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Abstract

Bacterial resistance to p-lactam antibiotics is largely mediated by p-lactamases, which catalyze the
hydrolysis of these drugs and continue to emerge in response to antibiotic use. p-lactamases that
hydrolyze the last resort carbapenem class of p-lactam antibiotics (carbapenemases) are a growing
global health threat. Inhibitors have been developed to prevent -lactamase-mediated hydrolysis
and restore the efficacy of these antibiotics. However, there are few inhibitors available for
problematic carbapenemases such as Oxacillinase-48 (OXA-48). A DNA-encoded chemical
library approach was used to rapidly screen for compounds that bind and potentially inhibit
OXA-48. Using this approach, a hit compound, CDD-97, was identified with sub-micromolar
potency (Kj = 0.53 + 0.08 uM) against OXA-48. X-ray crystallography showed that CDD-97 binds
non-covalently in the active site of OXA-48. Synthesis and testing of derivatives of CDD-97
revealed structure-activity relationships and informed the design of a compound with a two-fold
increase in potency. CDD-97, however, synergizes poorly with p-lactam antibiotics to inhibit the
growth of bacteria expressing OXA-48 due to poor accumulation into £. coli. Despite the low /n
vivo activity, CDD-97 provides new insights into OXA-48 inhibition and demonstrates the
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potential of using DNA-encoded chemistry technology to rapidly identify B-lactamase binders and
to study p-lactamase inhibition, leading to clinically useful inhibitors.
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Multidrug-resistant bacteria are associated with 2 million infections and approximately
23,000 deaths per year in the U.S. alone and thus are a serious threat to public health®.
Growing resistance to the invaluable -lactam antibiotic family is a concern that is elevated
by the slowed development of novel therapeutic agents. p-lactam antibiotics make up
approximately 65% of the prescribed antibiotics worldwide and reduced efficacy of these
drugs due to resistance would severely impact the treatment of bacterial infections?4. -
lactams act by covalently inhibiting essential cell wall biosynthesis transpeptidase enzymes
called penicillin-binding proteins (PBPs), which leads to cell death 6. Bacteria can
circumvent the bactericidal effect of p-lactams by expressing p-lactamase enzymes that
hydrolyze the pharmacophoric B-lactam ring of the antibiotics to confer resistance’2. -
lactamase inhibitors have been developed and used in conjunction with B-lactams to
suppress B-lactamase activity and prolong antibiotic efficacy?-10. However, nearly 5000
different B-lactamases have been identified!! and the potency of inhibitors varies among
enzymes. Inhibitor-resistant B-lactamases that hydrolyze the last resort carbapenem class of
B-lactam antibiotics are a particular concern.

Carbapenem-resistant Enterobacteriaceae (CRE) infections are associated with increased
patient morbidity and mortality and new treatment options are needed?12.13, The Gram-
negative Enterobacteriaceae family frequently causes multidrug-resistant nosocomial
infections and the presence of carbapenem-hydrolyzing p-lactamases, or carbapenemases, in
these strains severely limits treatment options. Most p-lactamases are unable to hydrolyze
carbapenems due to the unique stereochemistry of these antibiotics4. The emergence and
dissemination of carbapenemases has resulted in increased p-lactamase-mediated resistance
to the drugs!3.15-17,

B-lactamases are grouped into classes A — D based on primary amino acid sequence
homology and enzyme mechanism. Classes A, C, and D inactivate -lactam antibiotics
through a serine hydrolase mechanism while members of class B are metalloenzymes that
utilize zinc ions for hydrolysis!8.19, The most prevalent carbapenemases in
Enterobacteriaceae are the class A KPC-2 B-lactamase, the NDM, IMP, and VIM enzymes
of class B, and the class D enzyme OXA-48 13. OXA-48 was first reported from a Klebsiella
pneumoniaeisolate in Turkey in 2008. However, it has now been identified worldwide in a
range of Enterobacteriaceae. OXA-48 is resistant to all clinically available p-lactamase
inhibitors except avibactam?20-22,

B-lactam-based molecules such as clavulanic acid were the first clinically available
inhibitors and their ability to synergize with antibiotics proved an effective strategy to
manage resistancel®. Unfortunately, these inhibitors are largely ineffective on OXAs!3 and
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are susceptible to hydrolysis and resistance due to the p-lactam ring23-25, Non-B-lactam-
based inhibitors have the prospect of slowing p-lactamase-mediated resistance as new
mechanisms of inhibitor inactivation will likely be required28. Inhibitors that do not contain
a p-lactam ring such as avibactam, relebactam (both diazabicyclooctanes) and vaborbactam
(boronic acid-based) have unique scaffolds yet covalently inhibit a range of p-lactamases.
Despite having variable activity against the Class D enzymes, avibactam is the only
clinically available inhibitor with significant efficacy against OXA-4821. Relebactam and
vaborbactam are ineffective against OXA-4827-29, highlighting the need for novel OXA-48
inhibitors. Most B-lactamase inhibitors are directed towards class A p-lactamases but OXA
enzymes share low sequence homology with class A30. No OXA B-lactamase specific
inhibitors have been clinically approved, but the -lactam-based penicillin sulfones31:32 and
non-B-lactams (phosphates/phosphonates, diazabicyclooctanes, and boronic acid-based
compounds) have shown promise as inhibitors of OXA enzymes33:34, Although the scaffolds
of non-B-lactam-based inhibitors are unique, they are still *‘mechanism-based’ and similar to
B-lactams in how they covalently inactivate p-lactamases. The ability of the KPC-2 -
lactamase to hydrolyze avibactam suggests variants can occur to inactivate non-g-lactam-
based inhibitors?L,

Although clinically available B-lactamase inhibitors utilize a covalent inactivation
mechanism, non-covalent inhibitors may also be clinically viable. Promising non-
mechanism-based OXA-48 inhibitors have been identified using fragment-based
approaches3°:36. An orthogonal fragment screen using both SPR and inhibition assays was
used to find new scaffolds and aided the development of an OXA-48 inhibitor with
micromolar potency3®. This inhibitor was developed by merging the alternate conformations
of a weaker pyridylbenzoic acid inhibitor seen in a co-crystal structure with OXA-48. This
fragment study was continued with a focused library of monosubstituted benzoic acid
fragments to further examine the OXA-48 binding pocket36. Nevertheless, more potent
inhibitors of OXA-48 inhibition are needed

DNA-encoded chemical libraries (DECLSs) are combinatorial chemical libraries in which
each compound is attached to a unique DNA molecule37-3%, The DNA molecule serves as a
barcode, in which the different chemical building blocks are encoded by short, unique DNA
sequences. This allows all the compounds to be pooled and screened against a target and
subsequently, binding hits can be identified by sequencing the DNA tags using next-
generation sequencing. DELS are typically synthesized with a split and pool approach to
create combinatorial libraries with up to millions of compounds to efficiently scan chemical
space3?-42, DNA-encoded chemistry technology has been used to identify inhibitors for
various targets including the essential InhA enzyme in Mycobacterium tuberculosis®,
suggesting it could be expanded to other bacterial enzymes.

In this study, we describe the identification of two non-p-lactam OXA-48 inhibitors with
sub-micromolar potency by using a DECL screening approach. Additionally, the X-ray
crystal structure of one inhibitor in complex with OXA-48 was determined, and though /n
vivo potential is currently limited due to low accumulation in bacteria, this property can
potentially be improved. DECLSs have been used to identify inhibitors for a variety of
proteins such as kinases, phosphatases, among others3%44.45_ To date, however, no p-
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lactamase inhibitors have been reported using the DECL approach. This work suggests
DECLs can provide new chemotypes for B-lactamase inhibition and may be a useful means
to rapidly study the inhibition of B-lactamases and aid in the design of new inhibitors.

Results

DNA-encoded library synthesis and screening against OXA-48

A split and pool approach was used to create a combinatorial triazine-based library (Figure
1). Library members contained a double-stranded DNA portion, which functioned as the
encoding DNA tag®.

To build the triazine library, an initial array of building blocks (B1s) were linked to a short
unique oligonucleotide sequence, coded to represent the specific building block added. All
the unique DNA-linked compounds were pooled and attached to a triazine scaffold. This
pool, containing the B1 building blocks attached to the triazine scaffold, was split and the set
of B2 building blocks was added. A short oligonucleotide encoding the specific B2 building
block was also ligated to the primary oligonucleotide. The compounds and associated DNA
were then pooled again, split, and B3 building blocks were added and encoding
oligonucleotides were ligated to the primary oligonucleotide to create a unique tag that
encodes all attached building blocks for a given compound. After ligation, the compounds
were pooled to form the final library, which contained approximately 162 million unique
compounds. Details of library synthesis can be found in Supporting Information (Figures
S1-S3).

For the selection of compounds that bind OXA-48, His-tagged OXA-48 was immobilized
onto Ni-NTA agarose beads and incubated with the triazine library. A non-target control
(NTC) with no enzyme that contained only the Ni magnetic beads was also screened against
the library. After incubation, the beads were isolated and washed and the bound ligands were
eluted. Two subsequent rounds of selection were performed with fresh immobilized OXA-48
to enrich for specific binders. The DNA tags of the recovered DECL compounds were
amplified using PCR and NGS sequencing was performed to delineate the tag sequences.
The identities of enriched compounds were determined by decoding DNA barcodes from the
sequencing data set and translating them into their associated molecular components.
Subsequently, the enrichment of each observed chemical species was evaluated. In our
enrichment analysis strategy, a specific combination of building blocks is called an n-
synthon, where ndenotes the number of building blocks in the combination6. Since the
triazine library has three cycles of combinatorial synthesis, it contains mono-, df-, and tri-
synthons. The enrichment of each observed n-synthon was analyzed by comparing its
observed population to its expected population from a reference distribution*4. N-synthon
classification is advantageous for both statistical and chemical analysis. Features with fewer
synthons are expected to appear in the sampled data more frequently and thus are typically
well-sampled. Such classification also allows rapid insight into structure-activity
relationships and can suggest minimum pharmacophores necessary to yield enrichment in
the affinity selection. OXA-48 hits were assessed by comparing the enrichment of n-
synthons from the OXA-48 selection versus their corresponding enrichment in the non-target
control selection. Enrichment was quantified using normalized z-scores*’ and depicted by
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plotting the NTC z-score against the OXA-48 z-scores (Figure 2). Such screening provided a
rapid means of identifying compounds enriched for binding to OXA-48. Enriched -
synthons from the library were used to guide the design and synthesis of compounds without
DNA tags for biochemical evaluation.

Biochemical evaluation of synthon-derived compounds and lead identification

Compounds that were identified from DECL screening were re-synthesized without DNA
tags. The activity of these compounds was assessed by /7 vitro inhibition assays with
purified OXA-48. Compounds were tested for their ability to inhibit OXA-48 mediated
hydrolysis of nitrocefin, a chromogenic p-lactam substrate routinely used in B-lactamase
inhibition assays. Nitrocefin contains a conjugated ring system and produces a visible color
shift from yellow to red upon hydrolysis*8. The rate of nitrocefin hydrolysis in the presence
of a constant amount of OXA-48 and increasing concentrations of compound was plotted
against compound concentration to determine the inhibition constant (K;) towards OXA-48.

The most enriched n-synthon in the screen was a single #ri-synthon compound with an
enrichment score of 16 (Figure 2). These building blocks were assembled on to a triazine
scaffold to create Compound 1 (Cmpd 1) (Figure 3). Cmpd 1 was enriched ~ 2-fold more
than other highly enriched compounds that shared identical or similar building blocks at
positions 2 and 3 (Figure 2). This suggested that either the unique building block at position
1 led to the increased enrichment of Cmpd 1 compared to similar #ri-synthons or,
alternatively, its enrichment was due to other reasons such as higher synthetic yield during
library synthesis. Cmpd 1 showed near micromolar activity against purified OXA-48 (K; =
0.9 = 0.1uM) (Figure 3). Another interesting finding was that the d/-synthon incorporating
the building blocks from cycles 2 and 3 from Cmpd 1 was the fourth most enriched feature
with a normalized enrichment of 7.2. Based on this finding, a series of compounds were
synthesized using only building blocks in these positions on the triazine scaffold. These all
contained the ethoxyphenyl-piperazine group, which was found in several highly enriched
di-and tri-synthons. To rule out the possibility that the synthon at position 1 of Cmpd 1 (the
fluoro-N-methylazetidine-3-carboxamide group) contributes to binding, Cmpds 2 and 3 were
synthesized. Cmpd 3 contained the original B1 building block of Cmpd 1 with the
ethoxyphenyl-piperazine while Cmpd 2 was similar but with a carboxylated B1 building
block. (Figure 3). The OXA-48 active site, like that of all p-lactamases, contains a
carboxylate binding pocket. For OXA-48, this pocket consists of residues Ser118, Thr209
and Arg250. Assuming the compounds bind the active site, it was predicted that the
carboxamide group would be near this pocket. Therefore, Cmpd 2, a carboxylate derivative
of Cmpd 3, was also synthesized. Both compounds showed minimal activity with K; values
> 50 uM (Figure 3). These results suggest that the fluoro-N-methylazetidine-3-carboxamide
group of Cmpd 1 does not contribute to inhibition. Next, the original highly enriched di/-
synthonwas used to design Cmpd 4 (Figure 3). Cmpd 4 was the most potent of these
derivatives with a K; of 0.53 + 0.08 pM against OXA-48. This compound contained a
carboxylate group that could potentially bind the carboxylate binding pocket of OXA-48. To
test this hypothesis, Cmpd 5, which is an alkylated form of Cmpd 4, was also evaluated.
Cmpd 5 exhibited a loss of activity (K;j > 50 pM), showing that the carboxylate in showing
that the carboxylate in CDD-97 is indeed important for potency, consistent with an
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interaction with the carboxylate binding pocket. Cmpd 4 showed the most promise against
OXA-48 and was further investigated as the lead compound (CDD-97). Details of chemical
synthesis can be found in Supporting Information.

Crystallization of CDD-97 with OXA-48

The structure of CDD-97 in complex with OXA-48 was determined to assess the binding
site and facilitate medicinal chemistry modifications to enhance potency. The structure was
determined by soaking OXA-48 apo crystals with CDD-97. The structure was solved in the
P65 space group with 4 molecules in the asymmetric unit, each bound to a molecule of
CDD-97, with occupancies of 85, 87, 88, and 89% (Table S1). The structure shows that
CDD-97 binds in the active site of OXA-48 and makes several interactions, consistent with
its relatively high potency (Figure 4). A polder mFo-Fc OMIT map confirmed the presence
of the CDD-97 in the OXA-48 structure (Figure S5). The orientation of CDD-97 in the
active site of all 4 monomers was identical, with small variations seen in the position of the
rotatable carboxylate group, which was oriented to hydrogen bond with either 2 or 3 active
site residues. The carboxylate of CDD-97 was confirmed to lie in the carboxylate binding
pocket of OXA-48. This carboxylate group hydrogen bonds with Ser118, Thr209, and a salt
bridge with Arg250, although its rotation leads to loss of the Ser118 interaction in some
chains in the asymmetric unit. OXA-48, like all B-lactamases of its class, possesses a largely
hydrophobic active site??. The structure of the complex reveals that CDD-97 makes several
hydrophobic interactions with OXA-48 including the triazine ring interacting with 1le102
and Tyr211, the piperazine ring interacting with Trp105, Leul58, and Thr213, and the
terminal 2-ethoxyphenyl group interacting with Trp105, Val120, Leu158 (Figure 4). A
comparison of the CDD-97/OXA-48 structure with the previously solved apo OXA-48
structure (PDB: 3HBR), the overall RMSD value of 0.39A, which suggests there is not a
significant change in overall residue positions between the two structures. In the apo
OXA-48 structure, Arg214 forms hydrogen bonds with Asp159 and several water molecules,
one of which additionally binds GIn124. In the CDD-97/OXA-48 complex, the inhibitor fills
the active site and ultimately displaces Arg214, which is found at the base of the active site.
Due to this movement, the electron density for the side chain of Arg214 is relatively weak,
however it is clear that the stabilizing interactions that typically hold Arg214 in place in the
apo structure are lost in the structure of the complex due to CDD-97 binding (Figure S6).

Structure-activity relationship studies

Several small-molecule derivatives of CDD-97 were created based on the inhibition and X-
ray data to better understand the necessity of the different chemical moieties and gain insight
for increasing potency (synthesis details are provided in Supporting Information).
Derivatives were categorized by which ring was modified on CDD-97 (Figure 5) and are
shown alongside their Kj values in Table 1. Structures of selected compounds in complex
with OXA-48 were predicted by docking to gain insight into the molecular basis of changes
in potency (Figure 6). The removal of ring 1 (ethoxyphenyl group), to create Cmpd 6,
resulted in significant loss of potency (Kj > 50 uM). Docking results show the carboxylate
group from the 4-carboxypiperidine ring retains strong interactions with Ser118, Lys208,
Thr209, and Arg250 residues of the carboxylate binding pocket, suggesting the lack of the
hydrophobic interactions resulting from the removal of the terminal 2-ethoxyphenyl ring
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adversely affects binding (Figure 6). Other derivatives with modifications of this ring,
Cmpds 7, 8 and 9, showed little change in potency (K; values of 0.76, 1.7 and 2.2 uM
respectively) compared to CDD-97 despite the addition of electronegative atoms. These
results suggest ring 1 can tolerate additional substituents in its ortho-position and still
maintain sufficient hydrophobic interactions to retain potency.

The piperazine ring (ring 2) also makes important hydrophobic interactions (Figures 4,5).
Cmpds 10 and 11 were synthesized to test the effect of a linear chain replacing the
piperazine ring. The introduction of flexibility from the linear chains at this position resulted
in approximately a 16 to 40-fold reduction in potency for these derivatives, suggesting the
shape and rigidity of the piperazine contributes to the inhibition potency. Docking results
support this conclusion in that the carboxylate group from the 4-carboxypiperidine ring in
Cmpd 10 retains strong interactions with Ser118, Lys208, Thr209, and Arg250 (Figure 6).
However, the lack of the rigid piperazine ring gives rise to a more mobile terminal part of the
ligand and with this atomic clash between the ligand and the binding pocket are possible.
The triazine core (ring 3) makes hydrophobic interactions with 11102 and pi-pi stacking
interactions with the similarly aromatic Tyr211 residue (Figure 4). The addition of an amine
group at the 6-position of the ring (Cmpd 13) does not have a large effect on potency even if
followed by a longer ethylamine chain (Cmpd 12). Docking of Cmpd 12 shows the amine
group is oriented towards the solvent and does not clash with residues in OXA-48 (Figure 6).
This is consistent with the structures of the CDD97/0OXA-48 complexes, which reveal this
position is exposed to solvent (Figure 4). It is also consistent with the DECL selection data,
as the triazine library had cycle 1 building blocks and the DNA linker in this position
(Figures 1,2).

Finally, the 4-carboxypiperidine group (ring 4) showed the highest sensitivity to chemical
modification (Table 1). This ring is situated above the Ser70 catalytic nucleophile in the
OXA-48/CDD-97 structure, although it is not in direct contact with Ser70 (Figure 4). The
carboxylate group of CDD-97 makes several hydrogen bonds to OXA-48 residues, which
likely contributes to its potency. Substitution of the carboxylate group with an ester (Cmpd
5) (Figure 3) or a primary amide (Cmpd 14) resulted in a significant loss of inhibitory
activity, as expected due to the loss of charge and hydrogen bonding potential (Table 1). It
was not possible to obtain viable poses of Cmpd 5 by docking due to steric clashes while
Cmpd 14 loses interactions with Ser118, Lys208, and Thr209 in the carboxylate binding
pocket (Figure 6). Since the carboxypiperidine ring is close to Ser70, Cmpd 15 was designed
with a primary amine added at position 4 to examine if the amine could interact with Ser70
or the carboxylated Lys73, which serves as the general base in OXA-48 catalysis. This
resulted in a significant decrease in potency, suggesting the added amine may perturb the
hydrogen bonding contribution of the carboxylate group. Docking results suggest that the
added amino group clashes with the Ser118 side chain (Figure 6). The amino group also
decreases the electron density of the carboxylate to weaken the hydrogen bonding and the
salt bridge interactions with the residues in the carboxylate binding pocket.

Of all the derivatives, Cmpd 16, which substitutes the hydrogen bonding carboxylate group
with sulfonic acid, showed an increase in potency (K; = 0.27 + 0.02 pM). This two-fold
increase in potency may be due to enhanced interactions of the sulfonic acid with the
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carboxylate binding pocket. Consistent with this idea, docking results show salt bridges
between the sulfonic acid and residues Lys208 and Arg250, as well as hydrogen bonds to
Ser118, Thr209, and Arg250 (Figure 6).

Spectrum of activity with other OXA enzymes

The high sequence diversity of class D p-lactamases has made it difficult to identify a class-
wide inhibitorl050, \We tested the inhibition activity of CDD-97 against other OXA enzymes
of varying sequence identity to assess its spectrum of activity (Table 2). OXA-10 is regarded
as the canonical OXA enzyme, however, it is not a major clinical threat as it mainly
hydrolyzes penicillins3%:51:52, OXA-24 and OXA-58 are also carbapenemases and, similar to
OXA-48, they have poor activity against extended-spectrum cephalosporins®3-55, Unlike
OXA-48, the OXA-24 and OXA-58 enzymes have a hydrophobic bridge in their active sites,
which contributes to a preference for carbapenems with bulkier, more hydrophobic tails®6-57.
OXA-48 is prevalent in Enterobacteriaceae (mainly Klebsiella pneumoniae) while OXA-24
and OXA-58 are prevalent in the Moraxellaceae family (mainly Acinetobacter
baumannii)®*58. While K. pneumoniae is more widespread in the clinics and most OXA-
mediated carbapenem resistance is due to OXA-48, A. baumannii nosocomial infections are
a growing problem. OXA-163 is an OXA-48-like enzyme also prevalent in
Enterobacteriaceae®®. OXA-163 only differs from OXA-48 by a 4 amino acid deletion
(Arg214 — Pro217), which gives it reduced carbapenemase activity but increased activity
against extended-spectrum cephalosporins®0.61, OXA-163, as expected based on the high
similarity to OXA-48, was inhibited by CDD-97 with a similar Kj as observed with
OXA-48. OXA-10 and OXA-58 have lower sequence identities to OXA-48 (49.4% and
36.2% respectively) and were inhibited by CDD-97 with K; values about 100-fold less
potent than observed for OXA-48. CDD-97 displayed only a 26-fold decrease in potency for
OXA-24 compared to OXA-48. Similar to OXA-58, OXA-24 has low sequence identity to
OXA-48 (36.1%) and a hydrophobic bridge in the active site and yet is inhibited more
potently by CDD-97 compared to OXA-58. Both enzymes contain a 2-residue hydrophobic
bridge found to act as an inducible substrate binding cleft®>:62, However, OXA-58
additionally has a phenylalanine residue at the base of the active site which may further
occlude the active site and perturb CDD-97 binding. Ultimately, CDD-97 inhibits other
OXA enzymes but is much more potent towards OXA-48 and OXA-48-like enzymes.

Bacterial susceptibility and efficacy in E. coli

Clinically effective B-lactamase inhibitors synergize with B-lactam antibiotics and ultimately
lower the minimum inhibitory concentration (MIC) of antibiotic needed to kill the
bacteria®3. MIC studies of £. coli expressing the OXA-48 enzyme were performed with the
B-lactam antibiotics ampicillin and imipenem (separately). Both of these antibiotics can be
hydrolyzed by OXA-4854. The OXA-48 plasmid construct contained the endogenous signal
sequence of OXA-48 for secretion to the periplasm and was expressed under the control of
the tre-promoter, which exhibits leaky expression in the absence of IPTG inducer®. The
construct was transformed into £. coli strain MG1655 for OXA-48 expression
(MG16550xa-48)- All MICs were performed by broth microdilution with 2-fold dilutions of
antibiotic and/or inhibitor. The ampicillin (AMP) and imipenem (IMP) MICs were
separately determined for a range of CDD-97 and avibactam concentrations. Avibactam was
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used as a positive control since it has been shown to lower the MIC of B-lactams for bacteria
expressing OXA-4820, With increasing avibactam concentrations (up to 4 pg/ml), there was
a dose-dependent decrease in both the AMP and IMP MICs (Table 3). This confirmed that
avibactam synergizes with B-lactam antibiotics to kill £. coli expressing OXA-48 and
suggested that comparable inhibitors should exhibit a similar effect. The AMP MIC of £.
coli MG16550xa.4g in the absence of inhibitor was determined to be 512 pg/ml. CDD-97
was then tested for synergy by determining AMP MICs with a range of CDD-97
concentrations. Higher concentrations of CDD-97 were used (up to 256 pug/ml) due to its
reduced potency against OXA-48 compared to avibactam?L. At 256 pg/ml of CDD-97,
which corresponds to 0.6 mM and is over 1000-fold above the Kj for OXA-48, there was no
significant decrease in the AMP MIC indicating CDD-97 did not synergize with ampicillin
to enhance bacterial killing. Similarly, no synergy was seen between CDD-97 and imipenem
in that the IMP MIC of 0.625 pg/ml for £. coli MG16550xa-4g did not decrease even at up
to 256 pg/ml of CDD-97 (Table 3). The poor activity of CDD-97 in the MIC assays
compared to avibactam could be due to lower OXA-48 potency compared to avibactam?!
and/or insufficient accumulation into the bacteria.

Impermeability of the outer membrane to small molecules is a major challenge for the
development of therapeutics for Gram-negative bacterial infections®6-70, p-lactamases,
including OXA-48, reside in the periplasmic space and so inhibitors must traverse the outer
membrane to be effective. To determine whether low permeability caused the poor /n vivo
activity of CDD-97, an accumulation assay was performed to quantify the amount of
CDD-97 present in £. coli cells after incubation’L. Tetracycline was used as a positive
control for the assay while fusidic acid and clindamycin were used as negative controls’?.
The antibiotic controls and CDD-97 were separately incubated with wild-type E. coli cells
and the cells were then centrifuged through silicone oil to separate the free, unaccumulated
compounds from the cell pellet. Cell lysates were collected from the pellets by freeze-
thawing and analyzed by mass spectrometry to quantify the amount of accumulated
compound. CDD-97 was present in cells at 20-fold lower levels than the positive control
tetracycline (Figure 7). These results indicate CDD-97 accumulates poorly in £. coli,
explaining the lack of synergy with AMP and IMP in the MIC assay. The low accumulation
of CDD-97 may be due to poor porin permeability to traverse the outer membrane and/or the
action of efflux pumps that drive the compound out of the cell.

Discussion

B-lactamase inhibitors have been pivotal in managing antibiotic resistance mediated by -
lactamases. Most B-lactamase inhibitors are focused on class A B-lactamases. Initially, class
D B-lactamases were of little clinical relevance but the emergence of carbapenemases such
as OXA-48 has highlighted the need for OXA specific inhibitors due to their low sequence
homology with class A enzymes3?. No OXA specific inhibitors have been clinically
approved, but many have been developed and provide insight on OXA enzyme inhibition.
The B-lactam based penicillin sulfones have efficacy against various OXA enzymes3L,
Specifically, the LN-1-255 inhibitor of this class is a 1000-fold more potent inhibitor of
OXA-48 than is tazobactam and it increases the carbapenem susceptibility to bacteria
expressing OXA-4832, Studies of phosphates/phosphonates, diazabicyclooctanes, and
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boronic acid-based compounds have shown promise as inhibitors of OXA enzymes33:34,
However, since they maintain the typical acylation mechanism for p-lactamase inhibition,
they may be susceptible to future variants that lead to rapid deacylation thereby reducing
inhibitor potency.

To find more potent OXA-48 inhibitors, we utilized a DNA-encoded chemistry technology
(DECL) approach. DECLs allow chemical space to be sampled more efficiently than typical
high-throughput screening approaches. Additionally, tagging compounds with DNA allows
rapid screening for faster identification of hits’2. DECLs have helped identify hits for
various targets such as kinases but there have been no reports of applications to p-
lactamases®?:72, We utilized a DECL approach to identify OXA-48 inhibitors and gain
insight into binding and inhibition.

Harnessing the efficiency of DECLs allowed for the identification of two sub-micromolar
OXA-48 inhibitors, CDD-97 and its derivative Cmpd 16. CDD-97 was identified out of a
library of ~160 million compounds, showing the potential of DNA-encoded chemistry
technology. CDD-97 was one of the most enriched compounds in the screen and exhibited
sub-micromolar inhibition potency. The insights gained from structure-activity relationship
studies and the crystal structure of CDD-97 bound to OXA-48 were used to create a more
potent inhibitor (Cmpd 16). This study provides more information regarding features that
may be important for inhibition of OXA-48 and OXA-48 like enzymes in general, which can
be expanded upon to find clinically useful inhibitors. Like previous inhibitors, we see the
importance of an acidic group in the carboxylate binding pocket of OXA-48 as observed
with CDD-97 and Cmpd 16. The inhibitors also revealed how the hydrophobic active site of
OXA-48 can be utilized to impact potency. The inclusion of hydrophobic moieties to interact
with hydrophobic residues comprising and surrounding the OXA-48 active site enhances
potency.

Despite the poor efficacy /n vivo, the discovery of sub-micromolar inhibitors is an advance
towards designing clinically useful OXA-48 inhibitors since it has previously been difficult
to identify potent inhibitors. Permeability is an important limiting factor for the discovery of
antibacterial agents for Gram-negative bacteria. The selective permeability of the outer
membrane and porins limit access of compounds into the cell. Uptake of antimicrobials is
further complicated by efflux pumps, which typically have a broad spectrum of activity58.
Hydrophobic compounds are more susceptible to efflux pumps, which trap compounds
through hydrophobic and stacking interactions’3. CDD-97 is largely hydrophobic and
potentially susceptible to efflux pumps but may also have low porin permeability ultimately
leading to its poor accumulation. The poor activity of CDD-97 and ampicillin against £. coli
expressing OXA-48 due to low access to the periplasm was corroborated by mass
spectrometry studies revealing it accumulated poorly into £. coli (Figure 7). Accumulation
studies have shown that compounds exhibit enhanced entry into bacteria if they are rigid,
amphiphilic, flat and contain a primary amine’L. Primary amines that are not sterically
hindered were found to aid accumulation and even broaden the spectrum of activity of
compounds to include Gram-positive bacteria’t. However, the addition of amines is
insufficient for increasing accumulation if the flexibility and globularity of the compound
are too high. Calculations from the Entryway’* server (which provides predictions for
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accumulation in Gram-negative bacteria) revealed that while CDD-97 has reasonable
globularity it is not sufficiently rigid. Globularity was computationally ranked on a scale
from 0 — 1 with O representing flatness (i.e. benzene) and 1 representing sphericity

(i.e. adamantane). CDD-97 yielded a globularity score of 0.061 falling within the range of
low globularity (globularity < 0.25) as previously described’?. Accumulation studies also
revealed low flexibility (having 5 or fewer rotatable bonds) was also important for
accumulation and CDD-97 was found to have 6 rotatable bonds, potentially explaining its
poor accumulation when the lack of primary amines is also considered. The accumulation of
CDD-97 could potentially be optimized by decreasing its flexibility and by the strategic
addition of 1 or more primary amines. Such modifications are predicted based on steered
molecular dynamics to aid with traversing porins, particularly the major OmpF porin, which,
along with OmpC, is responsible for a significant amount of drug accumulation’?. A primary
amine on a rigid compound is predicted to be more available and accessible and thus able to
interact with the key Asp113 residue of OmpF, which can modulate the porin’s constriction
site to assist passage’?. Although CDD-97 may also be susceptible to efflux pumps,
modifications for more efficient porin passage could potentially allow the compound to
accumulate sufficiently to inhibit OXA-48 in the periplasm before being removed by efflux
pumps on the cytoplasmic membrane. While many effective antibacterial agents deviate
from the predicted accumulation trends, these parameters allow notable prediction of
accumulation’? and show promise to aid in optimizing compounds to enter bacteria. This
could be particularly powerful for potent -lactamase inhibitors that may accumulate poorly.
With the increasing number of problematic p-lactamases, expediting the identification of
potent, high-accumulating inhibitors will be vital to manage resistance.

Conclusion

This work highlights DEL-based drug discovery with DNA-encoded chemistry technology
as an effective approach that could be applied to various p-lactamases to study their
inhibition and potentially design useful inhibitors. The power of such libraries could be
amplified in the future by creating focused libraries specifically tailored to p-lactamases,
particularly OXA-48 and other carbapenemases. Despite the high sequence variability
between classes of serine p-lactamases, they all contain a carboxylate binding pocket that
favors negatively charged moieties. This could prove to be an effective strategy to rapidly
find lead compounds to aid in developing p-lactamase inhibitors. Additionally, DEL
screening can be modular and include rounds of screening with different targets or allow
screening of multiple targets in parallel. This could potentially be used to remove binders to
a given B-lactamase from the pool of compounds to find specific binders for another p-
lactamase or to uncover a broad-spectrum inhibitor with efficacy across B-lactamase classes.
There is great potential for the application of DNA-encoded chemistry technology to p-
lactamase inhibitor drug discovery. The speed at which leads can be found will be a useful
tool to study B-lactamase inhibition to ultimately aid inhibitor design to manage growing -
lactamase-mediated resistance.
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Experimental Section

Protein expression and purification

His-tagged OXA-48 was expressed from a pET28a vector under the IPTG inducible T7
promoter in £. coli BL21(DE3) cells’4~78. In the pET28a vector, the thrombin site used to
cleave the N-terminal His-tag was changed to a TEV cleavage site. Cultures were grown to
an ODgqg of 0.4 — 0.8 in media containing 25 pg/mL kanamycin, then induced for protein
expression by adding IPTG to a final concentration of 0.5 mM and incubating for 18 — 20
hours at 25°C. The cell pellets were collected by centrifugation and frozen at —20°C. For cell
lysis, frozen pellets were resuspended in 50 mM HEPES pH 7.5, 0.05% octyl-p-D-
glucopyranoside buffer and sonicated with pauses to avoid sample heating. Cell lysates were
filtered using 0.45 pm filters and then loaded onto a His Trap HP column (GE Healthcare,
Pittsburg, PA). His-tagged OXA-48 was eluted using a linear gradient with 500 mM
imidazole in 50 mM HEPES pH 7.5 buffer. NaCl was excluded from the buffer because a
high concentration of chloride ions can inhibit OXA-48. Fractions were checked on SDS-
PAGE gels and fractions with contaminants were excluded before concentrating using
Amicon centrifugal filters with a 10,000 MW cut-off (Merck KGaA, Darmstadt, Germany).
After concentrating, the protein was further purified by size-exclusion chromatography using
a HiLoad 10/300 Superdex 75 column (GE Healthcare) in 50 mM HEPES pH 7.5, 15 mM
NaHCOs. Fractions were examined by SDS-PAGE before concentrating and cleaving off the
N-term His-tag using TEV protease. The His-tagged version of OXA-48 without cleaving
the tag was used for compound screening and SPR assays. Inhibition assays and X-ray
crystallography experiments were performed using OXA-48 with the tag removed.

Synthesis of DNA-free compounds and derivatives for inhibition assays

All compounds were procured through Sigma-Aldrich and Fisher Scientific. NMR spectra
were collected using a Bruker 600 MHz NMR. LCMS data was collected using an Agilent
1290 Infinity Series LC system with 6150 MS. Column used was Agilent Eclipse Plus C18,
2.1 mm x 50 mm (8 um). Mobile phase solvents were A: 0.05% formic acid; B: 5% water in
acetonitrile. Runs consisted of 5% A for 0.5 minutes, gradient over 3 minutes of 5% A to
95% A, then 95% A over 1 minute. Synthesis of individual derivatives can be found in the
Supporting Information.

Affinity selection with DNA-encoded chemistry technology

DNA-encoded chemical libraries were incubated with 1uM of His-OXA-48 in 200 uL of
selection buffer (20 mM HEPES, 134 mM KOAc, 8 mM NaOAc, 4 mM NacCl, 0.8 mM
MgOAc, 5 mM imidazole, 0.02% Tween-20 (pH 7.2) ) supplemented with 0.1mg/ml sheared
salmon sperm DNA and 15 mM NaHCO3 for 45 min at 25 °C on a thermomixer (1000
RPM). The same library pool without protein was also incubated under the same conditions
as a negative control to assess background binding of DECL molecules to the affinity resin.
Before incubation, 1 pL of library molecules were set aside for quantitation using
quantitative PCR (qPCR). Ni-NTA magnetic beads (25uL) were prewashed with selection
buffer and the target protein—library mixture was added for affinity selection. The magnetic
beads were washed with 500 pL of selection buffer to remove unbound DECL molecules.
Bound compounds were eluted by incubating the beads with 100 uL of selection buffer at 80
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°C for 10 min. One microliter of elution material was again set aside for quantitation by
gPCR, and the entire remaining volume of the sample was subjected to an additional two
rounds of affinity selection with fresh protein as mentioned above. After 3 rounds of
selection, DECL molecules were quantified by qPCR which serves as a quality control
measure. gPCR is done on each sample of recovered DECL material after each round of
selection to monitor the total amount of DNA tags remaining. This information is used to
guide both the selection process and sequencing preparation.

An appropriate number of PCR cycles was used to amplify the DNA and add DNA
sequences compatible with Illumina sequencing flow cells. The PCR product was purified
using Agencourt AMPure XP SPRI beads (Agencourt, Danvers, MA) according to the
manufacturer’s instructions, and then quantitated on an Agilent BioAnalyzer (Santa Clara,
CA) using a high-sensitivity DNA kit. The final concentration of amplicon for each sample
was pooled at a concentration of between 3 and 4 nM. The final concentration of 1.8 pM
library pool samples were loaded onto an IHlumina Next-Seq 500 sequencer (San Diego, CA)
at the Genomic and RNA Profiling Core Facility at Baylor College of Medicine.

Steady state kinetics with nitrocefin substrate

Nitrocefin, a chromogenic B-lactam substrate, was used as a reporter in all inhibition assays
with the various OXA enzymes and various compounds. Nitrocefin is not stable in aqueous
solution long-term. For these assays, nitrocefin stocks were prepared in DMSO, stored at
—-20°C and used within 2 weeks of dissolving. To avoid freeze-thawing, fresh stocks were
always used. The Ky, of nitrocefin was determined prior to inhibition assays by performing
steady state kinetics. Assays were performed using a DU800 spectrophotometer at room
temperature in 50 MM HEPES pH 7.5, 15 mM NaHCOj3, and 0.02% tween-20. Hydrolyzed
nitrocefin was detected at 482 nm. For a single experiment, a series of at least 5 nitrocefin
concentrations were tested against the given enzyme in duplicate and the initial velocities
were measured and fit to the Michaelis-Menten equation. Experiments were repeated twice,
and error reported is the standard error of the mean.

Vmax[S]

V0= ®pr +15D

Inhibition assays using nitrocefin as reporter

Compounds were tested for inhibition of a given OXA enzyme based on the hydrolysis of
nitrocefin using a Tecan plate reader. A nitrocefin concentration near the K., was used with a
constant concentration of OXA-48 and a range of 6 concentrations of the compound of
interest (10 uM with 3-fold serial dilutions) were tested in duplicate. A control with no
compound was included in each run. For each compound concentration, the velocity of
nitrocefin hydrolysis was determined at 482 nm and fit to the Morrison equation’”.
Compounds that exhibited K; values above 50 uM were simply denoted as having a K; value
>50 uM. The average K; of separate experiments, each of which consisted of duplicate runs,
is reported and error was quantified as the standard deviation.
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Crystallography and data collection

Hanging drops were set up to obtain crystals via the vapor diffusion method either manually
or using an automated Mosquito robot. Crystallization conditions were screened with
commercially available screens from Hampton Research (Aliso Viejo, CA) and Qiagen
(Venlo, Netherlands) using a 96-well format. Initial crystallization conditions were
optimized by varying pH and precipitant concentrations. The CDD-97/OXA-48 structure
was determined from an apo crystal that grew from a 1:1 (protein to reservoir solution)
mixture of 7.1 mg/mL OXA-48 and 0.077 M Tris pH 8, 27% PEG 550 MME, which was
later soaked with a 1uL drop of 2 mM CDD-97. For soaking, a 10 mM DMSO stock of
CDD-97 was diluted 1:1 in 100% 2-Methyl-2,4-pentanediol, and then diluted in the crystal
buffer for a final concentration of 2 mM. The data sets were collected at the Berkeley Center
for Structural Biology in the context of the Collaborative Crystallography Program on
beamline 5.0.2

Crystallography data processing and refinement

Diffraction data were processed using the HKL2000 software, molecular replacement
(PHASER) and initial refining (REFMAC) were performed using the CCP4 suite’879,
Molecular replacement was performed using the OXA-48 structure (PDB ID: 3HBR) as the
search model. Further refinements were performed using the PHENIX software
(phenix.refine)80. The structure was manually examined throughout the structure completion
process after molecular replacement, using the Crystallography Object-Oriented Toolkit
(COQT) program8l. When appropriate, TLS groups were determined using the TLSMD
server. The final refinement was done using phenix.refine and the final structure was
inspected and validated with MolProbity and COOT81:82, The electron density of CDD-97
bound to OXA-48 in the crystal structure was further examined by creating a polder mFo-Fc
OMIT map using the PHENIX software8.

Docking Protocol for the CDD-97 Derivatives into OXA-48

The images show the derivatives of CDD-97 docked into OXA-48 obtained from the
CDD-97/0XA-48 co-crystal structure. To collect these poses, first the protein from the
crystal structure was processed by the Schrodinger Suite Release 2018-323 : First, bond
orders were assigned and H atoms were added by the Protein Preparation Wizard84. Then,
the hydrogen bonding networks were optimized according to the protonation states
determined by the program PROPKAB8S at a neutral pH. Finally, the entire structure was
energy-minimized where the heavy atoms were restrained to deviate from their original
locations to a max. of 0.30 A. A grid was generated at the site of the native crystal ligand for
small molecule docking. The docked CDD-97 derivatives were prepared with the LigPrep
program. This entails obtaining accurate 3D-structures of the ligands in their correctly
assigned protonation states by the program Epik®:87. The prepared ligands were docked into
the aforementioned grid using the Glide88-90 program in the extra precision (XP) mode. The
shown poses were extracted from the docking results and visualized by the Maestro®?
program, which was also used to render the figures.
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Bacterial susceptibility in E. coli

Bacterial susceptibility was specifically tested using minimum inhibitory concentration
assays. Susceptibility assays were performed with E. coli strains using broth microdilution
in a microtiter plate. Two-fold dilutions of antibiotic and/or inhibitor were used. For
susceptibility tests, bacterial strains were transformed with plasmids containing OXA-48
with its endogenous signal sequence for periplasmic migration (cloned into the pTP470
vector)?2. £, coli MG1655 bacteria were grown in Mueller-Hinton broth overnight with 12.5
pg/mL chloramphenicol to select for the OXA-48-containing pTP470 plasmid. An overnight
culture was diluted 1:10% into the final well solutions and incubated for 16-18 hours. After
incubation, microplates were read using a Tecan plate reader at 600 nm absorbance. Growth
was defined as yielding an absorbance = 2 times the absorbance of the negative control
(media and no culture).

Accumulation assays in E. coli

For the accumulation assay, the protocol from Ritcher et al.” was followed. An overnight
culture of £. coli MG1655 bacteria grown in LB Lennox broth, was inoculated into fresh
media and grown to an ODggq of 0.5 - 0.6. Cells were pelleted, resuspended in 1x
phosphate-buffered saline (PBS) and then incubated with the compound of interest for 10
minutes at 37°C. After incubation, the ODggg was recorded to note if compounds affected
cell growth and then the cultures were centrifuged through a 9:1 mixture of silicone oil
(viscosity = 20 c¢ST) to high temperature silicone oil which was cooled at =80 °C. Cell
pellets were isolated and lysed by 3 cycles of freeze-thawing using liquid nitrogen and a 65
°C water bath. The cell lysate was isolated from the cell debris (in water and methanol) and
then analyzed via liquid chromatography-mass spectrometry (Agilent Technologies, 6490
QQQ Santa Clara, CA). LC-MS/MS was operated in positive mode for tetracycline,
clindamycin, and CDD-97 and in negative mode for fusidic acid with electrospray
ionization. Multiple reaction monitoring (MRM) was used to quantify these compounds. The
precursors to production transitions of these compounds were as follows: m/z 445.16 >
153.70 (tetracycline); 425.14>126.10 (clindamycin); 515.30>455.20 (fusidic acid);
413.23>249.50 (CDD-97). The concentrations of these compounds were calculated based on
their corresponding standard curves.

To determine the colony forming units (CFU) per mL based on the ODgqg, the ODgqg of £.
coli MG1655 culture in LB-Lennox was measured then the culture was diluted and plated to
count colonies. Based on this, the CFU per mL for 1 O.D.gqg (for MG1655 cells grown in
LB-Lennox) was determined to be approximately 2.15 x 108 and this value was used for
accumulation calculations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Topology of the DNA-encoded library synthesized and screened against OXA-48. For each

library, the colored circles indicate building block 1 (orange), 2 (green) and 3 (purple). The
“R” on positions B2 and B3 indicates both primary and secondary amines were added at
these positions. The sequences within the DNA tag are color-coded to correspond to which
building block it is encoding.
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5

Enrichment for OXA-48

Enrichment plot of triazine DECL compounds for binding to OXA-48 versus the control.
Points represent observed r-synthons and are color-coded by the number of component
building blocks: mono-synthons are blue, di-synthons are green and tri-synthons are yellow.
The y-axis is the normalized z-score of enrichment for the non-target control selection
versus the x-axis which represents this score for the OXA-48 selection.
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Figure 3.
Compounds designed and synthesized based on the synthons enriched for binding OXA-48

in the DECL screening. Compound 1 represents the most enriched compound in the screen
and showed a submicromolar K; against OXA-48. The building blocks of compound 1 are
circled based on the color-coding of building block position shown in Figure 2; orange is
building block 1, green is building block 2 and purple is building block 3. To assess the
importance of the B1 building block, Compound 2 was created with the acid form of the
most enriched cycle 1 building block along with a methylated version (Compound 3),
however potency was low for both compounds. CDD-97 (Compound 4) was designed based
on the most enriched di-synthon. It showed the highest activity with a sub-micromolar K;.
The methylated version (Compound 5) showed low activity revealing the importance of the
acid for potency.
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Figure 4.
A. Ribbon diagram of 2.2 A structure of OXA-48 (tan) bound with CDD-97 (gray). The box

indicates the region viewed in 4B and 4C. B. Active site region of OXA-48 with CDD-97
shown in gray with nitrogen and oxygen atoms colored in blue and red, respectively.
OXA-48 residues are shown as stick models and labeled. C. View of OXA-48 with CDD-97
tilted 30 degrees from the position shown in 4B.
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Figure5.
Schematic showing the ring and atom numbering of the lead compound CDD-97.
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Figure®6.
Molecular docking of CDD-97 derivatives in the active site of OXA-48. The docked

compound is indicated below each structure. OXA-48 is colored in green and the
compounds are colored with carbon-cyan, oxygen-red, nitrogen-blue. Hydrogen bonds are
shown as dashed yellow lines, salt bridges are pink dashed lines and clashes are red dashed
lines.
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Figure7.
Accumulation of compounds in £. co/i MG1655. The high accumulating control

(tetracycline) is depicted in blue, and the low accumulating controls (clindamycin and
fusidic acid) are in red. CDD-97 is shown in black. The number above each column
indicates the accumulation value of the given sample.
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Table 2.

Inhibition constants (K;j) for CDD-97 with various OXA B-lactamases.

Enzyme | Sequenceldentity (%) | CDD-97 K; (M)
OXA-48 100.0 0.53+0.08
OXA-10 49.4 61 + 27
OXA-24 36.1 14+1
OXA-58 36.2 45+0.8
OXA-163 97.9 0.44 +0.02
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Table 3.

Minimum inhibitory concentrations (MICs) of ampicillin (AMP) and imipenem (IMP) against £. coli
MG16550xa.4g With increasing concentrations of CDD-97 and avibactam.

MIC (pg/mL)

AMP IMP

0 512 0.625

4 1024 0.625
8 512 0.3125
16 512 0.3125
32 512 0.3125
64 512 0.3125
128 512 0.3125
256 512 0.625

[CDD-97] (pug/mL)

MIC (pg/mL)

AMP IMP

0 512 0.625
0.125 256 | 0.3125
0.25 128 0.3125
0.5 64 0.1563
1 32 0.1563
2 16 0.1563
4 4 0.0781

[Avibactam] (ug/mL)
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