trafficking, or microtubules. Depletion of the host glyco-
lytic enzyme aldolase A resulted in decreased inclusion size and infectious progeny
production, indicating a role for host glycolysis in bacterial growth. Finally, quantita-
tive PCR analysis showed that expression of C. trachomatis glycolytic enzymes in-
versely correlated with host enzyme localization at the inclusion. We discuss poten-
tial mechanisms leading to inclusion localization of host glycolytic enzymes and how
it could benefit the bacteria. Altogether, our findings provide further insight into the
intricate relationship between host and bacterial metabolism during Chlamydia in-
fection.
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he pathogen Chlamydia trachomatis is the leading cause of noncongenital blind-
ness and causative agent of the most common sexually transmitted infection of
bacterial origin (1). As an obligate intracellular pathogen with a small genome (1 Mb),
C. trachomatis is strictly dependent on the host cell to complete its developmental
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port chain to produce ATP through oxidative phosphorylation (11). In addition, C.
trachomatis was found to have an intact pentose phosphate pathway and a partial citric
acid (tricarboxylic acid [TCA]) cycle (11, 12). Although these findings indicate that C.
trachomatis is not merely an energy parasite, there is evidence to suggest that C.
trachomatis is in part dependent on the host cell for energy production. For example,
the nucleotide transporters Npt1 and Npt2 are highly expressed in Chlamydia RBs (13,
14), indicating that Chlamydia is reliant on scavenging ATP and NAD™ from the host
(15, 16).

In addition to oxidative phosphorylation, glycolysis is another major source of
cellular energy. Glycolysis relies on the function of 10 different enzymes to sequentially
convert glucose into pyruvate and NAD™ to NADH, producing ATP in the process (17).
Sequencing of the C. trachomatis genome identified a nearly full set of glycolytic
enzymes, lacking only the gene for hexokinase, the first enzyme of the pathway
responsible for converting glucose to glucose-6-phosphate (11). Instead, glucose-6-
phosphate is taken directly from the host cell via the UhpC antiporter produced by
Chlamydia (18). Heterologous expression of C. trachomatis glycolytic enzymes in Esch-
erichia coli confirmed their functionality (19). However, the C. trachomatis glycolytic
enzymes were proposed to be expendable, as saturated ethyl methanesulfonate mu-
tagenesis resulted in a loss-of-function mutation in bacterial glucose-6-phosphate
isomerase (pgi), the enzyme responsible for shuttling glucose-6-phosphate into the
glycolytic pathway (20).

More recently, a genome-wide RNA interference screen performed by Rother et al.
suggested that two host glycolytic enzymes, glucose-6-phosphate isomerase and
6-phosphofructokinase, were potentially involved in Chlamydia progeny production
(21). However, these results were not validated. The same study also profiled metab-
olites of central carbon metabolism after Chlamydia infection and observed elevated
levels of pyruvate, lactate, and glutamate. An increase in these metabolites is indicative
of Warburg metabolism, a metabolic state commonly observed in cancer cells that is
characterized by the increased utilization of glycolysis rather than oxidative phosphor-
ylation, resulting in the increased production of lactate (22-24). In this metabolic state,
the upregulation of glycolysis leads to an accumulation of glycolytic intermediates that
can be shuttled into the pentose phosphate pathway and used for ribonucleotide
synthesis. Thus, Rother et al. (21) concluded that, much like what occurs in cancer cells,
Chlamydia is able to shift the host cell into a hypermetabolic state in order to meet the
high energetic demand of bacterial replication. However, whether this upregulation of
host glycolysis is influenced by the localization of host glycolytic enzymes in relation to
the C. trachomatis inclusion remains unknown.

In the present study, we show that several of the host glycolytic enzymes localized
at the inclusion membrane and that the number of positive inclusions increased as the
developmental cycle progressed. Moreover, knockdown of the host glycolytic enzyme
aldolase A (AldoA) resulted in reduced inclusion size and decreased infectious progeny
production, suggesting a role for host glycolysis in bacterial development. Lastly,
quantitative PCR (gPCR) analysis of C. trachomatis glycolytic enzymes showed their
downregulation throughout the developmental cycle. These novel findings further
shed light on host and bacterial metabolism throughout Chlamydia development.

RESULTS

Host glycolytic enzymes localize at the Chlamydia inclusion membrane. In order
to investigate how Chlamydia hijacks host metabolism, specifically glycolysis, we
generated 3XFLAG-tagged constructs of two host enzymes involved in glycolysis
(aldolase A and pyruvate kinase) and one acting directly on the end product of
glycolysis (lactate dehydrogenase). In Hela cells transfected with these constructs, the
enzymes exhibited diffuse expression throughout the cytosol with enrichment at the
leading edge of the cell (see Fig. S1 in the supplemental material). However, when Hela
cells expressing these constructs were infected with a strain of C. trachomatis serovar
L2 expressing mCherry (mCherry CtL2) for 24 h, the signal corresponding to the
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FIG 1 Host glycolytic enzymes are enriched at the Chlamydia inclusion membrane. (A) Confocal micrographs of HeLa cells expressing 3 XFLAG-tagged aldolase
A (3XF-AldoA), pyruvate kinase (3XF-PKM2), or lactate dehydrogenase (3XF-LDHA), infected for 24 h with the mCherry CtL2 strain (red) and immunostained
with anti-FLAG antibodies (green). The merge is shown on the right. Scale bar, 10 um. (B and C) For each of the indicated 3XFLAG-tagged host enzymes,
quantification of the percent enrichment at the inclusion (B) and the percentage of positive inclusions (C) was performed. The quantification methods are
described in Materials and Methods. Data show means and SD of a combination of three independent experiments. (D) Confocal micrographs of HelLa cells
expressing the indicated 3XFLAG-tagged enzyme, infected for 24 h with the mCherry CtL2 strain (red) and coimmunostained with anti-FLAG (yellow) and
anti-IncA (blue) antibodies. The merge is shown on the right. Scale bar, 5 um. (E) Line intensity scan analyses of the micrographs depicted in panel D, indicating
the coincidence of 3XFLAG-tagged host enzyme constructs (yellow lines) and the inclusion membrane protein IncA (blue lines). (F) Confocal micrographs of
Hela cells expressing the indicated 3 XFLAG-tagged enzyme, infected for 24 h with a C. muridarum strain expressing mCherry (red) and stained with anti-FLAG
(yellow) antibodies. The merge is on the right. Scale bar, 10 um.

enzymes appeared enriched as a ring around the inclusion (Fig. 1A). Quantification of
this enrichment revealed that the enzymes were enriched by 40% at the inclusion
compared to the surrounding cytosol (Fig. 1B). Moreover, quantification of the number
of positive inclusions revealed that, for all three enzymes, 60% of the inclusions were
positive (Fig. 1Q).

To determine whether the enzymes were localized specifically at the inclusion
membrane or simply to the periphery of the inclusion, Hela cells expressing the
3XFLAG-tagged enzymes were infected with the mCherry CtL2 strain for 24 h and
stained with the IncA antibody to denote the inclusion membrane (25, 26). Confocal
imaging and line intensity scan analysis showed that enrichment of the host glycolytic
enzymes overlap with the IncA staining, indicating that the host glycolytic enzymes are
localizing at the inclusion membrane (Fig. 1D and E). In addition, localization of host
glycolytic enzymes extends to other Chlamydia species as the 3 XFLAG-tagged enzymes
were localized at Chlamydia muridarum inclusions at 24 h postinfection (Fig. 1F).
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FIG 2 Host glycolytic enzymes localize together at the inclusion membrane. (A) Confocal micrographs of Hela cells
coexpressing HA-tagged AldoA (yellow) and 3 XFLAG-tagged, PKM2, or LDHA (blue) and infected with the mCherry CtL2 strain
(red). The infected cells were fixed at 24 h postinfection and coimmunostained with anti-HA and anti-FLAG antibodies. The
merge is shown on the right. Scale bar, 5 um. (B) Quantification of the percentage of inclusions positive for both the HA- and
3XFLAG-tagged enzyme (green bars), neither enzyme (white bars), the 3XFLAG-tagged enzyme alone (cyan bars), or the
HA-tagged enzyme alone (yellow bars). Data show the means and SD of a combination of three independent experiments.

Altogether, these results indicate that host glycolytic enzymes are localized at the
Chlamydia inclusion membrane and that this localization is not species specific.

Host glycolytic enzymes localize together at the C. trachomatis inclusion mem-
brane. We next sought to determine whether the host glycolytic enzymes were
localized together at the same inclusions. Hela cells were cotransfected to express both
HA-tagged aldolase A and 3XFLAG-tagged pyruvate kinase, or lactate dehydrogenase
(Fig. 2A). Approximately 60% of inclusions were positive for both the HA- and 3 XFLAG-
tagged enzymes, matching the level of localization observed for the individual enzymes
in Fig. 1C. Fewer than 10% of inclusions were positive for only one enzyme, while
approximately 30% of inclusions were negative (Fig. 2B). These results indicate that
host glycolytic enzymes are localized together at the same inclusions.

The percentage of aldolase A positive inclusions increases over time and is not
due to nutrient deprivation or sustained de novo bacterial protein synthesis. We
next characterized the inclusion localization of the host glycolytic enzymes over time.
Since our data showed that all three enzymes behaved similarly (Fig. 1), we chose to
focus on Aldolase A for further experiments. Hela cells expressing 3 XFLAG-Aldolase A
were infected with the mCherry CtL2 strain and, at the indicated time point (8, 18, 24,
or 32 h) postinfection, the cells were fixed, immunostained with anti-Flag antibodies,
and processed for confocal microscopy. Inclusions were negative for aldolase A at 8 h
postinfection (see Fig. S2 in the supplemental material). However, the number of
positive inclusions steadily increased over time, with 48, 66, and 81% of inclusions
exhibiting inclusion localization at 18, 24, and 32 h postinfection, respectively (Fig. 3A).
An increase in the number of positive inclusions over time was still observed when
infection was performed in the presence of cycloheximide to inhibit eukaryotic protein
synthesis (Fig. 3A), ruling out that the phenotype was an artifact of increased overex-
pression of the aldolase A over time. Moreover, overexpression of two metabolic
enzymes involved in the purine biosynthesis pathway, and unrelated to glycolysis, (i.e.,
green fluorescent protein-tagged glycinamide ribonucleotide transformylase [GART]
and Phosphoribosylaminoimidazole carboxylase [PAICS]) did not result in inclusion
localization of these enzymes (see Fig. S3 in the supplemental material).

Since we observed an increase in the number of positive inclusions over time, we
wondered whether this increase could be due to depletion of nutrients as the bacteria
and cells continued to grow and divide. To answer this question, HelLa cells expressing
3XFLAG-aldolase A were infected with the mCherry CtL2 strain for 18 h, at which point
nutrients were replenished, or not, by the addition of fresh media. The infected cells
were fixed at 24 h postinfection, and the number of aldolase A-positive inclusions was
determined (Fig. 3B). If nutrient deprivation played a significant role in host glycolytic
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FIG 3 The percentage of aldolase A-positive inclusions increases over time and is not due to nutrient deprivation or
sustained de novo bacterial protein synthesis. HeLa cells expressing 3 XFLAG-tagged AldoA were infected with the mCherry
CtL2 strain then fixed and stained with anti-FLAG antibodies at the indicated time postinfection. (A) Quantification of the
percentage of inclusions positive for 3XFLAG-AldoA at 8, 18, 24, and 32 h postinfection in the absence or presence of
1 ng/ml cycloheximide (CHX). (B) Quantification of the percentage of 3 XFLAG-AldoA-positive inclusions at 18, 24, or 24 h
postinfection with medium replacement at 18 h postinfection (24 h*). (C) Quantification of the percentage of 3XFLAG-
AldoA positive inclusions at 24 h postinfection (-CHL) or after an additional 8 h of incubation with 40 ug/ml chloram-
phenicol and fixed at 32 h postinfection (+CHL). Data show the means and SD of a combination of three independent
experiments. ** P < 0.01; *** P < 0.001; **** P < 0.0001; ns, not statistically significant (Student t test or one-way ANOVA

with multiple comparisons).

enzyme inclusion localization, we expected that at 24 h postinfection, the percentage
of positive inclusions in the media replacement condition would be that of an 18h
infection. However, the number of positive inclusions did not significantly differ from
conditions in which the medium was not replaced (Fig. 3B, 24 h versus 24 h*).

We next wanted to determine whether continuous de novo bacterial protein syn-
thesis was required to maintain aldolase A localization at the inclusion. Hela cells
expressing 3XFLAG-aldolase A were infected with the mCherry CtL2 strain for 24 h,
followed by 8 h of treatment with 40 ug/ml chloramphenicol to halt bacterial protein
synthesis. At 32 h postinfection, the cells were fixed and processed for confocal
microscopy. Untreated cells, fixed at 24 h postinfection, served as a control. Treatment
with chloramphenicol did not result in a decrease in the number of positive inclusions
compared to the untreated control (Fig. 3C).

Together, these results indicate that the number of aldolase A-positive inclusions
increases throughout the development cycle and that this increase is not due to the
depletion of nutrients. Moreover, continuous de novo bacterial protein synthesis is not
required for sustained localization of aldolase A at the inclusion.

F-actin, host cell microtubule dynamics, and vesicular trafficking do not play a
role in aldolase A localization at the inclusion. Since sustained active bacterial
protein synthesis did not appear to play a role in aldolase A localization at the inclusion,
we tested whether host cell factors were responsible. Aldolase A has been previously
shown to bind F-actin (27, 28). It has also been shown that Chlamydia inclusions are
encased within a cage of F-actin filaments (29). To determine whether host cell actin
played a role in aldolase A localization at the inclusion, Hela cells expressing 3 XFLAG-
aldolase A were infected with the mCherry CtL2 strain. At 23.5 h postinfection, infected
cells were incubated with or without cytochalasin D to inhibit actin polymerization (see
Fig. S4A in the supplemental material). The cells were fixed at 24 h postinfection and
immunostained with anti-Flag antibodies, and the percentage of aldolase A-positive
inclusions was determined. Treatment with cytochalasin D did not significantly de-
crease the percentage of positive inclusions (Fig. 4A). However, cytochalasin D can
affect cell morphology and have a confounding effect on quantification. Thus, we
addressed a possible role for actin with two additional approaches. First, we utilized the
R42A and R148A mutants of aldolase A that have been previously shown to have
minimal binding to F-actin (28). HelLa cells expressing either wild-type (WT), R42A, or
R148A aldolase A were infected with the mCherry CtL2 strain. At 24 h postinfection, the
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FIG 4 F-actin, host cell microtubule dynamics, and vesicular trafficking do not play a role in the
localization of aldolase A at the inclusion. HelLa cells expressing 3XFLAG-AldoA and infected with the
mCherry CtL2 strain were fixed at 24 h postinfection and immunostained with anti-FLAG antibodies. (A,
D, and E) Quantification of the percentage of inclusions positive for 3XFLAG-AldoA following treatment
with T uM cytochalasin D (Cyto D) at 23.5 h postinfection (A), 33 uM nocodazole at 23.5 h postinfection
(D), or 1 ug/ml brefeldin A at 6 h postinfection (E). (B) Quantification of the percentage of inclusions
positive for 3XFLAG- AldoA in Hela cells expressing wild-type 3 XFLAG-AldoA (WT), or point mutants no
longer able to bind actin 3XFLAG-R42A AldoA (R42A) and 3 XFLAG-R148A AldoA (R148A). (C) Quantifi-
cation of the percentage of inclusions positive for 3XFLAG-AIdoA in Hela cells infected with wild-type
C. trachomatis (WT) or an inaC mutant strain (inaC:aadA). Data show the means and the SD of a
combination of three independent experiments. ns, not statistically significant (Student t test).

cells were fixed, immunostained with anti-Flag antibodies, and imaged by confocal
microscopy (see Fig. S5A in the supplemental material). The R42A and R148A mutants
did not result in a significant decrease in the percentage of positive inclusions com-
pared to the WT enzyme (Fig. 4B). Second, we tested whether actin cage formation is
required for localization of aldolase A to the inclusion by using an inaC::aadA mutant
strain of C. trachomatis. It was previously shown that the bacterial inclusion membrane
protein InaC modulates F-actin assembly around the inclusion and that inaC mutant
inclusions lack actin cages (20, 30). Aldolase A still localized to inaC::aadA mutant
inclusions (see Fig. S5B in the supplemental material), and no significant difference in
the percentage of positive inclusions was observed between WT and inaC:aadA mutant
inclusions (Fig. 4C). Next, we addressed whether other major host cell factors could be
mediating the localization of aldolase A at the inclusion. Short treatment with nocoda-
zole to inhibit microtubule polymerization (see Fig. S4B in the supplemental material)
or overnight treatment with brefeldin A to inhibit vesicular trafficking (see Fig. S4C in
the supplemental material) had no observable effect on the percentage of inclusions
positive for aldolase A (Fig. 4D and E). Altogether, these results indicate that the actin
cytoskeleton or microtubules are not required for sustained localization of aldolase A at
the inclusion and that vesicular trafficking or the Chlamydia actin cage do not mediate
the inclusion localization of aldolase A.

Aldolase A confers a developmental advantage to C. trachomatis. To determine
whether aldolase A played a role in C. trachomatis intracellular growth and develop-
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FIG 5 Aldolase A confers a developmental advantage to C. trachomatis. (A) Hela cells expressing 3 XFLAG-tagged
AldoA were infected with the mCherry CtL2 strain and the area of 3XFLAG-AldoA positive and negative inclusions
(arbitrary units; each circle represents data from a single inclusion) was quantified at 24 h postinfection. (B to D)
Hela cells were transfected with individual aldolase A siRNA duplexes or siRNA buffer alone (Mock) for 3 days. (B)
Immunoblots of the corresponding lysates were probed using antibodies against endogenous aldolase A (top blot)
and actin (bottom blot). The knockdown efficacy of each duplex targeting aldolase A is indicated. (C and D) HelLa
cells treated with the indicated siRNA duplexes targeting aldolase A were infected with C. trachomatis. For each
condition, the total area of the inclusions (arbitrary units; each circle represents data from a single inclusion) at 32
h postinfection (C) and the number of infectious bacteria (IFUs/ml) at 48 h postinfection (D) was determined. The
cell density of the mock-treated conditions was matched to the cell density of the siRNA-treated conditions. The
data in panel A show the mean and the standard errors of the mean (SEM) of a representative experiment. The data
in panel C show the means and the SEM of a combination of three independent experiments. The data shown in
panel D is from a representative experiment. Error bars indicate the SD. **** P < 0.0001 (Student t test).

ment, we first assessed whether aldolase A inclusion localization was associated with
larger inclusion size. Hela cells expressing 3XFLAG-aldolase A were infected with the
mCherry CtL2 strain. At 24 h postinfection, the cells were fixed and immunostained with
anti-Flag antibodies, and the size of aldolase A-positive and -negative inclusions was
determined. Aldolase A-positive inclusions were significantly larger than aldolase
A-negative inclusions (Fig. 5A).

We next assessed whether depletion of host aldolase A had an impact on C
trachomatis intracellular growth or infectious progeny production. Aldolase A was
depleted by four independent small interfering RNA (siRNA) duplexes, each of which
exhibited >90% efficacy of aldolase knockdown (Fig. 5B). Although duplex 2 exhibited
over 90% efficacy, it was consistently the least efficient of the duplexes. In order to
determine the effect of host aldolase A depletion on inclusion establishment and
bacterial replication, we assessed inclusion size. Hela cells were treated with indepen-
dent siRNA duplexes for 3 days prior to infection with the mCherry CtL2 strain. At 32
h postinfection, the cells were fixed and imaged, and the inclusion size was determined
by computer-assisted image analysis. We noted that aldolase A depletion affected the
cell number, and since cell density affects the multiplicity of infection and inclusion size,
each siRNA duplex condition was matched to a control with equal cell number.
Compared to mock-treated cells, aldolase A depletion led to a significant, albeit
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FIG 6 Chlamydia glycolytic enzymes are downregulated during development. The relative gene expres-
sion of a subset of C. trachomatis glycolytic enzymes (glucose-6-phosphate isomerase, pgi; aldolase A,
dhnA; pyruvate kinase, pykF) at 12, 24, 36, and 48 h postinfection of Hela cells was determined by
RT-qPCR. Gene expression was normalized to 16S rRNA levels and the expression at 8 h postinfection
(dotted line). The late-expressed gene encoding the outer membrane protein OmcA (omcA) was included
as a control. The y axis is a log scale. The data show the means and the SD of a combination of three
independent experiments. ¥, P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 (Student t test).

modest, decrease in inclusion size for three of the four independent aldolase A siRNA
duplexes (duplexes 1, 3, and 4) (Fig. 5C). Next, we wanted to determine whether
depletion of host aldolase A affected infectious progeny production. Hela cells de-
pleted of host aldolase A were infected with the mCherry CtL2 strain for 48 h. At 48 h
postinfection, lysates from infected cells were used to infect a fresh monolayer of Hela
cells to determine the number of infectious bacteria. The number of infectious bacteria
recovered at 48 h postinfection was significantly reduced following aldolase A deple-
tion compared to mock-treated cells (Fig. 5D). We note that aldolase A siRNA duplex 2
did not significantly decrease inclusion size and had the smallest impact on infectious
progeny production. We attribute this to the lower efficacy of this duplex compared to
the other three. Nonetheless, we observed significant decrease in inclusion size and
infectious progeny production with three independent siRNA duplexes, indicating that
the observed phenotypes are specifically due to aldolase A depletion. Altogether, our
data show that host aldolase A plays a role in inclusion development and infectious
progeny production, suggesting that host glycolysis is important for C. trachomatis
intracellular growth.

Bacterial glycolytic enzyme expression is downregulated during development.
Having shown that host glycolytic enzymes play a role in C. trachomatis intracellular
growth, and knowing that C. trachomatis possesses its own glycolytic enzymes, we
wanted to determine the pattern of bacterial glycolytic enzyme expression throughout
infection. Three bacterial glycolytic enzymes— glucose-6-phosphate isomerase (pgi),
fructose-bisphosphate aldolase (dhnA), and pyruvate kinase (pykF)—were selected
based on their respective positions at the beginning, middle, and end of the glycolytic
pathway. The mid- to late-cycle gene omcA served as a control. Gene expression of the
bacterial enzymes was measured at 8, 12, 24, 36, and 48 h postinfection by quantitative
PCR (gPCR). The expression of each gene was normalized to Chlamydia 16S rRNA and
relative to expression at 8 h postinfection. As expected, omcA expression was strongly
upregulated at 36 and 48 h postinfection (Fig. 6, omcA). Although expression of the
bacterial glycolytic enzymes was detected throughout the time course of infection, all
three enzymes were significantly downregulated over time (Fig. 6, pgi, dhnA, and pykF).
Interestingly, the downregulation of bacterial glycolytic enzymes over time correlated
with the increase in the number of inclusions that were positive for the host glycolytic
enzyme aldolase A (Fig. 3A).

DISCUSSION

Host glycolytic enzymes support C. trachomatis intracellular growth and rep-
lication. In the present study, we showed that aldolase A-positive inclusions were
significantly larger than aldolase-negative inclusions and that depletion of host aldo-
lase A resulted in smaller inclusions and decreased infectious progeny production
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(Fig. 5). These results suggest that the specific inclusion localization of aldolase A is
beneficial for C. trachomatis, however, we cannot rule out that aldolase A function in
general (i.e., glycolysis) and regardless of its cellular localization is responsible for the
phenotype observed. Determining whether an siRNA-resistant form of aldolase A
targeted to specific organelles or the plasma membrane can rescue the growth defect
could address this question.

In line with our results, a recent study described a genome-wide RNA interference
screen to identify host factors essential for C. trachomatis growth and identified the
host glycolytic enzymes glucose-6-phosphate isomerase and phosphofructokinase as
high confidence hits in the primary screen (21). Although not validated, these results
further support the reliance of C. trachomatis on host glycolysis for propagation and
growth. Moreover, systematic depletion of glycolytic enzymes will be required to
unequivocally determine that host glycolysis is essential for Chlamydia intracellular
development. The same study also profiled metabolites of central carbon metabolism
and observed upregulation of pyruvate, lactate, and glutamate, features indicative of
Warburg metabolism (22-24). During Warburg metabolism, pyruvate is converted into
lactate, and glycolytic intermediates are shuttled into the pentose phosphate pathway,
where they are converted to ribonucleotides. Thus, Rother et al. (21) suggested that by
shifting the cell into this hypermetabolic state, C. trachomatis is effectively forcing the
host cell to generate anabolic substrates that the bacteria can then scavenge from
the host. This was supported by the observed upregulation of carbon flux through the
pentose phosphate pathway upon C. trachomatis infection. These authors concluded
that C. trachomatis is able to modulate host cell metabolism in order to meet the high
energetic demand of bacterial replication.

Localization of host glycolytic enzymes at the inclusion membrane. We show
here that at least three different glycolytic enzymes localized at the Chlamydia inclusion
(Fig. 1). One of the limitations of our study is the overexpression of tagged constructs.
While antibodies against eukaryotic glycolytic enzymes are widely available and suc-
cessfully detect their targets via Western blotting, we were unable to determine the
conditions that would allow for detection by immunofluorescence. This technical
limitation precluded us from performing an important control and validating that
endogenous enzymes localize at the Chlamydia inclusion. However, our results are
strengthened by the fact that inclusion localization did not extend to other enzymes
outside of the glycolytic pathway (see Fig. S3 in the supplemental material) and was not
a result of increased expression of the construct over time (Fig. 3A).

Our data also indicate that enzymes localized together at the same inclusions (Fig.
2). The colocalization of multiple glycolytic enzymes is in line with the hypothesis that
glycolytic enzymes form localized, multienzyme complexes. Although this hypothesis
has existed for many years (31), it has lacked direct experimental evidence (32, 33).
More recently, a model in which three separate glycolytic subcomplexes come together
to form an active glycolytic complex has been proposed (34) and supports a dynamic
complex formation.

Further supporting glycolytic enzyme complex formation, kinetoplastid parasites,
such as Trypanosoma brucei, possess a glycosome, a membrane-bound organelle that
specifically contains the majority of the enzymes of the glycolytic pathway (35-37).
Glycosomes, and hence the compartmentalization of glycolytic enzymes, have also
been shown to be essential for trypanosomatid metabolic regulation and viability (38).
These glycosomes provide evidence that the compartmentalization of glycolytic en-
zymes can be advantageous to survival within a host. Although the localization of host
glycolytic enzymes at the inclusion likely differs from that of the glycosomes, in that the
glycolytic enzymes are not clustered within small membrane bound organelles, it is
possible that the host enzymes may become bound to the surface of the inclusion
membrane or associate with inclusion-bound factors.

In addition, work by Jang et al. demonstrated that under conditions of energy
depletion or high energetic demand, the glycolytic enzymes of C. elegans neurons
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redistribute from a diffuse cytosolic localization to puncta localized to the presynaptic
sites of neurons (39). Moreover, disrupting the localization of the glycolytic enzyme
phosphofructokinase to the presynaptic sites fails to restore a phosphofructokinase
mutant phenotype, indicating that localization of glycolytic enzymes to the presynaptic
sites of neuron is necessary to meet the energy demands at C. elegans synapses.
Similarly, the localization, and thus compartmentalization, of glycolytic enzymes at the
C. trachomatis inclusion membrane could facilitate efficient channeling of substrates
through the sequential enzymes of the pathway.

Mechanism of host glycolytic enzyme localization at the inclusion. In the
present study, we inhibited three major host cells factors that could be reasonable
contributors to host glycolytic enzyme localization at the inclusion, the actin cytoskel-
eton, microtubules, and vesicular trafficking. Based on our results, we ruled out a role
for the Chlamydia actin cage and for vesicular trafficking (Fig. 4B, C, and E). Moreover,
host cell actin and microtubules were not necessary for sustained localization at the
inclusion membrane (Fig. 4A and D).

The results presented in Fig. 3C indicate that sustained bacterial protein synthesis is
not necessary to maintain inclusion localization of aldolase A. However, it is possible
that treatment with chloramphenicol at 24 h postinfection may not affect the involve-
ment of stable bacterial factors synthesized prior to treatment. Unfortunately, because
aldolase A did not localize to the inclusion at early time points (Fig. 3A; see also Fig. S2
in the supplemental material) and because inhibition of bacterial protein synthesis
would halt the developmental cycle, this hypothesis could not be tested. Of particular
interest would be the Inclusion membrane proteins (Incs), a family of C. trachomatis
type lll translocated effector proteins that are inserted into the inclusion membrane to
allow for the interaction of the inclusion with host molecules and organelles (6, 20,
40-55).

A pulldown of 3XFLAG-tagged pyruvate kinase or aldolase A to identify interacting
partners that could play a role in inclusion localization of the host glycolytic enzymes
did not identify any candidates (data not shown). However, we have only tested two of
the glycolytic enzymes, and given that the enzymes could form individual subcom-
plexes that come together through interaction of these subcomplexes (34), it is difficult
to predict which of the host enzymes could be interacting with bacterial and/or host
factors at the inclusion. Therefore, testing each of the host glycolytic enzymes system-
atically would be necessary to completely rule out a role for bacterial and/or host
factors in the localization of host glycolytic enzymes at the inclusion.

Finally, it is also possible that inclusion localization of the enzymes is not actively
mediated by inclusion localized bacterial or host factors. This hypothesis is harder to
test because the cell biology of the glycolytic pathway has not been investigated and
the tools are underdeveloped. However, one could envision a host response, where
sensing of the depletion of glycolytic substrates (discussed below) in the proximity of
the inclusion brings the host glycolytic enzymes together.

Potential role for host glycolytic enzyme localization at the Chlamydia inclu-
sion. The expression of C. trachomatis glycolytic enzymes was significantly downregu-
lated beyond 24 h postinfection (Fig. 6), when RBs are known to asynchronously
transition into EBs (56, 57). The overall decrease in expression of bacterial glycolytic
enzymes at mid-developmental cycle is consistent with previous RT- and quantitative
RT-PCR data (19, 58). However, we do note that our data differ from previous publica-
tions in that we saw the highest level of enzyme expression at 8 h postinfection rather
than at 24 h postinfection. These differences could be due to differences in cell lines
and normalization conditions used. Moreover, the transcriptional downregulation is in
line with the quantitative measurements of C. trachomatis encoded glycolytic enzymes
indicating that they are more abundant in RBs than EBs (14). If the abundance of
bacterial glycolytic enzymes is indicative of the pathway’s activity, the results presented
above would suggest that RBs rely more on bacterial glycolytic pathway than EBs.
However, this hypothesis would have to be reconciled with the energy source require-
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ments of purified RBs and EBs in axenic media, where RBs exclusively used ATP and EBs
preferentially required G6P, suggesting that RB are not reliant on substrate level
phosphorylation and scavenge ATP from the host (59). One possibility is that energy
source requirements differ in axenic media and in vivo and that during infection RBs
utilize both G6P and cellular ATP. The latter could be provided and made more readily
accessible by the localization of host glycolytic enzymes at the inclusion. As bacteria
transition into EBs, their metabolic demand may be met by importing and using host
G6P for substrate level phosphorylation by producing glycolytic enzymes, although at
a lower level than RBs, or by using enzymes previously transcribed and translated by
the RB form of the bacteria.

If Chlamydia can utilize its own glycolytic pathway, why would host glycolytic
enzymes localize to the inclusion? One possibility mentioned above is that an increased
local concentration of ATP around the inclusion could facilitate ATP import across the
inclusion membrane for utilization in the lumen of the inclusion and in the cytosol of
the bacteria. It is also possible that the ATP generated by host glycolysis is used at the
surface of the inclusion to fuel the myriad of reactions that mediate host-inclusion
interactions (60). The glycolytic pathway also generates glycolytic intermediates which
are shuttled into the pentose phosphate pathway and converted to ribonucleotides. If
these reactions were to occur in the close proximity of the inclusion, it would also
increase the local pool of host-synthesized nucleotides that Chlamydia relies on for
replication. Alternatively, Chlamydia may directly use intermediate glycolytic substrates.
While it is not clear whether these specific host metabolic intermediates can be taken
up by the bacteria, there are examples that demonstrate Chlamydia'’s ability to acquire
metabolites from the host cell. As discussed above, the glycolytic intermediate G6P
must be obtained from the host and is imported via the bacterial UhpC antiporter (18).
In addition, work by Mehlitz et al. demonstrated that the TCA-derived dicarboxylate
malate is also taken up and metabolized by C. trachomatis (12). Moreover, while the
inclusion membrane was originally thought to be impermeable to low-molecular-
weight compounds, such as microinjected fluorophores greater than 520 Da (61),
further studies showed that the inclusion membrane is permeable to ions (62). Thus,
host metabolites such as glycolytic substrates, which are smaller than 520 Da, may also
be able to passively enter the inclusion. Further experiments would be required to
validate that it is indeed the case and whether and how these metabolites can be used
to support bacterial growth.

Altogether, our study further highlights the complex and elaborate metabolic
relationship between Chlamydia and its host and reveal that the spatial and temporal
distribution of host glycolytic enzymes around the inclusion may facilitate the intra-
cellular development of this obligate intracellular pathogen and therefore identify
potential routes for future therapeutic drug development.

MATERIALS AND METHODS

Ethics statement. All genetic manipulations and containment work were approved by the University
of Virginia Biosafety Committee and are in compliance with the section Ill-D-1-a of the NIH guidelines for
research involving recombinant DNA molecules.

Cell lines and bacterial strains. Hela cells were obtained from the ATCC (CCL-2) and cultured at
37°C with 5% CO, in high-glucose Dulbecco modified Eagle medium (Invitrogen) supplemented with
10% heat-inactivated fetal bovine serum (Invitrogen). C. trachomatis lymphogranuloma venereum (LGV)
type Il was obtained from the American Type Culture Collection (L2/434/Bu VR-902B). C. trachomatis
propagation and infection were performed as previously described (63). C. muridarum was obtained from
Michael Starnbach (Harvard Medical School, Boston, MA). mCherry-expressing C. trachomatis (mCherry
CtL2) and C. muridarum strains were described previously (57).

Plasmid construction. Restriction enzymes and T4 DNA ligase were obtained from New England
BioLabs (Ipswich, MA). PCR was performed using Herculase DNA polymerase (Stratagene). PCR primers
were obtained from Integrated DNA Technologies.

Vectors for expression in mammalian cells. DNA fragments corresponding to pyruvate kinase,
aldolase A, and the R42A and R148A mutants of aldolase A were amplified by PCR and cloned into the
BamHI and Xhol restriction sites of pCDNA 4/TO 3XFLAG. Lactate dehydrogenase was cloned into the
EcoRI and Xhol restriction sites of pPCDNA 4/TO 3 XFLAG. HA-aldolase A was cloned into the Kpnl and Notl
restriction sites of pCDNA3.1+. Pyruvate kinase, aldolase A and lactate dehydrogenase DNA fragments
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were amplified using uninfected HelLa cell cDNA as the template, and the primers are listed in Table S1
in the supplemental material.

DNA transfection. DNA transfection was performed using X-tremeGENE 9 DNA transfection reagent
(Roche), according to the manufacturer’'s recommendations.

Immunofluorescence and confocal microscopy. All steps were performed at room temperature. At
the indicated times, Hela cells seeded on glass coverslips were fixed with 4% paraformaldehyde in 1X
phosphate-buffered saline (PBS) for 30 min. Coverslips were sequentially incubated with primary and
secondary antibodies diluted in 0.1% Triton X-100 in 1X PBS for 1 h. Coverslips were washed with 1X
PBS and mounted with DABCO antifade-containing mounting media. Imaging was performed using the
Leica DMi8 microscope equipped with an Andor iXon ULTRA 888BV EMCCD camera and a CSU-W1
confocal scanner unit and driven by the IQ software. Images were processed using the Imaris software
(Bitplane, Belfast, United Kingdom). Line intensity scan analyses presented in Fig. 1E were performed
using ImageJ (NIH).

Antibodies. The following primary antibodies were used for immunofluorescence microscopy (IF)
and immunoblotting (Western blotting): mouse monoclonal anti-FLAG (1:1,000 for IF; Sigma), rabbit
polyclonal anti-C. trachomatis IncA (1:200 for IF; kindly provided by T. Hackstadt, Rocky Mountain
Laboratories), rabbit polyclonal anti-HA (1:100 for IF; Sigma), mouse monoclonal anti-aldolase A (1:1,000
for Western blotting; Santa Cruz), rabbit polyclonal anti-actin (1:10,000 for Western blotting; Sigma),
mouse monoclonal anti-a-tubulin (1:2000 for IF; Sigma), and Alexa Fluor 514-conjugated phalloidin
(1:200 for IF; Invitrogen). The following secondary antibodies were used: Alexa Fluor 488-, Alexa Fluor
514-, or Pacific Blue-conjugated goat anti-mouse antibody (1:500 for IF; Molecular Probes), Pacific Blue-
or Alexa Fluor 514-conjugated goat anti-rabbit antibody (1:500 for IF; Molecular Probes), peroxidase-
conjugated goat anti-mouse IgG (1:10,000 for Western blotting; Jackson ImmunoResearch), and
peroxidase-conjugated goat anti-rabbit IgG (1:10,000 for Western blotting; Jackson ImmunoResearch).

Quantification of host glycolytic enzyme enrichment at the inclusion. Hela cells were transfected
with the indicated 3 XFLAG-tagged enzyme construct 18 h before infection with the mCherry CtL2 strain.
The samples were processed for confocal microscopy and analyzed using Imaris imaging software. For
each inclusion, the quantification was performed on a 1-um slice located in the middle of the inclusion.
Three-dimensional reconstructions of the raw signal corresponding to the enzyme signal at the inclusion
and to the enzyme signal in the surrounding cytosol were generated using the Imaris imaging software.
The average intensity of these three-dimensional objects was calculated using Imaris imaging software.
The average intensity of the enzyme signal at the inclusion divided by the average intensity of the
surrounding cytosol was used to determine the percent enrichment of the enzyme at the inclusion. Each
experiment was performed in triplicate. Fifteen to thirty inclusions were analyzed per condition. The
graphs were generated using GraphPad Prism. Averages and standard deviations (SD) are shown. A
Student t test was performed, and statistical significance was set to P < 0.05.

Quantification of the percentage of inclusions positive for a given enzyme. Hela cells were
transfected with the indicated 3 XFLAG-tagged enzyme construct 18 h before infection with the mCherry
CtL2 strain. The samples were processed for immunofluorescence microscopy and analyzed using an
epifluorescence microscope. Transfected cells were scored for the presence (positive) or absence
(negative) of a ring of enzyme enrichment at the inclusion (as seen in Fig. 1A). One hundred inclusions
were analyzed per condition. The average percent positive inclusions and SD from three replicate
experiments are presented. A Student t test was performed. and statistical significance was set to P <
0.05.

Quantification of the graph presented in Fig. 2B was performed as described above, except that HelLa
cells were cotransfected with HA-aldolase A and the indicated 3 XFLAG-tagged enzyme construct 18 h
before infection with the mCherry CtL2 strain. Inclusions in cotransfected cells were scored for the
presence or absence the HA- and 3XFLAG-tagged constructs. Quantification of the graph presented in
Fig. 4B was performed as described above, except that the cells were transfected with the R42A, R148A,
or WT aldolase A. Quantification of the graph presented in Fig. 4C was performed as described above,
except that the cells were infected the inaC:aadA mutant or corresponding WT C. trachomatis strain.

Inhibition of eukaryotic protein synthesis. Hela cells were transfected with the 3XFLAG-tagged
aldolase A construct 18 h before infection with the mCherry CtL2 strain. At the time of infection, cells
were incubated in the presence or absence of 1 ug/ml cycloheximide for 18, 24, or 32 h. At the indicated
time points, the samples were processed for confocal microscopy, and the percentage of positive
inclusions was determined. One hundred inclusions were analyzed per condition. The average percent-
age of positive inclusions and SD from three replicate experiments are presented. A one-way analysis of
variance (ANOVA) with multiple comparisons was performed, and statistical significance was set to P <
0.05.

Inhibition of C. trachomatis protein synthesis. Hela cells were transfected with the 3XFLAG-
tagged aldolase A construct 18 h before infection with the mCherry CtL2 strain. At 24 h postinfection,
infected cells were incubated in the presence of 40 ug/ml of chloramphenicol for 8 h. At 32 h
postinfection, the samples were processed for confocal microscopy, and the percentage of positive
inclusions was determined. One hundred inclusions were analyzed per condition. The average percent-
age of positive inclusions and SD from three replicate experiments are presented. A Student t test was
performed, and statistical significance was set to P < 0.05.

Drug treatments. Hela cells were transfected with the indicated 3 XFLAG-tagged enzyme construct
18 h before infection with the mCherry CtL2 strain. For cytochalasin D and nocodazole treatment, at 23.5
h postinfection, infected cells were incubated in the presence of 1 uM cytochalasin D or 33 uM
nocodazole for 30 min. For brefeldin A treatment, at 6 h postinfection, infected cells were incubated in
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the presence of 1 ug/ml brefeldin A overnight. At 24 h postinfection, the samples for all drug treatments
were processed for confocal microscopy, and the percentage of positive inclusions was determined. One
hundred inclusions were analyzed per condition. The average percentage of positive inclusions and SD
from three replicate experiments are presented. A Student t test was performed, and statistical signifi-
cance was set to P < 0.05.

inaC mutant generation. An inaC:aadA mutant was generated in our lab C. trachomatis LGV L2
strain background using TargeTron, as described by previous studies (20, 30). Using PCR, the Grpll intron
was retargeted for C. trachomatis 434/Bu inaC using the primers CTL0O184 129 130 I1BS1/2, CTL0184 129
130 EBS1/delta, and CTLO184 129 130 EBS2 designed by the TargeTron computer algorithm (Targe-
Tronics) (the primer sequences are listed in Table S1 in the supplemental material). The resulting PCR
product was digested with BsrGl and Hindlll and cloned into the BsrGl/Hindlll site of the pDFTT3-aadA
suicide vector (64). C. trachomatis serovar L2 was transformed with pDFTT3-aadA-inaC according to our
calcium-based transformation protocol as previously described (57). After three passages, transformants
were plaque purified and amplified. Genomic DNA was prepared using an illustra bacteria genomicPrep
Mini Spin kit (GE Healthcare), according to the manufacturer’'s recommendations. The inaC open reading
frame was amplified from WT or inaC::aadA mutant genomic DNA by PCR using the primers CTL0184 Up
and CTLO184 Dwn (see Table S1). The resulting PCR products were analyzed by DNA gel electrophoresis
and sequenced to verify proper insertion of the group Il intron (see Fig. S6).

Aldolase A depletion. The protocol for siRNA transfection has been described previously (63).
Aldolase A depletion was performed by transfection of four independent siRNA duplexes. The sequences
of the Aldolase A siRNA duplexes were: duplex 1 (GGACAAAUGGCGAGACUAC), duplex 2 (WUGAAGCGC
UGCCAGUAUG), duplex 3 (GGCGUUGUGUGCUGAAGAU), and duplex 4 (UGACAUCGCUCACCGCAUQ).

Immunoblotting. Protein samples were separated by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked for 1 h at room temperature in 1X PBS containing 0.05%
Tween and 5% fat-free milk. Primary and horseradish peroxidase-conjugated secondary antibodies were
diluted in 1X PBS containing 0.05% Tween and 5% fat-free milk and incubated overnight at 4°C and 1
h at room temperature, respectively. Proteins were detected using the Amersham ECL immunoblotting
detection reagent, according to the manufacturer’s recommendation, and a Bio-Rad ChemiDoc imaging
system. Immunoblots were quantified using ImageJ (NIH) software.

Inclusion size quantification and computer-assisted image analysis. Hela cells were transfected
with the indicated 3XFLAG-tagged enzyme construct 18 to 24 h before infection with the mCherry CtL2
strain. The samples were processed for immunofluorescence microscopy and imaged using an epiflu-
orescence microscope. Computer-assisted image analysis, using the analytical tools of the MetaExpress
software, was used to determine the area of each aldolase A-positive and -negative inclusion. One
hundred inclusions were analyzed per condition.

For quantification of the graph presented in Fig. 5C, siRNA-treated cells were infected with the
mCherry CtL2 strain and fixed at 32 h postinfection. The nuclei were labeled with the DNA dye Hoechst.
The cells were subjected to automated fluorescence microscopy using an ImageXpress automated
system to capture images corresponding to the cell nuclei and the inclusion. Computer-assisted image
analysis, using the analytical tools of the MetaExpress software, was used to determine the number of
nuclei and the total area of each inclusion.

Infectious progeny production. Hela cells incubated with the indicated siRNA duplexes for 3 days
were collected 48 h postinfection and lysed with water, and dilutions of the lysate were used to infect
fresh Hela cells. The cells were fixed 24 h postinfection and the number of inclusion-forming units (IFU)
was determined after assessment of the number of infected cells by automated imaging using an
ImageXpress automated system.

Real-time PCR analysis of bacterial glycolytic gene expression. At the indicated time point,
infected cells were homogenized with TRIzol (Thermo Fisher Scientific) to extract RNA from infected cells.
Each RNA sample was treated with DNase according to the Turbo DNA-free kit protocol (Thermo Fisher
Scientific). Complementary DNA (cDNA) was synthesized using SuperScript Il reverse transcriptase
(Thermo Fisher Scientific) according to the manufacturer’s protocol. Samples were primed using random
primers (Thermo Fisher Scientific). mRNA levels were determined by quantitative real-time PCR using the
Universal Probe Library (Roche Biochemicals, Indianapolis, IN) and Luna Universal gPCR master mix (New
England Biolabs). Thermal cycling was carried out using a LightCycler 96 instrument (Roche Diagnostics)
under the following conditions: 95°C for 5 min, followed by 45 cycles of 95°C for 10 s and 56°C for 25 s.
Quantification cycle (C,) values were derived using the LightCycler 96 software, and fold changes were
calculated using threshold cycle (C;) 16S rRNA for normalization (65, 66). Statistical analysis was
performed by using the Student t test, and statistical significance was set to P < 0.05. PCR primers used
for quantitative real-time PCR were obtained from Integrated DNA Technologies. Primer sequences and
corresponding probes are listed in Table S2 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 4.5 MB.
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