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ABSTRACT

The obligate intracellular bacterium Chlamydia trachomatis (C. trachomatis) is responsible for
the most common bacterial sexually transmitted infection and the leading cause of preventable
blindness representing a major global health burden. While it is currently treatable with broad-
spectrum antibiotics there would be many benefits of a chlamydia specific therapy. Previously,
we have identified a small-molecule lead compound JO146 [Boc-Val-Pro-Val’(OPh),]
targeting the bacterial serine protease HtrA, which is essential in the bacterial replication,
virulence and survival particularly under stress conditions. JO146 is highly efficacious in
attenuating infectivity of both human (C. trachomatis) as well as koala (C. pecorum) species
in vitro and in vivo, without host cell toxicity. Herein, we present our continuing efforts on
optimizing JO146 by modifying the N-capping group as well as replacing the parent peptide
structure with the 2-pyridone scaffold at P3/P2. The drug optimization process was guided by
molecular modelling, enzyme and cell assays. Compound 20b from the pyridone series
improved inhibitory activity against CtHtrA by 5-fold and selectivity over human neutrophil
elastase (HNE) by 109-fold compared to JO146, indicating that 2-pyridone is a suitable
biosiostere of the P3/P2 amide for developing CtHtrA inhibitors. Most pyridone-based
inhibitors showed superior anti-chlamydial potency to JO146 especially at lower doses (25 and
50 uM) in C. trachomatis and C. pecorum cell culture assays. Modifications of the N-capping
group of the peptidyl inhibitors did not much influence the anti-chlamydial activities, providing
opportunities for more versatile alterations for future optimization. In summary, we present 2-
pyridone based analogues as a new generation of non-peptidic CtHtrA inhibitors, which holds

better promise as anti-chlamydial drug candidates.

1. Introduction

Chlamydia trachomatis (C. trachomatis) is one of the most common sexually
transmitted bacterial pathogens and a leading cause of preventable blindness worldwide.!
Despite the effectiveness of currently available antibacterial agents for C. trachomatis,
management of the infection remains challenging with escalating global prevalence and
emergence of clinical treatment failures.? According to the latest World Health Organization
(WHO) reports, the reported prevalence of chlamydia has steadily increased with 92, 101, 131,
and 153 million incidences in 2009, 2011, 2012 and 2015, respectively.> * C. trachomatis is



often seen as a co-infection with Neisseria gonorrhoeae or Mycoplasma genitalium, which
have already developed resistance to macrolides and tetracyclines.>”’ Thus, designing new
antibacterial drugs that specifically target Chlamydia may provide an avenue for reducing the

pressure of antibiotic resistance development in other pathogens.

In addition, Chlamydia (specifically C. pecorum and C. pneumoniae) is a dominant threat to
the koala (Phascolarctos cinereus), an iconic marsupial in Australia, that is currently under
threat of extinction.® Traditional broad-spectrum antibiotics used to treat human infections have
limited efficacy in koalas, as the antibiotics are detrimental to a their unique gut microbiota
that digest toxic Eucalyptus leaves.” '° In addition, chloramphenicol, the main antibiotic
treatment for koala, requires a prolonged course (14-28 days) of daily subcutaneous injections
to be effective, and is decreasing in availability in the market.!! Therefore, development of a
new class of antibiotics with a more specified range of bacterial target is urgently needed for
the koala not only to treat the infection, but also to limit side effects given their unique digestive

system.

HtrA (High Temperature Requirement A), an orthologue of E. coli DegP, is an evolutionarily
well-conserved serine protease-chaperone which plays a vital role in bacterial replication and
survival under stress conditions through protein quality control.!> HtrA in Gram-negative
bacteria are usually localised to the periplasm, but are also found on the outer surface of
bacteria or in the extracellular matrix for their direct role in bacterial dissemination and
virulence.'? The crucial function and accessible location of bacterial HtrA makes it an attractive
target for chemical inhibition. In fact, earlier studies have shown that HtrA in E. coli’’, H.
13-15

pylori’®° and C. trachomatis'® could be targeted with small molecule inhibitors at a low

micromolar range.

In our previous studies, inhibition of C. trachomatis HtrA (CtHtrA) by the lead compound
JO146 (1; IC50=12.5 + 2.94 uM; Figure 1) during the bacterial mid-replicative phase resulted
in the total loss of inclusion vacuoles and lethality of the human, mouse and koala Chlamydia
strains in vitro and in vivo without causing cytotoxicity.!® 7 JO146 was selective for CtHtrA
over other serine proteases including trypsin (ICso >500 uM) and chymotrypsin (ICso >500
uM), but not human neutrophil elastase (HNE; ICsp 2.24 pM = 0.12 pM).!® Although HtrA

proteases are ubiquitous in cells, their structural, functional and mechanistic disparities



between Gram-negative and Gram-positive bacteria and mammalian cells make HtrAs a more

favourable target for selectivity.'? '8

Herein, JO146 was optimized by replacing the P3/P2 backbone by a non-peptidic 2-pyridone
template. The 2-pyridone class or its derivatives of compounds are of particular interest in
developing small molecule peptide-mimetic inhibitors against various serine (e.g. HNE'”, HCV
NS3/4A%°, thrombin?" 22 and tissue factor VIIa>*?®) and cysteine proteases (e.g. human
rhinovirus 3C?”> %, COVID-19 MP® (or 3CLP®)? and P. falciparum falcipain-2/3°°). The non-
natural pyridine ring, which masks the P3-P2 amide bond could suppress hydrolytic cleavage
by host proteases, potentially alleviating general pharmacokinetic problems (e.g. poor stability
and oral bioavailability) associated with peptide-based compounds. In this study, a variety of
pyridone analogues were synthesized with different combinations of P1, P2, P3 and the capping
group along with diphenyl phosphonate transition state analogue in a step-wise optimization
method. To evaluate the compatibility of different N-capping groups S4 pocket of CtHtrA, a
small pool of modified groups was also coupled with the new peptidic lead compounds 2 and
3, which were previously optimized by incorporating unnatural residues at P3 and/or P1

(Figure 3b).!
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Figure 1. Chemical structures of the initial lead compound JO146 (1) from high throughput
screening!® and the newer lead compounds 2 and 3 obtained from optimization of P1 and P3
residues.?! Standard nomenclature for peptide substrates in which amino acid residues are

denoted as P3-P1.32 TSA — Transition State Analogue. CG — Capping Group.

2. Results and Discussions
2.1. Synthetic Chemistry
2.1.1. 2-pyridone-based inhibitors

Pyridone analogues were synthesized with different combinations of P1, P2, P3 and the
capping group along with diphenyl phosphonate warhead group, which is responsible for
forming an irreversible covalent bond with the catalytic serine residue. Previously, adaptations

at the electrophilic warhead group with non-covalent (N-alkyl methylamides, valinol), and



reversible, covalent (boronates, a-diketones, a-ketoesters, o-ketoamides and a-
ketoheterocycles) transition state analogues (TSA) were investigated for optimization of
JO146.% Although these warhead groups have previously been reported to be active against

serine proteases,! 3%

only a-ketobenzothiazole from the a-ketoheterocycle series was active
with comparable CtHtrA inhibition to that by JO146.3! Therefore, covalent inhibition between
the inhibitor and the active site of CtHtrA is crucial for anti-chlamydial activity; and diphenyl

phosphonate remains the most effective warhead group against CtHtrA to date.

The synthesis of the 2-pyridone analogues with modifications of the capping group, P2 and P1
are outlined in Scheme 1. Commercially available 3-nitro-2-pyridone 6 was reduced to 3-
amino-2-pyridone 7 in the presence of 10 % palladium on carbon under Hzy). The Cbz
protection of the aniline in compound 7 was readily achieved by N-acylation with benzyl
chloroformate under the Schotten-Baumann conditions*’ to give 8. However, due to the low
reactivity of the aryl amine, Boc protection of pyridone 7 with a NaOH base in an aqueous
environment was low yielding, regardless of prolonged reaction time (up to 65 h), temperature
(up to 55 °C) and addition of a large excess of di-tert-butyl dicarbonate (up to 5.3 equiv.). The
reaction yield was lower when conducted independently in methanol and THF, and
triethylamine as base. Therefore, an alternative method was sought using a combination of 4-
dimethylaminopyridine (DMAP) and triethylamine as an alternative base combination to
NaOH. The starting material 7 was consumed within 4 hours using a previous method by Basel
et al.*! However, owing to the formation of impurities such as N-Boc-urea, urea or isocyanate,

as previously reported,*! the yield of 9 remained about 20 %.

Scheme 1. General Route for the Preparation of Pyridone-based inhibitors
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Reagents and conditions: (a) 10 % Pd/C, Hag, DMF/MeOH, rt, 21 h, 95 %; (b) benzyl
chloroformate, Na,CO3, HxO/acetone, 0-25 °C, 3 h, 86 %; (c¢) di-tert-butyl dicarbonate, NaOH,
THF/H>0, 55 °C, 65 h, 14-21 %); (d) di-tert-butyl dicarbonate, DM AP, triethylamine, DCM, rt,
4 h, 22 %; (e) ethyl iodopropionate, NaH, DMF, 0-25 °C, 3 h, 74 %; (f) ethyl iodoacetate, NaH,
DMF, 0-25 %, 3 h, 41-81 %; (g) TH0, 2,6-lutidine, CH>Cl, 1 h; (h) NaH, THF, 24 h, 63 %;
(1) LiOH.H>0, THF/H0, rt, 2 h, 82-98 % (j) 13 or 14, DIPEA, HBTU, DMF, rt, 24 h, 43-79 %
(reagents, temp, duration, yield %).

The N-capped-pyridone-P2 precursors 10a-b and 11 were synthesized according to the method

1.** Alanine was incorporated at P2 as a mimic of the Co-Cp bond in

described by Warner et a
proline. In addition, glycine was added alternatively to alanine to reduce stereochemical
complexity arising from the ready epimerization of the C4-P1 chiral centre, which leads to
formation of diastereoisomeric mixtures in the final compounds. N-alkylation of compound 8

and 9 was conducted via an Sn2 nucleophilic substitution with a-iodoalkyl esters and NaH to



produce 10a-b and 11 with moderate to high yields 41-81 %. Due to the high cost of
enantiomerically pure ethyl 2-iodopropionate, a racemic mixture of the reagent was used in the
reaction, thus theoretically resulted in compound 10b in both L- and D-alanine (P2).
Alternatively, enantiomerically pure (R)-lactate 16 was triflated and reacted with compound 8
via SN substitution to produce 18 with an inverted S-configuration at P2.% The L-alanine was
selected for P2 as it is evolutionarily more abundant and preferred configuration over the D-

enantiomer in natural substrates of proteins and proteases.

Compounds 10a-b, 11 and 18 were then converted to free acids by base-catalyzed hydrolysis
prior to the P2-P3 peptide coupling with P1-TSA*! (13 and 14) to successfully synthesize 15a-
f and 20a-b. Our previous studies of P1 optimization showed that replacement of valine by
isoleucine resulted in improved anti-CtHtrA potency and selectivity over HNE.*' Thus, these

two hydrophobic residues were investigated in the pyridone series.

All the synthesized compounds were characterized by 'H, *C NMR and mass spectrometry
analysis, and produced satisfactory spectroscopic data, which were in full accordance with their
depicted structures. Diastereomers of the final compounds were further characterized by >'P

NMR spectroscopy.

2.1.1. Capping group modification of the peptidic inhibitors

The peptidic lead compounds JO146, 2 and 3 were synthesized according to the
procedure reported by Agbowuro et al.?! The tripeptide analogues were synthesized by a series
of solution-phase peptide coupling steps using HBTU coupling reagent in the presence of
DIPEA base, and a base-catalyzed hydrolysis of the ester groups (Scheme 2). Cbz protection
of tert-leucine 21 to provide 22 was achieved by N-acylation with benzyl chloroformate under
Schotten-Baumann conditions.*> A 2:1 molar ratio of NaxCO3 to NaHCOs was employed to
replace the traditional use of a strong base (NaOH). Using the former provided improved
buffering capabilities, hence were preferred to maintain the optimal reaction pH of 8-9 that is
required to neutralize the hydrochloric acid formed as a by-product. Neutralizing the acid
prevents degradation of the benzyl carbamate in 22, while avoiding epimerisation at the a-

amino group with excessive alkalinity.

Replacement of the Boc capping group with fert-butyl amide and fert-butyl urea was carried

out by Boc deprotection of dipeptide 25 using TFA in DCM, and the resulting N-uncapped



dipeptide 26 was acylated with fert-butyl isocyanate and trimethylacetyl chloride to provide 27
and 28, respectively. Formation of the fert-butyl urea and tert-butyl amide capping groups was
confirmed by the upfield peak shift of the zers-butyl group from 1.41 ppm (25) to 1.29 ppm (27)
and 1.19 ppm (28), in accordance with the order of electronegativity of the O, N and C atoms
(see NMR spectra in supporting information). Given the epimerization-free nature of the Boc
deprotection and isocyanate-mediated asymmetric urea formation, duplication of 'H NMR
peaks in the fert-butyl urea-capped dipeptide ester (27) was speculated to be caused by
rotamerization. In addition, the replacement of the oxygen in the Boc group by —NH- of the
urea accentuates the ability of the amide group to form resonance structures, giving more
defined separation of the rotamer peaks of the fert-butyl group found in 27 than that in 28.
Rotamerization was verified by the coalescence of deuterated peaks with the NMR solvent

change from deuterated chloroform to acetonitrile and variable temperature (Figure S1).

The key intermediate Cbz-protected a-aminoalkyl diphenyl phosphonates (13 and 14) were
prepared by the previously described Mannich-type ligation reaction*’ with either 2-methyl
butyraldehyde or isobutyraldehyde for valine or isoleucine at P1, respectively.’! During this
reaction, the imine intermediate formed between the benzylcarbamate and aldehyde permits an
Sn1 nucleophilic attack by the triphenylphosphite, resulting in both S and R configurations at
the a-aminoalkyl side-chain and the subsequent elimination of a phenoxide group. In the case
where 2-methyl butyraldehyde was reacted, an additional chiral centre at Cp of the aminoalkyl
side-chain formed both threo (RR and SS) and erythro (RS and SR) diastereomers, which were
detected by two distinct peaks in the 3'P NMR spectrum. The acid-catalyzed Cbz deprotection
of N-Cbz-aminoalkyl diphenyl phosphonates by hydrobromide in acetic acid afforded
hydrobromide salts of a-aminoalkyl diphenyl phosphonates 13 and 14. Phosphonates 13 and
14 were then coupled with N-capped-P3-P2 dipeptides 29a-c to obtain the final compounds

30a-e in diastereomeric mixtures and biologically evaluated.

Scheme 2. Functionalization of the N-capping group
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29b: R= CONHC(CH3)3
29c: R= COC(CH3)3

Reagents and conditions: (a) benzyl chloroformate, Na,CO3;, NaHCOs3;, H»O/acetone, rt,
overnight, 82 %; (b) L-proline methyl ester. HCl, DIPEA, HBTU, DMF, rt, 24 h, 91-100 %; (¢)
TFA, DCM, rt, 2 h, 100 %; (d) tert-butyl isocyanate, DMF, rt, overnight, 45 %, (e)
trimethylacetyl chloride, NaHCO3, HoO/acetone, rt, overnight, 82 %; (f) LiOH.H>O, THF/H-O,
rt, 2 h, 91-100 %; (g) 10 or 11, HBTU, DIPEA, DMF, rt, 24 h, 52-82 % (reagents, temp,
duration, yield %).

2.2. Enzyme assays

Protease inhibition assays were conducted for drug potency and off-target
characterization of the final compounds 15a-f and 20a-b. ICso values were measured to assess
the inhibitory activities of compounds against CtHtrA and HNE (Table 1). Due to the binding
mechanism of irreversible covalent inhibitors, the ICso values varied in different batches of the
CtHtrA assays (Table S4A and Table S4B), hence relative potency and selectivity of
compounds were determined compared to JO146 for evaluating their biological activities
(Table 1 and Table 2).3! The assessment of the relative selectivity over HNE compared to
JO146 was particularly important as selectivity between HNE and CtHtrA proteases was

unable to be inferred from the ICso derived from the two different assay platforms.*

Replacement of P2/P3 peptidic backbone with the 2-pyridone template generally resulted in a
decrease in the CtHtrA inhibitory potencies relative to JO146, as indicated by the diminished



ICso values of 15a-f (Table 1). The analogues with a Boc capping group (15¢ and 15f) elicited
weaker inhibition of CtHtrA than those with the Cbz capping group (15Sb and 15e),
demonstrating the lack of compatibility of the pyridone scaffold with the Boc capping group.
These results indicate that concerted modifications, which are conducted with a step-wise
approach, at different sites of the lead compounds is necessary to accommodate the three-
dimensional change in the inhibitor structure resulted from inserting a non-peptidic moiety.
Although compounds 15a and 15d, both containing glycine at P2, showed weaker inhibition
of CtHtrA than JO146, their relative selectivity over elastase was improved by about 5- and 4-
fold, respectively, since the reduction in potency against HNE was greater than CtHtrA. For
instance, analogue 15a reduced inhibitory potency against CtHtrA by half compared to JO146,
but the ICso difference in elastase assay was significantly greater, by more than 12-fold,

resulting in approximately 5-fold improvement in the selectivity relative to JO146 (Table 1).

Table 1. Inhibitory activities (ICso) of pyridone inhibitors in CtHtrA and HNE enzyme

assays.
| N0 P
N NJ\F"\OQ
ICs0+ SEM (uM)
CtHtrA HNE Relative
Cmpd R P2 P1 (Relative potency (Relative potency selectivity®
against CtHtrA*) against HNE")
JO146 Boc Pro Val 12.47+1.11 1.15+0.10 1
&) 6]

15a Cbz Gly Val 28.98 + 1.21 12.81+0.54 4.79
(0.43) (0.09)

15b Cbz L,D-Ala Val 41.77+ 1.31 3.60 £ 0.36 0.93
(0.30) (0.32)

15¢ Boc L,D-Ala Val 76.98 £ 1.23 6.64 +0.22 0.94
(0.16) (0.17)

15d Cbz Gly Ile 48.34+1.18 16.48 £ 2.25 3.70
0.26 (0.07)

15¢ Cbz L,D-Ala e 19.76 £ 1.19 21.47+3.97 11.8
0.63 (0.05)

15f Boc L,D-Ala Ile 128.5+ 1.16 13.37 £ 0.67 1.03
() (0.09)

20a Cbz L-Ala  Val A 6.01 £0.48 NA
(0.19)

20b Cbz L-Ala e (5.07) 24.97+4.72 109

(0.05)
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NA- not assessed

®Relative potency against CtHtrA (rounded to 2 decimal place) is the ratio of
. ctira(JO146) to ICso coira (compound).

“Relative potency against HNE (rounded to 2 decimal place) is the ratio of ICso une (JO146) to
ICs0 unE (compound)

“Relative selectivity (rounded to 3 significant figure) towards CtHtrA over HNE is the ratio of
the relative potency against CtHtrA to relative potency against HNE compared to that of JO146.

Despite the general reduction of anti-CtHtA potency of the pyridone analogues relative to
JO146, compound 15e (ICso 19.76 + 1.19 uM) demonstrated slightly improved inhibitory
activity to its corresponding peptide analogue (IC5024.88 + 1.18 uM), which comprises a
matching capping group and P1 residue (Table 2). In addition, since the inhibitory potency of
15e against HNE decreased by about 20-fold compared to JO146, its selectivity towards
CtHtrA over HNE was 11-fold greater than JO146 (Table 1).

Table 2. Inhibitory activities (ICso) of compounds 23a-e in CtHtrA and HNE enzyme assays.

¢V©

ICs0+ SEM (uM)

CtHtrA HNE . e oo
ST R Pl (Relative potency (Relative potency Relative selectivity
against CtHtrA®) against HNE®)

JO146 Boc Val 12.47 £ 1.11 1.15+0.10 1.00
(1.00) (1.00)

2 Boc Val 9.297+1.10 3.02+0.18 3.52
(1.34) (0.38)

3 Boc Ile 10.26 = 1.17 13.51 £ 0.81 14.28
(1.22) (0.09)

30a >l\”/ Ile 4574+ 1.21 7.69 £ 1.12 18.23
o (2.73) (0.15)

30b N Val 10.65+1.17 1.17+0.17 1.20
T (1.17) (0.98)

30c N Ile 14.09 + 0.89 5.66+ 1.08 4.44
T (0.89) (0.03)

30d Val 9.298 + 1.18 1.35+0.25 1.74
©v07( (1.34) (0.11)

0

30e [ j Ile 24.88 +0.50 2.47+0.11 1.11

g (0.50) (0.47)
)
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Relative potency against CtHtrA (rounded to 2 decimal place) is the ratio 50 ctrra(JO146)
to ICso cthra (compound).

PRelative potency against HNE (rounded to 2 decimal place) is the ratio of ICso ine (JO146) to
ICs0 unE (compound)

“Relative selectivity (rounded to 3 significant figure) towards CtHtrA over HNE is the ratio of
the relative potency against CtHtrA to relative potency against HNE compared to that of JO146.

Given that 15e showed the most promising inhibitory and selectivity profile from the pyridone
series, compound 20b was later synthesized with L-alanine at P2 and its inhibitory activity
against CtHtrA was evaluated separately from the rest of the final compounds (Table S4B).
Compound 20b markedly improved the inhibitory activity against CtHtrA by 5-fold relative to
JO146 (8-fold increase in the relative potency compared to 15e), implicating a single digit
micromolar potency when JO146 displays the reference 1Cso value of 12.5 pM reported in
literature.'® Furthermore, its 109-fold improvement in selectivity towards CtHtrA over HNE
relative to JO146 could suggest reduction in off-target toxicity in vivo, indicating that L-alanine
is critical at P2 for biological recognition of CtHtrA. This level of improvement in the
selectivity profile makes compound 20b a significant advancement towards clinical testing.
These enzyme results together indicated that pyridone is a suitable biosisotere for P3/P2 amide,
and careful design of pyridone analogues with an optimal combination of the capping group,
P2 and P1 can improve binding affinity and selectivity of the parent peptide inhibitors to the
active site of CtHtrA.

Variations of the N-capping group had previously been employed in the development of HCV
NS3/4A serine protease inhibitors, which allowed improvement in the enzymatic potency and
selectivity against HNE.* Modifications of the capping group displayed similar anti-CtHtrA
activity to the lead compounds (JO146, 2 and 3; Table 2). Of the three analogues with a Tle-
Pro-Val peptide backbone, the compounds with a Boc (2) and Cbz (30d) protecting group
performed equally well, closely followed by tert-butyl urea capping group (30b). Compounds
with Ile at P1 generally decreased anti-CtHtrA potency compared to those with Val at P1 with
matching capping groups. Among compounds with Ile at P1, replacement of the Boc capping
group by tert-butyl urea (30c) or Cbz (30e) did not compromise the inhibitory activity against
CtHtrA much compared to their corresponding lead compound 3. Analogue 30a with a tert-
butyl amide capping group, on the other hand, increased the anti-CtHtrA activity approximately
3-fold and the relative selectivity to almost 18-fold relative to JO146 (Table 2). Inhibitor 30a
was also still slightly better in relative potency (more than 2-fold) and selectivity (1.3-fold)

compared to 3, which share the same P1 and P3 amino residues. Based on the assay results, the
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oxygen atom placed between the carbonyl and fert-butyl group in the parent Boc capping group
1s not necessary for interacting with the target peptide backbone, hence removing it (30a) or
replacing it by a hydrogen bond donor (30b-c) did not affect the anti-CtHtrA potency. In fact,
since the S4 pocket is shallow and exposed to the solvent environment, it could accommodate
longer and bulkier capping groups such as the carboxybenzyl group (30d-e). This supports the
observation that the Cbz group was indeed an appropriate capping group for the 2-pyridone
inhibitors. In addition, these results showed that the capping group could be an opportunistic
site to add further functionality with different physicochemical properties to the Boc group,
which might be able to alleviate the solubility issue inherent with the hydrophobic inhibitor
JO146.%

2.3. Cell assays
2.3.1. JOI146 is a narrow spectrum has a narrow anti-bacterial specificity

Despite HtrA proteases being widely expressed in bacteria, the domain architecture
varies between Gram-negative and Gram-positive bacteria.'® JO146 and the new lead
compounds 2 and 3 completely lacked inhibitory activity against Pseudomonas aeruginosa (at
50 and 100 uM), Staphylococcus aureus and Escherichia coli (at 50 pM), supporting that this
class of covalent inhibitors is specific for Chlamydial HtrA or at least have a very narrow
spectrum of bacterial target even within one Gram stain grouping (supporting information).
These results indicate that although HtrA is ubiquitous in bacteria, structural and functional
differences between species could allow fine-tuning of target specificity. Identification and
development of such pathogen-specific antibacterial reagents that target only one or a small set
of species would be highly valuable in clinical usage for their potential in minimizing

disturbance of the host microbiome and slowing the spread of resistance.*’

2.3.2. 2-pyridone inhibitors

The in vitro potency of all compounds was assessed by their ability to significantly
reduce the number of inclusion-forming units (IFU/mL; Table S1 and S2) of C. trachomatis
and C. pecorum isolates in cell culture, which is a traditional quantitative measure of the
pathogen’s infectivity or transmissibility.*® It is noteworthy that the bacterial titre of the control
group was about 10* lower in C. pecorum assays than C. trachomatis as the former isolate is
much more difficult to culture in HEp-2 cells in vitro. The 1 % DMSO controls demonstrated
slightly lower yields of infectious progeny for the 25 uM dose testing set than for the 50 uM
and 100 puM testing sets (Figure 4).
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Pyridone analogues, including those that showed decreased CtHtrA activities relative to JO146,
showed overall improvement in the anti-bacterial activities compared to JO146 especially at
25 uM in both C. trachomatis and C. pecorum isolates (Figure 4). These results could suggest
that the pyridone analogues might have a different or secondary mechanism of anti-chlamydial

action other than inhibiting the CtHtrA protease.

Compounds 15d-f, which share isoleucine at P1, inhibited C. trachomatis more effectively at
25 uM than compounds 15a-¢ with valine at P1. Compounds 15d-f on average resulted in
approximately 3.7-log further reduction in the IFU/mL count than JO146 at 25 uM. On the
other hand, 15a-c¢ displayed stronger anti-chlamydial activities at 50 and 100 uM doses. In
particular, 15¢ showed a good dose-response relationship and decreased the bacterial titre
below the lower limit of detection at 100 uM, at which point only debris of dead bacteria cells
were present. In C. pecorum assays, the pyridone analogues were more effective in reducing
the bacterial titre compared to JO146. All compounds diminished the infectious progeny close

to the limit of detection even at 25 uM except 15c.
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Figure 4. In vitro testing of Chlamydia trachomatis ((zt1D) and C. pecorum (CpG) growth
inhibition by the lead compound JO146 and pyridone analogues 15a-f at 25, 50 and 100 pM.
Error bars represent the SEM (n=3). *p-value <0.05, **p-value <0.001, ***p-value <0.0001
compared to DMSO control as measured by two-way ANOVA.

Compounds 20a and 20b were more potent than JO146 against C. trachomatis by
approximately a log and 1.6-log difference in IFU/mL, respectively, at 25 uM. In C. pecorum
assays, both compounds obliterated the infectious progeny to the limit of detection even at 25

uM (Figure 5).
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Figure 5. In vitro testing of Chlamydia trachomatis (CtD) and C. pecorum (CpG) growth
inhibition by the lead compound JO146 and pyridone analogues 20a and 20b at 25, 50 and 100
uM. Error bar represents the SEM (n=3). *p-value <0.05, **p-value <0.001, ***p-value
<0.0001 compared to DMSO control as measured by two-way ANOVA.

Overall, the replacement of the traditional peptidic structure by the new pyridone scaffold
produced compounds that exhibited improved inhibitory action against chlamydia, therefore

further optimization of this class of inhibitors is worthwhile.

Cytotoxicity of the pyridone analogues on HEp-2 cells was assessed by the MTS cell viability
assay and LDH cytotoxicity assay, which represent the level of cellular metabolism and
proliferation (as markers of cell viability), and cellular integrity (as a marker of cell lysis and

death), respectively (Figure 6). All pyridone-based analogues resulted in a non-cytotoxic



relative @S reduction of <25% at 25 and 100 uM concentration. Only compound 15a at 100
UM concentration resulted in a borderline relative MTS level of 76.5 + 2.0% (Figure 6a).
Complementing s uM doses (Figure 6b). These results altogether demonstrated that pyridone
analogues were non-cytotoxic to Hep-2 cells and their anti-bacterial efficacy was specific to

Chlamydia.
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Soure 6. Viability and integrity of HEp-2 cells treated with pyridone-based analogues. (a) The
percentage of MTS reduction compared to cells treated with 1% DMSO, with 75% being the
cytotoxicity threshold. Cells were treated both at the time of culture (0 h) and ours post-
culture (24 h). (b) The percentage of extracellular LDH detected compared to maximum release
controls; 25% is the cytotoxicity threshold. Cells were treated at 24 hours post-culture for 8
hours. Error bars represent the SEM (n=3). *Significantly different (p-value <0.05) from
DMSO controls as measured by two-way ANOVA.

2.3.2. Capping group-modified peptidic inhibitors

All compounds from the capping group series demonstrated improved anti-chlamydial
activities relative to JO146, except 30e at 100 uM (Figure 7). Compounds 30b and 30d
containing valine at P1 displayed similar anti-chlamydial activities to their lead compound 2.
Despite showing the highest anti-CtHtrA activity (Table 2) within the capping group series,
30a was the least effective in reducing the bacterial titre at 25 uM with approximately 3.6-log

increase in the IFU/mL count of C. trachomatis compared to the lead compound 3 with a


Joel Tyndall
Is this the correct way to state this.

I take it that <25% reduction is good.
Looking at the figure (A) 1% DMSO and media have 100% MTS reduction….

See comment below also

Jasmine Hwang
Changed from ≥75 % to ≤25 %

Jasmine Hwang
Figure6 will be re-made by Willa’s group. Please take out the ‘24h’ label as Natalie and I agreed to present only ‘24h’ MTS results. I added Figure 6b in a rough version for now from Rami’s raw data since the graph was not provided. 

Joel Tyndall
Also need numbers not Boc-Val-Pro or JHP

Willa Huston
Jasmine can you please give us the numbers and then we can get the graphs changed to numbers

Joel Tyndall
So when were the measurements taken? Or is this Ilinked with (B)… a little confusing

Willa Huston
I think maybe we can delet this whole sentence?

Joel Tyndall
Treated for 8 hours or tested 8 hrs after treatment?


matching P1. Complementing the enzymatic assay (Table 2), 30e showed the weakest anti-
chlamydial potency at 100 uM against both C. pecorum and C. trachomatis owing to a poor
dose-response correlation. This indicated that the Cbz capping group and Ile at P1 are not
complementary to each other in the tripeptidic analogues. The compounds were all effective
against C. pecorum, reducing the infectious progeny close to the limit of detection (10* IFU/mL)
at the three doses. Modifications of the N-capping group did not significantly affect the anti-
chlamydial potency in C. pecorum, similar to the pattern observed in the CtHtrA assays (Figure

7).
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Figure 7. In vitro testing of Chlamydia trachomatis (CtD) and C. pecorum (CpG) growth
inhibition by the lead compounds JO146, 2 and 3, and capping group-modified peptide



analogues 30a-e at 25, 50 and 100 uM. Error bar represents the SEM (n=3). *p-value <0.05,
**p-value <0.001, ***p-value <0.0001 compared to DMSO control as measured by two-way
ANOVA.

All compounds of the capping group series (30a-e) were non-cytotoxic to HEp-2 cells at 25
puM but most were cytotoxic (MTS reduction >25% of controls) when added at 100 uM
concentration (Figure 8a). It is noteworthy that compound 30e, which demonstrated a poor
inhibitory activity against CtHtrA and a lack of dose-dependent efficacy in chlamydial cell
inhibition assays, was at a borderline of the cytotoxicity threshold even at 25 uM. These
biological results suggest that the Cbz capping group is not favoured with a peptidyl inhibitor
containing isoleucine at P1. Nevertheless, cell integrity as indicated by extracellular level of
LDH release was >96.6% for all compounds at both doses. The slightly contrasting results of
the cytotoxicity profile of the capping group analogues at 100 uM between the MTS and LDH
assays can be explained by the difference in the cellular processes or markers the assays
measure. Given that MTS assay measures the level of tetrazolium reduction to formazan in
actively metabolizing or proliferating cells, MTS reduction does not directly translate to cell
death and can even be reversible upon elimination of the inhibitors. In contrast, the level of
cytosolic LDH leakage indicates the loss of cell integrity and cell lysis, which indicates
irreversible cell death. Therefore, the results all together point towards the fact that these
compounds were not cytotoxic to Hep-2 cells but affected aspects of cellular metabolism at

100 uM at the point of time the measurements were taken (Figure 8b).
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Figure 8. Viability and integrity of HEp-2 cells treated by JO146 analogues of the structure R-
Tle-Pro-P1°(OPh),. Treatments list the peptide backbone of each compound only; all
compounds also have a diphenyl phosphonate warhead. Error bars represent the SEM (n=3).
(a) The percentage of MTS reduction compared to cells treated with 1% DMSO, with 75%
being the cytotoxicity threshold. Cells were treated both at the time of culture (0 h) and 24
hours post-culture (24 h). (b) The percentage of extracellular LDH detected compared to
maximum release controls; 25% is the cytotoxicity threshold. Cells were treated at 24 hours
post-culture for 8 hours. *Significantly different (p-value <0.05) from DMSO controls as
measured by two-way ANOVA.

2.4. Molecular modelling
2.4.1. In silico docking studies of 2-pyridone-based inhibitors

The 2-pyridone-based analogues were covalently docked into the homology model of
CtHtrA* and compared to the lead compound JO146. For the ligands synthesized as racemic

mixtures of alanine at the P2 position, each enantiomer was docked independently and analysed.



Compounds with glycine at P2 and those with L-alanine configuration bound to the active site
of CtHtrA with high topological similarity to JO146, indicating that the 2-pyridone scaffold
was a successful isosteric replacement of the traditional peptidic structures. In addition, the
methylene bridge of glycine at the P2 position of 15a and 15d was perfectly aligned with the
superimposed peptide backbone of JO146 (Figure 9a). These results were expected as the
previous X-ray crystallography studies showed that 2-pyridone inhibitors of serine proteases
were capable of forming a stable, tetrahedral, hemiketal adduct covalently linked to the

catalytic serine, and inducing an extended B-strand conformation while retaining hydrogen

25, 42, 50

bond interactions present in the proteases’ natural substrates.

Figure 9. Docking poses of 2-pyridone analogues in comparison to JO146 as a reference
ligand at the active site of CtHtrA protease. (a) 2-pyridone-based compounds (15a, 15b, 15c,
15d, 15e, 15f; those with alanine at P2 were docked with L-configuration) and JO146 (green)
were docked against the active site of CtHtrA. 2-pyridone compounds are well aligned with
the parent peptide backbone of JO146. P1-P4 were designated based on JO146 residues (b)
Side view of JO146 (green), 15b (cyan) and 15¢ (purple) docked with L-configuration of
alanine (P2) into the active site of CtHtrA. The outer wall of the S3/4 pocket is highlighted in
pink.

There was slight discrepancy in the position of the N-Boc capping group between 2-pyridone
ligands and JO146. Compared to the peptidic analogues as exemplified by JO146, which
positioned the Boc group deep into the S4 pocket, the N-Boc group of the pyridone analogues
was positioned towards the outer wall (highlighted in pink in Figure 9b) of the S4 pocket. This
can be explained by the fact that the sp’-hybridised C3 of the pyridone (in contrast to the sp’-
hybridised C, in a peptidic backbone) positioned the -NH amide group in a planar orientation,

away from the S4 pocket. The altered positioning of the N-Boc group increased the distance



between the -NH of pyridone and the C=O of Ile215 of the protease, preventing the formation
of a hydrogen bond that is important for binding at the active site (Table S7). This result may
explain the drastic reduction of the anti-CtHtrA activity of 15f (128.5 + 14.21 uM), indicating
that Boc N-capping group contributes to the suboptimal binding affinity to the active site. In
contrast to the rigid Boc group, the flexible methylene spacer of the Cbz allows for the benzyl
group to move towards the S4 pocket, maintaining hydrophobic interactions with Valzie at the
S4 pocket (Figure 9b). These results complemented the ICso assays (Table 1) that 15b and 15e
with the Cbz capping group demonstrated superior anti-CtHtrA activities over 15¢ and 15f with
the Boc group.

Capping group series- Based on the assay results, the oxygen atom placed between the carbonyl
and tert-butyl group in the parent Boc capping group does not interact with the target peptide
backbone, hence removing it (30a) or replacing it by a hydrogen bond donor (30b-¢) did not
reduce the anti-CtHtrA potency.

3. Conclusions

In comparison to peptide-based inhibitors that are generally characterized with poor
pharmacokinetic profiles due to their inherent instability, peptidomimetics are considered
advantageous in reducing susceptibility to proteolytic degradation as well as resistance
development in bacteria.’! Herein, 2-pyridone-based peptidomimetics were designed to replace
the P2/P3 peptidic structure of the lead compound JO146, which inhibits HtrA serine protease
in Chlamydia. The lack of anti-bacterial bacterial activity of JO146 against E. coli, P.
aeruginosa and S. aureus highlighted its merit of being a narrow spectrum anti-bacterial, which
would reduce selection for anti-bacterial resistance and the detrimental effect upon the host
microbiome. Compound 20b from the pyridone series improved inhibitory activity against
CtHtrA by 5-fold and selectivity over HNE by over 100-fold relative to JO146. Pyridone-based
inhibitors with L,D-alanine at P2 generally elicited lower anti-CtHtrA activities than JO146,
underlining the significance of L-configuration of alanine. Compounds 15a and 15d were
designed with replacement of alanine by glycine at P2 in an attempt to reduce stereochemical
complexity of the inhibitors. Although glycine at P2 was less favourable than L-alanine, it was
still compatible with the pyridone structure with improvement of selectivity over HNE relative
to JO146. The pyridone analogues generally exhibited greater anti-chlamydial activity on
whole cells especially at 25 and 50 uM, supporting 2-pyridone as a suitable and biologically

active template for targeting chlamydia. The pyridone inhibitors were non-cytotoxic and did



not affect the viability of HEp-2 cells unlike the peptide-based analogues, most of which
reduced the MTS levels below the 75 % threshold at 100 uM. Modifications of the capping
group of the parent peptidic structures suggested flexibility of the S4 pocket in accommodating
more diverse structures, providing avenues to improve physicochemical properties of the
lipophilic inhibitors in future optimization. Overall, the N-Cbz-2-pyridone moiety was found
to be a potential bioisostere for the traditional ‘N-capped-P3-P2’ peptide structure, which
provides an alternative approach for future drug optimization in developing anti-chlamydial

drugs.

4. Experimental.
4.1.Chemistry
4.1.1. General methods

All solvents and reagents were commercially procured (Sigma-Aldrich, Merck, AK
Scientific, Thermo Scientific, Acros Organics, BDH, and Cambridge Isotope) and used without
further purification. Organic solvent extracts were dried with MgSQs4s) and subjected to rotary
evaporation, and finally dried at 10! mbar using a high vacuum pump. Silica gel 60 (0.040—
0.063 mm, 200400 mesh) was used for flash column chromatography with all solvent systems
expressed as volume to volume (v/v) ratios. Solids were recrystallized from a minimum amount
of hot solvent and collected by vacuum filtration. Analytical thin layer chromatography (TLC)
was performed on Merck TLC aluminium plates coated with 0.2 mm silica gel 60 F254. Spots
were generally detected by UV (254 nm) and/or permanganate staining. 'H, 1*C and *'P NMR
spectra were recorded at room temperature on Varian 400 or 500 MHz spectrometers. Samples
were prepared in deuterated solvents, chloroform (& 7.26, 77.16 ppm) or acetonitrile (& 1.95,
118.69 and 1.72 ppm) with the respective 'H and "*C chemical shifts shown in brackets.
Chemical shifts (8) are expressed in parts per million (ppm) and coupling constants (J) in Hertz
(Hz), both measured against the residual solvent peak. High resolution mass spectrometry was
recorded on a Bruker microTOF-Q spectrometer with an electrospray ionization (ESI) source.
The purity of compounds was determined by reverse-phase high performance liquid
chromatography (HPLC) carried out on an Agilent HPLC with a Gemini 5 um C18 110 column
(250 A~4.6 mm, Phenomenex, New Zealand). Compounds were eluted using solvent A: 0.1%
trifluoroacetic acid (TFA) in water and solvent B: 0.1% TFA in acetonitrile (ACN) over a linear
gradient (40 % ACN to 85 % ACN over 45 min). Compounds were detected at 254/210 nm
with a flow rate of 1.0 mL/min. Optical rotation was recorded by using an Autopol IV

polarimeter (Rudolph Research Analytical, USA). Final compounds including those obtained



as isomeric mixtures, are >95% pure, see supporting information for HPLC traces of the

compounds.

General procedure for peptide coupling to a-aminoalkyl phosphonate diphenyl esters (15a-
f; 20a-b, 30a-e). To the solution of a hydrobromide salt of 1-aminoalkyl phosphonate diphenyl
ester 13 or 14 (1.5 equiv.) in anhydrous DMF was added DIPEA (2.5 equiv.) and stirred for 10
minutes until complete dissolution was achieved. The acid precursor (1.0 equiv.) in anhydrous
DMF was then added dropwise, followed by the addition of HBTU (1.2 equiv.). The reaction
mixture was stirred at room temperature for 24 h. When the reaction was complete, the mixture
was extracted with EtOAc (3 x 25 mL) and the combined organic layers were washed with
saturated aqueous NaHCO3 (3 x 25 mL), MilliQ water (3 x 25 mL) and then brine (3 x 25 mL).
The organic layer was dried over MgSQOy), filtered, concentrated in vacuo then purified by

flash column chromatography (1:1 Hex:EtOAc).

Phenyl N-[1-({[1-(diphenoxyphosphoryl)-2-methylpropyl|carbamoyl}methyl)-2-0x0-1,2-
dihydropyridin-3-yl[carbamate (15a). Compound 13 (0.24 g, 0.63 mmol), 12a (0.19 g, 0.63
mmol), DIPEA (270 uL, 1.57 mmol), HBTU (0.29 g, 0.76 mmol) in DMF (2 mL) were reacted
and purified as described in the general procedure above to yield a colourless oil as a racemic
mixture (0.30 g, 0.500 mmol, 79 %, [a]sse>'=-2.38 (¢ = 0.6, CHCl3), R¢0.31, 1:1 n-Hex:EtOAc).
'"H NMR (400 MHz, CDCls) § 8.08 (d, J= 7.6 Hz, 1H), 7.80 (s, 1H), 7.57 (d, J= 10 Hz, 1H),
7.38-7.05 (m, 15H), 6.98 (dd, J=6.8, 1.6 Hz, 1H), 6.28 (t, /=7.2 Hz, 1H), 5.17 (s, 2H), 4.71-
4.63 (m, 2H), 4.53-4.49 (m, 1H), 2.45-2.35 (m, 1H), 1.08-1.01 (m, 6H). 3*C NMR (101 MHz,
CDCl) 6 167.0 (d, Jcp= 6.1 Hz), 157.3, 153.2, 150.1 (d, Jcp= 10.5 Hz), 149.9 (d, Jcp=9.5
Hz), 135.7, 129.8 (d, Jcpr= 0.9 Hz) , 129.7 (d, Jcp= 0.8 Hz), 129.50, 129.47, 128.6, 128.4,
128.3, 125.4 (d, Jcp= 1.1 Hz), 125.2 (d, Jcp= 1.0 Hz), 121.1, 120.6 (d, Jc.r= 4.1 Hz), 120.3 (d,
Jer=4.4 Hz), 107.7, 67.2, 54.0, 51.4 (d, Jcp= 154.4 Hz), 50.6, 29.1 (d, Jcp= 3.7 Hz), 20.4 (d,
Jor= 13.4 Hz), 17.9 (d, Jep= 4.8 Hz). 3'P NMR (162 MHz, CDCl3) § 16.49. HRMS-ESI
calculated for C31H3N3NaO7P [M+Na'] 612.1870, found m/z 612.1842. Analytical RP-HPLC
(Method I, supplementary materials) tr = 27.57 min.

Phenyl N-[1-(1-{[1-(diphenoxyphosphoryl)-2-methylpropyl]carbamoyl}ethyl)-2-0xo0-1,2-
dihydropyridin-3-yl[carbamate (15b). Compound 13 (0.27 g, 0.88 mmol), 12b (0.25 g, 0.80
mmol), DIPEA (350 uL, 2.00 mmol), HBTU (0.36 g, 0.96 mmol) in DMF (2 mL) were reacted

and purified as described in the general procedure above to yield a colourless oil 15b in a


Jasmine Hwang
diphenyls

Jasmine Hwang
Diastereomers of diphenyls

Jasmine Hwang
diphenyls

Jasmine Hwang
cbz methylene

Jasmine Hwang
Gly

Jasmine Hwang
Val-betaC

Jasmine Hwang
Val-γC closer to P

Jasmine Hwang
Val-γC further from P


racemic mixture (0.30 g, 0.496 mmol, 62 %, [a]sso’'= -1.64 (¢ = 0.6, CHCL3), Ry 0.42, 1:1
Hex:EtOAc). 'H NMR (400 MHz, CDCl3) § 8.07 (d, J= 7.2 Hz, 0.5H), 7.98 (d, J= 7.2 Hz,
0.5H), 7.89 (s, 0.5H),7.81 (s, 0.5H), 7.41-7.04 (m, 15H), 6.99-6.96 (m, 0.5H), 6.94-6.91 (m,
0.5H), 6.34 (t, J= 7.2 Hz, 0.5H), 6.22 (t, J/= 7.2 Hz, 0.5H), 5.85 (q, J= 7.2, 0.5H), 5.56 (q, J=
7.2 Hz, 0.5H), 5.20 (s, 1H), 5.13 (s, 1H), 4.69-4.60 (m, 1H), 2.44-2.30 (m, 1H), 1.66 (d, J= 7.2
Hz, 1.5H), 1.54 (d, /= 7.2 Hz, 1.5H), 1.18-1.09 (m, 4H), 0.94-0.91 (m, 1H), 0.81-0.79 (m, 1H).
BC NMR (101 MHz, CDCl3) § 169.6 (d, Jep= 6.1 Hz), 157.5, 157.4, 153.5, 153.3, 150.6 (d,
Jcp= 9.6 Hz), 150.5 (d, Jcp= 9.8 Hz), 150.2 (d, Jcp= 9.6 Hz), 150.0 (d, Jcp= 9.3 Hz), 149.9
(d, Jep= 10.2 Hz), 135.97, 135.92, 130.0 (d, Jcp= 1.0 Hz), 129.90, 129.85 (d, Jc-p= 0.7 Hz),
129.8 (d, Jcp= 1.1 Hz), 129.74 (d, Jc.p= 0.9 Hz), 129.22, 129.16, 128.8, 128.7, 128.6, 128.5,
128.38, 128.35, 125.5 (d, Jcr= 1.0 Hz), 125.42 (d, Jcp= 1.0 Hz), 125.38 (d, Jcp= 0.8 Hz),
125.34 (d, Jcr= 1.0 Hz), 125.30 (d, Jc.p=0.7 Hz), 125.26 (d, Jcp= 0.9 Hz), 125.2,125.1, 120.8
(d, Jcp=4.1 Hz), 120.73 (d, Jcp= 4.2 Hz), 120.69 (d, Jcp= 4.3 Hz), 120.6 (d, Jcp= 5.2 Hz),
120.46 (d, Jcp=4.3 Hz), 120.45 (d, Jcr= 4.4 Hz), 107.7, 67.4, 67.2, 53.9, 53.7, 51.6 (d, Jcp=
153.0 Hz), 51.5 (d, Jc.p= 155.7 Hz), 29.23 (d, Jc-p= 3.7 Hz), 29.19 (d, Jcr= 3.8 Hz), 20.7 (d,
Jcr=12.9 Hz), 20.7 (d, Jcp= 12.9 Hz), 20.4 (d, Jcp= 13.6 Hz), 18.4 (d, Jc.p= 5.3 Hz), 17.7 (d,
Jop= 4.8 Hz), 15.7, 15.3. 3'P NMR (162 MHz, CDCl3) & 17.22 (13.5 %), 16.29 (86.5 %).
HRMS-ESI calculated for C3H3sN3NaOsP [M+Na'] 626.2027, found m/z 626.2002.
Analytical RP-HPLC (Method 1V) tr = 36.34 min.

Diphenyl {1-[2-(3-{[(tert-butoxy)(hydroxy)methyllamino}-2-oxo-1,2-dihydropyridin-1-
ylpropanamido]-2-methylpropyl}phosphonate (15¢). Compound 13 (0.12 g, 0.298 mmol),
12¢ (84.0 mg, 0.30 mmol), DIPEA (1.30 mL, 0.75 mmol), HBTU (0.14 g, 0.36 mmol) in DMF
(2 mL) were reacted and purified as described in the general procedure above to yield a
colourless oil 15¢ in a racemic mixture (0.12 g, 0.211 mmol, 71 %, [a]sse*'= -2.96 (c = 0.5,
CHCl), Rr0.30, 3:2 in a racemic mixture, Hex:EtOAc). 'H NMR (400 MHz, CDCl3) & 8.02
(d, J=7.6 Hz, 0.5H), 7.93 (d, J= 7.6 Hz, 0.5H), 7.64 (s, 0.5H), 7.57 (s, 0.5H), 7.35-7.00 (m,
10H), 6.88-6.85 (m, 1H), 6.32 (t, /= 7.6 Hz, 0.5H), 6.18 (t, J= 7.2 Hz, 0.5H), 5.78 (q, J= 7.2
Hz, 0.5H), 5.55 (q, J/=7.2 Hz, 0.5H), 4.69-4.60 (m, 1H), 2.46-2.29 (m, 1H), 1.64 (d, J= 7.2 Hz,
1.5H), 1.55 (d, J= 7.2 Hz, 1.5H), 1.51 (s, 4.5 H), 1.48 (s, 4.5 H), 1.13-1.10 (m, 3H), 0.93-0.91
(m, 1.5H), 0.81-0.79 (m, 1.5H). 3C NMR (101 MHz, CDC13) § 169.6 (d, Jc.p= 6.6 Hz), 169.5
(d, Jcp= 5.0 Hz), 157.63, 157.61, 152.9, 152.7, 150.6 (d, Jc-p= 10.0 Hz), 150.2 (d, Jcp=9.3
Hz), 150.0 (d, Jcp= 8.9 Hz), 149.9 (d, Jcp=10.6 Hz), 130.0 (d, Jcp= 1.0 Hz), 129.9 (d, Jcp=
0.8 Hz), 129.8 (d, Jc.p= 1.0 Hz), 129.7 (d, Jcp= 1.0 Hz), 125.5 (d, Jcp= 1.2 Hz), 125.38 (d, Jc-
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p= 1.2 Hz), 125.36 (d, Jcp= 1.1 Hz), 124.4, 124.3, 120.8 (d, Jc-p= 4.0 Hz), 120.7 (d, Jc-p= 4.1
Hz), 120.6 (d, Jc.p=4.5 Hz), 120.5 (d, Jc.p=4.5 Hz), 120.1, 119.9, 107.9, 81.2, 81.0, 53.8, 53.4,
51.5(d, Jc-p=152.5 Hz), 51.4 (d, Jc-p= 155.1 Hz), 29.3 (d, Jc.p= 3.5 Hz), 29.2 (d, Jc»= 3.8 Hz),
28.40, 28.39, 20.7 (d, Jcp= 12.8 Hz), 20.4 (d, Jc.p= 13.4 Hz), 18.3 (d, Jcp= 5.2 Hz), 17.7 (d,
Jop= 4.4 Hz), 15.3, 15.02. *'P NMR (162 MHz, CDCl3) § 16.86 (35.6 %), 16.30 (64.4 %).
HRMS-ESI calculated for CyoH36N3NaO7P [M+Na'] 592.2183, found m/z 592.2187.
Analytical RP-HPLC (Method II) tr = 35.90 min.

Phenyl N-[1-({[1-(diphenoxyphosphoryl)-2-methylbutyl]carbamoyl}methyl)-2-oxo0-1,2-
dihydropyridin-3-yl[carbamate (15d). Compound 14 (73.4 mg, 0.230 mmol), 12a (69.4 mg,
0.23 mmol), DIPEA (0.10 mL, 0.58 mmol), HBTU (1.05 g, 0.276 mmol) in DMF (2 mL) were
reacted and purified as described in the general procedure above to yield a colourless oil 15d
in a racemic mixture (68 mg, 0.109 mmol, 48 %, [a]sse*'=-1.75 (¢ = 0.6, CHCl3), Rr0.34, 3:2
Hex:EtOAc). 'H NMR (400 MHz, CDCl3) § 8.07 (br, 1H), 7.81 (s, 1H), 7.47-7.03 (m, 15H),
6.97-6.93 (m, 1H), 6.29-6.24 (m, 1H), 5.17 (s, 2H), 4.86-4.78 (m, 0.5H), 4.73-4.47 (m, 2.5H),
2.18-2.09 (m, 0.5H), 1.81-1.75 (m, 0.5H), 1.43-1.32 (m, 1H), 1.27-1.17 (m, 1H), 1.08-0.83 (m,
6H). 3C NMR (101 MHz, CDCl3) § 167.0 (d, Jc-p= 5.9 Hz), 166.9 (d, Jcp= 6.2 Hz), 157.4,
153.2, 150.19 (d, Jcp= 10.2 Hz), 150.17 (d, Jcp= 10.2 Hz), 150.98 (d, Jcp= 9.3 Hz), 149.97
(d, Jcr=9.4 Hz), 135.73, 135.71, 129.73 (d, Jcp= 1.0 Hz), 129.70 (d, Jcp= 1.0 Hz), 129.65 (d,
Jcp=0.8 Hz), 129.53, 129.51, 129.4, 129.3, 128.6, 128.4, 128.3, 125.4 (d, Jcp= 1.3 Hz), 125.3
(d, Jcr= 1.1 Hz), 125.2 (d, Jc-p= 0.8 Hz), 120.9, 120.60 (d, Jcp= 4.2 Hz), 120.56 (d, Jcp=4.2
Hz), 120.33 (d, Jcp= 4.3 Hz), 120.31 (d, Jcp= 4.4 Hz), 107.6, 67.2, 54.1, 51.3 (d, Jc.p= 154.2
Hz), 49.4 (d, Jcp= 154.4 Hz), 35.9 (d, Jc.,= 3.5 Hz), 35.4 (d, Jc.r= 3.5 Hz), 27.2 (d, Jc.p= 14.9
Hz), 24.8 (d, Jc.r=5.5Hz), 16.4 (d, Jc.r= 11.8 Hz), 15.1 (d, Jc.r= 3.2 Hz), 11.6, 11.4. *'P NMR
(162 MHz, CDCl) 6 16.99 (59.3 %), 16.55 (40.7 %). HRMS-ESI calculated for
C32H34N3NaO7P [M+Na'] 626.2027, found m/z 626.1982. Analytical RP-HPLC (Method IV)
tr = 35.60 min.

Phenyl N-[1-(1-{[1-(diphenoxyphosphoryl)-2-methylbutyl]carbamoyl}ethyl)-2-oxo0-1,2-
dihydropyridin-3-yl[carbamate (15¢). Compound 14 (0.17 g, 0.53 mmol), 12b (0.15 g, 0.48
mmol), DIPEA (0.20 mL, 1.21 mmol), HBTU (0.22 g, 0.58 mmol) in DMF (2 mL) were reacted
and purified as described in the general procedure above to yield a colourless oil 15e in a
racemic mixture (0.17 g, 0.287 mmol, 59 %, [a]sse*'= -1.57 (c = 0.6, CHCI3), R¢0.31, 3:2
Hex:EtOAc). 'H NMR (400 MHz, CDCls) § 8.07 (d, J= 7.2 Hz, 0.5H), 7.97 (br, 0.5H), 7.89 (s,



0.5H), 7.80-7.79 (m, 0.5H), 7.46-6.79 (m, 16H), 6.33 (t, /=7.2 Hz, 0.5H), 6.24-6.17 (m, 0.5H),
5.82-5.79 (m, 0.5H), 5.59-5.51 (m, 0.5H), 5.23-5.14 (m, 2H), 4.85-4.76 (m, 0.5H), 4.71-4.61
(m, 0.5H), 2.20-1.76 (m, 1H), 1.65-1.63 (m, 1.5H), 1.55-1.52 (m, 1.5H), 1.38-1.25 (m, 1H),
1.19-0.74 (m, 7H). *C NMR (101 MHz, CDCl3) § 169.5 (d, Jcp= 6.5 Hz), 169.4 (d, Jcp= 6.5
Hz), 157.48, 157.45, 153.5, 153.2, 150.6 (d, Jcp= 9.7 Hz), 150.6 (d, Jcp= 9.0 Hz), 150.2 (d,
Jcp=9.7 Hz), 150.0 (d, Jcp= 9.1 Hz), 149.9 (d, Jc.p= 10.3 Hz), 135.94, 135.92, 129.94 (d, Jc-
p= 1.1 Hz), 129.93 (d, Jcr= 1.1 Hz), 129.88 (d, Jcp= 0.7 Hz), 129.8 (d, Jcr= 0.9 Hz), 129.7
(d, Jer= 0.9 Hz), 129.23, 129.21, 129.18, 128.77, 128.75, 128.56, 128.55, 128.53, 128.38,
128.3, 125.53 (d, Jcp= 1.2 Hz), 120.50 (d, Jcp= 1.2 Hz), 125.41 (d, Jcp=1.0 Hz), 125.35 (d,
Jcp= 1.0 Hz), 125.3 (d, Jcp= 1.5 Hz), 125.1, 125.04, 125.02, 120.8 (d, Jcp= 4.3 Hz), 120.73
(d, Jep= 3.6 Hz), 120.72 (d, Jcp= 4.0 Hz), 120.55 (d, Jcp= 4.0 Hz), 120.47 (d, Jcp= 4.3 Hz),
120.46 (d, Jcp=4.2 Hz), 120.4, 107.8, 107.73, 107.72, 107.69, 67.4, 67.2, 53.84, 53.76, 53.6,
53.5,51.4 (d, Jcp= 154.6 Hz), 49.5 (d, Jcp= 152.6 Hz), 49.4 (d, Jcp= 155.9 Hz), 36.00 (d, Jc.
p= 4.1 Hz), 35.95 (d, Jcp= 3.9 Hz), 35.5 (d, Jcp= 3.9 Hz), 35.4 (d, Jcr= 3.8 Hz), 27.5 (d, Jc-
p= 14.9 Hz), 27.2 (d, Jcp= 14.9 Hz), 25.2 (d, Jcp= 5.4 Hz), 24.7(d, Jcp= 5.2 Hz), 16.6 (d, Jc
p=10.7 Hz), 16.4 (d, Jcr= 11.3 Hz), 15.5 (d, Jcr= 4.4 Hz), 15.4 (d, Jcp= 3.4 Hz), 15.3, 15.2,
15.0 (d, Jep=3.2Hz), 11.8 (d, Jc.r= 1.2 Hz), 11.6 (d, Jc.p= 1.2 Hz), 11.5, 11.4.3'P NMR (162
MHz, CDCl3) 6 17.61 (7.2 %), 17.12 (5.8 %), 16.77 (49.8 %), 16.35 (37.1 %). HRMS-ESI
calculated for C33H36sN3NaO7P [M+Na'] 640.2183, found m/z 640.2135. Analytical RP-HPLC
(Method IV) tr = 39.97 min.

Diphenyl {1-[2-(3-{[(tert-butoxy)(hydroxy)methyllamino}-2-oxo-1,2-dihydropyridin-1-
yl)propanamido]-2-methylbutyl}phosphonate (15f). Compound 14 (74.4 mg, 0.23 mmol), 12¢
(65.8 mg, 0.23 mmol), DIPEA (150 uL, 0.58 mmol), HBTU (0.11 g, 0.28 mmol) in DMF (2
mL) were reacted and purified as described in the general procedure above to yield a colourless
oil 15f in a racemic mixture (58.0 mg, 0.211 mmol, 43 %, [a]sso*'=-1.53 (c = 1.0, CHCL), R¢
0.33, 3:2 Hex:EtOAc). '"H NMR (400 MHz, CDCl3) 6 8.02 (d, J= 7.6 Hz, 0.5H), 7.94 (br, 0.5H),
7.64 (s, 0.5H), 7.57-7.56 (m, 0.5H), 7.34-6.98 (m, 10H), 6.91-6.84 (m, 1H), 6.34-6.30 (m,
0.5H), 6.21-6.14 (m, 0.5H), 5.79-5.74 (m, 0.5H), 5.58-5.50 (m, 0.5H), 4.85-4.75 (m, 1H), 4.71-
4.61 (m, 0.5H), 2.21-2.15 (m, 0.5H), 2.12-2.04 (m, 0.5H), 1.68-1.62 (m, 1.5H), 1.55-1.53 (m,
1.5H), 1.51-1.47 (m, 9H), 1.38-1.26 (m, 1H), 1.14-0.76 (m, 7H). '*C NMR (101 MHz, CDCls)
6 169.5 (d, Jep= 6.6 Hz), 169.4 (d, Jc-p= 6.5 Hz), 157.63, 157.60, 152.9, 152.7, 150.7 (d, Jcp=
9.8 Hz), 150.6 (d, Jcp=9.8 Hz), 150.2 (d, Jcp= 9.4 Hz), 150.1 (d, Jcr= 9.0 Hz), 149.9 (d, Jc
p=10.8 Hz), 130.0 (d, Jcp=1.1 Hz), 129.94 (d, Jcp= 1.1 Hz), 129.89 (d, Jc.p= 0.8 Hz), 129.76



(d, Jep= 1.6 Hz), 129.75 (d, Jc-p= 1.7 Hz), 129.72 (d, Jcp= 1.0 Hz), 125.54 (d, Jcp= 1.3 Hz),
125.50 (d, Jcp= 1.2 Hz), 125.38, 125.35, 125.33, 124.42, 124.36, 124.3, 120.8 (d, Jcp= 4.0
Hz), 120.72 (d, Jcp= 4.4 Hz), 120.72 (d, Jcp= 4.0 Hz), 120.6 (d, Jcp=4.6 Hz), 120.50 (d, Jc
p=4.4 Hz), 120.46 (d, Jc.p=4.5 Hz), 120.1, 119.9, 107.9, 81.2, 81.0, 53.82, 53.76, 53.41, 53.35,
51.4 (d, Jcp=153.0 Hz), 49.5 (d, Jc-p= 153.0 Hz), 49.3 (d, Jcp= 155.7 Hz), 36.0 (d, Jc.p=4.2
Hz), 36.0 (d, Jcp=4.2 Hz), 35.5 (d, Jcp= 3.5 Hz), 35.4 (d, Jcr= 3.8 Hz), 28.4, 27.5 (d, Jcp=
14.9 Hz), 27.2 (d, Jcp= 15.0 Hz), 25.2 (d, Jcp= 5.7 Hz), 24.7 (d, Jcp= 5.4 Hz), 16.6 (d, Jcp=
6.6 Hz), 16.4 (d, Jcp=10.6 Hz), 16.4 (d, Jcp= 11.3 Hz), 15.34 (d, Jcp= 5.5 Hz), 15.4 (d, Jcp=
3.6 Hz), 15.3 (d, Jcp= 5.6 Hz), 15.14, 15.13, 15.0 (d, Jc.p=3.2 Hz), 11.8 (d, Jc.p= 1.2 Hz), 11.7
(d, Jep= 1.0 Hz), 11.5, 11.4. *'P NMR (162 MHz, CDCl3) § 17.44 (14.5 %), 16.93 (12.3 %),
16.82 (40.2 %), 16.37 (33.0 %). HRMS-ESI calculated for C3oH3sN3NaO7P [M+Na*] 606.2340,
found m/z 606.2359. Analytical RP-HPLC (Method IV) tr = 40.00 min

Benzyl N-{1-[(1S)-{[1-(diphenoxyphosphoryl)-2-methylpropyl]carbamoyl}ethyl]-2-0x0-1,2-
dihydropyridin-3-yl}carbamate (20a). Compound 13 (0.15 g, 0.379 mmol), 19 (0.10 g, 0.316
mmol), DIPEA (140 pL, 0.790 mmol), HBTU (0.14 g, 0.379 mmol) in DMF (4 mL) were
reacted and purified as described in the general procedure above to yield a colourless oil 20a
(47 mg, 77.8 pmol, 25 %, R= 0.23 in 7:3 PE:EtOAc). [a]sse*'= -1.10 (¢ = 0.6, CHClL3). 'H
NMR (400 MHz, CDCls). 6 8.07 (d, J/=7.2 Hz, 0.5H), 7.97 (d, J="7.6 Hz, 0.5H), 7.90 (s, 0.5H),
7.81 (s, 0.5H), 7.42-6.85 (m, 16H), 6.33 (t, J= 7.2 Hz, 0.5H), 6.21 (t, J= 7.2 Hz, 0.5H), 5.82 (q,
J=17.2,0.5H), 5.56 (q, J= 7.2 Hz, 0.5H), 5.20 (s, 1H), 5.14 (s, 1H), 4.69-4.58 (m, 1H), 2.44-
2.29 (m, 1H), 1.64 (d, J= 7.2 Hz, 1.5H), 1.54 (d, J= 7.2 Hz, 1.5H), 1.19-1.06 (m, 3H), 0.93-
0.79 (m, 3H). '*C NMR (101 MHz, CDCl;) § 169.6 (d, Jcp= 6.6 Hz), 157.5, 157.4, 153.5,
153.3, 150.6 (d, Jcp= 9.8 Hz), 150.2 (d, Jcp=9.2 Hz), 150.0 (d, Jcp= 9.3 Hz), 149.9 (d, Jcr=
10.5 Hz), 136.0, 135.9, 129.94 (d, Jcr= 0.9 Hz), 129.89 (d, Jcp= 0.7 Hz), 129.8 (d, Jcp= 1.0
Hz), 129.7 (d, Jc»= 0.9 Hz), 129.22, 129.18, 128.81, 128.77, 128.74, 128.64, 128.61, 128.56,
128.52, 128.38, 128.37, 125.5 (d, Jcp= 1.1 Hz), 125.4, 125.3 (d, Jcp= 1.2 Hz), 125.1, 120.8 (d,
Jcp= 4.3 Hz), 120.7 (d, Jcp= 4.2 Hz), 120.58, 120.6, 120.46 (d, Jc-p= 4.2 Hz), 120.45 (d, Jc-
r= 4.4 Hz), 107.7, 67.4, 67.2, 53.8, 53.6, 51.6 (d, Jcp= 152.7 Hz), 51.5 (d, Jcp= 154.9 Hz),
29.23 (d, Jcp=3.6 Hz), 29.17 (d, Jcp= 3.7 Hz), 20.7 (d, Jc-p= 11.9 Hz), 20.4 (d, Jcp= 12.3 Hz),
18.4 (d, Jcp= 5.2 Hz), 17.7 (d, Jep= 4.9 Hz), 15.6, 15.3. 3'P NMR (162 MHz, CDCl3) § 17.06
(17.4 %), 16.28 (82.6 %). HRMS-ESI calculated for C3H3sN3O7P [M+H"] 604.2207, found
m/z 604.2189. Analytical RP-HPLC (Method I) tr = 36.14 min.



Benzyl N-{1-[(1S)-1-{[1-(diphenoxyphosphoryl)-2-methylbutyl]carbamoyl}ethyl]-2-0xo0-1,2-
dihydropyridin-3-yl}carbamate (20b). Compound 14 (39.6 mg, 0.124 mmol), 19 (32.6 mg,
0.103 mmol), DIPEA (45 pL, 0.258 mmol), HBTU (47.0 mg, 0.124 mmol) in DMF (2 mL)
were reacted and purified as described in the general procedure above to yield a colourless oil
20b (27 mg, 43.7 umol, 42 %, R=0.26 in 7:3 PE:EtOAc). [a]ss0*'= -0.20 (c = 0.6, CHCIl3). 'H
NMR (400 MHz, CDCl3) 6 8.07 (d, J=7.2 Hz, 0.5H), 7.97 (br, 0.5H), 7.89 (s, 0.5H), 7.81-7.79
(m, 0.5H), 7.41-6.87 (m, 16H), 6.33 (t, J/= 7.2 Hz, 0.5H), 6.24-6.17 (m, 0.5H), 5.82-5.79 (m,
0.5H), 5.59-5.51 (m, 0.5H), 5.23-5.14 (m, 2H), 4.85-4.76 (m, 0.5H), 4.71-4.61 (m, 0.5H), 2.20-
1.78 (m, 1H), 1.68-1.50 (m, 1.5H), 1.54-1.50 (m, 1.5H), 1.39-1.25 (m, 2H), 1.15-0.74 (m, 6H).
BBC NMR (101 MHz, CDCl3) § 169.5 (d, Jcp= 6.3 Hz), 169.4 (d, Jep= 6.3 Hz), 157.47, 157.43,
153.5, 153.2, 150.63 (d, Jc-p= 9.9 Hz), 150.57 (d, Jc.p= 9.8 Hz), 150.2 (d, Jc-p= 9.7 Hz), 150.0
(d, Jcp=9.0 Hz), 149.9 (d, Jc.p=10.6 Hz), 135.94, 135.91, 129.94 (d, Jcp= 1.1 Hz), 129.93 (d,
Jcp= 1.1 Hz), 129.88 (d, Jcp= 0.7 Hz), 129.82 (d, Jc-p= 0.7 Hz), 129.77 (d, Jcr»= 1.0 Hz),
129.73 (d, Jcp=1.0 Hz), 129.7 (d, Jcp= 0.8 Hz), 129.22, 129.21, 129.19, 120.16, 128.8, 128.7,
128.6, 128.54, 128.52, 128.4 128.4, 125.53 (d, Jcp= 1.2 Hz), 120.50 (d, Jcp= 1.2 Hz), 125.41
(d, Jcp= 1.0 Hz), 125.35 (d, Jcp= 1.0 Hz), 125.3 (d, Jcp= 1.6 Hz), 125.14, 125.08, 125.04,
120.8 (d, Jcp= 4.2 Hz), 170.72 (d, Jcp= 3.9 Hz), 120.70 (d, Jcp= 4.0 Hz), 120.57, 120.55,
120.48 (d, Jcp= 4.3 Hz), 120.46 (d, Jcp= 4.4 Hz), 120.45 (d, Jcp= 4.4 Hz), 120.4, 107.71,
107.68, 67.4, 67.2, 53.83, 53.76, 53.6, 53.5, 51.4 (d, Jc.p= 154.0 Hz), 49.5 (d, Jc.p= 153.1 Hz),
49.4 (d, Jcp=156.6 Hz), 36.0 (d, Jcp= 4.2 Hz), 35.9 (d, Jcp= 3.8 Hz), 35.5 (d, Jcp= 3.6 Hz),
35.4 (d, Jcp= 3.8 Hz), 27.4 (d, Jcp= 14.5 Hz), 27.2 (d, Jc-p= 14.9 Hz), 25.2 (d, Jcp= 5.9 Hz),
24.7 (d, Jcp= 5.3 Hz), 16.6 (d, Jcp= 10.3 Hz), 16.4 (d, Jc-p= 11.7 Hz), 15.6 (d, Jcp= 5.8 Hz),
15.4 (d, Jcp=3.1 Hz), 15.34, 15.25, 15.0 (d, Jcp= 1.1 Hz), 11.8 (d, Jcp= 1.0 Hz), 11.6, 11.5,
11.4. 3'P NMR (162 MHz, CDCl3) 8 17.60 (9.3 %), 17.16 (7.3 %), 16.78 (52.9 %), 16.37
(30.5 %). HRMS-ESI calculated for C33H3sN3NaO7P [M+Na'] 640.2183, found m/z 640.2164.
Analytical RP-HPLC (Method I) tr = 39.76 min.

4.1. Biological assays
4.1.7. Enzyme assays

CtHtrA recombinant protein purification and assay protocols have been established as
previously outlined.*{Huston, 2011 #75 Assays were performed in 96-well black assay plates,
where 13.5 pg of CtHtrA was treated against a six-dose series of JO146 (0.01 — 25 uM) and

equal volumes of DMSO. CtHtrA and inhibitors were diluted to an equal total volume in 50



mM Tris, 20 mM MgCl at pH 7.0. Plates were warmed at 37 °C for 10 minutes to allow for
CtHtrA activation prior to addition of 10 pg substrate, MeOCoum-ENLHLPLPIIF-DNP
(Mimotopes), where MeOCoum represents an N-terminal 7-methoxycoumarin-4-acetic acid
fluorophore and DNP represents a C-terminal 2,4-dinitrophenyl-lysine quencher. Proteolysis
was then monitored over 30 minutes at 37 °C using an Infinite M200 Plate Reader (Tecan,
Switzerland), taking readings every 30 seconds with 10x flashes per well at 340 nm excitation,
405 nm emission. Plate was orbitally shaken for 1 second prior to each reading with 1 mm
amplitude, and multiple reads (3%3) were taken from each well; gain was calculated based on
DMSO control wells. All compounds were tested in triplicate at each dose, alongside an n=3
dose series of JO146 and n=6 DMSO controls. Data was analysed using a non-linear regression
analysis of the normalized response in GraphPad Prism version 7.04.

The in vitro elastase (Athens Research and Technology) inhibition assay was performed
in 0.1 M Tris-HCI, pH 8.1, 0.02 M CaCl,. Each well was incubated with 25 pL elastase solution
in buffer (final concentration, 186 nM) and 25 pL inhibitor solution (final concentration
ranging from 0.12 pM to 31.25 puM) for 15 min at 37 °C before addition of 100 pL of
methoxysuccinyl-Ala-Ala-Pro-Val-pNA (Sigma-Aldrich) substrate. The inhibitor solution was
prepared by diluting the 1 mg/mL stock solution in DMSO with buffer, and the resulting
solution was then serially diluted to acquire eight concentration levels. The final concentration
of DMSO in the well containing the highest inhibitor concentration did not exceed 1 %. The 1
mg/mL substrate solution was prepared in 1 % DMSO in bufter to fully solubilize the substrate.
All experiments were conducted in triplicate and the residual activity of the enzyme in each
well was measured by absorbance at 405 nm every 20 seconds for 10 min. ICso values were
obtained based on a nonlinear regression of a normalized variable slope (four-parameter)

model.>

For data analysis, the percentages of the enzyme activity remaining at each level of an inhibitor
concentration was calculated in reference to the free enzyme (100 % enzyme activity) and
media controls (0 % enzyme activity). The concentrations of inhibitors and the percentages of
remaining protease activity calculated are then inserted into the GraphPad Prism. Results

obtained from these experiments are presented in the supporting information.

4.1.8. Cell assays

4.1.8.1. Pseudomonas aeruginosa assay



P. aeruginosa strain PAO1 was cultured overnight by shaking at 37 °C in fluorescent
broth (FB) and diluted 1/1000 in 10 mL with 60 uL of 1 M MgSO4 added. 6 and 12 pL of 10
mM stock solutions (diluted in DMSO) of the protease inhibitors JO146, AA11 (2), and AA22
(3) were added to 1.2 mL of cellular dilutions, resulting in 50 uM and 100 pM final
concentrations. Controls had 6 uL (0.5 %) and 12 pL (1 %) DMSO added. 200 pL x 5 of the
1.2 mL solutions were added to a 96-well black clear bottom plate. Growth (OD 600) and
fluorescence ([Ex] 405 nm / [Em] 460 nm) were measured every 15 min for 24 hours and 48
hours. Pyoverdine, a fluorescent biomolecule, produced by the bacteria was analysed as area
under the curve (AUC) as a biomarker for P. aeruginosa growth. {Mulet, 2013 #288} FB (pH
7.0) consisted of 10 g/L bacto tryptone (peptone 140), 10 g/L bacto protease peptone #3
(peptone 180), 18.6 mM K,HPO4, and 1% (v/v) glycerol.

4.1.8.2. Staphylococcus aureus and Escherichia coli assays

S. aureus, and E. coli were grown in cation adjusted Mueller Hinton (MH) broth at
37°C with shaking (200 rpm). MIC plates were set up as follows; 150 pl of Ca-MH media was
added to column 1 (A-H) and 75 pl of media was added to the remaining wells of a 96-well
plate. Compound was added to column 1 at a final concentration of 32 ug/mL (approximately
50 uM) and serially diluted 2-fold (75 pl transfer) into the neighbouring wells, making sure to
discard 75 pl from the last well. Thus, resulting in a serial dilution of each compound from 32
pg/mL to 0.015 pug/mL (0.0025 uM). Overnight cultures of bacteria were diluted in fresh Ca-
MH before adding 75 pl of culture to each well of the MIC plate, to achieve a uniform CFU/ml
of ~5 x10° in the MIC plate. Plates were incubated at 37°C with shaking for 24 h before
determining the MIC. MIC’s were determined as the lowest concentration at which growth did

not occur. Assays were carried out in technical triplicate.

4.1.8.2.Chlamydia whole cell assays

In vitro C. trachomatis and C. pecorum cell culture assays were conducted according
to our previously reported method.!” C. trachomatis D (D/UW-3/Cx; CtD) and C. pecorum G
(MC/MarsBar; CpG) isolates were routinely cultured in HEp-2 cells and McCoy B cells,
respectively, in high glucose (4.5 g/L) DMEM (product number D6546, Sigma-Aldrich)
supplemented with heat-inactivated 10% foetal calf serum (Sigma-Aldrich), 4 mM r-Alanyl-
L-glutamine, 100 pg/mL streptomycin, and 50 pg/mL gentamicin. Inhibition experiments were

routinely conducted in 96-well plates seeded with 20,000 host cells per well 24 h prior to the



chlamydial infection. A high Multiplicity of Infection (MOI) of 12 for C. trachomatis and MOI
of 4 for C. pecorum was used to achieve a high concentration of infectious yield, to allow for
more accurate determination of the dynamic range of responses to each compound at each dose.
Infections were synchronised at 500 xg/28 °C for 30 min, and infectious media was replaced
with fresh supplemented DMEM containing 1 pg/mL cycloheximide at 2 h PI. Cultures were
treated with a dose series of 25 uM, 50 uM and 100 uM of each compound at 16 h PI, alongside
1% v/v DMSO and media-only controls. Each treatment was performed in triplicate. At 44 h
PI, cells were harvested via vigorous pipette-lysis and serially diluted onto fresh host cell

monolayers, which were fixed and stained at 44 h PI for enumeration of infectious yield.

4.1.8.3.Cytotoxicity assessments against human epithelial monolayers
MTS assay for cell metabolism and proliferation

An MTS assay kit was used to assess the impact of JO146 and its analogues on the
proliferation and metabolism of cells. CellTiter 96® AQueous MTS Reagent Powder (Promega,
Australia) was used for 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assays according to the manufacturer’s instructions. MTS
powder and phenazine methosulfate (PMS; Sigma, USA) were solubilised in dPBS and filter

sterilised before use.

HEp-2 cells were cultured at a density of 5000 cells/well and at 24 h post-culture, they were
treated with 1% v/v DMSO and media only controls, and inhibitors (at 25 uM and 100 uM
doses), all performed in triplicate. At 24 hours following treatment, the cells were given fresh
supplemented DMEM and incubated with MTS/PMS solution for 4 hours prior to absorbance
reading at 490 nm. Following absorbance readings, all media was removed, and cells were
fixed with methanol for 8 minutes. Cells were then immunocytochemically labelled as per
Section 2.2.3.2, with addition of anti-a-tubulin (diluted 1:3000) conjugated to goat anti-mouse
Alexa Fluor 568 (diluted 1:600) to label cytoskeleton (see Section 2.1.5 for antibody details).
Cells were imaged using the IN Cell 2200 Analyzer (Cytiva Life Sciences) at 20x objective
with DAPI and TRITC filter channels. Data was statistically analysed in GraphPad Prism 7.
The threshold for indicating cytotoxicity in HEp-2 cells in this study was set to 75% of control

cell metabolism and/or integrity.

LDH assay for cell integrity



Extracellular lactate dehydrogenase (LDH) was measured in treated HEp-2 cells using
CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, Australia) according to the
manufacturer’s instructions. HEp-2 cells were cultured at a density of 5000 cells/well to match
the MTS assay. At 24 hours post-culture, cells were treated with 25 uM and 100 uM of each
JO146 analogue, including 1% v/v DMSO and media only controls, all performed in triplicate.
Cells were treated for 8 h prior to removal of supernatant. Maximum release controls were also
performed 45 min prior to supernatant removal, where untreated cells were lysed with 0.8%
v/v Triton X-100. Cell supernatants were treated with CytoTox reagent for 30 min, then stop
solution, as per manufacturer’s instructions. The absorbance of each well was then read at 490
nm. Following absorbance readings, all media was removed, and cells were fixed with
methanol for 8 min. Cells were then immunocytochemically labelled and imaged as described
in Section 5.2.6.1, for visual confirmation of assay results. Data was statistically analysed in

GraphPad Prism 7.

4.2. Molecular modelling
4.2.7. Docking studies

Docking was conducted using Gold v5.2 with a previously constructed homology
model of CtHtrA.* Ligands were drawn using Avogadro® and docked as covalent ligands (to
Seri97) using the CHEMPLP scoring function. Two key hydrogen bonding constraints between
the enzyme and ligands were pre-defined between C=0O of Thr213 and NH of P1 amide, and
between NH of Ilez1s amide and C=0O of 2-pyridone, which corresponds to the C=0O of P3in
peptide-based analogues. These constraints were pre-defined to enable direct comparison with
the docking position of the peptidic lead compound JO146, and as these hydrogen bonds had
been previously verified by x-ray crystallography of HNE complexed with 5-aminopyrimidin-
6-one-containing trifluoromethyl ketones inhibitors (PDB 1EAT).>*
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