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A novel and quantitative high-throughput screening approach was explored as a tool for the identification of novel compounds
that inhibit chlamydial growth in mammalian cells. The assay is based on accumulation of a fluorescent marker by intracellular
chlamydiae. Its utility was demonstrated by screening 42,000 chemically defined compounds against Chlamydia caviae GPIC.
This analysis led to the identification of 40 primary-hit compounds. Five of these compounds were nontoxic to host cells and had
similar activities against both C. caviae GPIC and Chlamydia trachomatis. The inhibitory activity of one of the compounds, (3-
methoxyphenyl)-(4,4,7-trimethyl-4,5-dihydro-1H-[1,2]dithiolo[3,4-C]quinolin-1-ylidene)amine (MDQA), was chlamydia spe-
cific and was selected for further study. Selection for resistance to MDQA led to the generation of three independent resistant
clones of C. trachomatis. Amino acid changes in SecY, a protein involved in Sec-dependent secretion in Gram-negative bacteria,
were associated with the resistance phenotype. The amino acids changed in each of the resistant mutants are located in the pre-
dicted central channel of a SecY crystal structure, based on the known structure of Thermus thermophilus SecY. These experi-
ments model a process that can be used for the discovery of antichlamydial, anti-intracellular, or antibacterial compounds and
has led to the identification of compounds that may have utility in both antibiotic discovery and furthering our understanding of
chlamydial biology.

Chlamydiae are a successful group of obligate intracellular bac-
teria that cause serious diseases in a wide range of hosts and

have a developmental cycle that is unique among prokaryotes.
Infection is initiated by a metabolically inactive infectious elemen-
tary body (EB) that is taken up into the host cell, where it differ-
entiates into a metabolically active noninfectious reticulate body
(RB). Chlamydial RBs replicate in a membrane-bound vacuole
(the inclusion) until about 18 h postinfection, when asynchro-
nous dedifferentiation to infectious EBs can first be observed (1).
Golgi-derived vesicles are trafficked to the inclusion where chla-
mydiae direct the modification of the inclusion membrane
through secretion of proteins that facilitate vacuolar modification
and interaction with host proteins (18, 21, 22, 27, 30).

Chlamydiae are known to sequester a variety of host-generated
lipids from their intracellular environments (8, 32). One of these is
sphingomyelin, a phospholipid involved in lipid trafficking from
the Golgi apparatus to the plasma membrane. In cells infected
with chlamydiae, a biologically active fluorescent lipid, 6{N-[(7-
nitrobenzo-2-oxa-1,3-diazol-4-yl)-amino]caproylsphingosine} (C6-
NBD-ceramide), is converted to sphingomyelin by the host and
then recruited to the chlamydial inclusion (14, 15, 23, 29, 37), a
process that can be exploited to fluorescently label chlamydiae in
live infected cells. In this study, we demonstrate that C6-NBD-
ceramide can be used in a robust, reproducible, and simple high-
throughput assay for identifying inhibitors of chlamydial growth,
using Chlamydia caviae as a model organism.

Although stable clinical antibiotic resistance has not been doc-
umented within human-pathogenic chlamydiae, resistance can
evolve in vitro in response to antibiotic stressors through the ac-
cumulation of point mutations or via horizontal gene transfer and
homologous recombination (11, 12, 28, 35). In vitro spontaneous
resistance to a broad range of antibiotic classes has been demon-
strated in chlamydiae by culturing the bacteria in the presence of

subinhibitory concentrations of antibiotics. This process selects
for mutations in the genes targeted by the antibiotic (e.g., rifampin
and ofloxacin resistance) or in genes associated with resistance to
the antibiotic (2–6, 13, 19, 25, 26, 33, 38). Here, we have shown
that resistant mutants can be selected for with novel uncharacter-
ized inhibitors whose mechanisms of action are unknown. Muta-
tions correlating with the resistance phenotype identified by ge-
nome sequencing indicate genetic resistance determinants or
possible pathways that are perturbed by treatment with the inhib-
itors. Spontaneous resistant mutants were selected for, cloned,
and sequenced to a hit identified in the high-throughput screen.
Three independently generated resistant mutants had mutations
in secY, which encodes SecY, a structural protein required for the
secretion of sec-dependent protein substrates across the bacterial
inner membrane (20). MIC values varied depending on the posi-
tion of the nucleotide change in each clone. These data suggest
that SecY is a resistance determinant in Chlamydia trachomatis
L2-434 and that specific mutations in this gene can confer resis-
tance to a novel antichlamydial compound identified in a high-
throughput screen.

MATERIALS AND METHODS
Reagents and antibodies. C6-NBD-ceramide was purchased from Life
Technologies (Grand Island, NY; catalog number N-1154). The original
high-throughput screen was conducted at SIGA Technologies (Corvallis,
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OR), who supplied micromolar amounts of the original compounds. Mil-
ligram amounts of (3-methoxyphenyl)-(4,4,7-trimethyl-4,5-dihydro-
1H-[1,2]dithiolo[3,4-C]quinolin-1-ylidene)amine (MDQA) were pur-
chased from a commercial source (Chembridge, San Diego, CA; catalog
number 5678481). Cells infected with Chlamydia spp. or Coxiella burnetii
were labeled with monoclonal or polyclonal primary antibodies specific to
chlamydial lipopolysaccharide (LPS) (34) or whole C. burnetii (16). Spe-
cies- and isotype-specific secondary antibodies were purchased from Life
Technologies (Alexa Fluor 488 [green] and 594 [red]).

Host cells, chlamydial strains, and cultures. McCoy cells were prop-
agated in minimum essential medium supplemented with 10% fetal bo-
vine serum (MEM-10) and 10 �g/ml gentamicin. The following chla-
mydia strains were used in this study; C. caviae GPIC, C. trachomatis
L2-434, C. trachomatis J6276, Chlamydia psittaci CP3, and Chlamydia
muridarum MOPN. Other bacteria used to evaluate broad-spectrum ac-
tivity of compounds were Coxiella burnetii Nine Mile phase II (obtained
from Robert Heinzen, Rocky Mountain Laboratories), Staphylococcus au-
reus (ATCC number 25923), methicillin-resistant S. aureus (MRSA;
ATCC 43300), and Escherichia coli (ATCC 25922).

Primary screen. Over 40,000 compounds were assayed from the SIGA
chemical compound library for antichlamydial activity. The chemical li-
brary owned by SIGA Technologies consists of approximately 250,000
compounds, representing a broad chemical structural and property diver-
sity space. Screening of this library has identified unique and potent drug-
like compounds representing diverse and novel chemical structural
classes that are selectively active against phylogenetically unrelated viral
families.

We tested 4,500 compounds each week using 48 96-well clear-bottom,
black-walled plates. A total of 5 � 104 McCoy cells were plated in 100 �l of
MEM into wells and incubated overnight to a confluence of 100%. A
Perkin-Elmer MultiPROBE II HT Plus robotic system was used to deliver
individual structurally defined candidate inhibitory compounds from the
SIGA library to 80 wells of each plate at a concentration of 5 �M. Wells in
the first column of each plate were mock-infected controls, and the last
column of each plate contained infected wells not treated with any com-
pound. Controls in each assay also included wells incubated with chla-
mydiae plus tetracycline at 10 �g/ml. Gradient-purified (7) C. caviae
GPIC cells were inoculated onto wells of the plates at a multiplicity of
infection of between 1 and 2 inclusion-forming units per cell. Chlamydiae
were centrifuged onto cells at 1,200 � g for 1 h at 37°C and incubated
under standard culture conditions for 24 h.

At 24 h postinfection, medium was aspirated from cells and replaced
with 50 �l of a 10 �M C6-NBD-ceramide in phosphate-buffered saline
(PBS). Plates were incubated for 1 h at 37°C, and then the fluorescent
compound was aspirated from each well. Cells were then overlaid with
MEM-10 and incubated at 37°C for an additional 3 h. At 28 h postinfec-
tion, the medium was replaced with PBS and fluorescence intensity was
quantified on a Wallac Envision plate reader using an excitation wave-
length of 485 nm and emission wavelength of 535 nm, with the instrument
programmed to take readings from the bottom of the well. Positive inhib-
itor compounds were identified by a reduction in fluorescence intensity of
50% or greater relative to that of untreated but infected control wells. All
wells identified as positive by the plate reader were evaluated visually on
the fluorescence microscope in order to eliminate wells with culture arti-
facts and to identify compounds that were acutely toxic to the cells.

Immunofluorescence. A total of 1 � 105 cells were plated onto
12-mm coverslips in 24-well trays, infected as described above, fixed with
100% methanol for 10 min, and washed twice with PBS. Fixed cells were
labeled with monoclonal mouse anti-MOMP or anti-LPS primary anti-
bodies at a 1:1,000 dilution followed by appropriate secondary antibodies
at a 1:1,000 dilution.

Infections. A total of 4.5 � 105 cells were plated in 24-well trays and
incubated overnight to a confluence of 100%. Bacterial strains were sus-
pended in MEM-10 and infected onto cells at a multiplicity of infection of
0.5 to 1 bacteria per cell. Plates were centrifuged at 1,200 � g at 37°C for 1

h. Media were aspirated, and then compounds were suspended in fresh
MEM-10 and added to plates in 0.5-ml aliquots and transferred to a 37°C
incubator.

Quantification of bacteria from infected cell culture using TaqMan
quantitative real-time PCR. At the appropriate time points, infected cells
were briefly sonicated to lyse and release bacteria. The lysates were col-
lected in microcentrifuge tubes and stored at �20°C prior to analysis.
DNA was extracted using the Qiagen DNeasy blood and tissue kit protocol
with the addition of 5 mM dithiothreitol (DTT) to the initial lysis buffer.
Quantitative PCR (qPCR) was run on all samples in triplicate using the
TaqMan universal PCR master mix (Applied Biosystems), with an input
of 5 �l of template DNA from each treatment for C. caviae GPIC and C.
trachomatis L2-434-infected cells. Primers and probes were specific to C.
caviae ompA (F-CCCTGCGCGGATGCT, R-CAGGCGATCCTTGTGAT
CCT, probe 6-carboxyfluorescein [FAM]-CATCACACCAAGTAGAGC-
MGBNFQ) and C. trachomatis ompA (F-CATGGTATCTCCGAGCTG
ACC, R-ACTGTCTTTGATGTTACCACTCTGAAC, probe 6FAM-CTA
GCTTTCACATCGCC-MGBNFQ). Tenfold serial dilutions of quanti-
tated plasmid standards containing each targeted gene were included at
copies ranging from 1 � 109 to 1 � 103. Genome copy number and
standard error were calculated using an ABI StepOne real-time PCR ma-
chine with standard curve settings.

Acid sensitivity and cell cytotoxicity. The acid lability of MDQA was
assessed by suspending the compound at 10 mM in a citric acid buffer (10
mM citric acid, 10 mM KCl, 135 mM NaCl, pH 3) for 10 min prior to
dilution to 10 �M and the addition to C. trachomatis L2-434-infected
cells. Chlamydial growth was assayed 40 h postinoculation using qPCR.
The MTT reagent was used as a measure of cytotoxicity for compounds,
which were tested at concentrations up to 50 �M, using a standard assay
system (Life Technologies). Rabbit kidney, murine McCoy, human HeLa,
and bovine embryonic kidney immortalized cell lines were tested in these
assays.

Secondary confirmation and MIC analysis. MICs of each compound
were determined using the Hewlett Packard D300 digital dispenser
(Tecan Systems, San Jose, CA) that delivered compound in half-log dilu-
tions to 96-well plates in concentrations that ranged from 20 �M to
0.0063 �M. Chlamydiae were then infected onto cells as described above
under “Primary screen” and incubated until they were fixed for fluores-
cent antibody analysis (C. trachomatis) or labeled with C6-NBD-ceramide
(C. caviae GPIC) to determine the MIC. When immunofluorescence was
used to measure inhibition, the MIC was determined microscopically and
scored as the inhibitory concentration that reduced observable inclusion
formation by at least 90%. In assays where the C6-NBD-ceramide assay
was used to examine inhibition, the MIC was determined by a quantitative
measure of reduction of fluorescence to levels at or below the background.
This generally translated to a reduction of fluorescence to below 12,500 on
an Envision multiplate fluorescence spectrometer.

Selection for resistance. Strains of C. trachomatis L2-434 were inocu-
lated onto McCoy cells in 24-well trays using a multiplicity of infection
between 1 and 10, depending on the strain. Infections were centrifuged at
1,200 � g for 1 h at 37°C, overlaid with subinhibitory concentrations (1/2
of MIC) of the appropriate drug, and incubated at 37°C for 24 to 48 h
depending on the species inoculated. The cell monolayers were then dis-
rupted by �80°C/37°C freeze-thaw or sonication, and then the lysate was
centrifuged at 1,500 rpm for 10 min to pellet cell debris. Supernatants
from disrupted cell monolayers were used to infect fresh McCoy cell
monolayers in 24-well plates, and the concentration of compound was
increased incrementally in sequential cultures until the MIC exceeded
that of the original wild-type parental strains by 2-fold or greater. Emerg-
ing resistance was monitored using immunofluorescence. As resistant
chlamydiae emerged in the treated population, they were cloned by lim-
iting dilution.

Paired-end Illumina genome sequencing. Purified elementary bodies
were prepared for sequencing as previously described (35). Draft genomes
were assembled using the reference-guided assembly software Maq (http:
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//maq.sourceforge.net/) and aligned to the published C. trachomatis L2-
434 (GenBank accession no. AM884177) or C. muridarum (GenBank
accession no. AE002160) genome sequences. Single nucleotide polymor-
phisms (SNPs) identified by the genome alignment were confirmed by
standard PCR sequencing. Any necessary manual sequence analysis was
performed using MacVector sequence analysis software (MacVector,
Cary, NC).

SecY structure prediction and modeling. The amino acid sequence of
C. trachomatis SecY was submitted to the Phyre prediction server on the
Web to predict the three-dimensional (3D) structure (17). The mutated
residues in the resistant SecY genes were mapped onto the predicted SecY
three-dimensional structure using the UCSF Chimera modeling program
(24).

RESULTS
Identification and characterization of antichlamydial com-
pounds. The NBD-cer assay allowed screening of 42,000 com-
pounds at a rate of approximately 5,000 compounds per week.
The images in Fig. 1 show qualitatively the difference between
complete inhibition, no inhibition, and partial inhibition in the
assay. A quantitative analysis of these differences demonstrated

that wells treated with noninhibitory compounds had an average
fluorescence reading that was 95% of the fluorescence of un-
treated, infected wells, while wells carrying infected cells treated
with tetracycline as a positive control for inhibition had average
fluorescence readings that were 22% of infected, untreated cells.
This was virtually identical to the readings for uninfected cells
treated with the fluorescent compound. The Z-factor for this assay
was determined to be 0.74, with a signal to background ratio
of 4.7.

The assay allowed us to identify 40 compounds out of 42,000
tested compounds (hit rate of �0.1%) that inhibited C. caviae
GPIC growth and were not inherently toxic to host cells. A sec-
ondary screen was done to evaluate the inhibitory properties of
these 40 compounds against both C. caviae GPIC and the human
pathogen, C. trachomatis. Five compounds that inhibited both
chlamydial strains and were nontoxic to host cells were further
evaluated (Fig. 2). MICs were established for each of these com-
pounds against C. trachomatis L2-434, C. trachomatis J6276, C.
muridarum, and C. caviae GPIC to show their cross-chlamydia

FIG 1 Labeling of infected host cells with C6-NBD-ceramide can be used to discriminate between productively infected, uninfected, or nonproductively infected
cells. McCoy cells infected with C. caviae GPIC labeled with C6-NBD-ceramide at 28 h postinfection. Panel A shows cells treated with 10 �g/ml tetracycline. Panel
B shows infected cells not treated with inhibitor. Panel C shows cells treated with one compound in the SIGA library that partially blocks the development of C.
caviae GPIC within cells at 10 �M. Scale bar � 10 �m.

FIG 2 Concentration-dependent inhibition of chlamydial infections by different compounds in the SIGA library. C. caviae GPIC-infected cells were treated with
half-log dilutions of each of 5 compounds identified as chlamydial inhibitors in the high-throughput screen and quantitated at 24 h postinfection (hpi) using
C6-NBD-ceramide. Compound 4 is included as an example of a compound with no effect in the assay. Fluorescence readings (y axis) are plotted against each
compound at different concentrations (x axis).
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antimicrobial activity (Table 1). All 5 compounds were also effec-
tive at a concentration of 10 �M against the category B select
agent, C. psittaci (Fig. 3), although MIC values were not deter-
mined for this organism. Substructure searches of the compound
library identified several structurally related analogs for each com-
pound class, but no clear structure activity relationships could be

identified. The antichlamydial compound MDQA (molecular
weight, 369) (Fig. 4) was selected for further study.

Cell cytotoxicity analysis demonstrated that MDQA had a cy-
totoxic concentration (CC50) above 50 �M for Vero and McCoy
cells. MDQA was freely soluble in 100% dimethyl sulfoxide
(DMSO) and soluble to greater than 10 mM in 10% DMSO. In-
cubation of MDQA in a low pH buffer led to a significant increase
in the MIC of the compound, suggesting that it is acid labile.

TABLE 1 MIC of each compound identified in the high-throughput
screen against four different chlamydial strains and speciesa

Strain

MIC

1 2 3 6 MDQA

C. trachomatis L2-434 5 10 0.3125 �0.156 5
C. trachomatis J6276 5 10 0.3125 �0.156 10
C. muridarum Mopn 2.5 10 2.5 �0.156 10
C. caviae GPIC 6.4 20 2 �0.0063 2
a MICs for C. trachomatis and C. muridarum were tested in 2-fold dilutions starting at
10 �M and assayed by the fluorescent antibody test. Infections were fixed at 40 hpi (C.
trachomatis) or 20 hpi (C. muridarum), and MICs were determined by the
concentration that resulted in �90% inhibition. C. caviae GPIC MICs were determined
using the robotic delivery system and the fluorescent C6-NBD-ceramide assay in half-
log dilutions starting at 20 �M.

FIG 3 Immunofluorescence images of MDQA-treated C. caviae GPIC-, C. psittaci CP3-, and C. trachomatis L2-434-infected cells. McCoy cells were infected with
each of the following strains and grown in the presence of either 1% DMSO as a vehicle control (A, C, E) or with MDQA at 10 �M (B, D, F) before fixation at each
indicated time point. Panels A and B are C. psittaci CP3-infected cells fixed at 72 h. Panels C and D are C. trachomatis L2-434-infected cells fixed at 42 h. Panels
E and F are C. caviae-infected cells fixed at 42 h. Scale bar � 10 �m.

FIG 4 Molecular structure of MDQA.
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MDQA was not inhibitory to E. coli or S. aureus grown in broth
culture up to 100 �M or C. burnetii grown in Vero cells up to
10 �M.

Selection for chlamydial resistance to MDQA. Chlamydial
strains were serially passaged in increasing concentrations of com-
pound until the MIC exceeded that of the original wild-type pa-
rental strains. The number of passages to generate a fully resistant
mutant varied with each attempt and each strain. A concentration
curve of C. trachomatis L2-434 wild-type and resistant strains
shows that the mutant strain grows equally well in the presence
and absence of MDQA and similarly to the wild-type strain (Fig.
5). The MDQA-resistant C. trachomatis strains did not exhibit
cross-resistance to chloramphenicol, tetracycline, or rifampin,
(not shown). The complete genome sequence of this resistant
strain was assembled, and a single nucleotide change was identi-
fied that resulted in an amino acid substitution secY (C. trachoma-
tis CT 510). To ensure that the mutation in secY was not a random
occurrence, two additional C. trachomatis L2-434 mutants were
generated and a PCR-amplified fragment containing secY was se-
quenced. In each case, mutations in secY were identified that re-
sulted in amino acid substitutions (Fig. 6). The three-dimensional
structure of the C. trachomatis L2-434 SecY protein was predicted
using I-TASSER threading software and shown to be similar to the

crystallized SecY protein from Thermus thermophilus (Fig. 7). The
mutated amino acid residues from C. trachomatis were mapped
onto the 3D structure of T. thermophilus SecY, revealing localiza-
tion to the inner channel of the translocon.

Nucleotide sequence analysis found different structurally sig-
nificant amino acid changes in SecY in each of the three charac-
terized resistant strains. This includes one strain in which the en-
tire genome was sequenced, and the mutation in secY was the only
identified mutation. While this implicates SecY as having a role in
the resistance phenotype, it is not clear whether SecY is the target
of MDQA or whether changes in the protein function as suppres-
sors of the sensitive, wild-type phenotype. The resulting amino
acid changes (Ala ¡ Pro, Ala ¡ Pro, Ala ¡ Ser) (Fig. 6) map to
the central channel of the SecY translocon, perhaps altering the
structure of this channel. There is precedent for changes in the
SecY inner channel conferring a suppressor phenotype toward
lethal mutations in other systems. A set of E. coli secY mutant
strains, termed “prlA suppressors,” carry single-amino-acid sub-
stitutions that are similarly localized to the SecY translocon inner
channel. The prlA mutants retain Sec activity and allow transloca-
tion of proteins with inactive or nonexistent signal sequences (31,
36). We are currently working toward the definition of the activity
of MDQA and the nature of the resistance phenotype in the secY
mutants.

DISCUSSION

High-throughput screens are an effective way to identify novel
inhibitors against a wide range of organisms and can be a very
powerful approach for new antibiotic discovery. With the use of
sophisticated robotics to streamline workflow, we completed a
high-throughput screen in which we identified and characterized
5 potent antichlamydial compounds that display a broad spec-
trum of activity against chlamydia species. We also show that the
C6-NBD-ceramide assay with C. caviae GPIC is a useful model
system that can be used to screen and identify narrow and broad-
spectrum antibiotics that target intracellular and extracellular or-
ganisms.

We used chemical genetics and next-generation sequencing
technology to identify potential drug targets or resistance deter-
minants that were associated with resistance to MDQA. The
MDQA-resistant C. trachomatis L2-434 strains harbor amino acid
substitutions in secY, which encode the membrane translocon of
the Sec-dependent secretion system. Sec-dependent secretion is a

FIG 5 qPCR of sensitive and resistant C. trachomatis L2-434 strains grown in
the presence of MDQA. C. trachomatis L2-434-sensitive and C. trachomatis
L2-434-resistant (clone 1) strains were cultured in McCoy cell monolayers in
the presence or absence of MDQA at various concentrations (x axis). Infec-
tions were lysed at 40 hpi, and genome copies/ml were determined by qPCR (y
axis).

FIG 6 Amino acid changes in SecY that are associated with MDQA resistance in C. trachomatis L2-434. Resistant strains were maintained in culture until the
concentration exceeded the sensitive strain MIC by at least 2-fold before whole-genome sequencing or gene-specific (secY) sequencing. Three different mutations
leading to amino acid substitutions in SecY were identified in 3 independently generated resistant mutants.
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critical pathway utilized by Gram-negative bacteria to secrete pro-
teins across the inner membrane, and knockouts of secY in other
bacterial systems have proven to be lethal (10). Homologs to com-
ponents of the Sec-dependent secretion system are encoded by
each chlamydial genome. The ability of MDQA to inhibit chla-
mydial growth, and subsequent identification of mutations in secY
that confer resistance, supports a logical hypothesis that an active
Sec pathway is essential for chlamydial growth and life cycle pro-
gression (9). Moreover, MDQA-resistant C. trachomatis was still
sensitive to chloramphenicol, tetracycline, and rifampin, suggest-
ing that resistance was specific for MDQA and not the result of
common mutations that lead to multidrug resistance. It is still
unknown if MDQA directly targets the chlamydial sec-dependent
secretion pathway or if chlamydiae mutate to regulate interactions
of substrates with their secretion systems that allow them to cir-
cumvent growth restrictions imposed by treatment with MDQA.

Although chlamydiae remain sensitive to several classes of an-
tibiotics and have not yet shown evidence of antibiotic resistance
in clinical settings, many other pathogens that coinfect the genital
and respiratory tracts are associated with emerging antibiotic re-
sistance. The identification of chlamydia-specific inhibitory com-
pounds may be clinically significant, as the use of such com-
pounds might reduce the overall application of broad-spectrum
antibiotics in clinics and reduce the emergence of antibiotic resis-
tance to broad-spectrum antibiotics in other organisms. We con-
tinue to explore the utility of this compound as a potential drug
candidate in preclinical experiments and to evaluate the antimi-
crobial properties of other compounds identified in our screen.
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