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ABSTRACT: The lipoteichoic acid (LTA) biosynthesis pathway has
emerged as a promising antimicrobial therapeutic target. Previous
studies identified the 1,3,4 oxadiazole compound 1771 as an LTA
inhibitor with activity against Gram-positive pathogens. We have
succeeded in making six 1771 derivatives and, through subsequent hit
validation, identified the incorporation of a pentafluorosulfanyl
substituent as central in enhancing activity. Our newly described
derivative, compound 13, showed a 16- to 32-fold increase in activity
compared to 1771 when tested against a cohort of multidrug-resistant
Staphylococcus aureus strains while simultaneously exhibiting an
improved toxicity profile against mammalian cells. Molecular techniques
were employed in which the assumed target, lipoteichoic acid synthase
(LtaS), was both deleted and overexpressed. Neither deletion nor
overexpression of LtaS altered 1771 or compound 13 susceptibility; however, overexpression of LtaS increased the MIC of Congo
red, a previously identified LtaS inhibitor. These data were further supported by comparing the docking poses of 1771 and
derivatives in the Lta$S active site, which indicated the possibility of an additional target(s). Finally, we show that both 1771 and
compound 13 have activity that is independent of LtaS, extending to cover Gram-negative species if the outer membrane is first
permeabilized, challenging the classification that these compounds are strict LtaS inhibitors.
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Staphylococcus aureus is a major human pathogen, responsible targets for the design of therapeutic compounds, which we
for a broad spectrum of illnesses ranging from minor skin have recently reviewed.”
disease to life-threating systemic infections and toxinoses.' In a Teichoic acids are glycopolymeric structures that form an
recent global systematic analysis of antimicrobial burden, S. integral part of the Gram-positive cell envelope and can either
aureus was identified as one of the top six pathogens be attached to peptidoglycan as wall teichoic acids or anchored
responsible for deaths associated with and attributed to to membrane lipids as lipoteichoic acids (LTAs).”"" Both
antimicrobial resistance. Moreover, this analysis indicated structures have been shown to be important for S. aureus
that methicillin-resistant S. aureus (MRSA) was responsible growth and virulence and therefore are considered attractive
for over 100,000 deaths worldwide in 2019.> druggable targets.g’10 Recent studies have reported success in
Vancomycin (glycopeptide), daptomycin (lipopeptide), and targeting LTA biosynthesis."'~'* LTA consists of a poly-
linezolid (oxazolidinone) remain the treatments of choice for glycerophosphate chain, which is covalently linked to a
severe MRSA infections." However, along with poor tissue diglucosyl-diacylglycerol (Glc-DAG) anchor in the mem-
penetration and relatively slow bactericidal activity, there is brane. Five types of LTAs exist in bacteria with S. aureus

growing concern over the decreasing susceptibility of MRSA to producing type I LTA, which consists of polyglycerol units that
vancomycin.”* Similarly, resistance toward daptomycin
primarily due to mutations in the bacterial phospholipid Received: May 31, 2023

synthase and flippase gene mprF° and toward linezolid due to Published: October 13, 2023 ,
ribosomal mutations® and the acquisition of ¢fr (chloramphe- % AR
nicol-florfenicol resistance) methyltransferase” are increasingly
reported. Therefore, more concerted efforts are required to
identify alternative Gram-positive and or specific S. aureus
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Figure 1. LTA biosynthesis pathway in S. aureus. LTA biogenesis begins with the synthesis of the diglucosyl-diacylglycerol (Glc,-DAG) anchor.
PgcA and GtaB are responsible for generating nucleotide-activated sugar UDP-glucose. The diacylglycerol f-glucosyltransferase YpfP then
combines DAG with UDP glucose to form the membrane anchor. The glycolipid permease LtaA subsequently transfers the Glc,-DAG anchor from
the inner to the outer leaflet of the membrane. The LtaS enzyme then hydrolyzes the glycerolphosphate headgroup from the membrane lipid
phosphatidyl glycerol (PG) and transfers between 15 and S0 of these moieties to the Glc,-DAG anchor. The hydrolysis of PG by Lta$ results in the
accumulation of DAG, which must be recycled to replace the loss of PG. This is achieved through the action of DgkB, which phosphorylates DAG
into phosphatidic acid (PtdOH), which is also produced through the FASII pathway. Phosphatidic acid is fed into the phospholipid synthesis
pathway through the action of CdsA and PgsA. CDP-diacylglycerol (CDP-DAG) is produced from PtdOH and cytidine triphosphate through the
action of cytidylyltransferase CdsA. The CDP-diacylglycerol-glycerol-3-phosphate 3-phosphatidyltransferase PgsA then synthesizes
phosphatidylglycerol-phosphate by replacing cytidine monophosphate with glycerol phosphate. A proposed but currently undiscovered protein
designated as PgpP is believed to dephosphorylate phosphatidylglycerol-phosphate (PG-P) into PG. Essential proteins in this pathway are indicated
with skull and crossbones and thought to include LtaS, DgkB, CdsA, and PgsA. LTA inhibiting compounds 1771 and Congo red are highlighted in
red.

Scheme 1. Synthesis of 1771 and Compounds 9—14“
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“Reagents and conditions: (a) naphthalen-2-ol (3a) or 6-methoxynaphthalen-2-ol (3b), conc H,SO,, 0—5 °C, 24—72 h, 89—96%; (b) 1 M NaOH,
reflux, 4 h, 43—93%; (c) semicarbazide hydrochloride, sodium acetate, MeOH, H,O, rt, 30 min, quant; (d) K,CO;, I,, 1,4-dioxane, 80—95 °C, 3—
20 h, 36—60% over two steps; (e) chloroacetyl chloride, toluene, 80 °C, 18 h, 78—96%; (f) Nal, Et;N, DMF, 80—90 °C, 2—5 h, 4—25%.

are joined through phosphodiester linkages and further coated findings center around the function of LtaS, which catalyzes
with p-alanine or carbohydrate residues." the formation of the poly glycerol phosphate backbone.'> The
The structural and enzymatic machinery involved in the LTA pathway contains several crucial enzymes that are

synthesis of S. aureus LTA has been elucidated (Figure 1), and confirmed to be either essential (PgsA, DgkB, and

2142 https://doi.org/10.1021/acsinfecdis.3c00250
ACS Infect. Dis. 2023, 9, 2141-2159


https://pubs.acs.org/doi/10.1021/acsinfecdis.3c00250?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.3c00250?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.3c00250?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.3c00250?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.3c00250?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.3c00250?fig=sch1&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.3c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

CdsA)'*™'® or conditionally essential (LtaS),"” making them
potential drug targets for inhibiting LTA synthesis.

Previous studies have identified the 1,3,4 oxadiazole-based
small molecule named 1771 (Figure 1), which has been shown
to block LTA synthesis and inhibit in vitro growth of MRSA
strains at concentrations between 8 and 16 ug/mL."> This
compound has also been shown to have activity against
vancomycin-resistant Enterococcus faecium (VRE) strains.'”*’
Although the first study demonstrating 1771 activity attributed
this to Lta$ inhibition, ” the target(s) of 1771 remains unclear.
Vickery et al. reconstituted LtaS into artificial liposomes,
observing LtaS polymerization activity and LTA production.
Using this approach, 1771 did not show inhibitory activity;
however, the azo dye Congo red blocked Lta$ function.'' On
the contrary, our”' and others'* in silico investigations
highlighted that 1771 might behave as a competitive inhibitor
of LtaS, in line with biophysical data indicating binding
between 1771 and derivatives with the extracellular domain of
LtaS (eLtaS).">"*

In this study, we sought to design and synthesize a small
series of derivatives of 1771 with the aim to not only improve
the antistaphylococcal activity of 1771 but also correlate the
compound’s activity with its in silico interaction with LtaS.
Furthermore, we investigated the molecular targets for 1771
and novel derivatives with an emphasis on establishing possible
mechanisms of action of this class of antibacterial compounds.

2. RESULTS

2.1. Chemistry. Compounds 9—14 were synthesized using
the same convergent synthesis method previously reported for
1771,*" as shown in Scheme 1. Briefly, transesterification of
ethyl 4-chloro-3-oxobutanoate 2 with naphthalen-2-ol (3a) or
6-methoxynaphthalen-2-ol (3b) after Pechmann condensation
yielded the corresponding desired angular chlorocoumarines
4a,b, which under basic conditions underwent a rearrangement
to give compounds Sa,b. Condensation of a benzaldehyde
(6a—d) with semicarbazide hydrochloride, followed by iodine-
mediated oxidative cyclization, afforded 1,3,4-oxadiazole
compounds 7a—d. Compounds 7a—e were reacted with
chloroacetyl chloride in toluene affording compounds 8a—e.
The final step was accomplished by coupling the two building
blocks (Sa,b and 8a—e) in the presence of triethylamine and a
catalytic amount of sodium iodide in anhydrous dimethylfor-
mamide to afford the desired 1771 analogues 9—14.

2.2. Derivatives of 1771 Show Improved Antibacte-
rial Activity against Gram-Positive Organisms. In this
study, we designed six derivatives of the LTA inhibitor 1771,
named here as compounds 9—14. To evaluate the antimicro-
bial activity of these new compounds, the minimum inhibitory
concentration (MIC) was compared to 1771 using a
genetically diverse collection of S. aureus and Staphylococcus
epidermidis strains (Table 1). The MIC of 1771 ranged from 4
to 16 ug/mL against S. aureus and from 8 to 16 pg/mL against
S. epidermidis. Compounds 9, 10, and 14 appeared to have
poorer antistaphylococcal activity with a 4- to 16-fold increase
in the MIC when compared to 1771. The MIC of 12 was
comparable to that of 1771 against S. aureus, but it appeared to
have slightly improved activity against the S. epidermidis strains
tested. Compounds 11 and 13 showed superior antibacterial
activity, with 13 displaying the highest potency with an MICy,
of 0.5 ug/mL against S. aureus and of 1 pug/mL against S.
epidermidis.
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Table 1. Compounds 11 and 13 Display Enhanced
Antibacterial Activity against S. aureus and S. epidermidis

minimum inhibitory concentration (yg/mL)

strain 1771 9 10 11 12 13 14
S. aureus
LAC 8 32—-64 64 4 8 0.5 >64
Mw2 8 64 64 2 8 0.5 >64
Newman 4-8 32 64 2 8 0.5 >64
SH1000 4-8 32 64 2 8 0.5 >64
MRSA252 8 64 64 4 16 1 >64
TW20 8 32 64 2 8 0.5 >64
MuS0 4-8 64 64 2 4-8 0.5 >64
Mu3 8—16 64 64 2 8 0.5 >64
EMRSA-15 8-16 64 32—-64 2 8 0.5 >64
S. epidermidis

RP62A 8—16 32 64 2—4 4-8 0S5 >64
311 8—16 64 32—-64 2 4-8 0.5 >64
771 8—16 64 32—-64 2 4-8 0.5 >64
780 8—16 32 32—-64 4 4-8 0.5-1 >64
319 8—16 64 64 2 4-8 1 >64
322 16 64 64 4 8 0.5 >64
305 8—16 64 32—-64 2-4 8 0.5-1 >64

Having identified 13 as the most potent derivative of 1771,
we sought to test whether its activity also extended toward
other Gram-positive species (Table 2). MICs of 1771 and 13

Table 2. Compound 13 Displays Enhanced Activity against
Other Gram-Positive Species

MIC (pg/mL)

bacterial species (strain) 1771 13
B. subtilis (W168) 4-8 0.5-1
E. faecalis (JH2-2) 16 2
E. faecium (C68) >128 >128
S. pyogenes (NCTC 8198) 32—-64 16—32
S. pyogenes (NCTC 12048) 128 64
S. agalactiae (18RS21) 128 64
S. agalactiae (COH1) >128 128
S. dysgalactiae (NCTC 13762) 128 64
S. dysgalactiae (NCTC 10238) >128 64

were repeated against a cohort of six Gram-positive species
that comprised Bacillus subtilis, Enterococcus faecalis, E. faecium,
Streptococcus pyogenes, S. agalactiae, and Streptococcus dysga-
lactiae. Compound 13 showed marked improvement in its anti-
Gram-positive activity against B. subtilis (strain W168) and E.
faecalis (strain JH2—2) but displayed similar activity to 1771
against S. pyogenes, S. agalactiae, and S. dysgalactiae isolates with
a twofold decrease in the MIC.

To evaluate the synergistic potential of 1771 and 13,
checkerboard MIC analysis was performed in combination
with five clinically relevant antistaphylococcal antibiotics
(oxacillin, daptomycin, vancomycin, gentamicin, and linezolid)
and FIC indexes were calculated (Figure S1). The only
synergistic combination observed was gentamicin in combina-
tion with 1771 with an FIC index of 0.375.

2.3. 1771 and Its Derivatives Inhibit Biofilm For-
mation. S. aureus and S. epidermidis routinely form sessile
microbial communities called biofilms. Biofilms are a frequent
cause of chronic and persistent infections and are refractory to
clinically used antibiotics. Accordingly, we investigated the

https://doi.org/10.1021/acsinfecdis.3c00250
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Figure 2. Biofilm prevention ability of 1771 and its derivatives 9—14. The biofilm prevention ability of 1771 and compounds 9—14 against (a) S.
aureus strain SH1000 and (b) S. epidermidis strain RP62A was examined using the crystal violet assay. 1771 and compounds 9—14 were added at a
final concentration ranging from 256 to 0.25 pg/mL. Absorbance at 595, was recorded following 24 h incubation, and the biomass (%) relative to
the negative control without antibiotic was calculated. The dots represent biological replicates, with the bars representing the mean biomass value

and the error bars representing the standard deviation.

biofilm-prevention capabilities of 1771 and the newly
synthesized derivatives against methicillin-sensitive S. aureus
strain SH1000 and S. epidermidis strain RP62A, two previously
characterized strong biofilm formers™>** (Figure 2). We
observed a 50% reduction in biofilm formation of SH1000
and RP62A following treatment with 1771 at a concentration
between 4 and 8 ug/mlL, respectively. Compounds 9, 10, and
14 all performed poorly at biofilm prevention, requiring
concentrations of 32—64 pg/mL for SH1000 and 16—64 ug/
mL for RP62A to reduce biofilm production by 50%.
Compound 12 performed worse than 1771 in preventing
SH1000 biofilm production but better in preventing RP62A
biofilm production. Similar to the MIC analysis, 11 and 13
performed better than 1771 at preventing the biofilm
production of SH1000 and RP62A, with 13 requiring the

2144

lowest concentration of 0.25 pug/mL to cause a 50% reduction
in biofilm formation in both SH1000 and RP62A.

2.4. 1771-Based Compounds Are Bacteriostatic. Since
its discovery as a compound that inhibits S. aureus growth, the
kill kinetics of 1771 is yet to be investigated in detail. To
answer this, a time kill assay was performed against 1771 and
the most active derivative 13 (Figure 3a,b). MRSA strain LAC
was incubated in MHB containing 0.25X, 1X, 2X, or 4X MIC
of 1771 or 13, and CFUs were plated on TSA for enumeration
at 0, 1, 2, 4, 6, and 24 h. As expected, LAC was able to grow in
the presence of 0.25X MIC of 1771 and 13, although the
growth rate was impacted (Figure 3a,b). Incubation in 1X MIC
of either 1771 or 13 completely inhibited the growth of LAC;
however, no killing effect was observed, with the inoculum
staying at approximately 5 X 10° cfu over the 24 h period. A
killing effect of roughly 65% was observed for LAC incubated

https://doi.org/10.1021/acsinfecdis.3c00250
ACS Infect. Dis. 2023, 9, 2141-2159
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Figure 3. 1771 and 13 display limited bactericidal activity. Time-kill kinetics of (a) 1771 and (b) 13 against LAC using a starting inoculum of 5 X
10° cfu. LAC was incubated in MHB containing no drug and 0.25X, 1X, and 4X MIC of either 1771 or 13. Symbols represent the mean, and error
bars represent the standard deviation. (c) Minimum bactericidal concentration of 13. Following application of the MIC protocol, SO uL of
suspension was plated out, and the percentage survival was calculated according to the S X 10° cfu starting inoculum. The dots represent individual
data points, the bars represent the mean value, and the error bars represent the standard deviation.
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Figure 4. Toxicity profile of 1771 and compounds 9—14. (a) Cell health screen of 1771 and compounds 9—14 using the AsedaSciences
SYSTEMETRIC assay. (b) Hemolysis assay of 1771 and 13 at a concentration range of 256—2 yg/mL. Maximum erythrocyte lysis is provided by
incubation with Triton X100, and minimum lysis is provided by incubation with PBS. Log 1771 (c) and 13 (d) concentration was plotted against
cell viability of HepG2 cells following 24 h incubation with the relevant compound. Dots represent the mean, and the error bars represent the
standard deviation. The line is a nonlinear regression, with the dotted lines representing the 95% confidence interval of this analysis. The ICs, value
was calculated through standard curve interpolation and defined as the concentration responsible for 50% HepG2 cell death.

with 4X MIC 1771. This was much more evident for LAC
incubated with 4X MIC of 13, where only 1% of the starting
inoculum survived the exposure. For an antibiotic to be
classified as bactericidal, treatment must result in a greater than
3-log;y reduction in CFU.* Accordingly, the minimal
bactericidal concentration (MBC) of 13 was examined (Figure
3c) using concentrations from 8 to 128 ug/mL. Despite
increasing the exposure of LAC to 256X MIC of 13, a
proportion of the starting inoculum consistently survived,
meaning that an MBC could not be elucidated. This further
supports the classification of 1771 and 13 as bacteriostatic
agents.
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2.5. 1771 and 13 Exhibit Minimal Toxicity and
Display a Low Propensity to Develop Resistance. A
key feature of any prospective antibiotic is that the compound
has specific toxicity toward bacterial cells at low concentrations
while displaying minimal toxicity to host cells. In this study, we
screened 1771 and compounds 9—14 for acute toxicity using
the AsedaSciences SYSTEMETRIC Cell Health Screen.”**
This system measures eight parameters using a fluorescent
readout of multiple dyes that increase or decrease the
fluorescence on a per cell basis, depending on how a
compound affects that specific biological parameter. The
parameters measured included cell morphology, cytoplasmic
membrane integrity (CMI), mitochondrial reactive oxygen
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Figure S. LTA inhibitory activity of 1771 and 13. The suitability of the LTA antibody was first tested against the isogenic strains 8325-4 and
MO0674N alongside 12.5 ng of purified LTA. The LTA inhibitory ability of 1771 and 13 was compared to that of non-LTA inhibitory antibiotics

daptomycin and vancomycin at 1X and 4X the relevant MIC.

species (ROS), glutathione levels, nuclear membrane integrity
(two dyes are used, NMI 1-2), cell cycle activity, and
mitochondrial membrane potential (MMP). Overall, all
compounds were within the lower toxicity risks where the
cell health index (CHI), a final probability score that quantifies
the similarity of a test compound’s cell stress phenotype to the
high-risk class in the training set,””® was below 0.5 (Figure
4a). 1771, 9, and 12—14 did score high on one of the NMI
tests, indicating potential cellular damage. In addition, 10 and
11 gave a high readout for both ROS and CMI, indicating
potential intracellular membrane damage. Lastly, both 1771
and 11 were associated with morphological changes that were
not observed with the other compounds. Notably, other
clinically relevant antibiotics used in the training set indicated
similar CHI values to our compounds: vancomycin (CHI =
0.16), streptomycin (CHI = 0.19), and erythromycin (CHI =
0.22) (Table S2).

Antibiotic compounds are usually metabolized by the liver
and can in certain cases, such as with rifampicin and colistin,
cause drug-induced liver injury or antibiotic-induced hep-
atotoxicity.”” To further evaluate the suitability of 1771 and 13
as antibiotic agents, the toxicity of these compounds was
analyzed using the HepG2 human hepatocyte cell line (Figure
4c,d). 1771 gave a HepG2 ICy of 24.71 pug/mL, which given
its MICs, of 8 pig/mL gives a selectivity index (IC,/MICs,) of
3.08. Compound 13 was slightly less toxic, with a HepG2 ICs,
of 27.29 pg/mL. However, the MICj, of compound 13 was 0.5
pug/mL, giving a significantly improved selectivity index of
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54.28. This shows that while 1771 has been shown to be
nontoxic to other human cell lines,'* it is relatively toxic
toward liver cells, restricting its potential as a Gram-positive
antibiotic. Compound 13 on the other hand, due to its 16- to
32-fold increase in potency, has a robust therapeutic window in
which it would be selective to bacterial cells over human cells.
1771 and 13 were also tested against erythrocytes (Figure 4b),
where neither caused any lysis at concentrations as high as 256
pug/mL.

A limiting therapeutic value of many existing antibiotics is
the propensity of bacteria to acquire resistance due to
spontaneous mutations. The work of Richter et al. has
shown that incubation with 1771 for 3—4 days did not result
in resistant mutant selection, which was in stark contrast to
streptomycin, which was selected for mutants at a frequency of
<1077."* To further evaluate whether S. aureus could acquire
resistance to 1771, a serial passaging experiment was
performed (Figure S2). Following 25 days of serial passage,
the MIC increased twofold against both LAC and EMRSA-15
after 14 days and remained stable for 11 days, indicating that
these 1,3,4-oxadiazole-based antibiotics are potentially resist-
ance-proof compounds.

2.6. 1771 and 13 Are Inhibitors of LTA Synthesis.
Incubation with 1771 has been shown to cause a dose-
dependent reduction in the LTA signal."”

We were interested in testing whether 13 also resulted in a
reduction in the LTA signal and whether 13 was superior at
inhibiting LTA biosynthesis compared to 1771. The anti-LTA
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Figure 6. Molecular modeling of 1771 and compounds 9—14 with eLtaS. (a) Binding mode of compounds 9 (pink), 10 (magenta), 11 (yellow),
12 (green), 13 (gray), and 14 (orange) within the Lta$ active site. The residues of the binding pocket involved in the interactions with the ligands
are represented as light blue sticks. H-bonds are displayed as yellow dashed lines. (b) Docking pose of 1771 (cyan sticks) superimposed to

derivatives 9—14.

antibody was first tested against 8325-4 (wild-type) and ItaS
mutant M0674N alongside purified LTA. The 8325-4 strains
gave a band between 15 and 25 kDa, which was absent in
strain M0674N, confirming the suitability of the antibody
(Figure 5). We next tested whether any reduction in LTA
signal could be observed for daptomycin and vancomycin, two
antibiotics not known for their LTA inhibitory activity but that
target the bacterial cell envelope. No reduction in LTA could
be seen for strain LAC incubated with 1X and 4X the MIC of
daptomycin or vancomycin. Conversely, when strain LAC was
incubated with 1X and 4X the MIC of 1771 or 13, a reduction
in LTA abundance was observed (Figure S5). The LTA
inhibitory action of 13 was more apparent compared with
1771, with a greater reduction in abundance at the 1xX MIC
and consistent with the enhanced activity observed in the MIC
analysis.

2.7. Molecular Modeling of Compounds 9—14 with
LtaS. The putative binding mode of compounds 9—14 within
the LtaS active site was investigated by molecular docking
employing the X-ray structure of the extracellular domain of
the enzyme in complex with glycerol-phosphate (PDB ID
2w5s)."” Despite the extracellular domain containing the
catalytic site of LtaS, experimental evidence indicated the
importance of the transmembrane (TM) domain for enzyme
function.”® On this basis, we analyzed the LtaS model retrieved
from AlphaFold repository”” (AF-Q7A113-F1), which includes
the TM domain. As depicted in Figure S3, the residues 106—
107 and 109—112 of the AlphaFold structure, which belong to
the TM domain, were predicted with a low confidence score
(70 > pLDDT < 50). Since these residues are located in close
proximity to the binding site, we discarded the AlphaFold
structure as model for docking studies. On the contrary, the X-
ray extracellular domain structure proved to be a reliable
template for structure-based modeling studies."* The docking
outcomes revealed that derivatives 9—14 may interact with the
LtaS binding pocket assuming a similar orientation as
displayed in Figure 6a. The phenyl ring occupies a niche of
the pocket lined by W354, F353, and S321, while the
naphtho[2,1-b]furan moiety is situated close to H416 and
Y417. All the synthesized compounds may establish hydro-
phobic and/or z-stacking interactions with (i) F353 and W354
through the phenyl portion and (ii) H416 and Y417 through
the naphtho[2,1-b]furan system. Moreover, hydrophobic
contacts between naphtho[2,1-b]furan and K299 were
detected for 9 and 11. In addition, the SF; group of 13
could form hydrogen bonds with the side chain of S321 and
the backbone of W354.
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The docking poses of the newly synthesized derivatives 9—
14 was compared to that of the parent compound 1771
previously reported.”’ As shown in Figure 6b, the phenyl-1,3,4-
oxadiazole portion of 1771 (cyan sticks) can fit into a deep
part of the LtaS$ active site, while the same moiety is located in
the rim of the pocket in the case of compounds 9—14.
Significantly, the oxadiazole ring, which appeared to play a
pivotal role in the binding to LtaS in the docking model
reported by both us®' and Chee Wezen et al,,'* is not involved
in the interaction between the enzyme and compounds 9—14.

2.8. 1771 and 13 Display Antimicrobial Activity
Independent of LtaS Function. To better understand
whether 1771 and 13 exert their LTA inhibitory activity
through an interaction with LtaS, we examined both the
impact of deleting and overexpressing LtaS on drug
susceptibility (Table 3a,b). Mutants lacking LtaS are hyper-
susceptible to osmotic lysis and can only be grown under
osmotically stabilizing conditions at 30 °C'” or after the
acquisition of suppressor mutations.’*** One such suppressor
mutation is the loss of the ClpX chaperone. Indeed, in ClpX
mutants, ltaS mutations arise spontaneously at 30 °C and

Table 3. (a,b) Impact of LtaS Deletion and Overexpression
on the Susceptibility of S. aureus to 1771 and 13

(@)
strain MIC (ug/mL)
1771 13
8325-4 (wild type) 16 0.5-1
8325-4 clpX knockout mutant 8 0.25
8325-4 clpX knockout and [taS382STOP mutant 8 0.25
SAS564 (wild type) 16 025
SAS564 cIpX knockout mutant 16 0.25
SAS64clpX knockout and [taSH476Q mutant 16 0.25
JE2 (wild type) 16 0.5
JE2 clpXI26SE mutant 8 0.25
JE2 cIpX126SE and [taS339STOP mutant 16 0.5
8325-4 (wild type) 8 0.5
MO0674N (ItaS knockout mutant in 8325-4) 8 0.5
(b)
strain Congo red MIC (ug/mL)
1771 13
Newman >512 16 1
Newman AtarO 64 16 1
Newman AtarO pRMC2 64 16 1
Newman AtarO pltaS 256 16 1
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reverse the growth defect associated with ClpX loss.”® Making
use of this conditional essentiality, we tested three isogenic sets
of strains consisting of a WT, a ClpX mutant, and a ClpX/LtaS
double mutant (Table 3a). Deletion of ClpX reduced the MIC
of 1771 from 16 to 8 pg/mL and the MIC of 13 from 0.5 to 1
to 0.25 pug/mL in the 8325-4 background. Deletion of ClpX
had no impact on the susceptibility of 1771 or 13 in the SAS64
background. We hypothesized that a true LtaS inhibitor would
not be able to inhibit the growth of a ClpX/LtaS double
mutant. However, the ClpX/LtaS double mutants exhibited
the same 1771 and 13 MIC as those of the ClpX single
mutants. A slight increase in MIC was observed for 1771 (8 to
16 pg/mL) and 13 (0.25 to 0.5 pug/mL) against SAS64clpX
knockout and /taSH476Q mutant compared with the JE2
clpX1265E mutant. We also tested the susceptibility of an Lta$S
deletion mutant M0674N against 1771 and 13 and found that
deletion of Ita$ in this background had no impact on MIC.

Congo red has been shown to inhibit the activity of LtaS in
vitro."! Unlike 1771, Congo red is only toxic to TarO mutants,
leading the authors to suggest that LtaS inhibition is only
synthetically lethal in WTA-deficient strains.'”* Similarly, we
show that Congo red only has antistaphylococcal activity when
TarO is deleted, while 1771 and 13 exhibit the same MIC as
the WT Newman strain when TarO is deleted (Table 3b). We
subsequently hypothesized that overexpression of ItaS would
confer resistance or at least result in an elevation in MIC,
against an LtaS inhibitor. Overexpression of ItaS in the
Newman TarO mutant did show increased LTA expression by
Western blot compared to controls (Figure S4). In addition,
overexpression of [taS resulted in an increase in the Congo red
MIC from 64 ug/mL in Newman AtarO pRMC2 to 256 ug/
mL in Newman AtarO pltaS. However, the overexpression of
ItaS has no impact on the 1771 or 13 susceptibility, indicating
that these compounds exert an inhibitory effect on other
targets.

2.9. 1771 and Compound 13 Have Antimicrobial
Activity against Gram-Negative Bacteria. Phosphatidyl
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glycerol (PG) head groups are used as the building blocks of
LTA; therefore, a constant supply of PG is required for LTA
biosynthesis.” As such, the upstream enzymes of the
phospholipid biosynthetic pathway, which produce PG, are
necessary to produce LTA and thus are targets for LTA
inhibition.”* We confirmed this by incubating S. aureus with
fatty acid inhibitors, nilofabicin or triclosan, both of which
target the enoyl-acyl carrier 6protein reductase Fabl of the
FASII pathway (Figure 7),”>*° which resulted in a substantial
decrease in LTA production (Figure S5).

Previous work examined the molecular hydrophobicity of
1771 and noted that the naphthofuranyl groups and aryl 1,3,4
oxadiazolyl acetamide group resembled the substrate for LtaS,
PG, reinforcing the hypothesis that 1771 targeted LtaS."
Figure 7 portrays 3D models indicating the molecular
hydrophobicity potential of LTA inhibitors, Congo red,
1771, and 13 as well as components central to both
phospholipid and LTA biosynthesis: PG, CDP-DAG, and
PtdOH. Here, we observe that structural similarity exists when
comparing PG, CDP-DAG, and PtdOH and that 1771 and 13
have a greater structural resemblance to these intermediates of
the phospholipid pathway compared to Congo red. Thus, our
data suggest that the LTA inhibitors (1771 and 13) may target
components of phospholipid biosynthesis and not solely PG,
resulting in LTA disruption and bacterial death.

Several Gram-positive antibiotics have been shown to have
Gram-negative activity if the outer membrane is first
breached’” or efflux pumps are inactivated or bypassed.”
For example, the Gram-positive-specific Fabl inhibitor afabicin
(Debio-1452) has been successfully converted into a
derivative, Debiol452-NH;, which can accumulate within
and target the FASII/phospholipid biosynthetic pathway in
Gram-negatives’” as these pathways are remarkably similar, as
shown in Figure 7.

In the initial small-molecule library screen, 1771 was
identified as it selectively inhibited the growth of S. aureus
while having no effect on the growth of Escherichia coli.'> We
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Figure 8. Permeabilization of the outer membrane renders E. coli susceptible to 1771 and 13. Bacterial growth curves of (a) 1771 and (b) 13 (0—

64 pg/mL) in combination with 0, 25, S0, and 100 ug/mL of PASN. The bacterial growth (ODgyg,) Was plotted against time following 18 h of
growth at 37 °C. The icons represent the mean of three biological replicates.

wanted to investigate whether the reason 1771 did not inhibit
E. coli growth was due to poor penetration of the outer
membrane rather than the absence of the target. Phenyl-
alanine-arginine f-naphthylamide (PASN) is a well-studied
efflux pump inhibitor, which can also permeabilize the outer
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membrane of Gram-negative organisms.40 To test whether
1771 or 13 displayed any growth inhibition toward E. coli,
these compounds were combined with either 0, 25, 50, or 100
ug/mL of PAPN and monitored for growth over 18 h (Figure
8). Without the addition of PASN (0 pg/mL), neither 1771
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nor 13 had any growth inhibitory activity at concentrations up
to 64 pug/mL. With the addition of 25 pug/mL of PASN, the E.
coli strain K12 could still grow in the presence of 64 jg/mL of
1771 or 13; however, the growth rate was severely impacted in
a dose-dependent manner. When 50 pg/mL PASN was added,
growth was completely inhibited at a concentration of 64 ug/
mL for 1771 and compound 13. Finally, 1771 and 13 in
combination with 100 yug/mL of PASN resulted in MIC values
of 4 and 1 pug/mL, respectively. Importantly, the addition of
PAPN up to a concentration of 100 yg/mL had a very limited
impact on growth, indicating the growth inhibitory activity was
specific to 1771 or 13, confirming that these compounds
possess anti-Gram-negative activity when the outer membrane
is disrupted. To further evaluate the Gram-negative coverage of
1771 and 13, we also tested 1771 or 13 in combination with
PAPN against Pseudomonas aeruginosa strain PAO1, Klebsiella
pneumoniae strain 699 (clinical isolate), and Acinetobacter
baumannii strain DF1000 (clinical isolate) (Figure S6a—c). An
MIC of 4 ug/mL was observed in combination with 100 ug/
mL PASN for strains 699 and DF1000, while PAO1 growth
was severely inhibited with 32 yg/mL 13 in combination with
100 pg/mL PapN, indicating that LtaS cannot be the sole
target of these antibiotics.

3. DISCUSSION

A primary aim of this study was to investigate whether
substitutions at the phenyl and/or naphtho[1,2-b]furanyl rings
could improve the antibacterial activity of 1771. Specifically,
we have looked at chloro, fluoro, and pentafluorosulfanyl (SFs)
groups at the phenyl ring and methoxy substituent at the
naphtho[1,2-b]furanyl ring. We also investigated whether
replacing 1,3,4-oxadiazole with a 1,3,4-thiadiazole ring altered
the antimicrobial activity. As a result, we generated a series of
molecules with varying activity against a panel of clinically
relevant staphylococcal isolates. In general, substitutions to the
phenyl ring show retention or increase in the antibacterial
activity, whereas the methoxy substitution on the naphtho[1,2-
b]furanyl ring shows a significant decrease of the compound
activity. Replacement of the oxygen of the 1,3,4-oxadiazole ring
with a sulfur atom led to complete loss of antibacterial activity,
indicating that the 1,3,4-oxadiazole moiety is essential for
activity. Importantly, 13 bearing a pentafluorosulfanyl group
(SF) is, to our knowledge, among the most potent derivatives
of 1771, displaying an MIC of 0.5—1 ug/mL against multidrug-
resistant S. aureus, including MRSA and VRSA, a 16- to 32-fold
increase in activity compared to that of 1771. Due to the
distinctive combination of electronegativity, size, and lip-
ophilicity, the fluorine atom can have a substantial impact on
the molecular conformation of organic molecules, which may
affect the binding affinity to the target protein.*' Recent years
have seen an increased use of higher polyfluorinated groups in
medicinal chemistry.*” Among them, SF; is considered as a
CF;, tert-butyl, halogen, or nitro group bioisostere, is stable
under physiological conditions, and possesses unique physical
and chemical properties such as high electronegativity coupled
with an unusual lipophilicity and a higher antibacterial
activity."”** SFq has also a different electron density profile
(pyramidal for SF; opposite to spherical for CF;) as well as a
larger molar volume than CF;.*

We have confirmed that 13 specifically inhibits LTA
biosynthesis and that LTA inhibition is not a general feature
of cell envelope-acting antibiotics but is disrupted following
challenge with fatty acid inhibitors. Importantly, we have tested
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the toxicity of 1771 and its derivatives against multiple
mammalian cell types using the AsedaSciences SYSTEME-
TRIC assay as well as classically used HepG2 liver cells and
human red blood cells. Our toxicity analysis revealed that 13
exhibited limited toxicity, in line with toxicity values derived
from clinically used antibiotics such as linezolid.** Importantly,
13 displayed a superior selectivity index over 1771 primarily
based on the improved antimicrobial activity associated with
this molecule. 1771 and derivatives are reported to be
synergistic with daptomycin and gentamicin against E.
faecium® and with methicillin and carbenicillin'* against .
aureus. Our analysis showed limited synergistic potential with
clinically relevant antibiotics, with 1771 displaying synergy
only with gentamicin.

Several studies have investigated the mode of action of 1771.
Richter et al. observed that 1771 inhibited eLtaS binding to
and cleavage of PG in vitro using size exclusion chromatog-
raphy, nitro-benzoxadiazole glycerol-phosphate as a substrate
for eLtaS, and mass spectrometry.'” We”' and others'* have
performed molecular docking of 1771 in the eLtaS catalytic
site. Overall, both in silico investigations highlighted that 1771
might function as a competitive inhibitor of LtaS and
emphasized the key role of the oxadiazole ring in the
ligand—protein recognition process, in agreement with the
experimental studies according to which this moiety is crucial
for activity.'” However, when we studied the binding mode of
compounds 9—14 within the Lta$S active site, we observed that
the phenyl-oxadiazole portion is located at the entrance of the
pocket leading to the loss of some key interactions with the
extracellular catalytic domain of the enzyme. Chee Wezen et al.
used biophysical assays employing differential scanning
fluorimetry and isothermal titration calorimetry and observed
binding of 1771 and derivatives to eLtaS."* In contrast, studies
employing cell-free, proteoliposome-based systems, whereby
LtaS was reconstituted and LtaS polymerization activity was
examined, have shown that 1771 did not interrupt LTA
biosynthesis, whereas Congo red displayed inhibition."" In
addition, other studies showed that an Lta$S inhibitor would be
synthetically lethal in a WTA-deficient strain.'””* Vickery et al.
found this was the case for Congo red, but 1771 was found to
kill both wild-type and WTA-deficient strains."" The authors of
this study concluded that 1771 must exert its LTA depletory
effects by targeting one or more enzymes required for polymer
production such as enzymes involved in the biosynthesis of
PG. This hypothesis aligns with our results that show that
treatment with fatty acid inhibitors, nilofabicin, or triclosan
resulted in a decrease in LTA abundance. To determine the
requirement of LtaS function for 1771 and 13 activity, we
tested these compounds against several S. aureus LtaS mutants
(Table 3a,b). To our surprise, we did not see any significant
difference in the MIC of 1771 or 13 when wild-type or [taS
mutants were challenged. Furthermore, we tested S. aureus
strains that were engineered to overexpress [taS from a
chemically inducible promoter and found no difference in the
MIC of 1771 or 13 compared with WT strains and empty
vector control. Interestingly, overexpression of LtaS in a S.
aureus TarO mutant conferred increased resistance to Congo
red, which corroborates with previous studies indicating LtaS
as a target for Congo red.'" Currently, the precise mechanism
of action of 1771 is not completely understood, and while our
data provide evidence that LtaS is not the sole target of 1771,
we cannot disregard the possibility that LtaS may be one of
multiple targets that is inhibited by 1771.
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The initial study that illustrated the antimicrobial activity of
1771 showed no activity against E. coli.'” Importantly, Gram-
negative bacteria are intrinsically resistant to numerous
antibiotic classes due to the selective barrier imposed by the
outer membrane and/or the activity of efflux pumps.** When
the integrity of this permeability barrier is compromised,
antibiotics normally reserved for Gram-positives demonstrate
antibacterial activity against Gram-negative pathogens.*’
Interestingly, 1771 and 13 inhibited the growth of E. coli
and other multidrug-resistant Gram-negative pathogens when
combined with the efflux pump inhibitor PASN. Given the
absence of LtaS and LTA production in these organisms, we
hypothesized that these compounds could inhibit components
of pathways present in both Gram-positive and Gram-negative
bacteria that directly feed into the LTA biosynthetic pathway
of S. aureus. Given the similarity between the phospholipid
biosynthetic pathways of both S. aureus and E. coli and the
importance of PG for LTA production, we hypothesize that
1,3,4-oxadiazole-based compounds may exert LTA synthesis
inhibitory activity via one of the upstream phospholipid
biosynthesis enzymes. An alternative mode of action may
involve the inhibiton of trans-translation, the primary ribosome
rescue pathway.*’ Ribosome stalling is frequently observed in
bacteria and occurs when ribsosomes stall at the 3’ end of an
mRNA that lacks a stop codon or due to damage of the
mRNA. Unresolved stalling of ribosomes results in a loss of
protein synthesis and bacterial death. Trans-translation is a
rescue pathway employing a transfer-mRNA (tmRNA)-SmpB
ribonucleoprotein complex that directs the growing polypep-
tide for degradation and releases the ribosome using a stop
codon housed within the tmRNA.** Oxadiazole small-molecule
inhibitors have been shown to inhibit trans-translation in S.
aureus’’ and other bacteria®®>® and represent a potential
mechanism of activity of 1771 and 13. Work ongoing in our
laboratories is focused on resolving the specific binding
partner(s) of 1771 and 13 in both S. aureus and E. coli.

Although this work questions whether 1771 targets
specifically LtaS, small-molecule inhibitors of LtaS represent
promising antimicrobial compounds. LtaS exhibits the features
of a strong drug target, namely, a homologue is not present in
eukaryotes, and inhibition of LtaS abolishes bacterial growth.
Furthermore, the enzymatic domain of LtaS$ is also believed to
be displayed and function on the outside of the bacterial
membrane, preventing the need for inhibitory molecules to
cross the membrane.”* LtaS is specific to Gram-positive
bacteria; thus, LtaS inhibitors represent narrow-spectrum
antimicrobials that have the potential to mitigate the selection
and spread of resistance and limit the disruption of the host
microbiome.>

However, [taS mutants that lack the LTA polymer can be
generated in the laboratory at low temperatures and when
grown under osmotically stabilizing conditions.'” Using a
suppressor screen approach, several studies have shown that
bacteria can acquire compensatory mutations that permit the
growth of /taS mutants under normal conditions and improve
the morphological defects associated with LTA defi-
ciency.”"™** Although mutations in ItaS that disrupt enzymatic
activity and LTA production would confer resistance to Lta$S
inhibitors, resistant mutants would display significant fitness
costs associated with the lack of LTA polymer formation and
compensatory mutations. LTA plays important roles in
directing cell division machinery, © regulating cell size and
autolytic activity,19 facilitating biofilm formation®” and
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interactions with host cell receptors,'” and conferring
resistance to bactericidal antimicrobial peptides and fatty
acids.”® The emergence of resistance would likely result in
bacteria that are less able to colonize and cause infection and
be more prone to immune elimination. Frequently observed
compensatory mutations occur in genes coding for ClpX,
GtpP, SgtB, MazE, and VraT, typically resulting in frameshift
mutations and introduction of premature stop codons.’’”*>
Inactivation of LtaS in these mutants reduces peptidoglycan
cross-linking and increases susceptibility to cell wall acting
antibiotics such as vancomycin and oxacillin.**~** Moreover,
inactivation of ClpX has been shown to significantly reduce
virulence in animal models of infection.>” Looking forward,
inhibitors of LtaS would be beneficial both as monotherapy or
as part of combination therapy, for example, with a WTA
inhibitor, as loss of both LTA and WTA leads to synthetic
lethality in S. aureus.”

Our data illustrate for the first time that 1771 (and 13) can
be considered a broad spectrum and are not restricted to LTA
producing Gram-positive organisms. Considerable effort is
being directed at developing multidrug efflux pump inhibitors
for the treatment of Gram-negative infections;*’ the discovery
that 1771 and 13 are active against multidrug-resistant Gram-
negative pathogens holds promise for future combinatorial
therapy with efflux pump inhibitors. In addition, we and
others'” have observed limited resistance development against
1771 (Figure S2) and similar compounds13 following extensive
in vitro serial passage, which may be explained if 1771 and
related molecules inhibit multiple targets, preventing the rapid
emergence of resistance.

Although compound 1771 and related molecules showed
antistaphylococcal activity at therapeutically viable concen-
trations, the presence of an ester moiety makes this class of
compounds susceptible to esterase hydrolysis in blood.
Previously, to rule out that 1771 antimicrobial activity could
be due to 1771 breakdown products, we examined the
hydrolysis pathway of 1771 in serum, identifying the three
major metabolites.”’ We chemically prepared these metabolites
and showed that they are not responsible for 1771 antibacterial
activity.”' Thus, 1771 and compounds developed in this study
are still liable to esterase-mediated hydrolysis and currently
may not be suitable for the treatment of bloodstream infection.
Future work ongoing in our laboratory aims to address this
sensitivity as well as to conclusively identify 1,3,4-oxadiazole
binding partners to enhance our molecular understanding of
this promising class of small-molecule inhibitors.

4. MATERIALS AND METHODS

4.1. Chemistry. All commercially available reagents were
supplied by Sigma-Aldrich, Fisher, Apollo, Acros Organics, or
Fluorochem and used without further purification. 1771 was
purchased from Enamine (catalogue number: EN300-97918).
Solvents were supplied by Fisher or Acros Organics, anhydrous
solvents were supplied by Acros Organics stored over
molecular sieves and under nitrogen, and HPLC solvents
were supplied by Fisher. For analytical thin-layer chromatog-
raphy (TLC), precoated aluminum-backed plates (60 F-54, 0.2
mm thickness; supplied by E. Merck AG, Darmstadt,
Germany) were used and developed by an ascending elution
method. After solvent evaporation, compounds were detected
by quenching of fluorescence at 254 nm upon irradiation with
a UV lamp and basic KMnO, dip followed by heating until
yellow spots appeared. Column chromatography purifications
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were performed by an automatic Biotage Isolera One or
manually using 40—60 um silica. Fractions containing the
product were identified by TLC and pooled, and the solvent
was removed in vacuo. 'H, C, and F NMR spectra were
recorded on a Bruker Ascend 500, Bruker Ultrashield 400, or
Bruker Fourier 300 spectrometer at 500, 400, and 300 MHz,
respectively, for '"H NMR; at 125, 100, and 75 MHz for *C
NMR; and at 470 and 376 MHz, respectively, for '’F NMR.
Spectra were calibrated to the deuterated solvent reference
peak in '"H NMR and *C NMR. All *C NMR spectra were
proton-decoupled. Chemical shifts were given in parts per
million (ppm), and coupling constants (J) were measured in
hertz (Hz). The following abbreviations were used in the
assignment of NMR signals: s (singlet), d (doublet), dd
(doublet of doublets), ddd (doublet of doublet of doublets), td
(triplet of doublets), q (quartet), quin (quintet), m
(multiplet), and br (broad). Analytical high-performance
liquid chromatography (HPLC) analysis was performed
using an Agilent 1260 Infinity HPLC system on an Agilent
Pursuit C18, 3 X 100 mm, S gm column using acetonitrile
(ACN) with 0.1% v/v trifluoroacetic acid and water (H,O)
with 0.1% trifluoroacetic acid in a gradient that is isocratic at
90:10 H,O/ACN for 3 min, has a 90:10—0:100 H,0O/ACN
gradient over 30 min, and is isocratic at 0:100 H,O/ACN for 2
min at 1 mL/min monitoring at A = 270 nm at ambient
temperature unless stated otherwise. Low- and high-resolution
mass spectrometry was performed on a Thermo Scientific
Exactive GC orbitrap (chemical ionization) or a Waters Xevo
G2XS (electrospray ionization).

4.2, Synthesis of 1771 Derivatives. 4.2.1. General
Procedures. 4.2.1.1. General Procedure 1: Synthesis of
Coumarins 4a,b. Ethyl chloroacetoacetate (2) (1 equiv) was
added to a mixture of concentrated sulfuric acid (2 equiv) and
either naphthalen-2-ol (3a) or 6-methoxynaphthalen-2-ol (3b)
(1 equiv) and stirred at 0—5 °C for 24—72 h. The resulting
mixture was precipitated in water, filtered, and then dried
under high vacuum to afford the products 4a,b.

4.2.1.2. General Procedure 2: Synthesis of Naphthylfuran
Acetic Acids 5a,b. Compounds 4a,b (1 equiv) were suspended
in a 1 M aqueous sodium hydroxide solution (2.5 equiv), and
the mixture was heated to 80 °C at reflux for 4 h. The resulting
solution was then allowed to cool to room temperature and
was acidified using concentrated hydrochloric acid to pH 2.
The resulting precipitate was filtered and then dried under high
vacuum to afford the desired products Sa,b.

4.2.1.3. General Procedure 3: Synthesis of 5-Aryl-2-amino-
1,3,4-oxadiazoles 7a—d. First step: a solution of an
appropriate benzaldehyde 6a—d (1 equiv) in methanol was
added to a solution of semicarbazide hydrochloride (1 equiv)
and sodium acetate (1 equiv) in water, a white precipitate
usually formed within seconds of addition. After stirring for 20
min in room temperature, the precipitate was filtered and
washed with ether and then dried under a vacuum pump to
afford the desired semicarbazone. Second step: To the
semicarbazone were added anhydrous K,CO; (3—4.5 equiv)
and iodine (1.2 equiv) and then dissolved in anhydrous 1,4-
dioxane. The reaction mixture became a purple-brown
suspension and was stirred for 16—20 h at 80—95 °C under
nitrogen. The mixture turned into a light brown suspension.
After cooling to ambient temperature, the product was treated
with 5% Na,S,0; (w/v) and extracted with a mixture of
dichloromethane and methanol (9:1). The combined organic
layers were dried over anhydrous Mg,SO, and concentrated.
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The crude material was then purified via silica gel column
chromatography using a gradient of methanol in dichloro-
methane, and the product containing fractions were pooled,
evaporated, and dried under high vacuum to afford the desired
products 7a—d.

4.2.1.4. General Procedure 4: Synthesis of 2-Chloro-N-(5-
(aryl)-1,3,4-oxadiazol-2-yl)-acetamides 8a—e. Compounds
7a—e (1 equiv) were suspended in dry toluene, and
chloroacetyl chloride (1.1 equiv) was added. The suspension
was then heated to 80 °C for 18 h under an anhydrous calcium
chloride guard tube. The resulting mixture was cooled to room
temperature, and then toluene and residual chloroacetyl
chloride were evaporated on a rotary evaporator to afford
the desired products 8a—e.

4.2.1.5. General Procedure 5: Synthesis of Compounds 9—
14. Sodium iodide (0.1 equiv) and triethylamine (1.1 equiv)
were added to a solution of compounds Sa,b (1 equiv) and
compounds 8a—e (1 equiv) in anhydrous dimethyl formamide;
then the mixture was heated (60—90 °C) for 2—18 h. The
crude reaction mixture was worked up by partitioning between
ethyl acetate and water, and the organic layer was washed twice
with water, then washed with brine dried over magnesium
sulfate, and evaporated under vacuum. The crude material was
then purified via silica gel column chromatography using a
gradient of methanol in dichloromethane; the product
containing fraction swere pooled, evaporated, and dried
under high vacuum to afford the desired products 9——14 in
4—50% yield.

4.2.1.6. 1-(Chloromethyl)-3H-benzo[f Jchromen-3-one
(4a). 4a was prepared according to general procedure 1 from
ethyl-4-chloroacetoacetate (2) (10.0 g, 8.21 mL, 61 mmol),
naphthalen-2-ol (3a) (8.8 g, 61 mmol), and concentrated
sulfuric acid (6.5 mL, 122 mmol), 24 h, and obtained as a
yellow amorphous powder (14.2 g, 96%). Ry 0.31 (30% ethyl
acetate in hexanes); 'H NMR (500 MHz, DMSO-dy): 8.55 (d,
J = 8.9 Hz, 1H), 8.25 (d, ] = 8.9 Hz 1H), 8.09 (dd, ] = 8.1 and
1.4 Hz, 1H), 7.78—7.74 (m, 1H), 7.66—7.63 (m, 1H), 7.60 (d,
J = 8.9 Hz, 1H), 6.88 (s, 1H), 5.41 (s, 2H); *C NMR (125
MHz, DMSO-d;): 159.17, 154.67, 151.86, 134.42, 130.89,
129.57, 128.39, 128.30, 125.73, 125.49, 117.53, 116.99, 111.89,
46.24.

4.2.1.7. 1-(Chloromethyl)-8-methoxy-3H-benzo[f ]-
chromen-3-one (4b). 4b was prepared according to general
procedure 1 from ethyl 4-chloroacetoacetate (2) (0.945 g, 0.77
mL, 5.74 mmol), 6-methoxynaphthylen-2-ol (3b) (1.00 g, 5.74
mmol), and concentrated sulfuric acid (0.612 mL, 11.5 mmol),
72h (1.4 g, 89%). 'H NMR (300 MHz, DMSO-dq): 8.45 (1H,
d, J =9.5 Hz), 8.16 (1H, d, ] = 9.0 Hz), 7.57 (1H, d, ] = 8.8
Hz), 7.55 (1H, s), 7.39 (1H, dd, ] = 9.5, 2.9 Hz), 6.85 (1H, s),
5.38 (2H, s), 3.92 (3H, s); *C NMR (101 MHz, DMSO-dy):
159.24, 156.63, 153.25, 151.65, 133.33, 132.70, 127.02, 122.93,
119.63, 117.86, 117.05, 112.07, 108.63, 55.32, 46.24.

4.2.1.8. 2-(Naphtho[2,1-bjfuran-1-yl)acetic Acid (5a). Sa
was prepared according to general procedure 2 from 4a (2.2 g,
9.0 mmol) and 1 M sodium hydroxide solution (25 mL) and
obtained as an amber amorphous solid (1.9 g, 93%). TLC
[dichloromethane]: Rz 0.5; 'H NMR (300 MHz, CDCl;) 8.13
(1H, d, ] = 8.3 Hz), 7.82 (1H, d, ] = 8.1 Hz), 7.51 (1H, dd, ] =
8.9, 1.8 Hz), 7.45 (1H, ddd, J = 8.4, 7.0, 1.4 Hz), 7.35 (1H,
ddd, J = 8.1, 7.1, 1.2 Hz), 3.92 (2H, s); *C NMR (75 MHz,
CDCly) 177.16, 153.57, 143.07, 130.89, 129.29, 128.38,
12670, 126.18, 124.49, 122.91, 120.94, 114.16, 112.84, 31.59.
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4.2.1.9. 2-(7-Methoxynaphtho[2,1-b]furan-1-yl)acetic
Acid (5b). Sb was prepared according to general procedure 2
from 4b (1.3 g, 4.7 mmol) and 1 M aqueous NaOH (25 mL)
and obtained as a brown amorphous solid (1.0 g, 43%). TLC
[5% methanol in dichloromethane]: R;: 0.51; '"H NMR (400
MHz, DMSO-d): 8.45 (1H, d, ] = 9.5 Hz), 8.16 (1H, d, ] =
9.0 Hz), 7.60-7.52 (2H, m), 7.39 (1H, dd, J = 9.5, 2.9 Hz),
6.85 (2H, s), 5.38 (2H, s), 3.92 (3H, s); '*C NMR (101 MHz,
DMSO-dg): 159.24, 156.63, 153.25, 151.65, 133.33, 132.70,
127.40, 127.02, 122.93, 119.63, 117.86, 117.0S, 112.07, 108.63,
55.32, 46.24.

4.2.1.10. 2-Amino-5-phenyl-1,3,4-oxadiazole (7a). The
title compound was prepared according to general procedure
3 using, for the first step, benzaldehyde (6a) (1.0 g, 0.97 mL,
9.5 mmol), semicarbazide hydrochloride (1.1 g, 9.5 mmol),
sodium acetate (0.78 g, 9.5 mmol), methanol (19 mL), and
water (19 mL) and, for the second step, crude semicarbazone,
anhydrous K,CO; (3.9 g, 28.5 mmol), iodine (2.9 g, 11.4
mmol), and 1,4-dioxane (94 mL) at 95 °C, 3 h. Purification by
silica gel column chromatography using a gradient of methanol
(2 to 10%) in dichloromethane afforded compound 7a as a
light-yellow powder (0.89 g, 59%). Rq 0.32 (4% methanol in
dichloromethane); 'H NMR (500 MHz, DMSO-d,): 6y 7.81—
7.80 (m, 2H), 7.56—7.50 (m, 3H), 7.25 (br, 2H); *C NMR
(125 MHz, DMSO-d,): 8. 164.35, 157.80, 130.82, 129.69,
125.49, 124.87.

4.2.1.11. 5-(3-Chlorophenyl)-1,3,4-oxadiazol-2-amine
(7b). The title compound was prepared according to general
procedure 3 using for the first step 3-chlorobenzaldehyde (6b)
(1.0 g, 7.1 mmol), semicarbazide hydrochloride (0.81 g, 7.1
mmol), sodium acetate (0.58 g, 7.1 mmol), methanol (10 mL),
and water (10 mL) and, for the second step, semicarbazone,
anhydrous K,CO; (4.4 g, 31.9 mmol), iodine (2.2 g 8.63
mmol), and anhydrous 1,4-dioxane (30 mL) at 80 °C for 18 h.
Purification by silica gel column chromatography using a
gradient of methanol (2 to 10%) in dichloromethane afforded
compound 7b that was collected as an off-white amorphous
solid (0.85 g, 60%). 'H NMR (400 MHz, DMSO-dg): 7.85—
7.68 (1H, m), 7.68—7.49 (1H, m), 7.36 (1H, s); '*C NMR (75
MHz, DMSO-dy): 164.19, 156.34, 134.01, 131.36, 130.23,
126.38, 124.61, 123.72.

4.2.1.12. 5-(4-(Fluoro)phenyl)-1,3,4-oxadiazol-2-amine
(7c). The title compound was prepared according to general
procedure 3 using, for the first step, 4-fluorobenzaldehyde (6¢)
(0.25 g 0.22 mL, 2.00 mmol), semicarbazide hydrochloride
(0.25 g, 2.23 mmol), sodium acetate (0.17 g, 2.0S mmol),
methanol (2 mL), and water (2 mL) and, for the second step,
semicarbazone, anhydrous K,CO; (0.57 g, 4.16 mmol), iodine
(0.43 g, 1.70 mmol), and anhydrous 1,4-dioxane (4 mL) at 80
°C for 18 h. Purification by silica gel column chromatography
using a gradient of methanol (3 to 5%) in dichloromethane
afforded compound 7c that was collected as an off-white
amorphous solid (110 mg, 44%). 'H NMR (300 MHz,
DMSO-d,): 7.83 (1H, dd, ] = 8.8, 5.4 Hz), 7.37 (1H, t, ] = 8.9
Hz), 727 (1H, s); F NMR (376 MHz, DMSO-dy):
—109.86; *C NMR (125 MHz, DMSO-d;): 163.91, 163.12 (d,
J =2482 Hz), 156.62, 127.52 (d ] = 8.8 Hz), 121.10 (d J = 3.1
Hz), 116.43 (d J = 22.4 Hz).

4.2.1.13. 5-(4-(Pentafluorosulfanyl) phenyl)-1,3,4-oxadia-
zol-2-amine (7d). The title compound was prepared according
to general procedure 3 using, for the first step, 4-
(pentafluorosulfanyl) benzaldehyde (6d) (1.00 g, 4.30
mmol), semicarbazide hydrochloride (0.48 g, 4.30 mmol),
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sodium acetate (0.35 g, 4.30 mmol), methanol (10 mL), and
water (10 mL) and, for the second step, semicarbazone,
anhydrous K,CO; (2.70 g, 19.35 mmol), iodine (1.30 g, 5.16
mmol), and anhydrous 1,4 dioxane (50 mL) at 95 °C for 20 h.
Purification by silica gel column chromatography using a
gradient of methanol (3 to $%) in dichloromethane afforded
compound 7d as a yellow amorphous solid (0.45 g, 36%); 'H
NMR (400 MHz, DMSO-d,): 8.07 (2H, d, ] = 8.9 Hz), 7.98
(2H, d, ] = 8.6 Hz), 748 (2H, s); ’F NMR (376 MHz,
DMSO-d): 86.89 (quin, ] = 150.4 Hz, 1F), 63.91 (d, ] = 150.4
Hz, 4F): 5. (126 MHz, DMSO): 164.52 (s), 155.99 (s),
153.42—153.25 (m), 127.85 (s), 127.09—126.97 (m), 125.80
(s).

4.2.1.14. 5-Phenyl-1,3,4-thiadiazol-2-amine (7e). This
compound is commercially available from Sigma-Aldrich
(CAS number: 2002-03-1).

4.2.1.15. 2-Chloro-N-(5-phenyl-1,3,4-oxadiazol-2-yl)-
acetamide (8a). 8a was prepared according to general
procedure 4 from 7a (1.61 g, 10.00 mmol) and chloroacetyl
chloride (1.24 g, 0.85 mL, 11.00 mmol) in anhydrous toluene
(20 mL) and obtained as an off-white amorphous solid (2.25 g,
95%).TLC [10% v/v methanol in dichloromethane] Rz 0.58;
'H NMR (300 MHz, DMSO-d,): 12.26 (1H, s), 7.99-7.87
(3H, m), 7.68—7.54 (5H, m), 446 (3H, s); *C NMR (75
MHz, DMSO-d,): 160.63, 157.02, 131.77, 129.48, 126.04,
123.29.

4.2.1.16. 2-Chloro-N-(5-(3-chlorophenyl)-1,3,4-oxadiazol-
2-yl)acetamide (8b). 8b was prepared according to general
procedure 4 from 7b (0.50 g, 2.54 mmol) and chloroacetyl
chloride (0.34 g, 0.24 mL, 3.01 mmol) in anhydrous toluene
(10 mL) and obtained as a cream amorphous powder (0.54 g,
78%). 'H NMR (400 MHz, DMSO-d,): 12.35 (1H, s), 7.95—
7.79 (2H, m), 7.71-7.66 (1H, m), 7.66—7.54 (1H, m), 4.46
(1H, s); *C NMR (75 MHz, DMSO-dy): 164.45, 159.40,
157.27, 134.05, 131.55, 125.46, 125.21, 124.69, 43.15.

4.2.1.17. 2-Chloro-N-(5-(4-fluorophenyl)-1,3,4-oxadiazol-
2-yl)-acetamide (8c). 8c was prepared according to general
procedure 4 from 7c (0.60 g 3.35 mmol) and chloroacetyl
chloride (0.79 g, 0.56 mL, 7.04 mmol) in anhydrous toluene (1
mL) and obtained as a yellow amorphous solid (0.82 g, 96%).
'H NMR (400 MHz, DMSO-d,): 12.25 (1H, s), 8.01—7.94
(2H, m), 7.49—7.40 (2H, m), 445 (2H, s); °F NMR (376
MHz, DMSO-dg): —107.63; *C NMR (100 MHz, DMSO-
dg): 168.59, 164.40 (d J = 250.0 Hz), 156.99, 129.18 (d ] = 9.1
Hz), 120.45 (d J = 3.1 Hz), 117.21 (d J = 22.5 Hz), 43.07.

4.2.1.18. 2-Chloro-N-(5-(4-(pentafluorosulfanyl) phenyl)-
1,3,4-oxadiazol-2-yl)-acetamide (8d). 8d was prepared
according to general procedure 4 from 7d (0.4S g, 1.57
mmol) and chloroacetyl chloride (0.37 g, 0.26 mL, 3.30 mmol)
in anhydrous toluene (7 mL) and obtained as a yellow
amorphous solid (0.55 g, 96%). "H NMR (400 MHz, DMSO-
dg): 12.44 (1H, s), 8.17 (2H, d, ] = 9.2 Hz), 8.13 (2H, d, ] =
9.0 Hz), 4.48 (2H, s); "’F NMR (376 MHz, DMSO-d,): 86.33
(q, J = 150.4 Hz, 1F), 63.73 (d, J = 150.4 Hz, 4F): 6. (75
MHz, DMSO) 164.86 (s), 159.50 (s), 158.08 (s), 155.16—
154.44 (m), 127.88—127.14 (m), 43.59 (s).

4.2.1.19. 2-Chloro-N-(5-phenyl-1,3,4-thiadiazol-2-yl)-
acetamide (8e). 8e was prepared according to general
procedure 4 from 7e (0.10 g, 0.56 mmol) and chloroacetyl
chloride (0.07 g, 0.06 mL, 0.62 mmol) in anhydrous toluene (5
mL) and obtained as a white amorphous powder (0.133 g,
93%); '"H NMR (300 MHz, DMSO-d,): 13.08 (1H, s), 7.99—
7.91 (2H, m), 7.58—7.50 (3H, m), 4.49 (2H, s); >*C NMR (75
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MHz, DMSO-di): 165.51, 162.34, 158.23, 130.80, 130.01,
129.43, 127.03, 42.39.

4.2.1.20. 2-Oxo-2-((5-phenyl-1,3,4-oxadiazol-2-yl)Jamino)-
ethyl 2-(Naphtho[2,1-bjfuran-1-yl)acetate (1771). The title
compound was prepared according to general procedure S
from 8a (0.30 g, 1.30 mmol), Sa (0.34 g, 1.40 mmol), sodium
iodide (0.02 g, 0.13 mmol), triethylamine (0.14 g, 0.20 mL,
1.40 mmol), and dimethylformamide (1.4 mL) at 90 °C for 3
h. Purification by silica gel column chromatography afforded
compound 1771 (0.31 g S50%). TLC (3% methanol in
dichloromethane) Rz 023, "H NMR (500 MHz, CDCL,): 8.19
(d, ] = 8.2 Hz, 1H), 7.93—7.88 (m, 3H), 7.81 (s, 1H), 7.69—
7.67 (m, 1H), 7.60—7.39 (m, 6H), 4.92 (s, 2H), 4.26 (s, 2H).
BC NMR (125 MHz, DMSO-dg): 176.15, 170.40, 160.70,
157.22, 152.67, 143.85, 131.70, 130.31, 129.46, 128.88, 127.76,
126.58, 125.97, 125.79, 124.42, 123.33, 120.87, 114.71, 112.64,
62.88, 30.35. Reverse-phase HPLC, eluting with H,O/ACN
40:60 for 25 min; to 0:100 in 5 min, flow = 1 mL/min, 1 = 263
nm, t; = 3.94 min (95%). HRMS m/z: calcd 428.1249 (M +
H)*; found, 428.1246 (M + H)*.

4.2.1.21. 2-Oxo-2-((5-phenyl-1,3,4-oxadiazol-2-yl)Jamino)-
ethyl 2-(7-Methoxynaphtho|2,1-bjfuran-1-yl)acetate (9).
The title compound was prepared according to general
procedure S from 8a (0.100 g, 0.395 mmol), Sb (0.089 g,
0.395 mmol), sodium iodide (0.006 g 0.040 mmol),
triethylamine (0.044 g, 0.060 mL, 0.435 mmol), and
dimethylformamide (2 mL) at 80 °C for 2 h. Purification by
silica gel column chromatography using a gradient of methanol
(2 to 10%) in dichloromethane afforded compound 9 (0.013 g,
6% yield). "H NMR (300 MHz, CDCl,) 8.10 (1H, d, J = 9.1
Hz), 797 (2H, d, J = 7.0 Hz), 7.77 (1H, s), 7.60 (2H, s),
7.56—7.44 (3H, m), 7.22 (2H, d, ] = 8.3 Hz), 491 (2H, s),
422 (2H, s), 3.85 (3H, s). C NMR (75 MHz, CDCl,):
170.20, 156.43, 152.42, 143.10, 132.11, 129.17, 126.74, 124.97,
124.34, 123.07, 121.13, 118.38, 116.65, 113.87, 113.10, 108.18,
55.34, 31.33. HPLC tg = 16.6 min (51%). HRMS m/z: calcd
458.1352 (M + H)*; found, 458.1350 (M + H)".

4.2.1.22. 2-((5-(3-Chlorophenyl)-1,3,4-oxadiazol-2-yl)-
amino)-2-oxoethyl 2-(Naphtho[2,1-b]furan-1-yl)acetate
(10). The title compound was prepared according to general
procedure S from Sa (0.081 g, 0.36 mmol), 8b (0.100 g, 0.400
mmol), sodium iodide (0.005 g, 0.035 mmol), triethylamine
(0.040 g, 0.050 mL, 0.400 mmol), and dimethylformamide (1
mL), at 90 °C for 3 h. Purification by silica gel column
chromatography using a gradient of methanol (2 to 10%) in
dichloromethane afforded compound 10 (6.0 mg, 5% yield).
'H NMR (400 MHz, acetone-ds) 8.36 (1H, d, ] = 8.4 Hz),
8.07—7.99 (2H, m), 7.98—7.90 (2H, m), 7.84 (1H, d, ] = 8.7
Hz),7.71 (1H, d, ] = 8.9 Hz), 7.68—7.59 (3H, m), 7.50 (1H, t,
J 7.4), 507 (2H, s), 4.36 (2H, s). 3C NMR (100 MHz,
acetone-dg) 170.98, 154.19, 144.43, 135.56, 132.29, 132.04,
131.78, 129.81, 129.32, 127.44, 126.79, 126.65, 125.51, 125.24,
124.39, 122.11, 115.93, 113.32. HPLC tz = 21.1 min (79%).
HRMS m/z: calcd 462.0857 (M + H)*; found, 462.0866 (M +
H)*.

4.2.1.23. 2-((5-(3-Chlorophenyl)-1,3,4-oxadiazol-2-yl)-
amino)-2-oxoethyl 2-(7-Methoxynaphtho(2,1-b]furan-1-yl)-
acetate (11). The title compound was prepared according to
general procedure S from 8b (0.090 g, 0.320 mmol), Sb (0.080
g, 0292 mmol), sodium iodide (0.004 g, 0.029 mmol),
dimethyl formamide (1 mL), and triethylamine (0.0320 g,
0.040 mL, 0.320 mmol) at 90 °C for 3 h. Purification by silica
gel column chromatography using a gradient of methanol (2 to
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10%) in dichloromethane afforded compound 11 (0.011 g, 7%
yield). 'H NMR (400 MHz, DMSO-dg): 8.14 (1H, d, ] = 9.1
Hz), 8.06 (1H, s), 7.88 (1H, d, J = 1.4 Hz), 7.75 (2H, d, ] =
2.6 Hz), 7.71-7.67 (1H, m), 7.64—7.60 (1H, m), 7.49 (1H, d,
J=2.6Hz),7.25 (1H, dd, J = 9.1, 2.6 Hz), 7.07-7.03 (1H, m),
4.92 (2H, s), 429 (2H, s), 3.87 (3H, s). LRMS m/z: calcd
49209 (M + H)*; found, 492.10 (M + H)*, 514.08 (M +
Na)*.

4.2.1.24. 2-((5-(4-Fluorophenyl)-1,3,4-oxadiazol-2-yl)-
amino)-2-oxoethyl 2-(Naphtho[2,1-b]furan-1-yl)acetate
(12). The title compound was prepared according to general
procedure S from 8c (0.270 g, 1.07 mmol), 5a (0.022 g, 0.970
mmol), sodium iodide (0.014 g, 0.097 mmol), triethylamine
(0.110 g, 0.150 mL, 1.07 mmol), and dimethylformamide ($
mL) at 90 °C for 3 h. Purification by silica gel column
chromatography using a gradient of methanol (2 to 10%) in
dichloromethane afforded compound 12 (0.11 g, 0.25 mmol,
25% yield). "H NMR (400 MHz, acetone-dg) 8.36 (1H, d, J =
8.3 Hz), 8.08—7.99 (4H, m), 7.84 (1H, d, J = 9.0 Hz), 7.72
(1H, d, ] = 9.0 Hz), 7.63 (1H, ddd, J = 8.2, 7.0, 1.0 Hz), 7.50
(1H, ddd, J = 7.9, 6.8, 0.8 Hz), 7.38 (2H, t, ] = 8.8 Hz), 5.07
(2H, s), 436 (2H, s); YF NMR (376 MHz, acetone-dy)
—109.38; *C NMR (101 MHz, acetone-ds) 170.97, 165.45 (d,
J = 250.5 Hz), 154.19, 144.42, 131.78, 129.82, 129.63 (d, ] =
9.0 Hz), 12932, 127.45, 126.80, 12524, 124.37, 122.10,
121.43 (d,J =2.6 Hz), 117.30 (d, ] = 22.6 Hz), 115.93, 113.33,
63.83. HPLC t; = 20.0 min (96%). HRMS m/z: calcd
446.1152 (M + H)*; found, 446.1149 (M + H)*.

4.2.1.25. 2-Oxo0-2-((5-(4-(pentafluoro-16-sulfaneyl)-
phenyl)-1,3,4-oxadiazol-2-yl)Jamino)ethyl 2-(Naphtho[2,1-
bjfuran-1-yl)acetate (13). The title compound was prepared
according to general procedure S from 8d (0.270 g, 0.729
mmol), 5a (0.150 g, 0.664 mmol), sodium iodide (0.010 g,
0.067 mmol), triethylamine (0.072 g, 0.100 mL, 0.719 mmol),
and dimethylformamide (S mL) at 90 °C for § h. Purification
by silica gel column chromatography using a gradient of
methanol (2 to 10%) in dichloromethane afforded compound
13 (0.016 g, 4%). 'H NMR (400 MHz, CD;CN) 8.30—8.25
(1H, m), 8.12—8.04 (2H, m), 8.03—7.95 (3H, m), 7.94—7.89
(1H, m), 7.84—7.78 (1H, m), 7.73—7.67 (1H, m), 7.64—7.59
(1H, m), 7.53—7.47 (1H, m), 4.90 (2H, s), 4.30 (2H, s); °F
NMR (376 MHz, CD,CN) 82.88 (quin, ] = 146.7 Hz, 1F)
61.80 (d, J = 146.7 Hz, 4F); *C NMR (101 MHz, CD,CN)
171.37, 154.24, 144.54, 131.75, 129.95, 129.13, 128.03, 127.98,
127.94, 127.87, 127.61, 126.98, 125.52, 124.36, 121.99, 115.88,
113.56, 64.12. HPLC tg = 22.5 min (77%). HRMS m/z: caled.
554.0809 (M + H)*; found, $54.0810 (M + H)".

4.2.1.26. 2-Oxo0-2-((5-phenyl-1,3,4-thiadiazol-2-yl)Jamino)-
ethyl 2-(Naphtho[2,1-b]furan-1-yl)acetate (14). The title
compound was prepared according to general procedure S
from 8e (0.100 g, 0.395 mmol), 5a (0.890 g, 0.395 mmol),
sodium iodide (0.006 g, 0.040 mmol), triethylamine (0.044 g,
0.060 mL, 0.435 mmol), and dimethylformamide (2 mL) at 80
°C for 2 h. Purification by silica gel column chromatography
using a gradient of methanol (2—10%) in dichloromethane
afforded compound 13.

An attempt to purify the mixture by column chromatog-
raphy (silica, 1% methanol in ethyl acetate + 0.1%
concentrated aqueous ammonia) resulted in mixed fractions.
A second column (silica, 30% ethyl acetate in hexanes + 0.1%
concentrated aqueous ammonia) gave pure fractions, which
were combined and reduced in vacuo to give compound 14 as
a white amorphous solid (0.016 g; 9%). "H NMR (500 MHz,
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acetone-dy) 8.36 (1H, dt, J 9.9, 4.9), 8.08—7.97 (4H, m), 7.85
(1H, d, J 8.9), 7.72 (1H, d, ] 8.9), 7.65 (1H, ddd, J 8.3, 6.9,
1.3), 7.57—7.48 (4H, m), 5.10 (2H, s), 4.40 (2H, d, ] 1.0); "*C
NMR (126 MHz, acetone-d) 171.06, 154.19, 144.41, 131.79,
131.66, 131.45, 130.34, 130.13, 129.83, 129.32, 127.95, 127.92,
127.47, 126.81, 125.27, 124.37, 122.10, 115.91, 113.33, 63.46,
32.64, 31.48, 23.33, 14.36. HPLC t; = 21.6 min (78%). HRMS
m/z: caled 444.1018 (M + H)*; found, 444.1017 (M + H)*.

4.3. Bacterial Strains and Culture Conditions. Bacterial
strains are listed in Table S1. S. aureus, S. epidermidis, E. faecalis,
and E. faecium strains were routinely cultivated on tryptic soy
agar (TSA) and grown for 18 h at 37 °C. S. aureus single
colonies were subsequently transferred into 2 mL of tryptic soy
broth (TSB) and grown for a further 18 h at 37 °C while being
shaken at 180 rpm. S. pyogenes, S. agalactiae, and S. dysgalactiae
strains were routinely cultured on TSA supplemented with 5%
sheep blood and grown for 18 h at 37 °C with 5% CO,. E. coli
was grown in LB broth at 37 °C. For LtaS-deficient strains,
TSB was supplemented with 0.5 M NaCl to provide an
osmotically balanced environment and instead grown at 30 °C.
For strains harboring the pRMC2 tetracycline inducible
vector,”’ the growth medium was supplemented with 10 ug/
mL chloramphenicol and 50—100 ng/uL anhydrotetracycline
hydrochloride (Sigma). Phenylalanine-arginine f-naphthyla-
mide (PASN) (Sigma) was dissolved in sterile water.

4.4. Determination of the Minimum Inhibitory
Concentration. The MIC of 1771 and its derivatives 9—14
were determined using the microbutter dilution method
according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines. B. subtilis, staphylococcal, and enterococcal
strains were grown in Mueller Hinton broth (MHB), while
streptococcal strains were grown in MHB supplemented with
5% laked horse blood. All strains were grown for 18 h at 37 °C.
The overnight cultures were subsequently subcultured 1:200
and grown to the exponential phase (ODggg,m = 0.5—0.6) in
fresh broth. 1771 and its derivatives 9—14 were reconstituted
in DMSO and further diluted by performing a 1:2 serial
dilution ranging between 256 and 0.125 pg/mL in a 96-well
microtiter plate. One hundred microliters of 0.5 McFarland
standardized inoculum (approximately equal to S X 10° cfu)
were then dispensed into each well in the 96-well microtiter
plate. The plate was incubated for 18 h at 37 °C. The MIC was
determined as the lowest concentration that completely
inhibited the growth of the bacteria.

4.5. Determination of the Minimum Bactericidal
Concentration. The MBC was considered the concentration
that completely prevented growth and reduced the inoculum
sized by >99.9%, equal to a >3 log reduction in cfu/mL. For
an antibiotic with an MBC < 4X, the MIC was considered to
be bactericidal, whereas with an MBC > 4X, the MIC was
considered to be bacteriostatic.”* Following the incubation of
MRSA strain LAC in various concentrations of 1771 and 13
(described above for the determination of MIC), 50 uL of the
resulting bacterial suspension was serially diluted 1:10 in 450
uL of PBS and plated out on TSA for enumeration. Percentage
survival was calculated according to the starting inoculum of §
X 10° cfu at time O h.

4.6. Time-Kill Kinetic Analysis. Overnight cultures of
MRSA strain LAC were subcultured 1:200 and grown to the
exponential phase in fresh MHB. These cultures were
subsequently diluted to give 500 uL of MHB containing 5 X
10° cfu. This inoculum was then combined with 500 uL. MHB
containing either no drug or 0.25X, 1X, or 4X MIC of either
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1771 or 13. These suspensions were incubated for 24 h at 37
°C, with 50 uL of the suspension serially diluted 1:10 in 450
uL of phosphate buffered saline (PBS) and plated out on TSA
at times 0, 1, 2, 4, 6, and 24 h for enumeration.

4.7. Biofilm Prevention Assay. An indication of the
biofilm prevention capabilities of 1771 and its derivatives 9—14
was achieved through the application of the crystal violet assay.
S. aureus strain SH1000 and S. epidermidis strain RP62A were
used, as they are strong biofilm formers. Overnight cultures
were diluted 1:200 in fresh TSB containing 0.5% glucose
(TSB-G), and 100 uL was added to individual wells in a 96-
well microtiter plate. One hundred microliters of 1771 and 9—
14 were diluted in TSB-G and added to bacteria at a final
concentration ranging from 256 to 0.25 pug/mL with
subsequent incubation for 24 h at 37 °C in a static incubator.
Following incubation, biofilms were washed four times with
ddH,O before being stained with 150 yL of 0.1% crystal violet
for 30 min at room temperature. Following a further four
washes in ddH,0, wells were resuspended in 200 uL of 7%
acetic acid. The absorbance intensity of the crystal violet was
measured at abs595,, in a Sunrise plate reader. Biomass
formed was measured as a percentage of the no-compound
control.

4.8. AsedaSciences SYSTEMETRIC Cell Health Screen.
1771 and compounds 9—14 were analyzed over a concen-
tration range from 100 M to S nM using the AsedaSciences
SYSTEMETRIC cell health screen. The cell health screen
consisted of a multiparametric acute cell stress assay employing
a HL-60 cell line, automated flow cytometry, a panel of
fluorescent physiological reporting dyes, and machine learning
and was previously described in detail.**° Briefly, the machine
learning classifier was trained using a 300-compound training
set including on-market and withdrawn drugs and research
compounds. Training covered the complete range of possible
phenotypes in the cell heath screen from no response to acute
toxicity. For an unknown compound, the machine learning
classifier combineed all the cell stress parameters describing
compound response simultaneously, generating a cell health
index (CHI). This is a probability value (between 0 and 1),
indicating the maximum likelihood that the unknown
compound is grouped within the high-toxicity risk outcome
category.

4.9. HepG2 Liver Cell Toxicity Assay. HepG2 human
liver cancer cells (ECACC: Cat no. 85011430) were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM; with 4.5 g/L
glucose) supplemented with 10% (v/v) fetal bovine serum, 1%
(v/v) minimal essential media, and 0.2% (v/v) penicillin/
streptomycin/L-glutamine solution. Cells were then seeded at a
concentration of 10,000 cells per well and allowed to attach
and grow for 18 h. Following this, the medium was aspirated
away and replaced with a medium containing a range of
concentrations of 1771 and compound 13, and the cells were
grown for a further 24 h. After this, cell viability was assessed
using the MTT (3-[4,5-dimethylthiazol-2-y1]-2,5-diphenylte-
trazolium bromide) assay. 1771 or 13 containing growth media
was aspirated away and replaced with 100 L of 1 mg/mL
MTT (in growth media) and incubated for S0 min at 37 °C.
Subsequently, this solution was removed, and 150 uL of
isopropanol was added to the cells and allowed to incubate at
RT with gentle rocking on an orbital shaker. Absorbance at
absS595S,,, was recorded using a Sunrise plate reader, and the %
cell viability was calculated compared to a no-compound
control.
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4.10. Erythrocyte Toxicity Assay. Consent was collected
from three healthy volunteers prior to blood collection and in
accordance with the recommendations of the University of
Bath, Research Ethics Approval Committee for Health Blood
(EP 18/19108). Blood was collected by venepuncture and
drawn directly into K,-EDTA-coated Vacutainer tubes (BD
Biosciences) to prevent coagulation. The blood was then
pelleted at 500g for 10 min at 4 °C, and the plasma layer was
removed. The remaining hematocrit was resuspended to the
original volume in a sterile saline solution. This procedure was
repeated three times and finally resuspended in sterile PBS and
diluted to 2% (v/v). One hundred microlitres of the resulting
blood suspension were aliquoted in a 96-well microtire plate.
An equal volume of either 1771 or 13 (diluted in PBS) was
then added at a concentration range of 256—2 ug/mL and
incubated for 1 h at 37 °C. Blood incubated with PBS served as
a negative control, and total hemolysis (positive control) was
provided by incubating the cells in 2% (v/v) Triton X-100.
Following incubation, the 96-well microtire plate was pelleted
at 500¢ for 5 min, and 100 yL of supernatant was transferred
into a new plate. Absorbance at abs404,,, was measured using
a Sunrise plate reader, and percentage hemolysis was calculated
according to controls.

4.11. LTA Quantification by Western Blot. Overnight
cultures of S. aureus strains were diluted 1:200 in fresh TSB
and grown to an optical density of ODgygpy, 0.3. At this point,
either 1X or 4X the MIC of 1771 or compound 13 was added
and incubated for a further 2 h at 37 °C. Vancomycin and
daptomycin at 1X and 4X MIC were also included as control
antibiotics. Cells were then normalized to have 10 mL of
0D600,,, 0.6, pelleted at 4000 rpm, and resuspended in 300
4L of PBS containing 200 pg/mL lysostaphin. This suspension
was then incubated at 37 °C for 45 min to allow digestion of
the cell wall to occur. One hundred microlitres of 4X SDS
sample buffer were then added, and the mixture was boiled at
95 °C for 20 min. The insoluble material was then removed by
pelleting at 16,000 rpm for 10 min. The supernatant containing
LTA was then subjected to SDS-PAGE on a 4—20% Tris-
glycine gel (Bio-Rad). The gel was transferred onto a PVDF
membrane using a Trans-Blot Turbo Transfer System (Bio-
Rad). The membrane was blocked overnight in TBST
containing 5% semi-skimmed milk before being incubated
with a mouse anti-LTA antibody (Hycult; HM2048; 1:2000
dilution) followed by a goat antimouse-HRP secondary
antibody (Proteintech; SA00001; 1:2000 dilution) before
being visualized using an Amersham-ECL kit (Cytiva).

4.12. Genetic Manipulation. For overexpression studies,
full-length ItaS was amplified by PCR using MRSA strian LAC
genomic DNA, primer pair LtaS-FW: 5'-atatggtaccacgcacttat-
taattaactacataatg-3’ and LtaS-RV: S’-atatgagctccaatce-
gagttcgtgtttag-3’, and Phusion High-Fidelity DNA Polymerase
(Thermo Fisher). The resulting PCR product was cloned into
the tetracycline inducible plasmid pRMC2 using Sacl and Kpnl
restriction sites and T4 ligase (NEB). The cloned vector was
subsequently transformed into RN4220 followed by LAC
through electroporation.

4.13. Docking Method. Docking studies were carried out
by means of the software GOLD 2020.1°” using the crystal
structure of the extracellular domain of LtaS in complex with
glycerol-phosphate (PDB ID 2wSs) as 3D coordinates. The
protocol used to set up the docking calculation is reported in
our previous paper.”’ Briefly, ligand structures were con-
structed by the VEGA ZZ program,”” and their conformational
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behavior was explored by a Monte Carlo procedure as
implemented in VEGA ZZ. The binding site was defined to
include the residues within 10 A from the native ligand. Each
ligand was submitted to 100 genetic algorithm runs using the
default settings. ChemPLP was chosen as the scoring function.
The protocol was validated by redocking the cocrystallized
ligand into the LtaS active site, which leads to the successful
reproduction of the X-ray pose with a RMSD value of 0.6493
A.

4.14. Statistical Analysis. All experiments were repeated a
minimum of three times using independently grown bacterial
cultures. An indication of statistical significance was provided
by performing paired two-tailed Student’s t-test or one-way
analysis of variance (ANOVA) with Dunnett’s multiple
comparisons test and single pooled variance. A p-value <
0.05 was considered statistically significant.
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