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Chlamydia trachomatis is the leading pathogen in sexually transmitted bacterial infections across 

the globe. The development of a selective treatment against this pathogen could be an attractive 

therapeutic option that will reduce the overuse of broad-spectrum antibiotics. Previously, we 

reported some sulfonylpyridine-based compounds that showed selectivity against C. trachomatis. 

Here, we describe a set of related compounds that display enhanced anti-chlamydial potency when 

compared to our early leads. We found that the active molecules are bactericidal and have no 

impact on Staphylococcus aureus or Escherichia coli strains. Importantly, the molecules were not 

toxic to mammalian cells. Furthermore, a combination of molecule 20 (the most active molecule) 

and azithromycin at subinhibitory concentrations acted synergistically to inhibit chlamydial 

growth. Molecule 20 also eradicated Chlamydia in a 3D infection model and accelerated the 

recovery of Chlamydia-infected mice. This work presents compounds that could be further 

developed to be used alone or in combination with existing treatment regimens against chlamydial 

infections.
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INTRODUCTION

Sexually transmitted infections (STIs) are a public health concern, particularly in women, 

leading to mild and acute health issues that may affect the reproductive system.1,2 According 

to the World Health Organization (WHO), more than 1 million cases of STIs are reported 

worldwide every day.3 The 2018 CDC surveillance report shows that ~2.5 million bacterial 

STIs occur every year in the United States of America.4 These are caused primarily by three 

bacteria: Chlamydia trachomatis (Ctr), Neisseria gonorrhoeae, and Treponema pallidum 
(syphilis).5 Ctr is the most common cause of STIs with ~1.8 million reported cases in 2018.6 

Furthermore, the WHO estimates that Ctr infections reached 131 million cases globally in 

the last decade.7 However, given the asymptomatic nature of approximately 70% of the 

infections, these numbers are likely underrepresented.1
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Untreated Ctr infections can lead to long-term sequelae within the reproductive tract 

with the concomitant increase in Ctr-associated morbidities.8 One such problem is pelvic 

inflammatory disease, which contributes to ectopic pregnancy.9–11 Furthermore, Ctr can scar 

the fallopian tubes, ovaries, and endometrial lining, resulting in tubal factor infertility. Also, 

infection recurrence is common in Ctr, and it is associated with severe complications.9

Ctr is an obligate intracellular bacterium that undergoes a biphasic developmental cycle 

that alternates between two forms: the elementary body (EB) and the reticulate body 

(RB).9,12 The EB is the smaller (~0.3 μm diameter) and non-dividing form of the pathogen, 

which binds to and initiates the infection of the host cell.9,12 The RB is the larger (~1 

μm diameter), non-infectious, and replicative form that develops within the host cell in a 

hybrid vacuole composed of host and bacteria-derived components (termed an inclusion).12 

At an unspecified signal, and after multiple rounds of replication, the RBs asynchronously 

undergo secondary differentiation into EBs, followed by the lysis of the inclusion releasing 

the bacteria, which infects proximal cells. Most urogenital Chlamydia isolates complete their 

developmental cycle in 48 to 60 h.

Although a vaccine may be available in the future, such intervention has not yet been 

approved for use in humans.13–16 Moreover, the efficacy of available treatments, such as 

azithromycin (AZM) and doxycycline (Doxy), has been recently questioned.17,18 Some 

studies have shown infection recurrence 28 d after treatment in 10–15% of female 

patients.19–22 Furthermore, AZM and Doxy can impact the vaginal microbiota, altering 

its protective function while facilitating the development of antibiotic resistance in 

other bacterial species.23–28 Also, the widespread utilization of AZM in some countries 

contributes to macrolide resistance in subsequent or accompanied infections.29,30 Thus, 

developing new therapies specifically targeting Ctr represents a useful strategy to reduce the 

pathogen’s prevalence.

Selective anti-Ctr therapy is a cornerstone to overcome the undesired impact of broad-

spectrum antibiotics on commensal flora and to prevent the potential transfer of resistance. 

In addition, it may block immune escape of the pathogen, which might be a contributing 

factor in reported treatment failures.1 The unique developmental cycle of Ctr affords an 

opportunity to create specific treatments against this bacterium instead of broad-spectrum 

antibiotics.12 Based on the current understanding of the Ctr cycle, several effectors are 

considered vital targets for treatment intervention. We hypothesize that disrupting the 

protein turnover process would significantly affect the Ctr development. Previously, we 

reported the anti-chlamydial activity of sulfonylpyridine derivatives.31,32 Compound 1 
(Figure 1A) completely eradicated C. trachomatis at 50 μg/mL, possibly by impacting the 

chlamydial caseinolytic protease (ClpP) machinery system.31 Meanwhile, derivatives such 

as 2, which possess a carbon instead of a sulfur atom in the connecting chain, were less 

potent. We prepared a library of molecules to develop structure–activity relationships (SAR). 

One of those molecules, compound 3 (Figure 1A), showed good activity at 50 μg/mL with 

an IC50 of 5.8 μg/mL.33 Even though compound 3 lacks a thioether group, it showed better 

activity than compound 2 (but less than 1). A comparison between the three molecules 

shows that 3 has a longer linker than 1 and 2 (Figure 1A) and a chlorine atom in the para 
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position. Although all three compounds shared a similar moiety at the right side, only 1 
possesses a thioether linker.

Our previous work suggested that the 3-(trifluoromethyl)-pyridine, the gem dimethyl, and 

the sulfonyl groups are beneficial for activity (blue shadow, Figure 1A). In this work, we 

sought to explore how the presence of heterocycles (see 1, Figure 1B), the length of the alkyl 

amide linker, and the position of the sulfur and chloro atoms (see 2, Figure 1B) affects anti-

chlamydial activity. We synthesized 18 compounds carrying the described modifications. 

One of the prepared molecules (20) was twofold more active than the lead compound 1. 

The IC50 value of 20 was lower than the previous two generations of this scaffold. A 

combination of 20 with AZM increased Ctr sensitivity to both drugs. The compound showed 

activity on a three-dimensional (3D) stratified epithelium cell culture model, which mimics 

the lower genital tract where Chlamydia first interacts with epithelial cells.34 In addition, 

the active compounds showed good Ctr inhibition activity in a mouse model. These results 

suggest that the sulfonylpyridines are promising molecules that can be further developed as 

anti-chlamydial agents.

RESULTS AND DISCUSSION

Molecular Design.

To rationalize our planned modifications, we performed ligand alignment of the three 

reference molecules35 (1–3) and evaluated their 3D similarity with some of the designed 

compounds (Figure 2), utilizing Forge V10 (Cresset Inc., UK). The similarity score 

parameter relies on calculating specific field points (surface and electrostatic characters) 

of the tested molecules to compare their chemical structures.36 Figure 2A shows that 

compounds 2 and 3 possess varying degrees (0.916 vs 0.692) of alignment with the 

lead compound 1, indicating a high to moderate degree of similarity. Given that 3 was 

more active than 2, we speculated that either (i) a longer linker could improve the anti-

chlamydial activity or (ii) the heterocyclic ring at the right side may provide some hydrogen 

bonding capabilities that translated into better activity. Thus, we designed two categories 

of compounds to cover the chemical space. The first set (Figure 1B, top) is like 2 but 

with heterocycles instead of the o-chlorophenyl group. The second set (Figure 1B, bottom) 

was built as a blend of compounds 1 and 3 by keeping the same alkyl chain length (three 

carbons) of 3 and retaining the sulfur atom of 1. The 3D alignment representatives of the 

new derivatives with the parent compounds (Figure 2B–D) revealed a high superimposition 

and optimal structure overlap. In addition, compound 20 shows near identical alignment 

with 1 (Figure 2C) and 3 (Figure 2D).

Chemistry.

Derivatives 5–13, containing heterocyclic rings, were prepared by reacting the carboxylic 

acid of 433 with different amines (Scheme 1), as described in the experimental section and in 

the Supporting Information. Compounds 5–7 carry pyrrolidine, furan, and thiophene rings. 

Compounds 8–9 possess distinct pyrazoles, enabling us to assess the importance of the 

hydrogen bonding position in activity (Table 1). To further understand the role of hydrogen 
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bonding, we made compounds 10–11 (bearing pyridine groups) and 12–13 (possessing 

indole and benzimidazole rings).

The second set of modifications possesses diverse substitution patterns and linker size. 

Molecules 16–24 were obtained by coupling 4 with the appropriate amines 15a–i, as 

shown in Scheme 2. The amine precursors 15b–g and i were prepared by reacting the 

N-Boc-protected alkylamines 14a and 14b with the corresponding arylthiols, followed by 

deprotection under acidic conditions to afford the desired free amines (Scheme 2). On the 

other hand, molecule 15h was synthesized from 1,4-dibromobutane, as reported (Schemes 

S1 and S2).37,38 The goal was to understand the effect of substituents at the ortho position 

on the phenyl group and the effect of translocating the chlorine atom to the para (20) or meta 

(21) positions. Furthermore, we synthesized 22 with a thioether linker to evaluate the effect 

of the sulfur atom position; 23 to investigate how linker length affects biological action.

Drug-Likeness Properties.

We calculated some physicochemical parameters of the compounds (Table 1) to evaluate 

their drug-likeness.39 All the molecules satisfied the Lipinski and Veber rules.40–42 Their 

total polar surface area is in the range (60–140) for good intestinal absorption.40 All the 

compounds are predicted to fall in the accepted range (71–100) for oral bioavailability with 

minimum blood-brain barrier penetration.43 The % absorption (ABS) of the compounds 

was 74–81, suggesting high membrane permeability. Finally, all the derivatives are expected 

to possess moderate to good water solubility, as indicated by their estimated log S values 

(Table S1). These data indicate the potential of the scaffolds as a starting point to develop 

anti-chlamydial drugs.

Biological Evaluation.

Anti-chlamydial Investigation.—Due to Chlamydia’s requirement of a host cell to 

grow,12 we utilized two assays to assess the anti-chlamydial action of the compounds. 

First, we used an indirect immunofluorescence assay (IFA) to determine the presence of Ctr 

inclusions. In the assay, we measured the initial potency of the compounds and its impact on 

the number and size of bacterial inclusions. Then, we used the inclusion-forming unit (IFU) 

assay to test the infectious progeny generated during the initial primary infection. Here, we 

harvested infected cells from a primary infection to quantify the IFU per milliliter from 

infected cultures treated with the tested compounds.

Immunofluorescence Assay (IFA).—We tested the anti-chlamydial activity of the 

compounds (50 μg/mL, added 6 h post-infection; hpi) against C. trachomatis serovar L2 

by analyzing the number and size of Ctr inclusions.31,33 As negative and positive controls, 

we used media (untreated sample) and azithromycin (2 μg/mL), respectively. Compounds 5–

13 did not show meaningful activity at the tested concentration (<50% bacterial inhibition, 

Table 1), as seen under the microscope. The lack of activity indicated the importance 

of the arylthiol group on the right part of the molecule. We tested the second set of 

compounds, which has the arylthiol moiety. Compound 16 (with an unsubstituted phenyl 

group) and compounds 17 and 20 (with o or p chloro substitutions) presented similar 

activity to the lead compound 1 at 50 μg/mL. Compounds 18 and 19, carrying methyl and 
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methoxy groups at the o position, showed moderate activity. The m-chloro substitution (21) 

negatively impacts the anti-chlamydial activity when compared with its isomers (17 and 

20). Compound 22, with an “out of place” sulfur, showed 100% inhibition at the tested 

concentration. Compound 23, with a 4-carbon length linker, did not show improvement in 

activity when compared to 1 and 17 (shorter linkers). To determine the minimum inhibitory 

concentration (MIC), we studied the most potent analogues, 16–23, at lower concentrations 

(25 and 12.5 μg/mL) (Table 1). Bacterial inclusion analysis revealed that compounds 17, 20, 

and 21 displayed better anti-chlamydial activity than 1, with 20 being the most active. To 

ensure the activity of compound 20 was not due to a cytotoxic effect, XTT cell proliferation 

assay was performed at 25 and 50 μg/mL. Compound 20 showed no toxicity toward HEp-2 

cells after 48 h of incubation (Figure S1).

IFU Assay to Determine the Effective Inhibitory Concentration.—We next utilized 

the IFU assay to quantify the production of Ctr infectious progeny (i.e., EBs) from the 

cultures treated with the tested compounds. This experiment also allowed us to determine 

the minimum cidal concentration (MCC, the minimum value at which reinfection is not 

observed). HEp-2 cells were infected and treated with the most active compounds at 50, 

25, and 12.5 μg/mL at 6 hpi. The experiment was stopped at 24 hpi, and the cells were 

harvested. Then, we took the cell lysates (without additional treatment), reinfected a fresh 

monolayer of HEp-2 cells with them, and counted the number of IFUs in the secondary 

infection after 24 h (Figure 3).33,45

As seen in Figure 3A, compounds 17, 20, and 22 blocked Ctr development at 50 

μg/mL when cultures were treated at 6 hpi and harvested at 24 hpi. The lead molecule 

1 and compound 16 showed a decrease in the bacterial colonies of 5-log10 units at 

the same concentration. In addition, compounds 17 and 20 were active at 25 μg/mL, 

showing a roughly 1-log10 decrease in Ctr growth when compared with 1, 16, and 22 
(which themselves showed >2-log10 decrease, as compared to UTD). 16, 17, and 20 were 

moderately active at 12.5 μg/mL, showing ~50–70% inhibition of growth. Conversely, 1 and 

22 showed inclusion yield comparable to the untreated sample at that concentration. This 

observation highlighted the fundamental role of the thiol group position on the right side of 

the molecule. Immunofluorescence analysis of inclusions (Figure S2A) revealed that both 

17 and 20 inhibited the infection at the selected concentrations compared to compound 16. 

Zoomed images of 1, 17, and 20 (Figure S2B) showed that, at 25 μg/mL, the cells treated 

with 20 presented minuscule inclusions in comparison with 1 and 17. It was clearly observed 

that treatment of the infected cells with 20 highly impacted the EB formation. These results 

are consistent with the IFA work.

Prolonged Treatment to Determine Cidal or Static Mechanism.—Next, we 

determined at what point the compounds inhibited the developmental cycle of Chlamydia. 

During this cycle, which lasts 48–60 h for Ctr, the pathogen alternates between the 

infectious form (EBs) and the replicative form (RBs). Hence, we assessed the long-term 

inhibition of Ctr caused by 17 and 20 and compared them to 1 at different time points 

(Figure 3B–D). The compounds were added or removed at a specific timeframe (indicated in 

parentheses), and the infection yield was calculated to be 48 hpi. We monitored the treated 
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cultures by immunofluorescence microscopy at 10 μm scale at 25 and 50 μg/mL to evaluate 

the effect of our treatments on inclusion size and morphology as these generally correlate to 

the number of bacteria (Figure 4).

We observed that 20 severely attenuated the number of recoverable IFUs following 

prolonged treatment (6 to 48 hpi, Figure 3C). Complete eradication was observed at 50 

μg/mL and a 5-log10 units decrease at 25 μg/mL. Meanwhile, 1 and 17 exhibited complete 

eradication at 50 μg/mL and reduced activity (effect) at 25 μg/mL, with a 4-log10 units 

decrease during the same time period (Figure 3B,D). Although the three compounds blocked 

infectious progeny production at 50 μg/mL, 20 was more active (1-log10 unit) than 1 and 

17 at 25 μg/mL at 48 hpi. Immunofluorescence analysis showed that treatment with the 

molecules for 48 h severely reduced the inclusion size (Figure 4, “48 h”). At 50 μg/mL, 

inclusions were rarely visible under the effect of our compounds. On the other hand, at 25 

μg/mL, 20 exhibited a severe reduction in inclusion sizes in comparison with the other two 

molecules (see Figure 4, 48 h section). Based on these data, we concluded that compound 20 
showed a superior effect among the tested compounds.

Next, we sought to determine the effect of the compounds on preformed EBs [Figure 3B–

D, (24–48)]. Infected cells were treated with the molecules at 24 hpi (+@24 h), after a 

population of EBs has been formed, and incubated for an additional 24 h (total 48 h). 

We found that the tested compounds led to the rapid growth arrest of Ctr but failed to 

reduce the titer of infectious progeny already present, as indicated by IFU calculations and 

immunofluorescence images (Figure 4 “+@24”). The tested compounds showed an IFU 

yield on par with the 24 h untreated sample and ~1 log10 less than the 48 h untreated sample. 

Microscopy images (Figure 4 “+@24”) revealed that the tested compounds had little impact 

on inclusion size in comparison with the untreated control. At both 50 and 25 μg/mL, the 

tested molecules failed to impact the inclusion size and morphology (see +@24 section). 

The infection output from the six samples was approximately comparable to the untreated 

control. This result is similar to what is observed with AZM and Doxy (Figure S3). EBs 

enter the cell and differentiate into RBs, which then differentiate into EBs; the results from 

the first two time points seem to indicate that the compounds affect the RBs but not the EBs 

present when the compounds are introduced. We theorize that these compounds will stop 

developmental cycle progression (like AZM and Doxy) by inhibiting RB development, with 

no effect on the metabolically inactive EBs.

Next, we studied whether these compounds are bactericidal or bacteriostatic by allowing a 

24 h recovery phase. We utilized the reactivation assay to assess the ability of Chlamydia to 

recover after treatment withdrawal. Following treatment with 1, 17, or 20 from 6 to 24 h, 

the drug-containing media was removed, and the samples incubated for an additional 24 h in 

the absence of the compounds. Although samples treated with 1 recovered to near untreated 

IFU levels with the 25 μg/mL treatment, both 17 and 20 remained approximately 1-log10 

lower, indicating that these inhibitors blocked development more effectively [Figure 3B–D, 

(24–48)]. This suggests a bacteriostatic effect at 25 μg/mL. Immunofluorescence images of 

the samples from this concentration showed inclusions of similar size to the untreated ones 

(see Figure 4, reactivation section at 25 μg/mL).
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Conversely, the 50 μg/mL treatment demonstrated a severe attenuation of recoverable 

infectious progeny, with 20 showing the highest efficacy. In addition, the three compounds 

showed a dramatic reduction in inclusion sizes, as demonstrated in Figure 4 (reactivation 

section at 50 μg/mL). Given the severe reduction in IFUs at 50 μg/mL, which was 

accompanied by an alteration of the inclusion morphology and size, we hypothesized that 

this concentration is likely cidal. However, we cannot rule out that the residual compound in 

the sample collected for IFU assay (despite numerous rinses) results in the observed effect; 

thus, further studies of intracellular drug concentrations may be warranted. The data from 

prolonged treatment, reactivation, and pre-formed EB indicate that 20 is the most effective 

of our compounds at blocking Ctr growth and development.

Dose–Response Effect.—The dose–response impact of 1, 17, and 20 on Ctr growth was 

calculated in a range of concentrations (from 2× to ×/16 the MCC) using IFU assay (Figure 

5). The IC50 value of the three molecules, calculated based on the recovered infectious 

progeny at the indicated concentrations, was 1 = 6.49 μg/mL, 17 = 2.58 μg/mL, and 20 = 

1.76 μg/mL. Microscopy of 20 showed a reduction in the number of Ctr inclusions with 

varying activities in a dose–response manner (Figure S4).

Other Antimicrobial Activity.—We then tested 1, 17, and 20 against Escherichia coli 
K12 and Staphylococcus aureus JE 2. Only compound 20 was able to attenuate E. coli 
growth at 256 μg/mL (highest tested concentration), while the other molecules did not show 

any activity up to 256 μg/mL (Figure S5). Based on the current data and the inactivity of our 

previous generation of compounds against a wide panel of pathogens, we speculated that our 

compounds might be selective for Chlamydia.

Combination of 20 with Azithromycin.—As discussed, treatment failure in Ctr has 

been reported.46–48 Two potential issues of C. trachomatis treatments (include AZM and 

Doxy) are their lack of penetration into certain sites of infection49 and their direct impact 

on the natural microflora.50,51 Furthermore, AZM may cause adverse effects such as 

diarrhea and abdominal pain.52 The mass distribution of broad-spectrum antibiotics for 

trachoma control has led to resistance development by other bacterial pathogens.53,54 Thus, 

managing Ctr treatment protocols (via adjusting AZM or Doxy doses) may reduce these 

side effects.52,55 Based on these facts and the reported benefit of multidrug therapies,56,57 

we tested the susceptibility of Ctr to combinations of AZM with 20 using a serial 

dilution titration assay.58,59 First, we used a checkerboard technique to test Ctr growth at 

different concentrations utilizing the IFA assay.60 Figure 6A represents a growth diagram 

of Chlamydia in the presence of single or mixed treatments. The combinations kept 100% 

activity using 0.03 and 3.12 μg/mL of AZM and 20, respectively. Since neither 0.03 μg/mL 

AZM nor 3.12 μg/mL 20 is an inhibitory concentration when used alone, we concluded that 

both molecules worked cooperatively to kill Chlamydia.

To characterize the effect of this drug combination on Ctr growth, we performed an IFU 

assay. A standard checkerboard technique is difficult to implement due to the obligate 

intracellular nature of this pathogen and the necessity of propagating each infection onto a 

secondary cell culture. Hence, we utilized a simplified protocol to work with a manageable 
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number of combinations.59,61–63 We used a two-way serial dilution method (4 × 3), starting 

with 1 μg/mL of AZM and 50 μg/mL of 20. Employing this approach (serial dilutions 

from left to right and then from top to bottom) allowed us to test a fewer number of drug 

combinations. Figure 6B presents the final drug concentrations used and the bacterial growth 

(A1 contains the highest concentration, and C4 contains the lowest concentration of AZM 

and 20). The initial IFA study revealed that the combinations blocked Ctr development at 

low concentrations (red circles, Figure 6B). The AZM/20 mixture gave 100% eradication 

at 0.09 and 1.56 μg/mL concentration, respectively (C3, Figure 6B). Immunofluorescence 

(IFA) analysis of C4 revealed that the bacterial inclusion size was dramatically altered 

compared to the untreated control (Figure 6C). The subsequent IFU titration of the harvested 

HEp-2 monolayers indicated that the combinations retained the previously detected activity 

by IFA. Quantification of the AZM/20 harvested samples showed that C4, which represents 

a combination of 0.06/0.78 μg/mL AZM/20 (Figure 6D), was the only sample in which 

bacterial growth was detected among all mixtures. The combination of low concentrations 

of AZM with 1.56 μg/mL of 20 has a great impact on the infectious progeny. The data 

collectively suggest that our scaffold can be used as co-therapy to improve the MCC value of 

AZM against Ctr and enhance its efficacy at very low concentrations. The promising activity 

from these combinations will offer an opportunity to reduce the dose regimen of AZM to get 

the same anti-chlamydial effect with lower drug concentrations.

3D Stratified Squamous Culture.—C. trachomatis can infect the columnar epithelial 

cells of the endocervix, the stratified squamous epithelium of the lower genital tract, and 

the intervening transformation zone where squamous epithelium transitions to columnar 

epithelium.12 Upon infection, the EBs are attached to non-ciliated columnar or cuboidal 

epithelial cells in genital and non-genital tract areas.9,12 We decided to study compound 20 
using an in vitro HaCaT 3D organotypic culture that mimics the differentiation status and 

stratification of the lower genital tract. This model provides a conditional approach to study 

the pathogen’s capability to grow and spread under the inhibitory effect of our compound. 

The protocol of this assay is summarized in Figure S6 and described in the methods section. 

The surface of each raft was inoculated with C. trachomatis L2 and kept for a further 24 

h to enable bacterial entry and growth. The infected HaCaT cells were then treated with 

AZM and 20 (below the cell culture inserts, Figure S6), and the infection was allowed to 

proceed for 8 days. The infected but untreated (termed INF) sample showed high chlamydial 

growth and cell destruction when compared to the uninfected samples (UIF). On the other 

hand, both AZM and 20 restricted bacterial growth and prevented the damage and spread 

associated with infection in the INF sample. In addition, we observed that AZM or 20 as a 

treatment did not affect cell stratification and development (Figure 7). Thus, we concluded 

that our compound has a significant effect in retarding the bacterial growth and spread while 

maintaining tissue integrity.

In Vivo Efficacy.—Finally, we studied the ability of the lead compounds to inhibit 

the growth of Chlamydia muridarum (previously referred to as C. trachomatis mouse 

pneumonitis strain), a mouse pathogen that infects the columnar epithelial cells in the genital 

tracts of female and male mice.64 C. muridarum infection in mice closely mimics acute 

genital tract Ctr infection in men and women. C. muridarum-infected, dimethyl sulfoxide 
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(DMSO)-treated mice displayed a high level of vaginal chlamydial shedding as early as 

day 4 after inoculation and displayed progressive reduction followed by the resolution 

of infection on day 28 after inoculation as a function of innate immune response. We 

found that mice treated with each of the compounds (100 mg/kg for 5 days) displayed 

a significant reduction in chlamydial shedding as early as day 4 after inoculation in 

comparison to DMSO-treated animals (Figure 8). Each of the compound-treated groups 

displayed a progressive reduction in chlamydial shedding and resolved infection at earlier 

time periods compared to DMSO alone treated animals. Mice treated with compounds 1 
(8.54 × 106 ± 1.18 × 106; mean ± SEM), 17 (6.90 × 106 ± 9.17 × 105), or 20 (3.57 × 106 

± 8.66 × 105) displayed significant (p ≤ 0.001; ANOVA) reduction in area under the curve 

(AUC) of chlamydial shedding when compared to DMSO-treated animals (2.58 × 107 ± 1.78 

× 106). Compound 20 displayed reduced shedding compared to compound 1 or compound 

17, although the difference was significant only between 20 and 1. In summary, these data 

suggest that the compounds are effective in vivo, with compound 20 displaying the highest 

efficacy, which strongly correlates with our in vitro findings.

CONCLUSIONS

In this work, our strategy was to develop a C. trachomatis inhibitor using a field 

alignment strategy to mix the common features of compounds reported by us31,33 and ClpP 

activators reported by others.32 Our data confirmed the efficacy of compound 20 against 

C. trachomatis serovar L2, a fast-growing C. trachomatis strain. Compound 20 inhibited 

chlamydial growth in infected HEp-2 cells for 24 h, even after removal, indicating a cidal 

mechanism. This new molecule showed improved IC50 values when compared with our lead 

molecule 1. Furthermore, the combination of 20 with AZM significantly reduced infectious 

progeny in cell cultures at sub-MIC concentrations. These molecules maintained efficacy in 

a HaCaT-stratified 3D culture model that mimics the lower genital tract. A key feature of 

20 was its ability to halt the infection and maintain tissue integrity. Furthermore, compound 

20, compound 17, or compound 1 displayed significant in vivo efficacy in reduction of 

chlamydial infection in a mouse model, with the highest efficacy displayed by compound 20. 

Importantly, the most active compounds did not show activity against S. aureus JE2 and E. 
coli K12, indicating specificity for C. trachomatis. This result is promising as it suggests that 

the molecules may be selective for the pathogen (and may not affect the human microflora).

In summary, we describe a new, anti-chlamydial agent generated through SAR-guided 

alignment. Furthermore, the presented scaffold is an excellent starting point to develop a 

combination therapy strategy. In future studies, we plan to improve biological activity and to 

confirm the molecular target of this scaffold to advance to preclinical studies.

METHODS

General.

The commercially available reagents, chemicals, and solvents were used as obtained unless 

otherwise noted. All the reactions were performed in an oven-dried glassware under an 

inert atmosphere. Analytical TLC was performed on Merck silica gel IB2-F plates (0.25 

mm thickness), and the progression of the reaction was detected using a UV light source 
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at 254 nm. Flash chromatography was performed on a RF 200i Flash Chromatography 

System from Biotage Isolera. Some compounds were chromatographed on the preparative 

layer Analtech Uniplate silica gel GF Plates (10 × 20 Cm 250 μm) 02521. All reported 

yields refer to isolated compounds after purification. The 1H and 13C NMR spectra were 

performed and recorded at 500 MHz for 1H and 125 MHz for 13C in deuterated solvents on 

a BRUKER-500 NMR. Chemical shifts were expressed in parts per million on the delta (d) 

scale and were calibrated relative to the used solvents. Peak multiplicities were represented 

as s-singlet, d-doublet, t-triplet, q-quartet, p-pentet, m-multiplet, and b rs-broad signal. An 

Agilent 1200 HPLC system was used to detect the final compound purity with methanol 

and water as a mobile phase. The accepted purity limit of the final compounds that were 

tested was 95%, as determined by HPLC of NMR-analyzed samples. High-resolution mass 

spectrometry (HRMS) was performed on TripleTOF 5600 (SCIEX) using an ESI source. 

The physicochemical characters of the synthesized compounds were identified using Marvin 

20.4, ChemAxon.65

The cell culture materials were purchased from Thermo-Fischer and stored as recommended 

by the manufacturer. In all states, HEp-2 cells were routinely propagated in Dulbecco’s 

modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

incubated at 37 °C with 5% CO2. The tested compounds and the reference molecules were 

dissolved in sterile DMSO, according to the assigned concentrations, and frozen at −20 °C 

in 5 μL aliquots. The investigational assays were performed in 24-well or 96-well plates in 

triplicates in duplicate or triplicate biological replicates (specified under each figure). After 

incubation, the obtained Ctr inclusions were visualized by staining primarily with an anti-L2 

goat antibody followed by a secondary donkey anti-goat antibody labeled with Alexa 488. 

Mitochondria of the live infected cells were stained before fixing, using Mitotracker red 

fluorescence stain. The cells were stained with DAPI to visualize the nuclei. Fluorescent 

inclusions were quantified from 15 fields of view at 20× magnification using an Olympus 

CKX53 fluorescence microscope with EP50 camera. Representative images were captured 

using a Zeiss Fluoview1000 laser scanning confocal microscope with a 60× objective and 2× 

digital zoom and used in the raw format without further editing.

Chemistry.

Field Alignment.—The similarity of parent and proposed molecules was evaluated 

utilizing classic ligand-based alignment calculations in Forge (V10, Cresset, Litlington, 

Cambridgeshire, UK). The designated structures were drawn and minimized in ChemDraw 

16.0.1.4 (MM2 forcefield method). The optimized structures were then imported into Forge, 

and compound 1 was chosen as the reference molecule. The calculation was carried out in a 

normal conformation hunt and alignment.

General Method to Synthesize Compounds (5–13 and 16–23).—The acid 4 (0.05 

g, 0.17 mmol) was added to an oven-dried round-bottom flask and dissolved in dry THF 

(10 mL). Then, PyBOP (0.095 g, 0.18 mmol) and Hunig’s base (DIPEA) (87 μL, 0.5 

mmol) were added. The mixture was stirred at room temperature for 10 min before adding 

the appropriate amine derivative (0.17 mmol). Next, the reaction was stirred at optimal 

temperature for 1 h. Upon completion (as detected by TLC), THF was evaporated in vacuo, 
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and the crude compound was purified by automated flash column chromatography (Biotage 

Isolera) to afford the desired product (if not purified on the same day, the reaction was 

stored at −80 °C until the purification time to avoid the previously monitored compounds 

rearrangement).

Compound 6 was additionally purified using a prep TLC plate.

In the case of compound 8, we utilized HBTU (1 equiv) instead of PyBOP. After 1 h, the 

organic solvent was evaporated, and EtOAc (20 mL) was added. The organic solution was 

then transferred to a separating funnel and washed with water (3 × 10 mL) and brine (1 × 10 

mL) before the purification.

The physical characters and spectral data of separated products are listed below:

2-Methyl-N-(3-(2-oxopyrrolidin-1-yl)propyl)-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (5).—The product was obtained by coupling 

between 4 and 1-(3-aminopropyl)pyrrolidin-2-one. It gave white crystals 

(62 mg, 88.5%), purified using DCM/MeOH (0 to 10%) over 15 

min and then by paper chromatography to remove tri(pyrrolidin-1-yl)phosphine 

oxide (TPPO) (see Figure S7); 1H NMR (500 MHz, CDCl3): δ 8.97 (s, 1H), 8.17 

(s, 2H), 7.79 (br s, 1H), 3.40 (m, 4H), 3.20 (q, J = 6.0 Hz, 2H), 2.43 (t, J = 8.0 Hz, 2H), 2.06 

(p, J = 7.5 Hz, 2H), 1.73 (s, 6H), 2.69 (p, J = 6.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): 

δ 176.3, 167.6, 158.9, 146.8 (q, J = 3.7 Hz), 135.1 (q, J = 3.7 Hz), 129.8 (q, J = 33.7 

Hz), 125.1, 123.7, 121.5, 69.2, 47.6, 39.7, 36.3, 30.8, 26.3, 20.3 (2C), 18.0; HPLC purity, 

% 95.8; HRMS (m/z): [M + Na]+ calcd for C17H22F3N3O4SNa, 444.1175; found, 444.1192.

2 - Methyl - N - (3 - (thiophen - 2 - yl)propyl) - 2 - ((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (6).—The product was obtained by coupling between 4 and 

3-(thiphen-1yl)propan-1-amine, as a white solid (55 mg, 78.5%), purified using EtOAc/

hexanes {0 to 50%} over 10 min; 1H NMR (500 MHz, CDCl3): δ 8.91 (s, 1H), 8.19−8.18 

(m, 2H), 7.13 (d, J = 5.0 Hz, 1H), 7.04 (br s, 1H), 6.93−6.91 (m, 1H), 6.82−6.81 (m, 1H), 

3.36 (q, J = 6.5 Hz, 2H), 2.93 (t, J = 7.5 Hz, 2H), 1.97 (p, J = 7.0 Hz, 2H), 1.62 (s, 6H); 13C 

NMR (125 MHz, CDCl3): δ 167.4, 158.2, 147.3 (q, J = 3.7 Hz), 144.0, 135.5 (q, J = 3.3 Hz), 

130.4, 130.1, 126.9, 124.5, 124.5, 123.5 (2C), 123.3, 121.3, 67.6, 39.8, 30.9, 27.2, 20.5 (2C); 

HPLC purity, 95.3%; HRMS (m/z): [M + H]+ calcd for C17H19F3N2O3S2, 421.0862; found, 

421.0875.

2-Methyl-N-(3-(furan-2-yl)propyl)-2-((5-(trifluoromethyl)-pyridin-2-
yl)sulfonyl)propanamide (7).—The product was obtained by coupling 

between 4 and 3-(furan-1yl)propan-1-amine, as a light brown solid, (45 mg, 66%), purified 

using EtOAc/hexanes {0 to 60%} over 15 min; 1H NMR (500 MHz, CDCl3): δ 8.93 (s, 1H), 

8.20−8.19 (m, 2H), 7.31 (m, 1H), 7.07 (br s, 1H), 6.29−6.28 (m, 1H), 6.02−6.03 (m, 1H), 

3.35 (q, J = 6.5 Hz, 2H), 2.73 (t, J = 7.5 Hz, 2H), 1.93 (p, J = 7.0 Hz, 2H), 1.63 (s, 6H); 13C 

NMR (125 MHz, CDCl3): δ 167.4, 158.2, 147.3 (q, J = 3.7 Hz), 141.1, 135.5 (q, J = 3.75 

Hz), 130.2 (q, J = 33.75 Hz), 124.4, 123.5, 121.3, 110.2, 105.3, 67.6, 39.9, 27.4, 25.4, 20.5 
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(2C); HPLC purity, 97.3%; HRMS (m/z): [M + H]+ calcd for C17H19F3N2O4S, 405.1202; 

found, 405.1216; [M + Na]+ calcd for C17H19F3N2O4SNa, 427.0915; found, 427.0928.

N-(3-(1H-Pyrazol-4-yl)propyl)-2-methyl-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (8).—The product was obtained by 

coupling between 4 and 3-(1H-imidazol-1-yl)propan-1-amine, as a 

white solid, (36 mg, 53%), purified using DCM/MeOH {0 to 5%} over 20 min (two times); 
1H NMR (500 MHz, CDCl3): δ 8.91 (s, 1H), 8.19−8.16 (m, 2H), 7.43 (s, 2H), 7.13 (br s, 

1H), 3.31 (q, J = 6.5 Hz, 2H), 2.58 (t, J = 7.5 Hz, 2H), 1.85 (p, J = 7.0 Hz, 2H), 1.62 (s, 6H); 
13C NMR (125 MHz, CDCl3): δ 167.4, 158.1, 147.2 (q, J = 3.7 Hz), 135.6 (q, J = 3.75 Hz), 

132.6, 130.3 (q, J = 33.7 Hz), 124.6 (2C), 123.5, 121.3, 120.0, 67.9, 39.8, 30.0, 21.2, 20.6 

(2C); HPLC purity, 95.9%; HRMS (m/z): [M + H]+ calcd for C16H19F3N4O3S, 405.1202; 

found, 405.1216; [M + Na]+ calcd for C16H19F3N4O3SNa, 427.1028; found, 427.1038.

N-(3-(1H-Pyrazol-1-yl)propyl)-2-methyl-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (9).—The product was obtained by coupling 

between 4 and 3-(pyrrol-1-yl)propan-1-amine, as a white solid, (35 mg, 51.5%), purified 

using EtOAc/hexanes (25 to 70%) over 15 min; 1H NMR (500 MHz, CDCl3): δ 8.96 

(s, 1H), 8.20−8.19 (m, 2H), 7.56 (m, 1H), 7.48 (m, 1H), 7.40 (br s, 1H), 6.28 (m, 1H), 4.31 

(q, J = 6.5 Hz, 2H), 3.28 (t, J = 6.1 Hz, 2H), 2.13 (p, J = 6.4 Hz, 2H), 1.64 (s, 6H); 13C NMR 

(125 MHz, CDCl3): δ 167.7, 158.3, 147.2 (q, J = 3.7 Hz), 138.9, 135.5 (q, J = 3.7 Hz), 130.2 

(q, J = 33.7 Hz), 124.8, 123.5, 121.3, 105.9, 68.2, 49.3, 37.6, 29.7, 20.5 (2C); HPLC purity, 

96.0%; HRMS (m/z): [M + H]+ calcd for C16H19F3N4O3S, 405.1202; found, 405.1211.

2 - Methyl - N - (3 - (pyridin - 3 - yl)propyl) - 2 - ((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (10).—The product was obtained by coupling between 4 and 

3-(pyridine-3-yl)propan-1-amine, as a white solid, (60 mg, 87%), purified using EtOAc/

hexanes (0 to 60%) over 15 min; 1H NMR (500 MHz, CDCl3): δ 8.90 (s, 1H), 8.56−8.51 

(m, 2H), 8.23−8.19 (m, 2H), 7.74 (d, J = 8.0 Hz, 1H), 7.40−7.37 (m, 1H), 7.15 (br s, 1H), 

3.36 (q, J = 6.5 Hz, 2H), 2.78 (t, J = 6.1 Hz, 2H), 1.95 (p, J = 6.4 Hz, 2H), 1.63 (s, 6H); 13C 

NMR (125 MHz, CDCl3): δ 167.5, 158.1, 148.0, 147.2 (q, J = 3.7 Hz), 145.7, 137.9, 135.6 

(q, J = 3.7 Hz), 130.2 (q, J = 33.7 Hz), 124.7, 124.6, 124.1, 123.4, 121.3, 67.8, 39.7, 30.3, 

30.1, 20.6 (2C); HPLC purity, 96.9%; HRMS (m/z): [M + H]+ calcd for C18H20F3N3O3S, 

416.1252; found, 416.1257; ESIMS: calcd for C18H20F3N3O3S, 416.12; found mass [M + 

H]+, 416.10.

2 - Methyl - N - (3 - (pyridin - 4 - yl)propyl) - 2 - ((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (11).—The product was obtained by coupling between 4 and 

3-(pyridine-4-yl)propan-1-amine, as a white solid, (56 mg, 81%), purified using EtOAc/

hexanes {0 to 100%} over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.91 (s, 1H), 8.53 (d, J = 

6 Hz, 2H), 8.23−8.19 (m, 2H), 7.27 (d, J = 6.0 Hz, 2H), 7.11 (br s, 1H), 3.35 (q, J = 6.5 Hz, 

2H), 2.77 (t, J = 8.0 Hz, 2H), 1.95 (p, J = 7.5 Hz, 2H), 1.62 (s, 6H); 13C NMR (125 MHz, 

CDCl3); 167.6, 158.5, 152.7, 147.2 (q, J = 3.7 Hz), 143.9 (2C), 135.7 (q, J = 3.7 Hz), 130.4 

(q, J = 35.0 Hz), 126.0 (2C), 124.8, 68.0, 39.4, 32.9, 29.3, 20.7 (2C); HPLC purity, 96.3%; 

HRMS (m/z): [M + H]+ calcd for C18H20F3N3O3S, 416.1252; found, 416.1259.
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N - (3 - (1H - Indol - 2 - yl)propyl) - 2 - methyl - 2 - ((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (12).—The product was obtained by coupling between 4 and 

3-(1H-indol-2-yl)propan-1-amine, as a brown solid, (69 mg, 91%), purified using EtOAc/

hexanes {0 to 50%} over 15 min; 1H NMR (500 MHz, CDCl3): δ 8.871 (s, 1H), 8.14−8.08 

(m, 2H), 8.06 (br s, 1H), 7.59 (d, J = 8 Hz, 1H), 7.36 (d, J = 8 Hz, 1H), 7.21−7.17 (m, 1H), 

7.12−7.09 (m, 1H), 7.03 (s, 1H), 6.94.11 (br s, 1H), 3.36 (q, J = 6.5 Hz, 2H), 2.87 (t, J = 

7 Hz, 2H), 2.01 (p, J = 7.5 Hz, 2H), 1.58 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 167.3, 

158.2, 147.2 (q, J = 3.7 Hz), 136.5, 135.5 (q, J = 3.7 Hz), 130.2 (q, J = 33.7 Hz), 127.3, 

124.5, 119.3, 118.8, 115.4, 111.2, 67.9, 40.3, 29.1, 22.6, 20.4 (2C); HPLC purity, 96.0%; 

HRMS (m/z): [M + Na]+ calcd for C21H22F3N3O3SNa, 476.1232; found, 476.1251.

2-Methyl-N-(3-(1-methyl-1H-benzo[d]imidazol-2-yl)-propyl)-2-((5-
(trifluoromethyl)pyridin-2-yl)sulfonyl)-propanamide (13).—The products 

were obtained by coupling between 4 and 3-(1-methyl-1H-benzo[d]imidazol-2-

yl)propan-1-amine, as white crystals, (45 mg, 57%), purified using DCM/

MeOH {0 to 10%} over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.95 (s, 1H), 8.16−8.12 (m, 

2H), 7.80−7.78 (m, 1H), 7.39−7.35 (m, 3H), 3.82 (s, 3H), 3.43 (q, J = 6.5 Hz, 2H), 3.18 (t, 

J = 6.5 Hz, 2H), 2.22 (p, J = 7 Hz, 2H), 1.70 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 167.9, 

158.8, 153.8, 146.9 (q, J = 3.7 Hz), 135.3 (q, J = 3.7 Hz), 134.4, 129.9 (q, J = 33.7 Hz), 

125.0, 123.6 (2C), 121.4, 117.6, 109.9, 69.3, 39.6, 30.3, 25.7, 24.1, 20.5 (2C); HPLC purity, 

95.3%; HRMS (m/z): [M + H]+ calcd for C21H23F3N4O3S, 469.1512; found, 469.1525.

2-Methyl-N-(3-(phenylthio)propyl)-2-((5-(trifluoromethyl)-pyridin-2-
yl)sulfonyl)propanamide (16).—The product was obtained by coupling between 

4 and 15a, as a white solid, (48 mg, 64%), purified using EtOAc/hexanes {0 to 50%} 

over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.94 (s, 1H), 8.19 (m, 2H), 7.38−7.36 (m, 2H), 

7.29 (d, J = 7.5 Hz, 2H), 7.21−7.18 (m, 1H), 7.11 (br s, 1H), 3.46 (q, J = 6.5 Hz, 2H), 3.05 

(t, J = 7.5 Hz, 2H), 1.95 (p, J = 7.0 Hz, 2H), 1.64 (s, 6H); 13C NMR (125 MHz, CDCl3): 

δ 167.5, 158.0, 147.3 (q, J = 3.7 Hz), 135.9, 135.5 (q, J = 3.7 Hz), 130.3 (q, J = 33.7 Hz), 

129.4, 129.0, 126.2 (2C), 124.5 (2C), 123.5, 121.3, 39.3, 31.1, 28.5, 20.5 (2C); HPLC purity, 

97.4%; HRMS (m/z): [M + H]+ calcd for C19H21F3N2O3S2, 447.1022; found, 447.1030.

2-Methyl-N-(3-(2-chlorophenylthio)propyl)-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (17).—The product was obtained by coupling 

between 4 and 15b, as a white solid, (69 mg, 86%), purified using EtOAc/hexanes 

{0 to 50%} over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.94 (s, 1H), 8.18 (m, 2H), 7.36 (d, 

J = 7 Hz, 2H), 7.29 (d, J = 6.5 Hz, 2H), 7.19 (t, J = 7.5 Hz, 1H), 7.13 (br s, 1H), 7.12 - (m, 

1H), 3.47 (q, J = 6.5 Hz, 2H), 3.05 (t, J = 7.5 Hz, 2H), 1.97 (p, J = 7.0 Hz, 2H), 1.62 (s, 6H); 
13C NMR (125 MHz, CDCl3); 167.6, 158.0, 147.3 (q, J = 3.7 Hz), 135.6 (q, J = 3.7 Hz), 

133.7, 129.8, 128.6, 127.2, 126.7, 124.5, 67.6, 39.4, 29.9, 28.1, 20.5 (2C); HPLC purity, 

96.8%; HRMS (m/z): [M + H]+ calcd for C19H20ClF3N2O3S2, 481.0632; found, 481.0639.

2-Methyl-N-(3-(2-methylphenylthio)propyl)-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (18).—The product was obtained by coupling between 

4 and 15c, as a white solid, (55 mg, 71%), purified using EtOAc/hexanes {0 to 50%} 
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over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.92 (s, 1H), 8.18−8.14 (m, 2H), 7.27−7.17 (m, 

1H), 7.17−7.07 (m, 4H, include the NH br s peak), 3.45 (q, J = 6.5 Hz, 2H), 3.00 (t, J = 7.5 

Hz, 2H), 2.37 (s, 3H), 1.94 (p, J = 7.0 Hz, 2H), 1.62 (s, 6H); 13C NMR (125 MHz, CDCl3): 

δ 167.5, 158.0, 147.3 (q, J = 3.7 Hz), 137.7, 135.5 (q, J = 3.7 Hz), 135.3, 130.2, 127.9, 

126.5, 125.8, 124.5, 123.5, 121.3, 67.6, 39.4, 30.2, 28.4, 20.5, 20.4 (2C); HPLC purity, 

95.5%; HRMS (m/z): [M + H]+ calcd for C20H23ClF3N2O3S2, 461.1172; found, 461.1185.

2-Methyl-N-(3-(2-methoxyphenylthio)propyl)-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (19).—The product was obtained by coupling between 

4 and 15d, as a white solid, (57 mg, 71%), purified using EtOAc/hexanes 

{0 to 50%} over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.93 (s, 1H), 

8.16 (m, 2H), 7.29 (d, J = 6.5 Hz, 1H), 7.29 (t, J = 7 Hz, 1H), 

7.10 (br s, 1H), 6.90 (t, J = 7.5 Hz, 1H), 6.86 (t, J = 8 Hz, 1H), 3.44 (q, J = 6.5 Hz, 2H), 2.99 

(t, J = 7.5 Hz, 2H), 1.91 (p, J = 7.0 Hz, 2H), 1.62 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 
167.5, 158.08, 158.07, 157.6 (2C), 147.3 (q, J = 3.7 Hz), 135.5 (q, J = 3.7 Hz), 130.0, 127.5, 

124.5, 123.8, 121.1, 110.7, 67.7, 55.8, 39.4, 29.6, 28.3, 20.5 (2C); HPLC purity, 96.3%; 

HRMS (m/z): [M + Na]+ calcd for C20H23ClF3N2O4S2Na, 499.0960; found, 499.0949.

2-Methyl-N-(3-(4-chlorophenylthio)propyl)-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (20).—The product was obtained by coupling 

between 4 and 15e, as a white solid, (60 mg, 75%), purified using EtOAc: Hexanes 

{0 to 50%} over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.92 (s, 1H), 8.21−8.17 (m, 

2H), 7.27 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H), 7.10 (br s, 1H), 3.44 (q, J = 6.5 Hz, 

2H), 3.01 (t, J = 7.5 Hz, 2H), 1.91 (p, J = 7.0 Hz, 2H), 1.61 (s, 6H); 13C NMR (125 MHz, 

CDCl3): δ 167.5, 158.0, 147.3, 147.3 (q, J = 3.2 Hz), 135.7 (q, J = 3.2 Hz), 134.5, 132.2, 

130.7, 129.1, 124.5 (2C), 123.5 (2C), 121.3, 67.5, 39.2, 31.3, 28.4, 20.5 (2C); HPLC purity, 

96.1%; HRMS (m/z): [M + H]+ calcd for C19H20ClF3N2O3S2, 481.0632; found, 481.0637.

2-Methyl-N-(3-(3-chlorophenylthio)propyl)-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (21).—The product was obtained by coupling 

between 4 and 15f, as a white solid, (33 mg, 41%), purified using EtOAc/hexanes 

{0 to 50%} over 20 min; 1H NMR (500 MHz, CDCl3): δ 8.93 (s, 1H), 8.19 (m, 2H), 

7.29 (s, 1H), 7.20−7.19 (m, 2H), 7.14−7.12 (m, 2H), 7.11 (br s, 1H), 3.45 (q, J = 6.5 Hz, 

2H), 3.04 (t, J = 7.5 Hz, 2H), 1.94 (p, J = 7.0 Hz, 2H), 1.62 (s, 6H); 13C NMR (125 MHz, 

CDCl3): δ 167.6, 158.0, 147.3 (q, J = 3.7 Hz, 2H), 138.3, 135.6 (q, J = 3.7 Hz, 2H), 134.8, 

130.0, 128.4 (2C), 126.9, 126.2, 124.5, 67.5, 39.2, 30.7, 28.4, 20.5 (2C); HPLC purity, 

95.7%; HRMS (m/z): [M + H]+ calcd for C19H20ClF3N2O3S2, 481.0632; found, 481.0636.

N-(2-((2-Chlorobenzyl)thio)ethyl)-2-methyl-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (22).—The product was obtained by coupling 

between 4 and 15g, as a white solid, (35 mg, 43%), purified using EtOAc/

hexanes {0 to 70%} over 15 min; 1H NMR (500 MHz, CDCl3): δ 8.92 (s, 1H), 8.21−8.17 

(m, 2H), 7.40−7.36 (m, 2H), 7.29 (br s, 1H), 7.24−7.20 (m, 2H), 3.87 (s, 2H), 3.49 (q, J 
= 6.5 Hz, 2H), 2.68 (t, J = 6.5 Hz, 2H), 1.65 (s, 6H); 13C NMR (125 MHz, CDCl3): δ 167.6, 

158.2, 147.2 (q, J = 3.7 Hz, 2H), 135.9, 135.5 (q, J = 3.7 Hz, 2H), 134.0, 130.8, 129.9, 
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128.6 (2C), 127.0, 124.5, 123.5, 121.3, 67.8, 39.4, 33.3, 30.8, 20.5 (2C); HPLC purity, 

96.8%; HRMS (m/z): [M + H]+ calcd for C19H20ClF3N2O3S2, 481.0632; found, 481.0638.

N-(4-((2-Chlorophenyl)thio)butyl)-2-methyl-2-((5-(trifluoromethyl)pyridin-2-
yl)sulfonyl)propanamide (23).—The products were obtained by coupling 

between 4 and 15i, as white crystals, (56 mg, 67%), purified 

using EtOAc/hexanes {0 to 40%} over 12 min; 1H NMR (500 

MHz, CDCl3): δ 8.98 (s, 1H), 8.20 (s, 1H), 8.19 (s, 1H), 7.35 (dd, J = 1.24 Hz, 1H), 

7.26−7.24 (m, 1H), 7.21−7.18 (m, 1H), 7.10−7.07 (m, 1H), 7.01 (s, 1H), 3.36−3.33 (m, 2H), 

2.97 (t, J = 6.7 Hz, 2H), 1.78−1.76 (m, 4H), 1.62 (s, 6H); 13C NMR (125 MHz, CDCl3): 

δ 167.5, 167.4, 158.1, 147.3 (q, J = 3.7 Hz, 2H), 135.8, 135.6, 135.5 (q, J = 3.7 Hz), 133.5, 

129.7, 128.3, 127.1, 126.5, 124.5, 67.7, 39.9, 32.1, 28.4, 25.9, 20.6 (2C); HPLC purity, 

96.3%; ESIMS: calcd for C20H22ClF3N2O3S2: 494.07; found mass [M + H]+, 495.09.

Biology.

Anti-chlamydial Activity Investigation.—All the IFA assays were initially performed 

to detect the synthesized compound activity, as reported previously.31,33 To calculate the 

exact impact of the most active compounds on C. trachomatis, HEp-2 cells were seeded in 

24-well plates (2 × 105 cells/well) and then infected with C. trachomatis L2 at a multiplicity 

of infection of 1. At 24 hpi, cell lysates, which contain C. trachomatis infectious form 

(EB), were harvested from infected cell cultures (three wells) and stored in a sucrose 

storage medium (2SP). The resulting mixture was frozen and maintained at −80 °C for the 

subsequent infection round. The last row in each plate was fixed and stained for imaging. 

For the IFU work, a fresh HEp-2 cell monolayer was seeded, and the stored cell lysates were 

thawed and added in a 10-fold dilution series (in 2SP), according to the degree of activity 

observed in the IFA work. The recoverable EBs from the initial infection were counted at 

24 hpi, as mentioned in the general section. The infectious progeny was calculated using the 

following equation, assuming an inoculum volume of 0.25 mL per well

IFU/mL= total inclusion count
15 fields of view (FOV) × 242 FOV

1 well × 1 well
0.25 mL × dil . factor

Titration Assay.—The required concentrations were prepared in a separate plate and then 

transferred into the corresponding infected HEp-2 cells, as mentioned in the general IFA 

work. First, the ordinary checkboard assay protocol was adopted, as reported previously.66 

We used six concentrations of 20 starting from 100 μg/mL and 10 concentrations of AZM 

starting from 2 μg/mL. We mixed the concentrations and transferred 1 μL of each well into 

the corresponding infected HEp-2 cells, 6 hpi sample to achieve the required concentration. 

After 18 h, The infected cells were then (total 24 hpi), and the chlamydial growth was 

detected after immunostaining. The MIC value was calculated as the lowest combined 

concentrations at which no chlamydial growth was detected. For the subsequent IFU work, 

50 μg/mL of compound 20 and 1 μg/mL of AZM were diluted in a 3 × 4 way (as indicated 

in Figure 6). Following, 1 μL of each well was transferred into the corresponding infected 

cells in triplicate to get the desired concentration indicated. To determine the MCC values, 
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the IFU assay was performed using the harvested samples from the IFA, work as depicted in 

the IFU work above.

Air–Liquid Interface Model.

Cell Line Cultivation and Media Components.—NIH 3T3 fibroblast cell lines were 

cultivated in DMEM supplemented with 10% fetal bovine serum, 20 mM L-glutamine, and 

10 μg/mL gentamicin. On the other hand, HaCaT cells were propagated in DMEM/F12 

1:3 containing 10% FBS, 20 mM L-glutamine, 10 μg/mL gentamicin, 250 μL of insulin, 

100 μL of hydrocortisone (final concentration of 10−10 M), 3 μL of cholera toxin (final 

concentration of 0.5 μg/mL), and 1 μL of the epidermal growth factor (final concentration of 

10 ng/mL).

Raft Preparation, Infection, and Treatment.—As described previously,34 collagen 

solution (RAFT reagent kit, Lonza, cat 016–0R94) was prepared, according to the 

manufacturer’s protocol (see the Supporting Information for more details). After 

preparation, NIH 3T3 fibroblast feeder cells were added to the cold collagen solution and 

transferred to a 24-well plate (1 mL per well). The plate was incubated for 15 min before 

adsorbers were added to the top of each well for another 15 min. Meanwhile, HaCaT 

epithelial cells were prepared and transferred to the top of each raft (3 × 105 cells/mL). The 

plate was then incubated for 48 h until the HaCaT cells reach 100% confluency. After that, 

the collagen disks were transferred onto 0.4 μm filter inserts in 6-well plates containing 1.5 

mL of media in the bottom of each well. The transferred collagen gels were incubated at 

this air–liquid interface state for 24 h. Then, C. trachomatis serovar L2 in Hanks’ Balanced 

Salt Solution (HBSS) (1 × 107 IFU per raft) was added to the top of each raft. To allow 

Ctr to adhere to the cells, the plates were left at room temperature for 1 h. The plates were 

incubated at 37 °C for 24 h to allow infection to advance into replicative growth before 

the treatment was applied (the indicated drug concentrations were freshly prepared every 

day in 1.5 mL of media and applied to the bottom of each insert). After nine doses (11 

days post collagen exposure), the rafts were washed with HBSS (1.5 mL × 3) and fixed 

with 4% paraformaldehyde (PFA) solution in PBS for 30 min. The rafts were then washed 

with PBS (1.5 mL × 3) and sequentially transferred to PBS with a sucrose gradient (10 

to 20 to 30%) to partially dehydrate the samples before processing. Raft optimal cutting 

temperature (OCT) embedding, freezing, sectioning (10 μm slices), and slide preparation 

were carried out in the UNMC Tissue Sciences Facility. The resulting slides were gently 

blocked in PBST with 5% BSA for 2 h, followed by primary staining with human sera and 

goat-anti-human secondary. The slides were then visualized and imaged using a spinning 

disk confocal microscope (Nikon Ti-2, CSU-W) with a lambda-S 63× oil objective, and 

images were processed using ImageJ.67

Minimum Inhibitory Concentration (MIC).

We utilized S. aureus USA 300 JE2 and E. coli K12 in this experiment using the broth 

microdilution method (ASM Clinical Microbiology Procedures Handbook, 3rd edition). 

The tested compounds were dissolved in sterile DMSO, and serial 2-fold dilutions were 

prepared in 96-well plates using 5% DMSO in Muller Hinton broth (Difco BD Diagnostics). 

The bacterial cultures were then prepared in 0.5 McFarland units. Finally, 10 μL of the 
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suspension was transferred to each well of the previously prepared 96-well plate. The plates 

were then incubated for 24 h at 37 °C. Data represent three biological replicates.

Cell Proliferation Kit II (XTT).

Human epithelial cells (HEp-2) cell lines were cultured and seeded separately at a density of 

5000 cells per well in 96-well plates. After 24 h, each plate of cells was treated with a serial 

dilution of compound 20 in triplicates and DMSO as control. The plates were incubated 

for an additional 48 h, followed by adding the premixed XTT solution, as indicated in the 

manual, and further incubated for 4 h. The absorbance readings were determined at 450 nm 

using a multiskan FC microplate photometer after subtracting the background absorbance. 

Data represent two biological replicates.

Animal Model.

In Vivo Infection and Treatment.—All animal experiments reported in this manuscript 

were approved by the Midwestern University Institutional Animal Use and Care Committee 

(IAUCC), following the Guide for the Care and Use of Laboratory Animals published by 

the Institute of Laboratory Animal Research (USA). Mice were administered 2.5 mg of 

Depo-Provera subcutaneously 5 days before infection in order to render the mice anestrous 

and receptive to the genital infection. Mice were challenged with 5 × 104 IFUs of C. 
muridarum in 10 μL of sucrose–phosphate–glutamate (SPG) buffer on day 0. From day 0 

to day 5, compounds 1, 17, or 20 in DMSO, or DMSO alone (as a control), were injected 

intraperitoneally at 100 mg/kg mice once per day. Mice were swabbed once every 3–4 

days following infection. Bacterial counts in swabs were measured by plating on HeLa229 

cells, followed by immuno-fluorescent staining and enumeration. The mean ± SEM of 

AUC of chlamydial shedding was calculated for each group and compared using ANOVA. 

Differences were considered significant for p ≤ 0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

EB elementary body

RB reticulate body

STI sexually transmitted infection

STDs sexually transmitted diseases

Ctr Chlamydia trachomatis
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PyBOP benzotriazole-1-yl-oxytris-pyrrolidino-phosphonium 

hexafluorophosphate

HBTU N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate

DIPEA N,N-diisopropylethylamine

IFA immunofluorescence assay

IFU inclusion forming unit

Hep-2 human epithelial type 2

HBD hydrogen bond donor

HBA hydrogen bond acceptor

TLC thin-layer chromatography

DMEM Dulbecco’s modified Eagle medium
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Figure 1. 
(A) Chemical structure of lead compounds 1–2, and the most active compound 3 in the 

second generation; (B) approaches to improving the activity of this scaffold of compounds.
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Figure 2. 
Field alignment of representative derivatives of the new generation with the three parent 

molecules; colored code and 2D structure are provided for each compound.
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Figure 3. 
Quantification of infectious progeny yield in the presence of selected derivatives 

(numbered), as compared to compound 1 and untreated (UTD) control at 24 h (A) and 48 

h (B–D) post-infection. Timeframe of treatment is indicated in parentheses. The results are 

reported on a log10 scale. Symbols indicate individual replicates. The dashed line indicates 

the average of the 24 h untreated sample, and the dotted line indicates the average of the 

48 h untreated sample (same untreated samples for all drug treatments). Data represent 

three biological replicates. All values were log10 transformed to achieve equal distribution 

prior to statistical analysis. For each graph, transformed values were analyzed by ordinary 

two-way analysis of variance (ANOVA) with Dunnet’s post hoc multiple comparisons test. 

Significance values for each sample compared to the untreated control are shown on the 

graph. (A) # = p < 0.0001, n.s. = not significant. (B–D) ** = p < 0.01, *** = p < 0.001, and 

# = p < 0.0001.
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Figure 4. 
Indirect IFA of 1, 17, and 20 at 50 and 25 μg/mL at 48 hpi. In the upper panels (48 h), cells 

were treated at 6 hpi, and drug-containing media was maintained throughout the experiment. 

For the tests for inhibiting developmental cycle progression, the cells were treated with 

the drugs at 24 hpi (+@24 h). The media was maintained throughout the remainder of the 

experiment. In the reactivation panels, the cells were treated from 6 to 24hpi, at which point 

the drug-containing medium was removed and replaced with a drug-free medium. Samples 

were stained for Ctr L2 using antibodies against the major outer membrane protein (MOMP; 

green), for mitochondria using MitoTracker (red) and for DNA using DAPI (blue). Scale bar 

= 10 μm.

Seleem et al. Page 27

ACS Infect Dis. Author manuscript; available in PMC 2023 January 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Dose–response curve for the effect of 17 and 20 in comparison with 1 in twofold dilutions 

starting from the common effective dose of the three derivatives. Data represent two 

biological replicates [significant difference (P < 0.05, ANOVA)].
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Figure 6. 
Effect of AZM and 20 combinations on Chlamydia growth showing the degree of growth 

in color codes; red (no growth); very faint green (<50% growth); light green (50% growth); 

and dark green (>50% growth) in comparison with an untreated sample; (A) representation 

of checkerboard assay; columns indicate 20 at different concentrations, rows show AZM 

at several dilutions, and the box indicates the combinations. For example, the upper left 

most well has a concentration of 20 at 200 μg/mL and AZM at 4 μg/mL. Data represent 

three biological replicates. (B) Titration assay diagram of AZM and 20 combinations. 

Stock solutions of AZM and 20 were mixed, in two directions. Then, 1 μL of each well 

was transferred into Chlamydia-infected HEp-2 cells (in triplicate) 6 h after infection to 

obtain the concentrations, as shown in the diagram (μg/mL). For example, well A1 has 

a concentration of 20 at 25 μg/mL and AZM at 0.5 μg/mL, whereas well B2 has a 

concentration of 20 at 6.25 μg/mL and AZM at 0.25 μg/mL. (C) Infection output in the 

case of untreated sample and well C4; samples were stained for MOMP (Ctr L2; green) and 

DNA (DAPI; blue). (D) Representation of quantified Ctr growth by IFU assay after second 

round of infection compared to untreated (UTD) and DMSO treatment as controls. Data 

represent three biological replicates.
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Figure 7. 
Immunofluorescence images of the fixed tissues; compound 20 was used in a concentration 

of 50 μg/mL in comparison with azithromycin (2 μg/mL), untreated (INF), and uninfected 

samples. The infection was detected by human sera staining; in green, chlamydial inclusions 

and in blue, HaCaT nuclei. The white bottom lines show the bottom of the 3D culture. Data 

represent three biological replicates.
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Figure 8. 
Groups of mice (n = 4–5) were pre-treated with Depo-Provera 5 days before intravaginal 

infection with 5 × 104 IFU of C. muridarum. Mice were injected intraperitoneally with 

100 mg/kg of 1, 17, or 20, in DMSO, or DMSO alone each day from days 0 to 5 

after chlamydial inoculation. Chlamydial shedding at indicated time points was measured. 

Significant difference (p ≤ 0.001, ANOVA) in the AUC of chlamydial shedding is indicated 

as * between the indicated group and DMSO-alone treated animals and ¥ between 20 and 1.
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Scheme 1. 
Synthesis of Derivatives with Different Heterocyclics at the Right Part44
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Scheme 2. 
Synthesis of Derivatives with the Longer Alkyl Chain
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