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ABSTRACT: Chlamydia trachomatis, an obligate intracellular bacterium with limited metabolic
capabilities, possesses the futalosine pathway for menaquinone biosynthesis. Futalosine
pathway enzymes have promise as narrow spectrum targets, but the activity and essentiality of
chlamydial menaquinone biosynthesis have yet to be established. In this work, menaquinone-7
(MK-7) was identified as a C. trachomatis-produced quinone through LC-MS/MS. An
immunofluorescence-based assay revealed that treatment of C. trachomatis-infected HelLa cells
with futalosine pathway inhibitor docosahexaenoic acid (DHA) reduced inclusion number,
inclusion size, and infectious progeny. Supplementation with MK-7 nanoparticles rescued the
effect of DHA on inclusion number, indicating that the futalosine pathway is a target of DHA in
this system. These results open the door for menaquinone biosynthesis inhibitors to be pursued
in antichlamydial development.
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INTRODUCTION

Chlamydia trachomatis is the pathogen
responsible for the most predominant
bacterial sexually transmitted infection
worldwide, with over 130 million new
infections reported each year.}? Because
over 70 percent of chlamydial infections are
initially asymptomatic, infections are often
undiagnosed.® Left untreated, chlamydial
infections can lead to the development of
severe sequelae such as pelvic inflammatory
disease, infertility, and ectopic pregnancy,*
as well as increased susceptibility to HIV
infection and cervical cancer.>®

The current therapeutics of choice for
chlamydial infections are the broad-spectrum
antibiotics azithromycin and doxycycline.’
Despite the effectiveness of these front-line
antibiotics to date, chlamydial infections still
place an extraordinary burden on public
health. Complex® and partial® protective
immunity leads to frequent re-infections. If C.
trachomatis is exposed to stressors such as
B-lactam antibiotics, nutrient deprivation, or
human cytokines,!° the bacterium enters a
temporary, aberrant phase called
persistence, which is characterized by
metabolic quiescence and an inability to
replicate until the stressor has been
removed.!!  Significantly, persistent C.
trachomatis has been shown to be less
susceptible to azithromycin in a mouse
model of chlamydial infection.!? Recent
reports have also indicated that repeat
infections due to azithromycin treatment
failure are an emerging concern.t3
Collectively, the overwhelming number of
cases per year in combination with the
increase in  infection  reoccurrences
underscores the need to investigate the
complex infection biology of C. trachomatis
and explore new therapeutic strategies to
combat this pathogen.

C. trachomatis is an obligate intracellular
bacterium with a unique biphasic life cycle

comprised of the infectious elementary body
phase and the replicative reticulate body
phase.’® The life cycle begins with
internalization of elementary bodies into the
outermost layer of epithelial cells of the
genital tract or eyes by endocytosis. A
parasitophorous vacuole, termed an
inclusion, encapsulates the elementary
bodies to shield C. trachomatis from the host
immune response. Within the inclusion,
elementary bodies differentiate into reticulate
bodies, which replicate exponentially by
binary fission. Reticulate bodies then
transition back into elementary bodies for
release from the host cell by lysis or
extrusion and initiation of a new round of
infection.

As an obligate intracellular pathogen, C.
trachomatis relies extensively on host-
derived nutrients for survival. C. trachomatis
has a minimal genome of approximately 900
protein-encoding genes,'® leaving the
pathogen with limited metabolic
capabilities.!” As such, C. trachomatis was
historically believed to be an energy parasite
that exclusively imported ATP from the host
cell until the recent discovery of a functional
sodium-dependent respiratory chain.® For
an electron transport chain to produce ATP,
a membrane-associated electron carrier is
required to shuttle electrons between
respiratory  complexes.!® Interestingly,
despite C. trachomatis lacking many
biosynthetic pathways, the full suite of genes
required for production of the electron carrier
menaguinone have been identified in the
chlamydial genome.?® C. trachomatis
harbors the genes for the futalosine pathway
for menaquinone biosynthesis (Figure 1,
Figure S1), which is enzymatically distinct
from the more prevalent classical pathway.?
While menaquinone biosynthesis by C.
trachomatis has not been confirmed to date,
production of menaquinone through the
futalosine  pathway is experimentally
supported by the biophysical and enzymatic
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Figure 1. Predicted futalosine pathway in C. trachomatis. Menaquinone-7 biosynthesis via
the futalosine pathway occurs through the indicated enzymatic steps, with hypothesized
chlamydial enzymes annotated. Steps from initial precursor chorismate to 1,4-dihydroxy-6-
naphthoic acid have been characterized in Streptomyces coelicolor.?®° The order of the last three
steps (italicized) has not been experimentally confirmed (Figure S1).

characterization of CT263 (MgnB), a 6-
amino-6-deoxyfutalosine hydrolase
responsible for the third step in the
pathway.??

Targeting the futalosine pathway presents
an attractive opportunity for therapeutic
intervention. Inhibitors of Na-NQR, the first
complex of the chlamydial respiratory chain,
have been demonstrated to inhibit
chlamydial growth and replication,
suggesting that respiratory chain function is
important for survival.'®?®  Further, the
futalosine pathway has only been identified
in a small group of bacteria and is not present
in  humans or commensal bacteria.?
Humans utilize ubiquinone, a different
electron carrier, in the mitochondrial electron
transport chain,?* while commensal bacteria
that produce menaquinone exclusively
possess the classical pathway.?® As such,
the chlamydial futalosine pathway enzymes
have promise as potential narrow spectrum
targets; however, the effects of disrupting
menaguinone biosynthesis in C. trachomatis
have yet to be elucidated.

We hypothesized that due to the
importance of the respiratory chain in C.
trachomatis and the critical role of an
electron carrier in electron transport,

menaguinone biosynthesis may be essential
for a functional respiratory chain and
significant for chlamydial viability. Here we
describe mass spectrometry and chemical
genetics analyses to characterize the
function of the futalosine pathway and
investigate the effects of futalosine pathway
inhibitors on chlamydial infection. We
identified menaquinone-7 (MK-7) as a
chlamydial quinone by tandem mass
spectrometry, confirming that the futalosine
pathway is functional in C. trachomatis. We
subsequently challenged C. trachomatis-
infected HelLa cells with inhibitors of the
futalosine pathway identified previously in
other organisms and found that
(42,72,102,137,16Z,19Z)-docosa-
4,7,10,13,16,19-hexaenoate (DHA)
treatment reduces chlamydial inclusion
number, inclusion size, and infectious
progeny. The effect of DHA on inclusion
number was rescued by concurrent
treatment with MK-7 nanoparticles, which is
consistent with a mechanism of targeting the
futalosine pathway. Together, these results
illustrate that menaquinone biosynthesis is a
previously unexploited target in C.
trachomatis that merits further investigation
in the development of new antichlamydial
agents.
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MATERIALS AND METHODS
General materials and methods.

Chemicals were purchased from Millipore
Sigma, Fisher Scientific, VWR, or Cayman
Chemicals unless otherwise stated and used
without further purification. Mass
spectrometry (MS) data were obtained on an
Agilent 6460 Triple Quadrupole LC-MS.
Absorbance measurements were obtained
with a SpectraMax i3X plate reader
(Molecular Devices). Representative
microscopy images were obtained on a Zeiss
Axio Observer widefield fluorescence
microscope with a 10X objective and
processed with ImageJ.?® Data were
visualized using GraphPad Prism.

Chlamydial and mammalian cell culture.

Homo sapiens Hela cells (Duke Cell
Culture Facility via ATCC, CCL-2) were
cultured in Dulbecco’s modified Eagle’s
medium (DMEM, ThermoFisher Scientific)
supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Millipore Sigma) at
37 °C and 5% CO:.. C. trachomatis L2 (strain
434/Bu) stocks were prepared in sucrose-
phosphate-glutamate (SPG) buffer as
described previously,?” and aliquots were
stored at -80 °C until needed for infections.

Quinone extractions and detection by LC-
MS/MS.

Isoprenoid quinone-containing samples
were prepared based on previously reported
methodology for extraction of isoprenoid
quinones from plasma.?® HelLa cells were
trypsinized, centrifuged at 180 x g for 4 min,
washed with PBS, centrifuged again, and re-
suspended in ice-cold ethanol. C.
trachomatis stocks were thawed, centrifuged
at 18,000 x g for 30 minutes, and re-
suspended in ice-cold ethanol. Both samples
were sonicated (four 15 s pulses at 30%
amplitude) and subjected to three rounds of
extractions. In each extraction, hexanes was
added, the solution was vortexed and
centrifuged at 1,400 x g for 5 min, and the
hexanes layer was reserved.?® Hexanes

layers for each sample were combined and
concentrated to 400 yL under a stream of N2
(9). An equal volume of isopropanol was
added to each sample, and the mixtures
were incubated at -20 °C for 40 min. Samples
were centrifuged at 3,000 x g for 10 min to
pellet precipitate, and the supernatants were
removed and concentrated to 250 pL. The
incubation and centrifugation steps were
repeated, and samples were concentrated to
dryness. Residues were dissolved in
methanol for LC-MS/MS analysis. A 100
ng/mL solution of menaquinone-7 in
methanol was prepared as a standard.

Samples were analyzed by LC-MS/MS
with an XDB-C8, 2.1 x 50 mm, 3.5 um
column (Agilent Zorbax Eclipse). A 2 min
isocratic method with a mobile phase of 5
mM ammonium formate in methanol was
employed. Precursor ion scans for the
daughter ion m/z 187.0 were conducted in
positive ion mode with a fragmentor voltage
of 185 V and collision energy of 30. Extracted
ion chromatograms (EICs) were collected for
the [M+H]* MK-7 species.

Chlamydial inclusion experiments.

Immunofluorescence microscopy
experiments for evaluating the effects of
antichlamydial agents were conducted
based on previous reports.?®3° HelLa cells
seeded in 96 well plates were grown to 90—
100% confluency, then infected with C.
trachomatis at an MOI of 0.5. Infections were
facilitated by centrifugation at 900 x g for 1
hr. Following centrifugation, the culture
media was replaced with fresh media
containing an inhibitor of interest or a vehicle
control. After 40 hours of incubation at 37 °C
and 5% CO,, cells were fixed with ice-cold
methanol  for  visualizing  inclusions.
Methanol-fixed cells were stained for
immunofluorescence microscopy, with either
a fluorescein-conjugated chlamydial
lipopolysaccharide antibody (Pathfinder
Chlamydia Confirmation System, BioRad) or
a major outer membrane protein (MOMP)
antibody (1:1000, Novus Bio) and an
appropriate AlexaFluor secondary antibody
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(1:200, ThermoFisher Scientific).
Counterstaining was performed with Hoechst
stain. Images of 9 fields per well were
obtained using the Cellinsight CX5 High-
Content Screening Platform (ThermoFisher
Scientific) with a 10X objective. Inclusion
number and size were measured using HCS
Studio Cell Analysis Software. Data are
shown as the average inclusion number or
size for a treatment condition relative to that
of the respective ethanol (12-
methyltetradecanoic acid and DHA) or
DMSO (BuT-DADMe-ImmA and siamycin 1)
vehicle control £ s.e.m.

Infectious progeny experiments.

C. trachomatis infections with inhibitor
treatment were performed as described
above, but in 24 well plates. At 40 hours post-
infection (hpi), infected cells were isolated by
scraping and collecting in the original culture
media and were stored at -80 °C until
analysis by titer assay. Samples were
thawed, vortexed, and serially diluted (1:10).
Diluted samples were used to infect new
HelLa cells seeded in 96 well plates. At 40
hpi, the previously described
immunofluorescence staining and imaging
protocol was employed to count recoverable
IFUs. Data are shown as the average
infectious progeny for a treatment condition
relative to that of the ethanol vehicle control
+s.e.m.

Menaquinone-7 nanoparticle preparation.

Menaquinone-7 nanoparticles  were
prepared using a rapid solvent exchange
method.3! Briefly, a solution of
menaquinone-7 in ethanol (500 pL) was
rapidly injected into 4.5 mL of ultrapure water
stirring at 500 rpm, resulting in the
spontaneous generation of nanoparticles.
Nanoparticles were sterile-filtered and
measured using a dynamic light scattering
instrument (Zetasizer, Malvern).

MTT viability assay.

HelLa cells seeded in 96 well plates were
treated with various concentrations of DHA

or the corresponding percentage of ethanol
in DMEM. At 40 hours post-treatment, media
was removed from each well and replaced
with equal volumes of DMEM and a 5 mg/mL
solution of MTT in PBS.*2 The plates were
incubated at 37 °C for 3 h. Formazan crystals
were solubilized by addition of 4 mM HCI,
0.1% NP-40 in isopropanol, and the plate
was placed on an orbital shaker for 15 min.
Absorbances were measured at 570 nm
using a plate reader and are represented as
the normalized absorbance relative to that of
untreated Hela cells + s.e.m.

Statistical analysis.

Statistical analyses were performed using
JMP.2® For experiments determining the
effects of DHA on inclusion number,
inclusion size, and infectious progeny, the
raw data from three independent
experiments were evaluated by RM-ANOVA
with Tukey’'s post hoc test for pairwise
comparisons, where p < 0.05 was
considered statistically significant. For ease
of visualization, data are shown as
percentages of the respective vehicle control
values.

RESULTS AND DISCUSSION

Menaguinone-7 is a
isoprenoid quinone.

chlamydial

To validate the activity of the futalosine
pathway in C. trachomatis, we performed a
liquid chromatography-coupled tandem
mass spectrometry (LC-MS/MS) analysis of
chlamydial and uninfected HelLa cell extracts
to identify a chlamydia-produced
menaquinone. The uninfected Hela cell
sample was included as a negative control,
as the H. sapiens cervical cell line does not
possess the futalosine pathway. Chlamydial
and uninfected HelLa cell samples were first
subjected to hexanes extractions to isolate
isoprenoid quinones.?® Because bacterial
menaquinones have polyisoprenyl side
chains of varying lengths,** we employed an
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LC-MS/MS precursor ion scan for the 2-
methyl-1,4-naphthoquinone product ion (m/z
187.0).%° Analysis of both extraction samples
identified MK-7 exclusively in the chlamydial
extract as the [M+H]* and [M+NH4]* ions
(observed [M+H]*=649.4, calculated
[M+H]*=649.5; observed [M+NH4]"=666.3,
calculated [M+NH.]*=666.5) (Figure 2). MK-
7 extracted from C. trachomatis had the
same retention time as a commercially
obtained MK-7 standard, further verifying the
identity of the quinone (Figure 2, Figure S2).
This result suggests that the futalosine
pathway is functional in C. trachomatis and
produces MK-7, setting the stage for
interrogation of menaquinone biosynthesis
as a potential antichlamydial target.

Automated immunofluorescence assay
reveals that futalosine pathway inhibitor
DHA disrupts inclusion formation.

After confirming MK-7 biosynthesis in C.
trachomatis, we sought to determine the
impact of its inhibition on chlamydial
infection. A small group of futalosine
pathway inhibitors have been discovered
previously, including compounds identified
through  forward®®3° and reverse®®#
chemical genetic approaches. Significantly,
several have been found to possess
inhibitory activity against the futalosine
pathway-containing pathogen Helicobacter
pylori in mouse models of infection, revealing
the translational potential of targeting this
pathway.3” However, no futalosine pathway
inhibitors have been tested  for
antichlamydial activity to date.

A structurally diverse subset of futalosine
pathway inhibitors was chosen to evaluate
against C. trachomatis: immucillin analogue
BuT-DADMe-ImmA,*? lasso peptide
siamycin 1,3 and fatty acids 12-
methyltetradecanoic acid*® and DHA (Figure
3A).%” BUT-DADMe-ImmaA, the only inhibitor
of the group with a characterized target
within the futalosine pathway, is a 5'-
methylthioadenosine nucleosidase (MTAN)
transition state analogue and an inhibitor of
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Figure 2. Identification of MK-7 as a
chlamydial quinone. (A) Extracted ion
chromatograms for the m/z 649.4
([M+H]") to 187.0 fragmentation of MK-7
are shown for chlamydial and HeLa cell
extracts as well as an MK-7 standard. (B)
The mass spectrum for the chlamydial
extract contains the [M+H]* and [M+NH.]*
ions for MK-7.

MqgnB.*? The remaining three inhibitors were
identified in disk diffusion screens, where
each compound inhibited the growth of a
futalosine pathway-containing bacterium
(Bacillus halodurans C-125 or Kitasatospora
setae KM-6054), but not a classical
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Figure 3. An automated immunofluorescence assay monitoring inclusion formation in
the presence of futalosine pathway inhibitors reveals DHA as an antichlamydial agent.
(A) Structures of the previously identified futalosine pathway inhibitors tested against C.
trachomatis in this study. (B) C. trachomatis-infected HeLa cells were treated with inhibitors to
characterize their effects on inclusion formation. Inclusion number was quantified using the
Cellinsight CX5 High-Content Screening Platform. Data are visualized as the inclusion number
from each inhibitor treatment relative to its respective vehicle control (DMSO for BuT-DADMe-
ImmA and siamycin |; ethanol for 12-methyltetradecanoic acid and DHA) and given as the mean
of triplicate samples + s.e.m. As the only compound that reduced inclusion number by >50%,
DHA was selected as a hit. (C) MTT cell viability assay confirms that DHA treatment results in
>85% HelLa cell viability up to 200 uM. Data are visualized as viability normalized to an
untreated control (mean of triplicate samples + s.e.m).

menaquinone biosynthesis pathway-
containing strain (Bacillus subtilis H17).%"
While their specific molecular targets within
the futalosine pathway have yet to be
identified, several mechanistic hypotheses
have been formulated. Both  12-
methyltetradecanoic acid and DHA are
hypothesized to inhibit the membrane-bound
prenyltranferase  MgnP based on 1)
structural similarity to its polyisoprene
pyrophosphate substrate and 2) a previous
study which suggested that free fatty acids
inhibit a step after the formation of
futalosine.® Siamycin | has been recently
characterized as a binder of the
peptidoglycan biosynthesis intermediate lipid
I,  which contains an undecaprenyl
pyrophosphoryl motif;*® therefore, it is likely
that siamycin | interacts with the MqgnP

substrate heptaprenyl pyrophosphate, given
its structural similarity to lipid II.

To test the antichlamydial effects of these
inhibitors, we developed an automated
immunofluorescence-based assay of
inclusion formation in a HelLa cell model of
chlamydial infection. HelLa cells were
infected with C. trachomatis at a multiplicity
of infection (MOI) of 0.5, then treated with
each inhibitor (125 uM) or vehicle control for
40 hpi. Immunofluorescence staining for the
chlamydial inclusion ~membrane was
performed, and a high-content imaging
platform was implemented to monitor
inclusion formation, with the goal of
identifying a compound that inhibited
inclusion formation by >50% relative to its
respective vehicle control. Using this assay,
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one futalosine pathway inhibitor, DHA, was
discovered to meet this threshold (Figure
3B). The remaining three inhibitors caused
little to no decrease in inclusion number,
which we hypothesize may be attributed to a
lack of permeability. Because of the
intracellular nature of C. trachomatis, cell
entry is a well-established barrier to the
efficacy of antichlamydial therapeutics.*
Furthermore, difficulties with cellular uptake
have been previously demonstrated for
siamycin 1** and immucillin-type transition
state analogues such as BuT-DADMe-
ImmA. 4546

Despite these permeability challenges, the
decrease in inclusion number caused by
treatment of C. trachomatis-infected HelLa
cells with 125 uM DHA is, to our knowledge,
the first time a futalosine pathway inhibitor
has been found to disrupt chlamydial
infection. Notably, the viability of HeLa cells
was not compromised at the tested DHA
concentrations as measured with a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay (>85%
viability at 200 uM DHA), indicating that the
observed activity of DHA is not attributed to
host cell toxicity (Figure 3C).

DHA inhibits multiple aspects of
chlamydial infection.

To expand our analysis of the
antichlamydial effects of DHA to several
characteristics of chlamydial infection, C.
trachomatis-infected HelLa cells were
challenged with a concentration gradient of
DHA, and the effects of treatment on
inclusion number, inclusion size, and
infectious progeny were determined. These
three parameters were selected to shed light
on different elements of the life cycle, as
inclusion number, inclusion size, and
infectious progeny are indicators of inclusion
formation, chlamydial growth, and
progression through the life cycle,
respectively.

First, inclusion number and size were
quantified using the high-content imaging

platform previously described after DHA
treatment for 40 hpi. A concentration-
dependent reduction in inclusion formation
was observed, including 83.0% inhibition at
125 yM DHA (Figure 4A, 4B). In contrast,
although DHA treatment caused a 28.0%
reduction in inclusion number at the lowest
tested concentration (31.3 pM), inclusion
size was exclusively affected at 125 uM, with
a 40.6% decrease relative to vehicle control
observed (Figure 4A, 4C). These results
reveal that DHA begins to disrupt inclusion
formation at lower concentrations but
requires a higher concentration to inhibit
chlamydial growth. Similar differential effects
on inclusion number and size have been
previously demonstrated for other
antichlamydials such as pyocyanin.*’

To measure the generation of infectious
progeny, C. trachomatis-infected HelLa cells
were harvested after treatment with DHA for
40 hpi, and a titer assay was performed to
count recoverable inclusion-forming units
(IFUs) from each isolated sample. The effect
of DHA on infectious progeny was more
consistent with its effect on inclusion number
than inclusion size, with a concentration-
dependent reduction in progeny observed
(Figure 4D). Notably, progeny IFUs were
drastically reduced to 0.579% of control IFUs
upon treatment with 125 puM DHA. This
suggests that DHA impedes the progression
of the chlamydial developmental cycle.
Collectively, these results establish DHA as
a previously unidentified antichlamydial
compound that disrupts multiple
characteristics of infection.

Menaquinone-7 rescues the effect of DHA
on inclusion formation.

Finally, we sought to confirm that the
antichlamydial activity of DHA is mediated
through inhibition of the futalosine pathway.
As part of the initial identification of DHA as
a futalosine pathway inhibitor by Yamamato
and co-workers, broth cultures of H. pylori
were treated with DHA alone or in
combination with menaquinone-4 (MK-4).%"
While DHA alone disrupted the growth of H.
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Figure 4. DHA treatment induces several antichlamydial effects. (A) Representative
immunofluorescence microscopy images for each DHA concentration and vehicle control from
the inclusion number experiment are shown. Scale bars represent 50 um. (B-D) [DHA]-
dependent effects on inclusion number (B), inclusion size (C), and infectious progeny (D) were
guantified using the Cellinsight CX5 High-Content Screening Platform. Data are visualized as the
inclusion number, inclusion size, or infectious progeny from each condition relative to the ethanol
vehicle control (mean of 3 biological replicates + s.e.m.). Significance was determined by RM-
ANOVA with Tukey’s post hoc test for pairwise comparisons using JMP,33 where **** = p < 0.0001,
*** = p<0.001, *=p<0.01, and * = p < 0.05.

pylori, the inhibition was rescued by MK-4 S3B) and employed in these experiments to
treatment, validating that DHA targets the solubilize MK-7 in cell-tolerable solvents and
futalosine pathway. Inspired by this finding, promote intracellular delivery.*® Excitingly,
we hypothesized that defects in C. inclusion formation was rescued by co-
trachomatis infection caused by DHA treatment with MK-7 nanoparticles (Figure
treatment could be rescued by 5A, 5B), as the number of inclusions after
supplementation with MK-7. combination treatment was significantly
increased relative to treatment with DHA

To interrogate this hypothesis, C. alone, but not significantly different than the
trachomatis-infected HelLa cells were treated vehicle control. Further, inclusion number
with 125 pM DHA in the presence and was unchanged when infections were
absence of 10 pM MK-7 nanoparticles and treated with MK-7 nanoparticles alone
evaluated for effects on inclusion number, (Figure S3C). These results convey that

inclusion size, and progeny. MK-7
nanoparticles were developed (Figure S3A,
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Figure 5. MK-7 nanoparticles rescue DHA-mediated inhibition of inclusion number. (A)
Representative immunofluorescence microscopy images for each treatment from the inclusion
number experiment are shown. Scale bars represent 50 um. (B-D) Inclusion number (B),
inclusion size (C), and infectious progeny (D) were quantified using the Cellinsight CX5 High-
Content Screening Platform. Data are visualized as the inclusion number or inclusion size from
each condition relative to the ethanol vehicle control (mean of 3 biological replicates + s.e.m.).
Significance was determined by RM-ANOVA with Tukey’s post hoc test for pairwise comparisons
using JMP,33 where **** = p < 0.0001, *** = p < 0.001, * = p <0.01, and * = p < 0.05.

DHA hinders inclusion formation through
inhibition of the futalosine pathway.

In contrast, inclusion size and infectious
progeny were not significantly changed by
co-treatment with MK-7 relative to treatment
with DHA alone (Figure 5C, 5D). Because
polyunsaturated fatty acids have been
characterized for their ability to modulate
membrane integrity*® and inhibit fatty acid
synthesis,*® we anticipate that DHA may
operate through additional mechanisms to
affect the various stages of chlamydial

infection. Identification of the molecular
target(s) of DHA in chlamydial infection is the
subject of future work and will enhance our
understanding of the differential effects of
DHA inhibiton and MK-7 rescue.
Nonetheless, the rescue of inclusion number
by co-treatment with MK-7 is consistent with
a mechanism of targeting the futalosine
pathway, underscoring the potential of
inhibiting menaquinone biosynthesis as an
antichlamydial approach.
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CONCLUSIONS

Cumulatively, the results presented herein
reveal that the futalosine pathway for
menaquinone biosynthesis is a previously
unrecognized target for antichlamydial
development. The futalosine pathway has
been previously hypothesized to play an
important role in infection due to the
discovery of an active respiratory chain in C.
trachomatis; however, menaquinone
production and the effects of its disruption
have remained unexplored. In this work,
menaquinone-7 was identified in a
chlamydial extract by LC-MS/MS, revealing a
functional futalosine pathway. Through an
automated immunofluorescence assay of
futalosine pathway inhibitors, the
polyunsaturated fatty acid DHA was found to
inhibit inclusion formation in C. trachomatis-
infected Hela cells. DHA was subsequently
demonstrated to disrupt both the formation
and developmental progression of
chlamydial infections in a dose-dependent
manner, as 125 pM treatment caused
reductions in inclusion number and progeny
to 17.0% and 0.579%, respectively, of
ethanol vehicle control values. A 40.6%
reduction in inclusion size was also observed
upon treatment with 125 pupM DHA.
Significantly, the rescue of inclusion number
by co-treatment with 10 pM MK-7
nanoparticles confirms that the mechanism
of DHA activity includes inhibition of the
futalosine pathway. These results have
established for the first time that a futalosine
pathway inhibitor disrupts multiple elements
of chlamydial infection and have laid the
groundwork for inhibitors of this pathway to
be explored as novel antichlamydial agents,
which are desperately needed to combat this
public health threat.

Acknowledgements.

The authors gratefully acknowledge Dr.
Raphael Valdivia (Duke University) for the
gift of the Chlamydia trachomatis L2 strain

and Dr. Vern Schramm (Albert Einstein
College of Medicine) for the gift of the
transition state analogue BuT-DADMe-ImmA
used in this work. The authors also
acknowledge Dr. Michael Therien (Duke
University) and Dr. Mark Wiesner (Duke
University) for the use of their respective DLS
instruments for nanoparticle measurement.
The authors thank Dr. Peter Silinski and the
Duke Shared Instrument Facility for mass
spectrometry assistance, and Dr. So Young
Kim of the Duke Functional Genomics Core
Facility for cellomics method development.
The authors gratefully acknowledge Dr. Ted
Slotkin (Duke University) and Maria Toro
Moreno (Duke University) for assistance in
the development of statistical analyses and
data visualization. Lastly, the authors would
like to thank the members of the McCafferty
laboratory for thoughtful discourse and
feedback throughout the course of this work
and preparation of the manuscript.

Funding and additional information.

This work was kindly supported by Duke
University, National Institutes of Health
Predoctoral Training Grant 5T32GM007105-
44 in Pharmacological Sciences to B.M.D.,
and National Institutes of Health Predoctoral
Training Grant 1T32GM133352-01A1 to
T.C.O.

Keywords.

Chlamydia  trachomatis, = menaquinone,
futalosine pathway, docosahexaenoic acid

Abbreviations.

The abbreviations used are: ATP,
adenosine triphosphate; DHA,
docosahexaenoic acid; DMEM, Dulbecco’s
modified Eagle’s medium; EIC, extracted ion
chromatogram; FBS, fetal bovine serum;
IFU, inclusion-forming unit; LC-MS/MS,
liquid chromatography-tandem mass
spectrometry; MK-4, menaquinone-4; MK-7,
menaquinone-7;  MOI,  multiplicity  of


https://doi.org/10.1101/2021.10.26.465979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.26.465979; this version posted October 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

infection; MS, mass spectrometry; MTAN, 5'-
methylthioadenosine nucleosidase; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; PBS, phosphate-
buffered saline; s.e.m., standard error of the
mean; SPG, sucrose-phosphate-glutamate


https://doi.org/10.1101/2021.10.26.465979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.26.465979; this version posted October 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

References

(1)

(2)

3)

(4)

()

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

World Health Organization. WHO Guidelines for the Treatment of Chlamydia
Trachomatis; 2016.

O’Connor, B. H.; Tillett, H.; Berrie, J. R. H.; Emslie, J. A. N.; Adler, M. W. Sexually
Transmitted Disease Surveillance; US Department of Health and Human Services:
Atlanta, 1982; Vol. 284. https://doi.org/10.1136/bm;.284.6318.825-d.

Farley, T. A.; Cohen, D. A.; Elkins, W. Asymptomatic Sexually Transmitted Diseases: The
Case for Screening. Prev. Med. (Baltim). 2003, 36 (4), 502-509.
https://doi.org/10.1016/S0091-7435(02)00058-0.

Haggerty, C. L.; Gottlieb, S. L.; Taylor, B. D.; Low, N.; Xu, F.; Ness, R. B. Risk of
Sequelae after Chlamydia Trachomatis Genital Infection in Women. J. Infect. Dis. 2010,
201 (S2), 134-155. https://doi.org/10.1086/652395.

Malhotra, M.; Sood, S.; Mukherjee, A.; Muralidhar, S.; Bala, M. Genital Chlamydia
Trachomatis: An Update. Indian J. Med. Res. 2013, 138 (3), 303-316.

Anttila, T.; Saikku, P.; Koskela, P.; Bloigu, A.; Dillner, J.; Ikaheimo, I.; Jellum, E.;
Lehtinen, M.; Lenner, P.; Hakulinen, T.; et al. Serotypes of Chlamydia Trachomatis and
Risk for Development of Cervical Squamous Cell Carcinoma. Jama 2001, 285 (1), 47-51.

Kong, F. Y. S.; Hocking, J. S. Treatment Challenges for Urogenital and Anorectal
Chlamydia Trachomatis. BMC Infect. Dis. 2015, 15, 293. https://doi.org/10.1186/s12879-
015-1030-9.

Vasilevsky, S.; Greub, G.; Nardelli-Haefliger, D.; Baud, D. Genital Chlamydia
Trachomatis: Understanding the Roles of Innate and Adaptive Immunity in Vaccine
Research. Clin. Microbiol. Rev. 2014, 27 (2), 346-370.
https://doi.org/10.1128/CMR.00105-13.

Batteiger, B. E.; Xu, F.; Johnson, R. E.; Rekart, M. L. Protective Immunity to Chlamydia
Trachomatis Genital Infection: Evidence from Human Studies. J. Infect. Dis. 2010, 201
(SUPPL. 2), S178. https://doi.org/10.1086/652400.

Hogan, R. J.; Mathews, S. A.; Mukhopadhyay, S.; Summersgill, J. T.; Timms, P.
Chlamydial Persistence: Beyond the Biphasic Paradigm. Infection and Immunity.
American Society for Microbiology Journals April 1, 2004, pp 1843-1855.
https://doi.org/10.1128/1A1.72.4.1843-1855.2004.

Panzetta, M. E.; Valdivia, R. H.; Saka, H. A. Chlamydia Persistence: A Survival Strategy
to Evade Antimicrobial Effects in-Vitro and in-Vivo. Frontiers in Microbiology. Frontiers
Media S.A. December 12, 2018, p 3101. https://doi.org/10.3389/fmicb.2018.03101.

Phillips-Campbell, R.; Kintner, J.; Schoborg, R. V. Induction of the Chlamydia Muridarum
Stress/Persistence Response Increases Azithromycin Treatment Failure in a Murine
Model of Infection. Antimicrob. Agents Chemother. 2014, 58 (3), 1782-1784.
https://doi.org/10.1128/AAC.02097-13.

Kissinger, P. J.; White, S.; Manhart, L. E.; Schwebke, J.; Taylor, S. N.; Mena, L.;
Khosropour, C. M.; Wilcox, L.; Schmidt, N.; Martin, D. H. Azithromycin Treatment Failure
for Chlamydia Trachomatis Among Heterosexual Men With Nongonococcal Urethritis.
Sex. Transm. Dis. 2016, 43 (10), 599-602.
https://doi.org/10.1097/0OLQ.0000000000000489.


https://doi.org/10.1101/2021.10.26.465979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.26.465979; this version posted October 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

available under aCC-BY-NC-ND 4.0 International license.

Shao, L.; You, C.; Cao, J.; Jiang, Y.; Liu, Y.; Liu, Q. High Treatment Failure Rate Is Better
Explained by Resistance Gene Detection than by Minimum Inhibitory Concentration in
Patients with Urogenital Chlamydia Trachomatis Infection. Int. J. Infect. Dis. 2020, 96,
121-127. https://doi.org/10.1016/j.ijid.2020.03.015.

Elwell, C.; Mirrashidi, K.; Engel, J. Chlamydia Cell Biology and Pathogenesis. Nat Rev
Micro 2016, 14 (6), 385—400. https://doi.org/10.1038/nrmicro.2016.30.

Stephens, R. S.; Kalman, S.; Lammel, C.; Fan, J.; Marathe, R.; Aravind, L.; Mitchell, W.;
Olinger, L.; Tatusov, R. L.; Zhao, Q.; et al. Genome Sequence of an Obligate Intracellular
Pathogen of Humans: Chlamydia Trachomatis. Science 1998, 282 (5389), 754—759.
https://doi.org/10.1126/science.282.5389.754.

Omsland, A.; Sixt, B. S.; Horn, M.; Hackstadt, T. Chlamydial Metabolism Revisited:
Interspecies Metabolic Variability and Developmental Stage-Specific Physiologic
Activities. FEMS Microbiology Reviews. Blackwell Publishing Ltd July 1, 2014, pp 779-
801. https://doi.org/10.1111/1574-6976.12059.

Liang, P.; Rosas-Lemus, M.; Patel, D.; Fang, X.; Tuz, K.; Juarez, O. Dynamic Energy
Dependency of Chlamydia Trachomatis on Host Cell Metabolism during Intracellular
Growth: Role of Sodium-Based Energetics in Chlamydial ATP Generation. J. Biol. Chem.
2018, 293 (2), 510-522. https://doi.org/10.1074/jbc.M117.797209.

Kurosu, M.; Begatri, E. Vitamin K 2 in Electron Transport System: Are Enzymes Involved
in Vitamin K 2 Biosynthesis Promising Drug Targets? Molecules 2010, 15, 1531-1553.
https://doi.org/10.3390/molecules15031531.

Hiratsuka, T.; Furihata, K.; Ishikawa, J.; Yamashita, H.; Itoh, N.; Seto, H.; Dairi, T. An
Alternative Menaquinone Biosynthesis Pathway Operating in Microorganisms. Science
(80-.). 2008, 277 (5331), 1453-1462. https://doi.org/10.1126/science.277.5331.1453.

Joshi, S.; Fedoseyenko, D.; Mahanta, N.; Manion, H.; Naseem, S.; Dairi, T.; Begley, T. P.
Novel Enzymology in Futalosine-Dependent Menaquinone Biosynthesis. Curr. Opin.
Chem. Biol. 2018, 47, 134-141. https://doi.org/10.1016/J.CBPA.2018.09.015.

Barta, M. L.; Thomas, K.; Yuan, H.; Lovell, S.; Battaile, K. P.; Schramm, V. L.; Hefty, P. S.
Structural and Biochemical Characterization of Chlamydia Trachomatis Hypothetical
Protein CT263 Supports That Menaquinone Synthesis Occurs through the Futalosine
Pathway. J. Biol. Chem. 2014, 289 (46), 32214-32229.
https://doi.org/10.1074/jbc.M114.594325.

Dibrov, P.; Dibrov, E.; Maddaford, T. G.; Kenneth, M.; Nelson, J.; Resch, C.; Pierce, G. N.
Development of a Novel Rationally Designed Antibiotic to Inhibit a Nontraditional
Bacterial Target. Can. J. Physiol. Pharmacol. 2017, 95 (5), 595-603.
https://doi.org/10.1139/cjpp-2016-0505.

Stefely, J. A.; Pagliarini, D. J. Biochemistry of Mitochondrial Coenzyme Q Biosynthesis.
Trends in Biochemical Sciences. Elsevier Ltd October 1, 2017, pp 824-843.
https://doi.org/10.1016/j.tibs.2017.06.008.

Dairi, T. An Alternative Menaquinone Biosynthetic Pathway Operating in Microorganisms:
An Attractive Target for Drug Discovery to Pathogenic Helicobacter and Chlamydia
Strains. J. Antibiot. (Tokyo). 2009, 62 (7), 347-352. https://doi.org/10.1038/ja.2009.46.

Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to ImageJ: 25 Years of


https://doi.org/10.1101/2021.10.26.465979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.26.465979; this version posted October 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Image Analysis. Nature Methods. Nature Publishing Group July 28, 2012, pp 671-675.
https://doi.org/10.1038/nmeth.2089.

(27) Scidmore, M. A. Cultivation and Laboratory Maintenance of Chlamydia Trachomatis. In
Current Protocols in Microbiology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2005;
Vol. Chapter 11, pp 11A.1.1-11A.1.25.
https://doi.org/10.1002/9780471729259.mc11a01s00.

(28) Gentili, A.; Cafolla, A.; Gasperi, T.; Bellante, S.; Caretti, F.; Curini, R.; Fernandez, V. P.
Rapid, High Performance Method for the Determination of Vitamin K1, Menaquinone-4
and Vitamin K1 2,3-Epoxide in Human Serum and Plasma Using Liquid Chromatography-
Hybrid Quadrupole Linear lon Trap Mass Spectrometry. J. Chromatogr. A 2014, 1338,
102-110. https://doi.org/10.1016/J.CHROMA.2014.02.065.

(29) Bao, X.; Gylfe, A.; Sturdevant L., G. L.; Gong, Z.; Xu, S.; Caldwell D., H. D.; Elofsson, M.;
Fan, H. Benzylidene Acylhydrazides Inhibit Chlamydial Growth in a Type Ill Secretion-
and Iron Chelation-Independent Manner. J. Bacteriol. 2014, 196 (16), 2989-3001.
https://doi.org/10.1128/JB.01677-14.

(30) Slade, J. A.; Brockett, M.; Singh, R.; Liechti, G. W.; Maurelli, A. T. Fosmidomycin, an
Inhibitor of Isoprenoid Synthesis, Induces Persistence in Chlamydia by Inhibiting
Peptidoglycan Assembly. PLOS Pathog. 2019, 15 (10), e1008078.
https://doi.org/10.1371/journal.ppat.1008078.

(31) Reddy, G. B.; Kerr, D. L.; Spasojevic, |.; Tovmasyan, A.; Hsu, D. S.; Brigman, B. E.;
Somarelli, J. A.; Needham, D.; Eward, W. C. Preclinical Testing of a Novel Niclosamide
Stearate Prodrug Therapeutic (NSPT) Shows Efficacy against Osteosarcoma. Mol.
Cancer Ther. 2020, 19 (7), 1448-1461. https://doi.org/10.1158/1535-7163.MCT-19-0689.

(32) van Meerloo, J.; Kaspers, G. J. L.; Cloos, J. Cell Sensitivity Assays: The MTT Assay;
Humana Press, 2011; pp 237-245. https://doi.org/10.1007/978-1-61779-080-5_20.

(33) JMP. SAS Institute Inc.: Cary, NC.

(34) Collins, M. D.; Jones, D. Distribution of Isoprenoid Quinone Structural Types in Bacteria
and Their Taxonomic Implications. Microbiological Reviews. American Society for
Microbiology (ASM) 1981, pp 316—354. https://doi.org/10.1128/mmbr.45.2.316-354.1981.

(35) Dunovska, K.; Klapkova, E.; Sopko, B.; Cepova, J.; Prusa, R. LC-MS/MS Quantitative
Analysis of Phylloquinone, Menaquinone-4 and Menaquinone-7 in the Human Serum of a
Healthy Population. PeerJ 2019, 2019 (9). https://doi.org/10.7717/peer].7695.

(36) Tanaka, R.; Kunisada, T.; Kushida, N.; Yamada, K.; Ikeda, S.; Noike, M.; Ono, Y.; Itoh,
N.; Takami, H.; Seto, H.; et al. Branched Fatty Acids Inhibit the Biosynthesis of
Menaquinone in Helicobacter Pylori. J. Antibiot. (Tokyo). 2011, 64 (1), 151-153.
https://doi.org/10.1038/ja.2010.133.

(37) Yamamoto, T.; Matsui, H.; Yamaji, K.; Takahashi, T.; @verby, A.; Nakamura, M.;
Matsumoto, A.; Nonaka, K.; Sunazuka, T.; Omura, S.; et al. Narrow-Spectrum Inhibitors
Targeting an Alternative Menaquinone Biosynthetic Pathway of Helicobacter Pylori. J.
Infect. Chemother. 2016, 22 (9), 587-592. https://doi.org/10.1016/].jiac.2016.05.012.

(38) Ogasawara, Y.; Kondo, K.; Ikeda, A.; Harada, R.; Dairi, T. Identification of Tirandamycins
as Specific Inhibitors of the Futalosine Pathway. J. Antibiot. (Tokyo). 2017, 70 (6), 798—
800. https://doi.org/10.1038/ja.2017.22.


https://doi.org/10.1101/2021.10.26.465979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.26.465979; this version posted October 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(39) Shimizu, Y.; Ogasawara, Y.; Matsumoto, A.; Dairi, T. Aplasmomycin and Boromycin Are
Specific Inhibitors of the Futalosine Pathway. J. Antibiot. (Tokyo). 2018, 71 (11), 968—
970. https://doi.org/10.1038/s41429-018-0087-2.

(40) Wang, S.; Cameron, S. A.; Clinch, K.; Evans, G. B.; Wu, Z.; Schramm, V. L.; Tyler, P. C.
New Antibiotic Candidates against Helicobacter Pylori. J. Am. Chem. Soc. 2015, 137
(45), 14275-14280. https://doi.org/10.1021/jacs.5b06110.

(41) Joshi, S.; Fedoseyenko, D.; Mahanta, N.; Ducati, R. G.; Feng, M.; Schramm, V. L.;
Begley, T. P. Antibacterial Strategy against H. Pylori: Inhibition of the Radical SAM
Enzyme MgnE in Menaquinone Biosynthesis. ACS Med. Chem. Lett. 2019, 10 (3), 363—
366. https://doi.org/10.1021/acsmedchemlett.8b00649.

(42) Wang, S.; Haapalainen, A. M.; Yan, F.; Du, Q.; Tyler, P. C.; Evans, G. B.; Rinaldo-
Matthis, A.; Brown, R. L.; Norris, G. E.; Almo, S. C.; et al. A Picomolar Transition State
Analogue Inhibitor of MTAN as a Specific Antibiotic for Helicobacter Pylori. Biochemistry
2012, 51 (35), 6892—-6894. https://doi.org/10.1021/bi3009664.

(43) Tan, S.; Ludwig, K. C.; Mller, A.; Schneider, T.; Nodwell, J. R. The Lasso Peptide
Siamycin-I Targets Lipid Il at the Gram-Positive Cell Surface. ACS Chem. Biol. 2019, 14
(5), 966—974. https://doi.org/10.1021/acschembio.9b00157.

(44) Sandoz, K. M.; Rockey, D. D. Antibiotic Resistance in Chlamydiae. Future Microbiology.
NIH Public Access September 2010, pp 1427-1442. https://doi.org/10.2217/fmb.10.96.

(45) Gutierrez, J. A.; Crowder, T.; Rinaldo-Matthis, A.; Ho, M.-C.; Almo, S. C.; Schramm, V. L.
Transition State Analogs of 5-Methylthioadenosine Nucleosidase Disrupt Quorum
Sensing. Nat. Chem. Biol. 2009, 5 (4), 251-257. https://doi.org/10.1038/nchembio.153.

(46) Hazleton, K. Z.; Ho, M. C.; Cassera, M. B.; Clinch, K.; Crump, D. R.; Rosario, I.; Merino,
E. F.; Almo, S. C.; Tyler, P. C.; Schramm, V. L. Acyclic Immucillin Phosphonates:
Second-Generation Inhibitors of Plasmodium Falciparum Hypoxanthine-Guanine-
Xanthine Phosphoribosyltransferase. Chem. Biol. 2012, 19 (6), 721-730.
https://doi.org/10.1016/j.chembiol.2012.04.012.

(47) Li, J.L.; Yang, N.; Huang, L.; Chen, D.; Zhao, Y.; Tang, M. M.; Fan, H.; Bao, X.
Pyocyanin Inhibits Chlamydia Infection by Disabling Infectivity of the Elementary Body
and Disrupting Intracellular Growth. Antimicrob. Agents Chemother. 2018, 62 (6).
https://doi.org/10.1128/AAC.02260-17.

(48) Chou, L. Y. T.; Ming, K.; Chan, W. C. W. Strategies for the Intracellular Delivery of
Nanoparticles. Chem. Soc. Rev. 2011, 40 (1), 233-245.
https://doi.org/10.1039/c0cs00003e.

(49) Desbois, A. P.; Smith, V. J. Antibacterial Free Fatty Acids: Activities, Mechanisms of
Action and Biotechnological Potential. Applied Microbiology and Biotechnology. Springer
February 3, 2010, pp 1629-1642. https://doi.org/10.1007/s00253-009-2355-3.

(50) Zheng, C. J.; Yoo, J.-S.; Lee, T.-G.; Cho, H.-Y_; Kim, Y.-H.; Kim, W.-G. Fatty Acid
Synthesis Is a Target for Antibacterial Activity of Unsaturated Fatty Acids. FEBS Lett.
2005, 579 (23), 5157-5162. https://doi.org/10.1016/j.febslet.2005.08.028.


https://doi.org/10.1101/2021.10.26.465979
http://creativecommons.org/licenses/by-nc-nd/4.0/

