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Lipopolysaccharides (LPS) and lipooligosaccharides (LOS) are the
main lipid components of bacterial outer membranes and are es-
sential for cell viability in most Gram-negative bacteria. Here we
show that small molecule inhibitors of LpxC [UDP-3-O-(R-3-hydrox-
ymyristoyl)-GIcNAc deacetylase], the enzyme that catalyzes the
first committed step in the biosynthesis of lipid A, block the syn-
thesis of LOS in the obligate intracellular bacterial pathogen Chla-
mydia trachomatis. In the absence of LOS, Chlamydia remains
viable and establishes a pathogenic vacuole (“inclusion”) that sup-
ports robust bacterial replication. However, bacteria grown under
these conditions were no longer infectious. In the presence of
LpxC inhibitors, replicative reticulate bodies accumulated in en-
larged inclusions but failed to express selected late-stage proteins
and transition to elementary bodies, a Chlamydia developmental
form that is required for invasion of mammalian cells. These find-
ings suggest the presence of an outer membrane quality control
system that regulates Chlamydia developmental transition to in-
fectious elementary bodies and highlights the potential applica-
tion of LpxC inhibitors as unique class of antichlamydial agents.

anti-infectives

he obligate intracellular bacterium Chlamydia trachomatis is

a widely disseminated human pathogen responsible for con-
juctival diseases and a common cause of sexually transmitted
infections. If left untreated, ocular and genital chlamydial infec-
tions can lead to blindness (trachoma), salpingitis, pelvic in-
flammatory disease, ectopic pregnancies, and infertility (1).
Furthermore, genital chlamydial infections significantly increase
susceptibility to infection with other sexually transmitted patho-
gens, including HIV (2).

Chlamydiae have a distinct biphasic developmental cycle con-
sisting of two distinct morphological forms: the elementary body
(EB) and the reticulate body (RB). Infection begins with the at-
tachment of the metabolically inactive EB to the surface of epi-
thelial cells, followed by its internalization and differentiation into
the replicative RB (3). The RB replicates by binary fission within
a membrane-bound vacuole termed an “inclusion” that is heavily
modified with chlamydial proteins. Midway through the infectious
cycle (18-24 h, depending on the serovar), RB replication be-
comes asynchronous, with some RBs differentiating back to the
infectious EB form. EBs within the inclusion are eventually re-
leased into the extracellular space to initiate a new round of in-
fection (4).

Lipopolysaccharide (LPS) is the principle component of the
outer leaflet of the outer membrane of Gram-negative bacteria. It
forms a tight permeability barrier that excludes cell-damaging
agents such as detergents, proteases, bile salts, and hydrophobic
antimicrobials. LPS consists of a hydrophobic membrane anchor
lipid A, a nonrepeating core oligosaccharide, and a distal poly-
saccharide (O-antigen; reviewed in ref. 5). Chlamydia LPS is
technically a lipooligosaccharide (LOS), because it only consists of
a trisaccharide core of 3-deoxy-p-manno-oct-2-ulopyranosic acid
(Kdo), linked to pentaacyl lipid A (6). In addition, chlamydial lipid
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A contains longer, nonhydroxylated fatty acids that significantly
reduce its activity as an endotoxin (7). The Kdo linkage [a-Kdo-
(2—8)-a-Kdo] was thought to be unique to Chlamydiaceae (8),
although recent findings indicate that the Kdo core of Acineto-
bacter lwoffii F78 also shares this linkage and thus displays cross-
reactivity to antichlamydial LOS monoclonal antibodies (9).
Because LPS is essential for the viability of most Gram-negative
bacteria, components of the lipid A biosynthetic pathway are
emerging targets for the development of new broad-spectrum
antibiotics (10). One such enzyme is LpxC, a zinc-dependent cy-
toplasmic deacetylase that catalyzes the first committed step in
lipid A biosynthesis (11) (Fig. 14). Gene disruption experiments
revealed that this enzyme is essential in Escherichia coli, and the
first reported LpxC inhibitors displayed promising antimicrobial
activities against E. coli (12-14). CHIR-090, a newer small-mole-
cule inhibitor of LpxC with low nanomolar affinity, is as effective
against Gram-negative pathogens as the DNA gyrase inhibitor
ciprofloxacin (15). Structural and biochemical analysis have fur-
ther revealed that the amino acid side chains in LpxC that are
critical for substrate binding and catalysis are involved in the
binding of CHIR-090 (16). These studies provided a template for
the development of more potent LpxC inhibitors with a wider
spectrum of antimicrobial activity. Based on CHIR-090 inter-
actions with hydrophobic substrate-binding passage in Aquifex
aeolicus LpxC, and on the molecular analysis of CHIR-090 re-
sistance of the Rhizobium leguminosarum LpxC, two biphenyl
diacetylene-based compounds (LPC-009 and LPC-011) with en-
hanced activity against LpxC were generated (16-18) (Fig. 1B).
C. trachomatis contains all of the genes necessary for LOS
biosynthesis (Fig. 14) (19), but its role in cell viability and
pathogenesis is not known. Because the Chlamydia LpxC has a
38% identity and 55% similarity to the E. coli LpxC, we sought
to determine if the chlamydial enzyme was sensitive to LpxC
inhibitors and whether these reagents could be used to probe the
role that LOS plays in Chlamydia cell integrity, development,
and pathogenesis. Here, we report that CHIR-090 and two of its
derivatives blocked LOS synthesis in C. trachomatis but did not
hinder the formation of inclusions or RB replication. Instead,
LpxC inhibitors efficiently blocked the developmental transition
of RB to EB. As a result, infected cells accumulated large in-
clusions filled with RBs but not infectious progeny. Our findings
suggest that LOS plays a major role in the developmental tran-
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Fig. 1. The C. trachomatis lipid A biosynthetic pathway and structures of LpxC inhibitors. (4) LOS biosynthesis begins with the acylation of UDP-N-acetyl-
glucosamine catalyzed by LpxA, which is selective for myristoyl-ACP in C. trachomatis (42). The deacetylation of the product UDP-3-O-(myristoyl)-N-acetyl-
glucosamine in C. trachomatis, catalyzed by LpxC, is considered the first committed and irreversible step (16). The relatively simple structure of the major species
of C. trachomatis LOS, consisting of Kdos-lipid A, is well characterized (6). The C. trachomatis genus-specific epitope (i.e., the additional outer Kdo residue not
present in other bacteria) is recognized by anti-C. trachomatis LOS antibodies. (B) Structures of the LpxC inhibitors CHIR-090, LPC-009, and LPC-011.

sition essential for Chlamydia virulence, and that LpxC inhibitors
can be potentially used as antichlamydial agents.

Results

LpxC Inhibitors Do Not Restrict the Intracellular Replication of C.
trachomatis. Because LPS is essential for the viability of most
Gram-negative bacteria (5), we tested the effectiveness of LpxC
inhibitors as antichlamydial agents. We first determined if these
inhibitors could cross mammalian membranes and target in-
tracellular bacteria by testing their effectiveness against Salmo-
nella enterica serovar Typhimurium, a facultative intracellular
Gram-negative bacterial pathogen that causes food-borne gas-
troenteritis (reviewed in ref. 20). HeLa cells were infected with
S. typhimurium, and intracellular bacterial replication over a 24-h
incubation period was assessed in the presence of the membrane-
impermeable aminoglycoside antibiotic gentamicin. The in-
tracellular minimal inhibitory concentrations (MICs) for LPC-
011, LPC-009, and CHIR-090 were 0.06, 0.12, and 0.25 pg/mL,
respectively (Fig. S14). In contrast, the MIC for LpxC inhibitors
for extracellular Salmonella cultured in the same medium used to
maintain HeLa cells (DMEM supplemented with FBS) was 0.96,
1.44, and 2.0 pg/mL, for LPC-011, LPC-009, and CHIR-090, re-
spectively (Fig. S1B). Therefore, between 8- and 16-fold higher
doses of LpxC inhibitors were required to limit the growth of ex-
tracellular Salmonella. These differences in sensitivity to LpxC
inhibitors may reflect an increased accumulation of these com-
pounds within mammalian cells or an increased reliance for Sal-
monella on the membrane-stabilizing properties of LPS for
intracellular growth.

Having established that LpxC inhibitors can target intracellular
bacteria, we next determined if LpxC inhibitors restricted chla-
mydial growth. HeLa cells were infected with C. trachomatis in the
presence or absence of inhibitors for 36 h, and inclusion formation
and sizes were assessed by indirect immunofluorescence micros-
copy. At the MICs required for containment of intracellular Sal-
monella, none of the three LpxC inhibitors led to any significant
decreases in the number of inclusions formed or their size (Fig. 2).
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At significantly higher drug concentrations (128 pg/mL for CHIR-
090, 7.68 pg/mL for LPC-011, and 15.36 pg/mL for LPC-009), in-
clusion formation was inhibited, although significant host cell
toxicity was also observed, making it difficult to derive a true MIC
value for these compounds.

LpxC Inhibitors Block LOS Synthesis in C. trachomatis. Our findings
indicated that either LpxC inhibitors were ineffective against
chlamydial LpxC or that Chlamydia does not require LOS for
viability. To test these possibilities, we assessed the levels of LOS
with a monoclonal anti-a-Kdo-(2—8)-a-Kdo antibody that spe-
cifically detects chlamydial LOS (21, 22). Treatment with all
three LpxC inhibitors markedly decreased LOS levels in a dose-
dependent manner, with no LOS detected by immunoblot anal-
ysis of chlamydiae-infected HeLa cells incubated in the presence
of 16.0 pg/mL CHIR-090, 1.92 pg/mL LPC-011, or 1.92 pg/mL
LPC-009 (Fig. 34). The decrease in total LOS levels was not due
to loss in bacterial viability, because the levels of major outer
membrane protein (MOMP) were similar to the untreated con-
trol at these concentrations. Immunofluorescence assays with
anti-LOS monoclonal antibodies in infected cells treated with
LpxC inhibitors confirmed these results and revealed inclusions
that were similar in size to DMSO-treated controls but showed
little or no detectable LOS (Fig. 3B). Furthermore, the mor-
phology and integrity of the inclusion membrane, as assessed
by immunostaining for the inclusion membrane marker Capl,
appeared normal in inhibitor-treated cells (Fig. S2). Live mi-
croscopy of C. trachomatis-infected cells in the presence of LpxC
inhibitors over a 20-h time period suggested that replication and
inclusion expansion was indistinguishable from DMSO-treated
controls (Movie S1). Interestingly, as previously reported (23,
24), antichlamydial LOS antibodies detected immunoreactive
material in the host cytoplasm of infected and adjacent un-
infected cells. There has been controversy as to whether LPS
shedding in the cytosol of the host cell was an artifact of fixation.
Treatment with LpxC inhibitors eliminated all anti-LOS immu-
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Fig. 2. LpxC inhibitors do not affect the formation of C. trachomatis inclu-
sions but block the generation of infectious particles. Monolayers of HeLa cells
were infected with C. trachomatis at a multiplicity of infection (MOI) of 2 in the
absence or presence of increasing concentrations of LpxC inhibitors. Infected
cells were fixed at 36 h postinfection (hpi) and labeled with polyclonal anti-
Chlamydia antisera and a nucleic acid stain (Hoechst). The number and size of
inclusions per well were determined with a Cellomics high-content image
acquisition and analysis system. In parallel wells, the generation of infectious
EB was determined by lysing infected cells in sterile water and determining the
number of IFUs on fresh monolayers of HeLa cells.

nostaining, suggesting that LOS accesses the host cell cytoplasm
and may be delivered to adjacent uninfected cells.

Overall, these findings indicate that C. trachomatis does not
require LOS for intracellular replication. LpxC inhibitors also
blocked LOS synthesis in distantly related Chlamydiales, including
zoonotic pathogens such as Chlamydophila caviae and Chlamy-
dophila pneumoniae, a widely disseminated respiratory human
pathogen (Fig. S3). Unlike C. trachomatis, however, LpxC inhib-
itors decreased the size of the inclusion formed, suggesting
a greater need for LOS for optimal replication of these pathogens.

LpxC Inhibitors Block the Developmental Transition from RB to EB.
One noticeable difference between infected cells treated with
LpxC inhibitors and untreated cells was an increased abundance
of C. trachomatis forms that resembled RBs (Fig. 3B and Movie
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S1). We tested if the absence of LOS impacted Chlamydia de-
velopmental transitions and the generation of EBs. HeLa cells
were infected with C. trachomatis in the absence or presence of
LpxC inhibitors and lysed at 48 hpi; the yield of infectious par-
ticles was then assessed by determining the number of inclusion-
forming units (IFUs) after infection of fresh HelLa cell mono-
layers. Surprisingly, despite the formation of inclusions of normal
size and robust replication, treatment of infected cells with LpxC
inhibitors had a dramatic effect on the generation of infectious
progeny. The concentration of inhibitors that lead to no IFUs
being generated is considered the minimal chlamydiacidal con-
centration (MCC) (25). The MCCs were 0.48 pg/mL for both
LPC-011 and LPC-009, and 8.0 pg/mL for CHIR-090 (Fig. 2).
These concentrations were four- to 32-fold above the in-
tracellular MIC of Salmonella and 16- to 32-fold below the
concentrations that impacted host cell viability. Therefore, even
though LOS does not appear to be required for chlamydial
replication, it is essential for the generation of infectious par-
ticles. This effect is reversible, because removal of LpxC inhib-
itors restored the generation of IFUs (Fig. S4).

In response to cellular stresses, chlamydiae will stall the de-
velopmental cycle to generate enlarged, morphologically aber-
rant RBs (abRBs) that do not transition to EBs (26). This is
unlikely to be the case for Chlamydia forms generated in the
presence of LpxC inhibitors, because they were clearly distinct
from abRB formed during treatment with ampicillin (10 pg/mL;
Movie S1), indicating that loss of LOS did not induce the for-
mation of chlamydial-persistent bodies. Next, we performed an
ultrastructural analysis by transmission electron microscopy of
HeLa cells infected for 36 h with Chlamydia in the presence or
absence of LpxC inhibitors. Consistent with our observation by
immunofluorescence and live cell microscopy, the LpxC inhib-
itors did not induce any major morphological or structural
changes on inclusion or RB membranes (Fig. 4 and Movie S1).
However, we noticed a clear lack of EB and an accumulation of
aborted intermediate bodies (RBs in the process of transition to
EBs), which were readily distinguished by EM by their size and
compact nucleoids (Fig. 4). The occasional bacterial cell re-
sembling an EB appeared misshapen.

If LpxC inhibitors block EB morphogenesis, we expected that
the expression of markers of this developmental transition would
be blocked. To test this, we assessed the levels of OmcB, a
cysteine-rich outer membrane protein that is present only on the
EB form (27), and Hcl, a histone-like protein that aids nucleoid
condensation in EBs (28). We observed a dose-dependent de-
crease in OmcB levels, but not MOMP or Hcl, upon treatment
with all LpxC inhibitors (Fig. 34). These findings were corrob-
orated by immunfluorescence microscopy, where we observed
a drop in steady-state levels of OmcB in the presence of LpxC
inhibitors (Fig. 3C) and the accumulation of intermediary bodies
(IBs) with morphological signs of chromatin condensation (Fig.
4). Overall, these data suggest that LOS is required for the
proper morphological transition of RBs to EBs, and that cell
surface EB markers fail to be properly expressed or become
unstable in the absence of LOS.

Discussion

The lipid A and Kdo components of LPS are essential for via-
bility in most Gram-negative bacteria (reviewed in ref. 5). Dis-
ruption of any of the first six genes involved in lipid A assembly is
lethal (Fig. 1). One exception is Neisseria meningitidis, where
a deletion of [pxA, the first gene in the LPS biosynthetic pathway,
results in viable lipid A-deficient bacteria (29). Here we provide
evidence that Chlamydia can replicate in the presence of LpxC
inhibitors at concentrations that resulted in undetectable amounts
of LOS. Though lipid A-deficient N. meningitidis replicated at
slower rates (30), absence of LOS did not significantly alter
C. trachomatis growth or inclusion expansion (Fig. 2 and Movie S1).
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Fig. 3. LpxCinhibitors block the synthesis of LOS in C. trachomatis. (A) HelLa cells were infected with C. trachomatis at MOI of 3 and incubated in the presence
of the indicated concentrations of LpxC inhibitors or the DMSO solvent control. At 48 hpi, total protein lysates were prepared and subjected to immunoblot
analysis with anti-GAPDH, antichlamydial LOS, anti-MOMP, and anti-OmcB antibodies. Host GAPDH levels are shown as a loading control. Note the marked
decrease of LOS and OmcB levels. (B) HelLa cells were infected with C. trachomatis at MOI of 1 in media containing either DMSO only, 16 pg/mL of CHIR-090,
1.92 pg/mL of LPC-009, or 1.92 pg/mL of LPC-011. At 36 hpi, cells were fixed and immunolabeled with polyclonal anti-Chlamydia L2 antisera (red) and an anti-
LOS monoclonal antibody (green). (C) Infected cells were treated as in B and immunostained with anti-OmcB (red) and anti-MOMP (green). Note the loss of

LOS (B) and OmcB (C) signal in cells treated with LpxC inhibitors.

By electron microscopy, RBs in cells treated with LpxC inhibitors
displayed normal outer and inner membranes, with no obvious
differences in membrane thickness compared with untreated
infected cells, as has been reported for N. meningitidis IpxA
mutants (29). In these Neisseria mutants, the distribution of
phosphatidylethanolamine and phosphatidylglycerol in inner and
outer membranes was not affected, but their fatty acyl chains
showed a shift toward shorter-chain saturated fatty acids (31).
Future work will be aimed at determining if Chlamydia under-
goes a similar adaptation upon treatment with LpxC inhibitors.

Inhibition of LOS biosynthesis did not induce the formation of
enlarged abRBs that are observed during treatment with pepti-
doglycan assembly inhibitors or during immunological and nu-
tritional stresses (iron and amino acid starvation) (26, 32, 33).
The only apparent morphological consequence of LOS in-
hibition was the marked accumulation of RBs and the concom-
itant absence of EBs (Figs. 3 and 4). Consistent with this, very
few infectious particles could be recovered from infected cells
incubated in the presence of LpxC inhibitors (Fig. 2). LPS plays
a role in the developmental transition in Myxococcus xanthus.
Mutants lacking O-antigen are impaired in the formation of
fruiting bodies and in the differentiation from rod-shaped cells to
ovoid myxospores, most likely because the extensive remodeling
of the bacterial cell surface may require the membrane envi-
ronment provided by LPS (34). By analogy, we hypothesize that
the osmotically fragile cell membrane of RBs must reorganize
during development to form the rigid, highly disulfide cross-
linked surface of EBs (35, 36). OmcB, OmcC, MOMP, and a
large family of polymorphic membrane proteins, constitute the
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bulk of the Chlamydia outer membrane complex, a protein-
aceous shell that provides structural integrity to the outer en-
velope of EBs (37, 38). OmcB and OmcC are developmentally
regulated with maximum transcription and translation occurring
late in the infectious cycle as RBs begin to transition to EBs
(39, 40). We determined that OmcB, but not OmpA (MOMP),
was poorly expressed in cells lacking LOS, suggesting that LOS
is required for the stability, expression, or localization of EB-
specific outer membrane proteins. However, the chromatin-
condensing factor Hcl was properly expressed and likely as-
sembled on DNA, because IBs were readily apparent by electron
microscopy. Nonetheless, these IBs did not fully progress to EB
form, which raises the intriguing possibility that Chlamydia, like
many organisms that undergo developmental changes, may pos-
sess checkpoints to ensure that gene and/or protein expression
are coupled to morphogenesis.

Although LpxC inhibitors did not possess bactericidal activity
in Chlamydia, they are potent antibiotics due to their ability to
block RB to EB transition, which is an essential step in their
pathogenesis. Currently, there are no available vaccines, and
infection does not provide immunity toward subsequent re-
infection. Because cell-mediated immunity is a strong compo-
nent of antichlamydial immune responses (as reviewed in ref.
41), we postulate that inhibitors that target LOS biosynthesis
may enhance such responses by allowing limited bacterial repli-
cation and antigen presentation, while preventing the spread of
infectious particles. Future experiments will be aimed at de-
termining if infected animals treated with LpxC inhibitors can
elicit long-term immunity to subsequent chlamydial challenges.
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Fig. 4. LpxC inhibitors block the RB to EB developmental transition. C. trachomatis infected HeLa cells were incubated in media with DMSO only (Upper) or
1.92 pg/mL of LPC-009 (Lower). At 36 hpi, cells were fixed and processed for transmission electron microscopy. EB, elementary bodies; IB, intermediate bodies;
RB, reticulate bodies. Note misshapen EB and IB in the inhibitor-treated samples.

Materials and Methods

Reagents. The LpxC inhibitors LPC-009, LPC-011, and CHIR-090 were solubi-
lized in DMSO and added at the indicated concentrations (16, 17, 18). The
following antibodies were used: rabbit anti-Chlamydia LGV-L2 (provided by
P. Bavoil, University of Maryland, Baltimore), rabbit anti-MOMP (provided by
K. Fields, University of Miami, Miami), mouse monoclonal anti-MOMP
(ab20881; Abcam), rabbit anti-Cap1 (provided by A. Subtil, Pasteur Institute,
Paris), rabbit anti-OmcB (provided by T. Hatch, University of Tennessee
Health Science Center, Memphis, TN), and mouse antichlamydial genus-
specific LOS (EVIH1, isotype IgG2a; provided by H. Caldwell, Rocky Mountain
Laboratories, Hamilton, MT).

Strains and Chlamydia Infections. Hela cells (CCL-2; ATCC) were grown in
DMEM supplemented with 10% FBS (CellGro; Mediatech, Inc.). Salmonella
enterica serovar Typhimurium strain SMO22 is from our laboratory strain
collection. C. trachomatis serovar LGV biovar L2 434/Bu, C. pneumoniae
AR39, and C. caviae GPIC were obtained from R. Stephens (University of
California, Berkeley, CA), H. Caldwell (Rocky Mountain Laboratories/National
Institutes of Health), and R. Rank (University of Arkansas, Fayetteville, AR),
respectively. EBs were purified on Omnipaque (GE Healthcare) density gra-
dients and stored in sucrose/phosphate/glutamate (SPG; 0.25 M sucrose, 10
mM sodium phosphate, 5 mM L-glutamic acid) buffer. To titer IFUs, EBs were
harvested by disrupting host cells with sterile water followed by addition of
5% SPG, and serial dilutions were added to Hela cell monolayers seeded on
96-well plates. Cells were fixed and inclusions stained at 36 hpi with anti-
Chlamydia LGV2 antibodies followed by Alexa 555 conjugated secondary
antibodies. The plates were analyzed using a Cellomics ArrayScan Vti HCS
automated fluorescent imaging system (ThermoFisher) to determine the size
and number of inclusions.
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Microscopy. LGV-L2 infections were synchronized by centrifugation (2,700 x g
for 30 min at 15 °C) of EB onto prechilled HelLa cell monolayers grown on
glass coverslips and incubated for the indicated times. Cells were fixed with
3% formaldehyde/ 0.025%glutaraldehyde in PBS and permeabilized with
0.1% Triton X-100/PBS. After a blocking step with 5% BSA in PBS, cells were
incubated with the indicated primary antibodies followed by Alexa conju-
gated secondary antibodies (Invitrogen). Host and bacterial DNA were
stained with Hoechst (Invitrogen). For live cell imaging, see Movie S1.

For transmission electron microscopy, infected cells were fixed with 2.5%
glutaraldehyde/0.05% malachite green (EMS) in 0.1 M sodium cacodylate
buffer (pH 6.8) and then postfixed with the following stains: 0.5% osmium
tetroxide/0.8% potassium ferricyanide in 0.1 M sodium cacodylate; 1% tannic
acid; and 1% uranyl acetate. Samples were dehydrated with graded amounts
of ethanol and embedded in Spur’s resin. Ultrathin sections were processed,
poststained with uranyl acetate and lead citrate, and imaged on a Tecnai G2
Twin microscope (FEI).

Immunoblot Analysis. Infected HeLa cells were lysed with a cold lysis buffer [25
mM Tris (pH 7.4), 150 mM NacCl, 5 mM EDTA, 1% Triton X-100] supplemented
with Complete EDTA-Free Protease Inhibitor Cocktail Tablets (Roche). Protein
lysates were resolved by SDS/PAGE or tricine SDS/PAGE and blotted onto PDVF
membranes (Bio-Rad) and probed with the indicated antibodies.
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