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nucleic acid modification, protein degradation, and many others. Metalloproteins that
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XXiV



discovery of novel New Delhi Metallo-B-lactamase-1 (NDM-1) inhibitors. NDM-1 is a
metalloenzyme that hydrolyzes B-lactam containing antibiotics and contributes to the
heightened threat of antibiotic resistance. NDM-1 Inhibitor development presented in
this dissertation will focus on the conversion of traditional metal chelating fragments to
compounds which form stable protein:inhibitor ternary complexes. Chapter 1 describes
the current landscape of metalloenzyme inhibitors and relevant background information
of NDM-1. Chapter 2 details the discovery of dipicolinic acid (DPA) as a lead fragment
and the hit-to-lead development of DPA derivatives as inhibitors for NDM-1. The
development of DPA isosteres and investigation in the relationship of observed
inhibition value versus mechanism of action is presented in Chapter 3. The
investigation of an alternative MBP, iminodiacetic acid (IDA), into a second class of
novel NDM-1 inhibitors is described in Chapter 4. Chapter 5 includes a description of
alternative synthesized libraries and perspective on the future of NDM inhibitor
development. Together these chapters demonstrate the utility of fragment-based drug
discovery and metal-binding pharmacophores for the development of novel and potent

NDM-1 inhibitors.
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Chapter 1. Introduction



1.1 Targeting Metalloenzymes for Therapeutic Intervention

Proteins that utilize one or more metal ions to function are referred to as
metalloproteins. The role of metal ion(s) in metalloproteins falls into two broad
categories: structural and functional. Structural metal ions are required for proper
folding of a protein, with a canonical example being the Zn(ll) finger proteins.’
Functional metal ions are at the active site of metalloproteins and carry out a diverse
range of processes such as electron transfer, substrate recognition/binding, and
catalysis that together serve a wide variety of biological functions. When the functional
metal ion(s) serves to promote catalysis, the metalloprotein can be categorized as a
metalloenzyme.

An early review by Solomon in 1996 stated that 52% of all proteins in the Protein
Data Bank (PDB) included a metal ion.? A 2008 study using the Metal MACIE database

suggested ~40% of enzymes with known structures were metal-dependent.®> Another

review by Robinson in 2009 cited that nearly one-half of all enzymes require a metal ion
for proper function.* Collectively, the literature suggests that the number of enzymes
that can be categorized as metalloenzymes is between 40% and 50%. The ubiquitous
roles of metalloenzymes in biology result in metalloenzymes being a key factor in the
propagation of many diseases. This can be due to the overexpression, enhanced
activation, or misregulation of an endogenous metalloenzyme. The misregulation of
metalloenzymes has been associated with many diseases ranging from diabetes,
cancer, depression, anxiety, and pathogenic infections.” Some clinically relevant

metalloenzyme targets, along with their metal co-factor and indication, are highlighted in



Table 1-1. An extensive overview of clinically relevant metalloenzyme targets and their
drug discovery efforts are described elsewhere.® Metalloenzymes that are validated
targets or where the biological role of the metalloenzyme supports the case for
therapeutic intervention are of greatest interest for the development of metalloenzyme
inhibitors.

From 2013 to 2017, there were a total of 181 drugs that were approved by the
U.S. Food and Drug Administration (FDA), of which 137 are new molecular entities
(NMEs) and 44 are biologics license applications (BLAs). Interestingly, of the 137
NMEs, only 13 target metalloenzymes (representing ~7% of the FDA-approved drugs,
Figure 1-1). Notably, an additional 17 NMEs are kinase inhibitors which contain Mg(ll)
ions that act as a co-substrate with ATP; however, these inhibitors (like other reported
kinase inhibitors) do not engage in Mg(ll) binding.>” This discrepancy between the
number of potential metalloenzyme targets and the number of developed FDA-approved
drugs indicates an area of untapped potential for the development of metal-binding
inhibitors against therapeutic targets.

The majority of clinically relevant and literature published metalloenzyme
inhibitors are small molecules that contain two substituents: a metal-binding
pharmacophore (MBP) and a backbone. The MBP is a functional group that serves as
an “anchor” to the metalloenzyme active site metal ion(s) (primary coordination sphere),
and the backbone forms interactions with amino acid residues in the active site pocket
(secondary coordination sphere). While the backbone component of most

metalloenzyme inhibitors has been extensively explored and is the focus of structure-



activity relationship (SAR) efforts, research regarding the MBP has been limited. This is

demonstrated by the nearly singular reliance on the hydroxamic acid MBP (also referred

to as the “silver bullet”).?

Other frequently used MBPs include carboxylic acids, thiols,
and phosphates.® Although these MBPs are capable of forming coordination bonds with
active site metal(s), they often do not possess optimal pharmacokinetic (PK) properties
(such as metabolic stability and oral bioavailability) and can be a liability in drug design

and development.®'®



Table 1-1. List of metalloenzymes targeted for therapeutic intervention.

Enzyme Metal lon  Disease/Condition
Angiotensin Converting Enzyme Zn(ll) Hypertension

Carbonic Anhydrase (CA) Zn(ll) Glaucoma

Anthrax Lethal Factor Zn(ll) Anthrax infection
Catechol-O-Methyltransferase Mg(ll) Parkinson’s disease

Farnesyl Transferase Zn(Il) Cancer

Glyoxalase 1 (Glo1) Zn(ll) Cancer

Matrix Metalloproteinase Zn(ll) Cancer, arthritis, inflammation
Methionine Aminopeptidase Mn(l1) Cancer

Neprilysin Zn(Il) Hypertension

Rpni1 Zn(ll) Cancer

HIV Integrase Mg(ll) Human Immunodeficiency Virus
Histone Demethylase Fe(ll) Cancer

Influenza Endonuclease Mn(II) Influenza Virus
Pseudomonas Aeruginosa Elastase Zn(ll) P. aureginosa infection
Metallo-3-Lactamases Zn(Il) Bacterial infections
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1.2 A Fragment-Based Drug Discovery Approach for the Development of
Metalloenzyme Inhibitors

In the last two decades, fragment-based drug discovery (FBDD) has been proven
a successful alternative/complementary approach to traditional drug discovery methods
such as high-throughput screening (HTS), combinatorial chemistry, computer-aided

design, and de novo design.'®"®

Compared to traditional HTS (which utilizes large
libraries of up to millions of compounds), FBDD utilizes smaller and more focused
libraries of simpler compounds. Due to the limited number of interactions small
fragments can make with the protein, higher equilibrium dissociation constants (Kp in
the micro to the low-millimolar range)® for compounds in FBDD libraries are observed
compared to that of HTS libraries. Although these fragment hits are weak, they are
considered to be "high-quality” interactions as they must overcome a substantial
entropic barrier to binding relative to their size.?’ The FBDD hits can be derivatized to
yield more potent leads. This hit-to-lead development is not easily achieved with leads
discovered from HTS screens, as those are often fully elaborated compounds. A set of
guidelines utilized to generate FBDD libraries includes the “rule of three” (RO3). The
ROS3 describes desirable physiochemical and PK properties for the fragments in the
FBDD libraries and includes the following criteria: molecular weight <300 amu,
cLogP<3, hydrogen bond donors <3 and hydrogen bond acceptors <3.2' Upon the
identification of fragment hits, biophysical characterization and/or structural

determination can be used to understand the mode of binding. This is followed by

subsequent rounds of hit-to-lead optimization to yield full-length inhibitors.



Although FBDD provides many advantages over HTS, some challenges must be
overcome, including the identification of proper screening methods and transforming
hits to lead drugs.?’ Due to the inherent low affinity (high Kp) of the fragment to the
target protein, identified hits can vary depending on the screening technique used; thus,
chemists must carefully evaluate the method for their FBDD campaign.?® For instance,
in ligand-observed nuclear magnetic resonance (NMR), only 5% of the fragment needs
to interact with the protein to be detected as an NMR hit, while in X-ray crystallography,
at least 70% occupancy of the active site is required to be considered a hit. It is
proposed that of all the techniques used to identify fragment hits (surface plasmon
resonance, calorimetry, mass spectrometry, bioassays, NMR, etc.), X-ray
crystallography is the most successful method with near-absence of false positives and

ability to detect most weakly binding fragments.*’

To address the ladder challenge of
transforming fragment hits to useful lead drugs, additional guidelines such as
physicochemical properties (cLogP and cLogD), efficiency metrics (ligand efficiency, LE,
and lipophilic ligand efficiency, LLE), fragment growth vectors and potential for new
interactions, and synthetic accessibility are also taken into consideration.?!

A common strategy for developing metalloenzyme inhibitors is by designing a
compound that incorporates a MBP, typically the aforementioned hydroxamic acid, to
serve as an “anchor” via coordination to the active-site metal ion(s). Through
coordination, the compound blocks natural substrate turnover and effectively inhibits

catalysis via a competitive mechanism of action. The application of FBDD using a MBP

fragment library for the discovery of metalloenzyme inhibitors represents a unique



opportunity. Compared to FBDD of non-metalloenzyme inhibitors where the site of
fragment binding can be ambiguous and would need further validation, MBPs bind at
the active site metal ion(s). This eliminates the need for sophisticated biophysical
methods (X-ray crystallography) to detect the location of inhibitor binding. In addition,
taking advantage of the presence of metal in the protein, additional techniques such as
X-ray absorption spectroscopy, electron paramagnetic resonance (EPR) spectroscopy,
Moéssbauer spectroscopy, and bioinorganic complexes are also available to guild
inhibitor development.

The Cohen lab has assembled a novel MBP fragment library (~320 MBPs)
containing several classes of metal-binding groups (salicylic acids, hydroxyl pyrones,
hydroxypyridinones, hydroxyquinolones, among others, Figure 1-2). The MBP library
can be screened against metalloenzyme targets of interest to yield fragment hits. The
fragments are then derivatized via “fragment-growth” and “fragment-merge” strategies
to generate full-length inhibitors. The implementation of a MBP library for FBDD has led
to the discovery of novel inhibitors for several metalloenzymes, including Pseudomonas
Aeruginosa elastase (LasB),?® human carbonic anhydrase Il (hCAll),?* glyoxalase 1

1,%?7 and influenza endonuclease.?® The focus of

(Glo1),? proteasome subunit Rpn1
this dissertation is the utilization of the MBP library for FBDD of inhibitors against New

Delhi Metallo-B-lactamase (NDM).
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1.3 Introduction to New Delhi Metallo--lactamase-1

B-Lactam-containing antibiotics have been one of the most successful and
popular classes of antibiotics for combating a wide range of Gram-positive and -
negative bacterial infections.  Unsurprisingly, since the introduction of [-lactam
containing antibiotics (beginning with penicillin in the 1940s), the widespread use of this
class of antibiotics has led to the emergence of various resistance mechanisms. A
2019 report by the Centers for Disease Control and Prevention (CDC) estimates that
>2.8 million antibiotic-resistance infections occur in the United States each year, with
>35,000 of those resulting in death.?® Resistance mechanisms that bacteria employ
include mutation of penicillin-binding proteins (PBPs), modification of outer membrane
proteins, production of efflux pumps, expression of B-lactamases, and others.>**' B-
Lactamases utilize either an active site serine residue (Ambler classes A, C, and D, also
known as serine-B-lactamases, SBLs) or Zn(ll) metal ion(s) (Ambler class B, also
known as metallo-B-lactamases, MBLSs) to facilitate the hydrolysis of the B-lactam ring of

the target antibiotic and render the drug ineffective.?® %

A dedicated B-lactamase
database provides an up-to-date compilation of the biochemical and structural data of
all MBLs (http://www.bldb.eu/).*® First observed in 1966 by Sabath and Abraham
(merely two decades after the introduction of penicillin), there are now >80 reported
unique MBL families.®* ** MBLs have become one of the most problematic bacterial
resistance mechanisms due to their wide substrate profile, with the ability to hydrolyze

virtually all clinically used bicyclic B-lactam antibiotics.>*3®
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MBLs are divided into B1, B2, and B3 subclasses depending on sequence
identity and the number of Zn(ll) ion(s) (either one or two) in the active site. Description
of subclasses and their mechanism of action are reviewed elsewhere.®**® Commonly
observed and clinically relevant members of the MBLs belong to subclass B1, of which
New Delhi Metallo-B-lactamase (NDM) is a prominent representative.’*®* NDM bears a
di-Zn(ll) active site, with Zn; ligated by His116, His118, His196, and a bridging
hydroxide (in a tetrahedral coordination geometry), and Zn, ligated by Asp120, Cys221,
His263, the bridging hydroxide, and an apical H,O (in a trigonal bipyramidal

).*2  The active site is

coordination geometry, standard BBL numbering, Figure 1-3
flanked between two flexible loops (L3 and L10), allowing the protein to accommodate a
wide range of antibiotic substrates.*’* The three loops (L3, L5 and L10) of NDM have
been the primary focus for inhibitor development and will be discussed further in this
dissertation. Plasmids that carry the blanpm-gene are capable of undergoing horizontal
gene transfer between different species of microorganisms, leading to an increase in
the prevalence of blaxpuw-bearing pathogens.**** Additionally, the threat of NDM is
exacerbated (compared to the two other most prevalent members of the B1 MBLs,
IMiPenemase, IMP, and Verona Integron-encoded Metallo-B-lactamase, VIM) by the
ability of NDM to membrane anchor, leading to higher protein stability and secretion.*>*
Resistance to a broad spectrum of B-lactams and the high horizontal gene transfer
ability have allowed for rapid propagation from nosocomial infections to infections within

the general population.*”** Furthermore, blanpw is often carried on plasmids containing

other genes that encode various resistance factors (including macrolides,
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aminoglycosides, rifampicin, and sulfamethoxazole),*® resulting in bacterial infections

that are resistant to many different classes of antimicrobials.
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Figure 1-3. Top: NDM-1 hydrolysis of 3-lactam drug; Bottom: Structure of NDM-1 with
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generated via Pymol.
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Ten years since the first report of NDM-1 there are now >24 NDM variants
identified.®* °>*! Variants have evolved to exhibit an increase in thermal stability, Zn(ll)
affinity, and mononuclear Zn(ll) activity.”*>* Unfortunately, even with the rapid spread
of the blanpm-1 gene and the evolution of NDM variants, little advancement has been
made in inhibitor development. Currently, there are >500 inhibitors reported in the
literature (representative structures are shown in Figure 1-4),°° but many of these
inhibitors share similar structural features and only one has advanced to clinical trials.
VNRX-5133 (VenatoRx Pharmaceuticals) has been reported as a broad spectrum -
lactamase inhibitor and is currently in phase Il clinical trials.®® Through X-ray
crystallography, it was discovered that upon NDM-1 binding, the acylamino oxygen of
VNRX-5133 cyclizes onto the boron of the bicyclic core, providing insight for the future
development of these tetrahedral (sp®) boron species inhibitors. The flexible active site
of NDM-1, the diversity of related MBLs, a lack of understanding for inhibition
mechanisms, and misinterpretation of structural data have all contributed to a delay in
inhibitor development.>’*® To combat this class of resistance mechanism, additional

potent inhibitors with well-studied mechanism of action is of urgent need.
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1.4 Outlook

Metalloenzymes play a central role in the propagation of many diseases. The
overexpression, enhanced activation, or misregulation of an endogenous
metalloenzyme has been associated with diabetes, cancer, depression, anxiety, and
pathogenic infections. The development of novel therapeutics that target specific
metalloenzymes in these diseased states is of great need. Traditional metalloenzyme
inhibitor design has focused on a handful of MBPs (hydroxamic acids, thiols, and
carboxylic acids) which do not bear the best PK properties and may become a liability in
later drug development. The utilization of a MBP library for FBDD provides a unique
opportunity in metalloenzyme inhibitor design by expanding the scope of MBPs
available for hit-to-lead development.

This dissertation will focus on leveraging the MBP library for the FBDD of NDM-1
inhibitors, with an emphasis on the conversion of routine metal chelators into selective
and potent inhibitors. The discovery and subsequent hit-to-lead optimization of
dipicolinic acid (DPA) to yield a potent and selective inhibitor of NDM-1 is presented in
Chapter 2. Chapter 3 describes the development of DPA isosteres and the
investigation of how isosteric replacement influences both potency and mechanism of
action. The development of a second MBP, iminodiacetic acid (IDA), into a novel class
of NDM-1 inhibitors is described in Chapter 4. Chapter 5 details additional inhibitor

libraries and provides an outlook on future NDM inhibitor development.
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Chapter 2. Dipicolinic Acid Derivatives as Inhibitors of NDM-1
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2.1 Introduction

Antibiotic-resistance in pathogenic bacteria has become a critical public health
threat." A major mechanism of antibiotic resistance is microbial degradation of drugs by
enzymes such as MBLs. MBLs with the greatest clinical impact are found in the B1
subfamily, with the most prevalent members being NDM, VIM, and IMP. NDM, the
newest member of the trio, has been the focus of recent inhibitor development due to its
carriage on easily transmissible plasmids and its emergence in community-acquired
infections.?® This chapter will describe the utilization of FBDD for the design, synthesis,
and evaluation of a novel class of NDM-1 inhibitors. A focused library of MBPs enabled
a systematic search of compounds that target the di-Zn(ll) site of B1 MBLs. SAR
analysis and optimization of primary hit dipicolinic acid (DPA) led to the discovery of 36
with an ICsp = 80 nM, putting it on par with the most potent NDM-1 inhibitors known.%”
Compound 36 showed increased inhibition against IMP-1 and VIM-2 when compared to
DPA and no significant inhibition against several other Zn(ll)-dependent
metalloenzymes. The interaction of 36 with the active site of di-Zn(ll) or di-Co(ll)
metalloforms of NDM-1 was characterized via 'H NMR spectroscopy, electron
paramagnetic resonance (EPR) spectroscopy, equilibrium dialysis, intrinsic tryptophan
fluorescence quenching, and UV-vis spectroscopy. As inhibition of 36 was improved, a
metal ion stripping mechanism was replaced in favor of a ternary NDM-1:Zn(ll):36
complex mechanism of action. Microdilution broth studies performed with clinical E. coli
and K. pneumoniae strains harboring blanpm-1 reveal that coadministration with 36

significantly reduced the minimum inhibitory concentration (MIC) values of imipenem.
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Furthermore, no toxicity was observed for 36 in mammalian cell culture. This work
provides a roadmap for the transformation of MBPs into selective and effective NDM-1

inhibitors.
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2.2 Results and Discussion
2.2.1 MBP Library Screen and Selection of DPA as Lead Fragment

The extreme sequence diversity found within the family of MBL proteins
complicates the design of a single compound to serve as an effective broad-spectrum
MBL inhibitor. Even within the B1 subclass of MBLs, which contains the most clinically
relevant targets, sequence identity is low. Pairwise protein sequence alignments
between all combinations of the three MBLs tested here (NDM-1, IMP-1, and VIM-2)

have identities of only ~30%.%° This diversity is also present at the active site where

very few residues are essential for catalysis due to a mechanism that relies mostly on
substrate interactions with the di-Zn(ll) site.> However, this same property makes the
di-Zn(ll) active site an attractive target for inhibition by MBPs. The search for MBL
inhibitors through a systematic exploration of chemical space by screening the MBP
library against three representative B1 MBLs, NDM-1, IMP-1, and VIM-2 is described.
Several MBPs fragments were identified as attractive leads for MBL inhibitor
development.

A 96-well plate, continuous assay was optimized for the hydrolysis of the
colorimetric B-lactam substrate chromacef by NDM-1 (substrate concentration of 3xKy),
IMP-1 (substrate concentration of Ky), and VIM-2 (substrate concentration of Ky). The
substrate concentrations were kept close to Kv values to better detect competitive
inhibitors, yet high enough to allow for maintenance of linear initial rates.'® The assays
showed good discrimination between positive (enzyme added) and negative (enzyme

omitted) samples, with Z' factors of 0.7, 0.7, and 0.8 for NDM-1, IMP-1, and VIM-2,
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respectively (Figure 2-1)."" Each fragment in the MBP library was screened at a
concentration of 50 pM against each of the three MBL enzymes, and the resulting
percent inhibition was measured. The activity of MBPs ranged from 0% to 100%

inhibition, with an average of ~27% inhibition for the entire library screened against all

three enzymes. Using a cutoff of >60% inhibition, six compounds remained as hits
(Table 2-1).

One primary hit, 1,10-phenanthroline, is a known metal stripping agent and was
omitted. Another hit, 2-(pyridine-2-yl)-4,5-dihydrothiazole, was disregarded because
mass spectrometry indicated the stock solution of the MBP had degraded. The
remaining five primary hits consisted of 3-hydroxypyridine-2(1H)-thione, which shares
some structural similarities to the known MBL inhibitor thiomaltol (which was also a
hit),'”® two 8-hydroxyquinoline compounds (shown to inhibit a different di-Zn(ll)
enzyme),’”® and DPA. DPA was selected as the initial scaffold for further optimization
because previous reports described dicarboxylate compounds and 2-carboxypyridines
as inhibitors of other MBLs.% ' Furthermore, DPA bears resemblance to the core of a
hydrolyzed cephalosporin, mimicking both the carboxylate formed upon f-lactam
hydrolysis and the leaving group nitrogen. The ICs, of DPA was first determined via

colorimetric assay to be 520 nM.
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Figure 2-1. Z’ Factor determination using the substrate chromacef. Absorbance values
for positive () controls and negative (@) controls. Solid lines are the mean values for
each set, dashed lines are fixed at + 3o.
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Table 2-1. List of MBP primary screening hits against MBLs. Percent inhibition values
were obtained via monitoring the MBL-catalyzed hydrolysis of substrate chromacef.

Compound NDM-1 VIM-2 IMP-1

thiomaltol 70 2 54

3-hydroxypyridine-2(1H)-
thione
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2.2.2 Design and Synthesis of DPA Derivatives (Sublibrary 1 — Sublibrary 3)

To augment the inherent affinity of DPA for the di-Zn(Il) component of MBLs, we
sought to design DPA-based inhibitors of NDM-1 that focus on increasing the binding
interactions with protein residues surrounding the active-site Zn(ll) ions, namely
residues on L3 and L10. The L3 mobile B-hairpin loop allows for the accommodation of
a wide range of antibiotic substrates, plays a role in the accumulation of catalytic
reaction intermediates, and presents a hydrophobic surface as one wall of the active
site.’ L3 moves over the di-Zn(ll) ions and back to the original position on the
millisecond timescale upon substrate hydrolysis, making it an attractive active site to
probe.’® The other loop that flanks the di-Zn(ll) active site, L10, is a conserved loop that
provides potential binding partners: Lys224, Gly232, and Asn233 (standard BBL

numbering, Figure 2-2)."7

The two sides of L3 and L10 from a shallow, relatively
featureless hydrophobic channel. L5, a loop that runs perpendicular to the L3 and L10,
is also of interest for inhibitor development. On the basis of the structure of the
coordination complex of DPA with free Zn(ll)'® and hydrolyzed antibiotic cefuroxime
complexed with NDM-1 (PDB 502E)," a similar coordination at the active site of NDM-1
was assumed to guide inhibitor optimization. The design and synthesis of subsequent
sublibraries aimed to improve interactions with amino acid residues of L3 and L10.

The first of three sublibraries (Sublibrary 1) contained compounds with
substituents designed to extend into the hydrophobic channel, as well as to determine

the necessity of both carboxylate groups on the DPA fragment for inhibition. These

substitutions were introduced through the conversion of one of the carboxylate groups
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of DPA to various amide substituents via standard peptide coupling procedures
(compounds 3 — 20, Scheme 2-1). The carboxylic acids of DPA were first esterified to
give the dimethyl ester derivative 1. One of the esters were hydrolyzed with KOH at
0 °C to obtain the monomethyl ester product (2). Coupling 2 with primary amines by 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and hydroxybenzotriazole (HOBT)
afford the desired amide derivatives. Finally, hydrolysis of the methyl ester in 1M
NaOH:THF produced the monocarboxylic acid DPA derivatives that comprise sublibrary

1 (compounds 3 — 20).

L3

L5 0
N, O
o= _ ""ZNZ....nAsmzo
0 N His263

His118 ,,, |

| ZN, Cys221
His116"

His196 L10 g

Figure 2-2. Chemical illustration of the predicted mode of binding of DPA with the di-
Zn(ll) active site with L3, L5 and L10 outlined. Zn(ll) and hydroxide ion are represented
as orange and red spheres, respectively.

Sublibrary 2 (compounds 22 — 30) consisted of DPA derivatives with substituents
at the 4-position of the pyridine ring connected through an amine linker (Scheme 2-2).
This sublibrary was designed to determine what substituents could be tolerated in the
active site pocket below the B-hairpin loop. Compounds 22 — 30 were synthesized

starting from dimethyl 4-chloropyridine-2,6-dicarboxylate followed by saponification in a
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1M NaOH:THF solution to afford 21. Next, 21 was heated using a microwave reactor in
the presence of the corresponding amine to generate compounds 22 — 30. Lastly,
Sublibrary 3 (compounds 33 — 47) also contained DPA derivatives with substituents at
the 4-position but incorporated a series of substituted aryl substituents to enhance
possible hydrophobic interactions at the base of the L3 B-hairpin loop and included
substitutions to make possible hydrogen-bonding interactions with nearby L10 residues.
In this sublibrary, instead of an amine linker, the aryl substituents are attached through
a direct carbon—-carbon bond formed via Palladium-catalyzed Suzuki cross-coupling
(Scheme 2-3). 4-Hydroxypyridine-2,6-dicarboxylic acid was esterified to 31 by heating
to reflux in MeOH with catalytic HoSO4. Next, 31 was converted into the bromide
derivative 32 using tetrabutylammonium bromide and P4O1,. Compounds 33-47 were
then synthesized via Suzuki cross-coupling procedures utilizing Pd(PPhs)s and
KsPO4/CH3CO2K, with the final compounds obtained by saponification with 1M

NaOH:THF.
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Scheme 2-1. Synthetic route for Sublibrary 1 (compounds 3 - 20). Reagents and
conditions: (a) MeOH, H.SO, (cat.), 75 °C, 24 h, 100%; (b) MeOH, KOH, 0 °C, 4 h,
81%; (c) EDC, HOBT, corresponding amine H>NR, 18 h; then 3:1 1M NaOH: THF, 30
min —1 h, 4M HCI, 34 — 87%.

® : ® i ®
B B —
_0 N/ (ONQ HO N/ OH HO N/ OH
(0] (0] (0] o o o
Dimethyl 4-chloropyridine-2,6- 21 22-30

dicarboxylate
Scheme 2-2. 1Synthetic route for Sublibrary 2 (compounds 22 — 30). Reagents and

conditions: (a)10:1 1M NaOH: THF, 70 °C, 3 h, 80%; (b) corresponding amine, H-O,
microwave at 160 °C, 30 min, 10 — 80%.
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Scheme 2-3. Synthetic route for Sublibrary 3 (compounds 33 — 47). Reagents and
conditions: (a) MeOH, H»SO4 (cat.), 75 °C, 24 h, 88%; (b) tetrabutylammonium bromide,
P401o, toluene, 100 OC, 3 h, 92%; (C) Pd(PPh3)4, K3PO4/CH3002K, 1,4-dioxane, 85 OC,
overnight; then 4:1 1M NaOH:THF, HxSO4, 22 — 84%.
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2.2.3 In Vitro Activity of DPA Derivatives as Inhibitors of NDM-1

An initial ranking of NDM-1 inhibition by DPA derivatives in Sublibraries 1 — 3
was first completed by determining the 1Cso values using the colorimetric substrate
chromacef. Chromacef, at a concentration of 3x Ky, allowed for linear hydrolysis rates
over the assay duration. A secondary assay, using the fluorescent substrate

fluorocillin, %21

was then used to verify the ranking of the most potent compounds
(Sublibrary 3). The Ky of fluorocillin was determined to be 0.46+0.06 uM. By use of a
concentration less than Ky, the fluorescent substrate allowed for increased signal
response, a longer linear portion of the kinetic assay, and minimized substrate
perturbation of ICso values for competitive inhibitors. The addition of a fluorescence-
based assay also provides an orthogonal method to verify inhibition. False positives in
the screen arising from compounds with absorbance at wavelengths similar to the
product detected in the absorbance-based assay would not interfere with the excitation
or emission wavelengths used in the fluorescence-based assay. ICso values
determined using either substrate give similar relative rankings of potency but are of
different absolute magnitudes due to differing assay conditions (most significantly
substrate concentration relative to Ky values).'® A summary of the inhibition data is
provided in Table 2-2 — Table 2-4.

Utilizing a colorimetric assay, it was found that most of the compounds in
Sublibrary 1 (3 — 20) showed =100-fold loss in activity when compared to the

unsubstituted DPA (ICso = 520 nM). This indicates that both carboxylate groups on

DPA are required for inhibition. Both aromatic (8) and alkyl (15) substitutions were
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detrimental; however, substituents that reintroduce a potential metal coordinating ligand
or H-bonding ligand (12 — 14) retained some activity. DPA derivatized with D-valine (14),
in comparison with 13 and 16, suggests that a carboxylate at this position drives activity
and bulky hydrophobic substitutions can also improve inhibition, albeit to a lesser
degree. On the basis of this SAR, both carboxylates of the DPA scaffold were retained
in the design of subsequent sublibraries. Compounds in Sublibrary 2 (21 — 30) showed
a modest loss in inhibition (7- to 26-fold) relative to DPA, with a small dimethylamine
substituent (22) causing the most significant loss. The addition of a hydrophobic aryl
group to the nitrogen linker (as in compound 23) significantly rescued activity and
resulted in the most potent inhibitor in this series (ICso = 3.4 uM). Extending the length
of the linker (23 vs 24 or 25) reduced activity. The substitution of the aryl ring (26 — 28)
or replacement with different heterocycles (29 and 30) did not result in any significant
improvement. These results suggest that substitution at the 4-position with an amine
linkage is not favorable (even relative to unsubstituted DPA), but the addition of
hydrophobic substituents can rescue activity. These results are consistent with the
hypothesis that substitution at this position can lead to interactions with the hydrophobic
L3 adjacent to the active site. Therefore, the aryl substituent was kept in the design of
the third sublibrary but a different linkage was utilized.

In contrast to the previous two sublibraries, compounds in Sublibrary 3 (33 — 47)
showed inhibition of NDM-1 that is on the same order of magnitude as DPA and in
some cases significantly better. Examination of the fluorescent assay results reveals

that DPA with aryl groups containing ortho-substituents (38 and 39) showed similar or
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improved inhibition relative to DPA (ICso = 410 nM). In general, those with para-
substituents (40 — 43) showed modest changes in inhibition. The same general trend is
seen with meta-substitutions (34, 35, 37, 44 — 47) except for compound 36. Compound
36 stood out in Sublibrary 3, with an ICsy value of 80 + 2 nM (Figure 2-3). This
compound represents a 4-fold improvement in inhibition compared to DPA and
achieves one of the lowest ICso values for NDM-1 reported to date. A comparison of 36
with 42 suggests that the increase in inhibition is not likely due to the electron-donating
effects of 36 on metal binding, as a greater effect would be expected from the para-
substituted compound. The substitution of a methoxy (34), alcohol (35), or
dimethylamine (37) group at the same position shows a loss in activity, suggesting that
specific interactions (possibly by H-bond donation) of 36 with the protein are responsible
for the improved inhibition. It is proposed that aryl substituents directly linked to the 4-
position of DPA augmented by meta-substituents are capable of specific protein
interactions and represent an effective route for fragment growth. Notably, additional
exogenous Zn(ll) in the assay buffer has little impact on the ICs value of 36, suggesting
a specific, direct interaction of 36 with amino acid residues in the active site of NDM-1.
In contrast, exogenous Zn(ll) in the assay buffer diminishes the inhibition activity of DPA
against NDM-1, presumably due to the sequestering of the excess Zn(ll) by DPA

(Figure 2-4).
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Table 2-2. Inhibitory activity of Sublibrary 1 (compounds 3 — 20) against NDM-1.
Inhibition values were obtained via monitoring the NDM-1-catalyzed hydrolysis of
substrate chromacef.

N
HO | H
N7 N
0 0
Compound ICs50 (HM) Compound ICs50 (HM)
: s
3 ) >50 12 Y 2411
(0]

4 5@ >50 13 P 491

5 b ® >50 14 §I%H 2041

6 EQO/ >50 15 §Y >50
7 Q. >50 16 Y >50

(o]
8 : > >50 17 >50

O
9 ay >50 18 EO >50
10 O >50 19 05 >50
11 EV\@) >50 20 %N@ >50
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Table 2-3. Inhibitory activity of Sublibrary 2 (compounds 21 — 30) against NDM-1.
Inhibition values were obtained via monitoring the NDM-1-catalyzed hydrolysis of

substrate chromacef.

X
HO N/ OH
0]
Compound ICs50 (M) Compound ICs50 (UM)
= o\
21 s 5.0+0.1 26 A 4.5+0.1
|
N HN
22 w 13.6+0.8 27 N'WA@LO/ 7.2+0.4
L i
23 » 3.40.2 28 ,Jw/\©:o> 5.8+0.4
|
S
24 ”i@ 8.4x1.1 29 W) 52101
(0]
25 HN/\/© 9.1+0.2 30 Hﬂw/\ﬁ/) 4.9+0.1
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Table 2-4. Inhibitory activity of Sublibrary 3 (compounds 33 — 47) against NDM-1.
Inhibition values were obtained via monitoring the NDM-1-catalyzed hydrolysis of
substrate chromacef and fluorocillin (bold typeface).

g
HO_Js, A\, OH
(0] O
Compound ICs50 (UM) Compound ICs50 (UM)
O/
H 0.52+0.04 0.43 £ 0.02
DPA o 0.41 £0.02 40 © 0.38 £ 0.02
on
0.66 = 0.03
33 @ 0.99 +0.02 41 <> e
o) mz
AN ~
a 0.80 +0.02 ” 1.03 +0.01
1.07 £ 0.07 0.54 + 0.02
OH N7
() 0.60 = 0.03 0.57 £ 0.02
35 0.43 % 0.01 43 <> 0.19 = 0.01
X NH, Q
w 0.32 % 0.01 " OH 0.89 = 0.03
0.08 = 0.002 0.20 = 0.08
! A
37 ek 0.82 +0.01 45 e 0.99 +0.04
_ 0.43 % 0.01 0 0.93 £ 0.02
0.50 + 0.02 N 0.86 = 0.02
38 o 0.500.01 46 Q 5 0.13 £ 0.01
§
: 0.52 +0.02 @ 0.86 = 0.02
¥ Yo 0132001 7 Q 0 0.59 = 0.06

v
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Figure 2-3. Example ICs, determinations for DPA (®, 410 nM) and 36 (M, 80 nM)
utilizing fluorocillin substrate.
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Figure 2-4. ICs variation with excess exogenous Zn(ll). 1Cso values for inhibition of
NDM-1 by DPA (@, 3 replicates), or 36 (A, 4 replicates) were determined at varying
concentrations of exogenous ZnSO, using fluorocillin as the reporter substrate and
NDM-1 (final concentration at 0.025 nM).
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In comparison with the most potent NDM-1 inhibitor reported at the time of
publication, a diamino-substituted cyclic boronate inhibitor (ICso = 4 nM),° 36 is a smaller,
achiral compound with a higher LE (0.5 versus 0.4 (kcal/mol)/non-H atom).??
Furthermore, a review profiling 3,200 antibacterial project compounds with whole-cell
activity found that active compounds against Gram-negative bacteria have an average
of calculated LogD (cLogD pH 7.4) of <10.2® The cLogD;.4 of 36 (-5.19 to —4.48) falls
into the typical hydrophobic region of such antibacterial drugs. Structural determination
of the ternary complex between 36 with NDM-1 will be required to reveal the precise
active site interactions, but molecular modeling suggests that placement of the DPA
scaffold at the di-Zn(ll) active site may position the 4-aryl substituent near the
hydrophobic base of the active-site B-hairpin loop L3 and situate the meta-substituent

close to L10.
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2.2.4 Investigation of Inhibitor Selectivity

To determine the selectivity of 36 for MBLs, compound 36 was screened against
two other B1 MBLs and a panel of other clinically relevant Zn(ll)-dependent
metalloenzymes. Despite the sequence diversity among B1 MBLs, the elaboration of
DPA to 36 resulted in the enhancement of potency for inhibition against both VIM-2 and
IMP-1 (Table 2-5). Next, inhibitor 36 was screened against a panel of Zn(ll)-dependent
metalloenzymes including histone deacetylases (HDACs),?* matrix metalloproteinases
(MMPs),?®> and human carbonic anhydrase (hCAIlI)?® (Table 2-6). Screening protocols

2728 and values are reported as percent

followed previously published procedures
inhibition. At a concentration of 10 uM (significantly higher than the ICso value against
NDM-1), compound 36 showed some inhibition against MMP-2 and MMP-12 but did not
show inhibition against HDAC-1, HDAC6, and hCAIl. Testing 36 at higher
concentrations (50 — 100 uM) resulted in some inhibition of these metalloenzymes;
however, the inhibition values were <50% (data not shown). On the basis of the data
obtained, compound 36 is between 100- and 1000-fold more selective for NDM-1 than
for MMPs, between 500- and 1000-fold more selective for HDACs, and at least 500-fold
more selective than for hCAIl. Overall, 36 has strong activity against MBLs (NDM-1,
IMP-1, VIM-2) and no significant inhibition of other Zn(ll)-dependent metalloenzymes (at

concentrations of <10 uM). This data demonstrates the potential for 36 to be broad-

spectrum MBL inhibitor that does not exhibit off-target inhibition.
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Table 2-5. Inhibitory activity of DPA and 36 against B1 MBLs. Inhibition values were
obtained via monitoring the MBL-catalyzed hydrolysis of substrate fluorocillin.

ICs0 (M)
Compound NDM-1 VIM-2 IMP-1
DPA 0.4120.02 1.66+0.03 3.03+0.04
36 0.080+0.002 0.2120.01 0.24+0.01

Table 2-6. Percent inhibition of 36 (at 10 uM) against Zn(ll)-metalloenzymes.

Compound MMP-2 MMP-12 HDAC-1 HDAC-6 hCAlI

36 <6 48+8 no inhibition no inhibition no inhibition
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2.2.5 Determination of Mode of Inhibition

'"H NMR Spectroscopy. In previous work, we examined a series of My (ll)-
substituted analogs of NDM-1 (My2 = Co, Cd, Zn) by 'H NMR.2**® Comparing the
CoCd and ZnCo analogs of NDM-1, we assigned several resonances in the rich
spectrum displayed by the di-Co(ll) enzyme (shown at the bottom of each panel in
Figure 2-5). The solvent exchangeable resonances at 78, 73, and 65 ppm are ascribed
to the three Co(ll)-coordinated histidines at the Zn; site, while the peak at 107 ppm is
assigned to the NH proton from His263 coordinated to Co(ll) in the Zn, site. The sharp
resonance at 47 ppm can be attributed to the B-CH. pair of Asp120, coordinated to
Co(ll) at the Zn, site, while the poorly resolved doublet near 170 ppm arises from (-CH>
protons of the Co(ll)-bound cysteine at the same site. In addition, several poorly
resolved resonances attributed to secondary interactions between Co(ll) in the Zn, site
and distant residues in the substrate-binding pocket are seen in the range from +40 to
-80 ppm.

With a paramagnet in both sites and the ability to attribute many of the signals to
either the Zn; or Zn, site, we used these signatures to examine the metal-binding
properties of the individual inhibitors. di-Co(ll) NDM-1 was titrated with increasing molar
equivalents of DPA and 36 (Figure 2-5), along with a known competitive inhibitor (L-

captopril)®'

and a known chelator ethylenediaminetetraacetic acid (EDTA) as controls
(Figure 2-6). Each titration was compared to control spectra from an aqueous solution
of the inhibitor and Co(ll), in the absence of protein (Figure 2-7). The NDM-1 titrations

with L-captopril and EDTA gave results as expected, with L-captopril forming a ternary
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complex (Figure 2-6A) and EDTA (Figure 2-6B) indiscriminately removing metal. The
titration with DPA (Figure 2-5A) shows evidence of metal removal at 1 equivalent, with
the appearance of four very sharp, intense resonances at 102, 91, 37, and 30 ppm,
consistent with the formation of the Co(DPA), adducts seen in control spectra.
However, the rest of the spectrum is largely unaffected, suggesting that DPA
indiscriminately removes metal ions, and shows no changes that can be attributed to an
NDM-1:Co(ll):DPA ternary complex. Additional added DPA simply resulted in the
removal of both metal ions in the NDM-1 active site and further loss in signal intensity.
Titration of di-Co(ll) NDM-1 with the DPA derivative 36 (Figure 2-5B) shows some
evidence for metal ion removal; however, unlike DPA, 36 also shows evidence of a
ternary complex formation. The addition of 1 equivalent of 36 led to a set of sharp
resonances that indicate Co(36), formation. Although it is not possible to directly
compare the intensity of these sharp lines to the broader lines of the Co(ll) ligand
protons, the relative intensity of these lines to those from Co(DPA), at 1 equivalent of
added DPA is significantly lower. Meanwhile, at least two new resonances (red

markers at ~125 and ~30 ppm) attributed to an NDM-1:Co(ll):36 ternary complex

appears. At 2 equivalents of 36, substantial metal removal is apparent, evidenced by a
loss of intensity particularly from the Zn, site ligands, suggesting 36 shows some

preference for the formation of a ternary complex.

46



resting resting
[ 1

[ B |
TT T T T T[T T T T [T T T T[T T T T[T T T T[T T T TT [T T T T[T T T T [ TTTT[TTTT[TTTT[TTI

200 150 100 50 0 -50 200 150 100 50 0 -50
8 (ppm) S (ppm)

(A) DPA (B) 36
2eq A 2eq | VWUJV"‘
|
1eq 1e N n
B w—l L 1 R Www e st JHN ::
Ty

Figure 2-5. 300 MHz 'H NMR titrations of di-Co(ll) NDM-1 with (A) DPA and (B) 36.
Resonances assigned to Zn4 ligands (black squares), Zn, ligands (gray squares) and a
ternary complex formation (red squares) are marked.
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Figure 2-6. Control titrations. 300 MHz "H NMR spectra of di-Co(ll) NDM-1 titrated with
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EPR Spectroscopy. To gain a better understanding of the ternary complex
formed, we turned to EPR spectroscopy. As can be seen in Figure 2-8, the addition of 1
equivalent of DPA and 36 (similar to L-captopril, data not shown) led to minimal
perturbation of the spectra, aside from minor modulation of the line shapes, when
compared to the resting di-Co(ll) NDM-1 spectra. The reason for small perturbations
produced by L-captopril in the EPR spectra of NDM-1 is unknown but consistent with
similar previous findings.** This suggests the electronic structure of the Co(ll) ions, and
their physical structures, by extension, are largely unchanged. However, as shown in
the inset, the addition of 36 led to a new feature near 600 G, which has been seen in
EPR studies of MBLs in the presence of substrates during turnover.®® This feature,
indicative of a more tightly coupled di-Co(ll) site, is suggestive of an additional bridging
species, arising from the weak ferromagnetic coupling of the Co(ll) ions. This can be
more readily seen in the parallel mode spectra, which shows a deep negative feature
(~800 G) that appears on the addition of 1 equivalent of DPA and 36. These data
indicate not only the formation of a ternary complex but also bridging binding modes for

both DPA and the synthesized inhibitor.
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Figure 2-8. X-band EPR spectroscopy of di-Co(ll) NDM-1 (black) and di-Co(ll) NDM-1
with 1 equivalent of added DPA (blue) and 36 (red). Inset: Expansion of the low-field

region of the perpendicular mode spectra.
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UV-Visible Spectroscopy. Previously, UV-vis spectroscopy has been used to
probe Co(ll) binding to NDM-1. The optical spectrum of di-Co(ll) NDM-1 presented here
(Figure 2-9A) is identical to that previously published, with ligand field transitions in the
500-700 nm region®® from protein-bound high-spin Co(ll) (the small absorbance at 420
nm has previously been attributed to the presence of Co(lll)).** Control spectra from
buffered solutions of Co(ll) in the presence of 2 equivalents of EDTA, captopril, DPA, or
36 (Figure 2-10) showed minimal absorbance in the ligand field region suggesting that
the presence or absence of the ligand field bands can serve as a marker for protein-
bound Co(ll). Titration of di-Co(ll)NDM-1 with 1 equivalent of EDTA results in a small
reduction of the intensities of all four ligand field transitions, suggesting removal of small
amounts of Co(ll). A second equivalent of EDTA results in complete loss of the ligand
field transitions, indicating that EDTA fully removed Co(ll) from the active site of NDM-1
(Figure 2-9A). Conversely, the titration of di-Co(ll) NDM-1 with competitive inhibitor L-
captopril (Figure 2-9B) results in a change in the shape of the ligand field bands but no
loss in intensity. While the inclusion of a second sulfur atom in the ligand set will surely
complicate the interpretation of the captopril spectra, the retention of d-d band intensity

strongly suggests the formation of an NDM-1:Co(ll):captopril ternary complex.
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Figure 2-9. UV-vis spectroscopy of di-Co(ll) NDM-1 (black lines) and di-Co(ll) NDM-1
(300 pM) with (A) EDTA and (B) L-captopril as control, and 1 — 2 equivalents of added
(C) DPA, and (D) 36.

Titration of di-Co(ll) NDM-1 with DPA was similar to that with EDTA, with the

addition of the first equivalent of DPA resulting in a reduction in the ligand field intensity

(Figure 2-9C), and a more dramatic reduction at 2 equivalents of DPA. While these
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data indicate that Co(ll) is being removed from the active site, the retention of some
ligand field intensity at 2 equivalents of DPA shows that DPA does not bind Co(ll) as
tightly as EDTA.*® Meanwhile, titration of di-Co(ll) NDM-1 with 36 (Figure 2-9D) up to 2
equivalents shows minimal loss of d—d band intensity, suggesting minimal removal of
the active site metal ion. The only perturbation produced by 36 is a strong charge-

transfer transition at ~320 nm (an internal m—mt* transition of 36) that alters the

background associated with the ligand field region.
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Figure 2-10. (A) Control optical spectra of a buffered Co(ll) solution, in the presence of
the various inhibitors under study; (B) Full spectra for the titration of Co(ll) with 36.
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Equilibrium Dialysis. To be certain the mode of inhibition determined above is
representative of the di-Zn(ll) enzymes, equilibrium dialysis studies were conducted.
Not surprisingly, the Zn(ll) content of NDM-1 was significantly reduced when incubated
with the metal chelator EDTA, while the Zn(ll) content did not change upon incubation
with L-captopril (Figure 2-11). Incubation of NDM-1 with DPA resulted in a significant
loss in Zn(ll) content albeit not as much as EDTA at similar concentrations. Unlike DPA
or EDTA, 36 behaves more like L-captopril. At low concentrations of 36, incubation with
NDM-1 resulted in no significant removal of Zn(ll); only upon exposure to higher

concentrations of these compounds (~24 pM, about 240-fold greater than the ICsg

value) was 10-20% of the Zn(ll) removed from NDM-1. This result further supports that
the mode of inhibition exhibited by 36 is through the formation of a NDM-1:Zn(11):36

ternary complex rather than metal stripping, even at micromolar concentrations.
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Figure 2-11. Metal content of NDM-1 (8 uM) after dialysis with various concentrations of
EDTA, L-captorpril, DPA, and 36 in 50 mM HEPES, pH 7.5, buffer.
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Tryptophan Fluorescence. Previously, stopped-flow fluorescence studies were
used to probe the kinetic mechanism of NDM-1.2°*° These studies revealed that the
binding of the substrate results in a rapid decrease in fluorescence, and as the
substrate is hydrolyzed and the product is released, there is a rate-limiting return of
fluorescence intensity. We attributed these fluorescence properties to Trp87 (standard
BBL numbering, Trp93 in NDM numbering), which is 5.7 A from the Zn(ll) binding site.
As before, we utilized EDTA and L-captopril as controls to evaluate how a metal
chelator versus a competitive inhibitor affects the fluorescence properties of NDM-1.
Incubation of 2 uM NDM-1 with up to 32 uM EDTA resulted in <10% quenching of
intrinsic tryptophan fluorescence (Figure 2-12A). Conversely, incubation of NDM-1 with
up to 32 uM L-captopril resulted in a 10% increase in fluorescence, indicating a different
binding mode for this compound. The increase in fluorescence is likely due to the
interaction of C3 and C5 in L-captopril with Trp87.%'

Incubation of NDM-1 with DPA resulted in a 20% quenching of tryptophan
fluorescence emission (at 32 uM DPA where 20% of the Zn(ll) was removed, as shown
in Figure 2-11). In contrast, incubation of NDM-1 with 36 resulted in a 50-60%
quenching of the intrinsic tryptophan fluorescence (Figure 2-12A). Due to the aromatic
ring in 36, we attribute the quenching of fluorescence to be due to the binding of these
compounds to the metal center, resulting in a change in the fluorescence properties of
Trp87. In support of this hypothesis, a control titration of L-tryptophan with EDTA, L-
captopril, and 36 was performed. The titration of L-tryptophan with EDTA and L-captopril

results in no change in the fluorescence emission of tryptophan, while titration with 36
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results in a 50% reduction of fluorescence emission (Figure 2-12B). The results from

fluorescence titrations are consistent with those from previous analysis, which indicate

compound 36 is binding in the active site, forming a ternary NDM-1:Zn(11):36 complex.
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Relative intrinsic tryptophan fluorescence emission versus

concentration of inhibitor; (B) Relative intrinsic tryptophan fluorescence emission versus
concentration of 36, L-captopril and EDTA. The concentration of NDM-1 was 2 uM, L-
tryptophan was 2 uM and the buffer for both studies was 50 mM HEPES, pH 7.5.
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2.2.6 Microdilution Broth Minimum Inhibitory Concentrations (MICs)

Microdilution broth MICs were next performed on E. coli and K. pneumoniae
clinical isolates expressing blanpm-1>¢ using imipenem and compound 36 (Table 2-7 and
Table 2-8). The MICs of imipenem alone were 4 — 16 mg/L. Notably, the addition of
compound 36 at 100 mg/L significantly lowered the imipenem MICs (0.5 — 1 mg/L). For
all E. coli and K. pneumoniae strains, no effect on growth was observed with compound
36 alone, indicating a lack of toxicity at these concentrations. Even though standard
CLSI guidelines have not yet been established for this imipenem:36 combination, the
reduction in MICs from 8 — 16 mg/L to 0.5 — 1 mg/L for the clinical strains would
represent a reduction in MICs from “resistant” to “susceptible” range. These results
serve as an important proof of concept that these exploratory scaffolds are critical
starting points for novel design strategies. Noteworthy, the B-lactam resistance profile
in the selected strains is mediated by both extended-spectrum B-lactamases (ESBLS)
(blactx-m-15) and plasmid-mediated AmpCs (blacmy-2). A therapeutic combination of
imipenem and 36 able to overcome the complex background of a MBL, ESBL, and
plasmid-mediated AmpC is notable. Furthermore, growth and morphology of cultured
human HEK293 cells were not adversely affected by 36 at concentrations relevant to

the MIC studies (Figure 2-13 and Figure 2-14).
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Table 2-7. Microdilution broth MICs of clinical E. coli Isolates Expressing blanpm-1. All
strains possess blacrx-m-15 and blacuy-2 except for E. coli Ah8.74 which possesses only
blanpwm-1-

E. colilsolates Imipenem s (mg/Lzmipenem + 36
Ch8.68 16 1
Ch8.69 4 0.5
Ch8.70 16 0.5
Ah8.71 16 1
Ch8.72 16 0.5
Ah8.73 16 0.5
Ah8.74 8 0.5
Ah8.75 16 0.5

Table 2-8. Microdilution broth MICs of clinical K. pneumoniae isolates expressing
blanpm-1. Strains Cm1.62 and Cm1.63 possess blacrx-m-15 and blacuy-2. Strain Pd1.48
possesses blaspyyv-12 and blactx-.m-15.  Strains Pd1.49, Pd1.50, Pd1.53, Pd1.54, and
Pd1.55 possess blacTx-m-15.

. MICs (mg/L)
K. pneumoniae Isolates - -
Imipenem Imipenem + 36
Pd1.48 8 0.5
Pd1.49 4 1
Pd1.50 8 0.5
Pd1.53 8 0.5
Pd1.54 8 0.5
Pd1.55 8 0.5
Cm1.62 16 1
Cm1.63 8 1
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Figure 2-13. HEK293 cells cultured in the presence of vehicle-only or 36 showed no
statistical difference in cell viability at concentrations of 36 up to 400 uM, the highest
concentration used in MIC determinations. Much higher concentrations (4 mM) of 36
cause some cell toxicity that is statistically significant (*represents a p-value <.001 when
compared to control values).

36

Vehicle

0.4 uM

Figure 2-14. HEK293 cells cultured in the presence of .4 to 400 uM 36 showed similar
morphology to those grown with addition of a vehicle (DMSO) only control.
Morphological changes typical of apoptosis were apparent with treatments of a high

concentration (4 mM) of 36, which is 10-fold higher than the concentration used in MIC
determinations.
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2.3 Conclusion
A FBDD strategy was applied to design potent inhibitors of the most clinically
relevant MBLs. Previously, fragment-based approaches have been used for MBL

inhibitor discovery.®”%

Here, the use of a small MBP fragment library enabled a
systematic search for metal-directed inhibitors and identification of the scaffold DPA,
which shares structural aspects of a hydrolyzed B-lactam product. Through the
synthesis and screening of three sublibraries, 4-(3-aminophenyl)pyridine-2,6-
dicarboxylic acid (36) was identified as a broad spectrum potent inhibitor of NDM-1,
IMP-1, and VIM-2, arguably the most clinically important MBLs, with no significant
inhibition of other Zn(ll)-dependent metalloenzymes. A focus on screening metal-
binding fragments to target the most conserved feature of MBLs and the criteria of
inhibiting three different MBLs in the primary screen may have contributed to the
success of this strategy in developing a potent pan-MBL inhibitor.  Detailed
spectroscopic characterization ('"H NMR, EPR, equilibrium dialysis, intrinsic tryptophan
fluorescence emission, and UV-Vis) of the enzyme, inhibitor, metal:36, and the
enzyme:metal:36 ternary complexes reveal that optimization of 1Cso values correlated
with a tighter formation of the ternary NDM-1:Zn(l1):36 complex. This work serves as a
roadmap for converting a hit with metal-stripping tendencies into a potent
metalloprotein-binding ligand. Microdilution broth MICs performed on a panel of highly-
resistant clinical E. coli and K. pneumoniae strains harboring blanpw-1 reveal that in all

cases, 36 reduced imipenem MICs to a “susceptible” range and did not exhibit

cytotoxicity against bacterial cells or human HEK293 cells Compound 36 represents a
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new type of non-toxic, potent, pan-MBL inhibitor that is effective against clinical strains

of carbapenem-resistant Enterobacteriaceae.
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2.4 Experimental

All reagents and solvents were obtained from commercial sources and used
without further purification. Nunc 96-well polystyrene clear flat bottom microplates,
Corning black polypropylene round-bottom 96-well microplates, Costar black
polystyrene round-bottom 96-well microplates, Costar clear polystyrene flat-bottom 96-
well  microplates, 3-((3-cholamidopropyl)  dimethylammonio)-1-propanesulfonate
(CHAPS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), dimethyl
sulfoxide (DMSOQO), and ethylenediaminetetraacetic acid (EDTA) and Fluorocillin green
495/525 B-lactamase substrate, soluble product, were purchased from ThermoFisher
Scientific Inc. (Fair Lawn, NJ). Chromacef was a generous gift from Dr. Larry Sutton
(Benedictine College, Atchison, KS).*° ([1,1-Biphenyl]-4-ylsulfonyl)-D-phenylalanine

(NSA) was prepared by literature methods.*'

All other reagents were purchased from
Sigma-Aldrich Inc. (St. Louis, MO). High-throughput screening and chromacef assays
were performed on a Perkin Elmer Victor 3V 1420 Multilabel Counter plate reader.
Fluorescent assays were performed on a PerkinElmer Victor °V fluorescent plate
reader. Inhibitor selectivity absorbance and fluorescence assays were performed using
a BioTek Synergy HT microplate reader. Microwave reactions were performed in 10 mL
microwave vials using a CEM Discover S reactor. Column chromatography was
performed using a Teledyne ISCO CombiFlash Rf system with prepacked silica
cartridges. All '"H NMR spectra were recorded at ambient temperature using a 400

Varian Mercury FT-NMR instrument located in the Department of Chemistry and

Biochemistry at the University of California, San Diego. Low Resolution mass
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spectrometry (MS) data were obtained from the University of California San Diego
Chemistry and Biochemistry Mass Spectrometry Facility. The purity of all compounds
used in the assays was determined to be =95% by 'H NMR spectroscopy and high-

performance liquid chromatography (HPLC).

Steady State Kinetic Parameters for Fluorocillin with NDM-1

The difference in the extinction coefficient was determined for the hydrolysis of
fluorocillin. The spectra of a solution of fluorocillin (50 uM) in 50 mM HEPES, 2 mM
CHAPS at pH 7.0, were recorded before and after addition of NDM-1 (18 nM). The
maximum difference in absorption occurred at 490 nm, reflecting a difference in the
extinction coefficient between substrate and product of Agse = 6683 M'cm™. Using
this extinction coefficient, initial rates of fluorocillin (0 — 4 uM) hydrolysis as catalyzed by
NDM-1 (2 nM) in 50 mM HEPES, 2 mM CHAPS at pH 7.0, at 25 °C, were recorded and
fit to the Michaelis-Menten equation to derive Ky (0.46 + 0.06 UM), k.o (68 =3 s™), and

keat/ K (1.5 x 10 M's™) values.

Synthesis

Dimethyl pyridine-2,6-dicarboxylate (1). DPA (1 g, 5.98 mmol) was dissolved in
MeOH (1 L) and concentrated H.SO4 (0.5 mL) was added dropwise to the solution. The
reaction mixture was heated to reflux for 24 h and monitored via TLC. Once the
reaction was completed by TLC, the solvent was removed by evaporation in vacuo to

afford 1 as a white crystalline solid in 100% yield (1.16 g, 5.96 mmol). No further
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purification was needed. 'H NMR (400 MHz, DMSO-ds): & 8.26-8.13 (m, 3H), 3.90 (s,

6H). ESI-MS(+) calculated for [CoH1oNO4]* m/z 196.06, found m/z 196.09 [M+H]".

6-(Methoxycarbonyl)picolinic acid (2). Dimethyl pyridine-2,6-dicarboxylate (1.9 g,
9.92 mmol) was dissolved in MeOH (75 mL) and cooled to 0 °C. KOH pellets (557 mg,
9.92 mmol) were added to the solution portion-wise and stirred at 0 °C for an additional
4 h. Once the reaction was completed, the MeOH was removed by evaporation in
vacuo. The white salt was washed with copious amounts of EtOAc to remove any
remaining starting material. The salt was then dissolved in water (25 mL) and solution
was acidified with 4M HCI to pH 2. The aqueous solution was extracted with chloroform
(25 mLx3) and the combined organic layers were dried over MgSOs. MgSO. was
removed by vacuum filtration and the organic layer was dried by evaporation in vacuo to
afford 2 as a white powder in 81% yield (1.45 g, 8.00 mmol). 'H NMR (400 MHz,
DMSO-ds): 68.23-8.14 (m, 3H), 3.90 (s, 3H). ESI-MS(-) calculated for [CgHsNO4] m/z

180.03, found m/z 180.09 [M-HT.

General synthetic procedures for compounds 3 — 20.

6-(Methoxycarbonyl)picolinic acid (200 mg, 1.10 mmol), EDC (1 equivalent) and
HOBT (1.1 equivalents) were dissolved in dry DMF (10 mL) and the reaction mixture
was stirred at room temperature for 30 min. The corresponding amine (1.1 equivalents)
was then added and the reaction mixture and allowed to react at room temperature

overnight. DMF was dried by evaporation in vacuo, and the reaction was taken up in
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EtOAc (10 mL), and extracted with copious amounts of saturated NaHCO3; (10 mLx3).
The organic layer was dried by evaporation in vacuo and purified by EtOAc and hexane
column chromatography. Hydrolysis was then performed by stirring the product in a
solution of 1M NaOH (4 mL) and THF (1 mL) at room temperature. Once the hydrolysis
was completed, the solution was acidified with 4M HCI to pH 4 and the precipitate was

collected via vacuum filtration.

6-(Phenylcarbamoyl)picolinic acid (3). Yield: 85% (227 mg, 0.937 mmol). 'H NMR
(400 MHz, MeOD-d;): & 8.45 (d, J=7.6 Hz, 1H), 8.36 (d, J=6.8 Hz, 1H), 8.21 (m, 1H),
7.86 (d, J=7.6 Hz, 2H), 7.34 (t, J=7.6 Hz, 2H), 7.17 (t, J=7.2 Hz, 1H). ESI-MS(-)

calculated for [C13HoN2O3s]” m/z 241.06, found m/z 241.03 [M-H].

6-(Benzylcarbamoyl)picolinic acid (4). Yield: 87% (185 mg, 0.722 mmol). 'H NMR
(400 MHz, MeOD-d,): 6 8.34 (d, J=7.2 Hz, 1H), 8.30 (d, J=7.2 Hz, 1H), 8.15 (m, 1H),
7.38-7.23 (m, 5H), 4.63 (s, 2H). ESI-MS(-) calculated for [C14H11N2O3s]" m/z 255.08,

found m/z 255.23 [M-H].

6-(Phenethylcarbamoyl)picolinic acid (5). Yield: 77% (231 mg, 0.853 mmol). 'H
NMR (400 MHz, MeOD-dy): ¢ 8.31-8.29 (m, 2H), 8.15 (m, 1H), 7.27-7.26 (br s, 4H),
7.19 (t, J=4 Hz, 1H), 3.66 (i, J=7.6 Hz, 2H), 2.95 (t, J=7.6 Hz, 2H). ESI-MS(-) calculated

for [C15H13N203]- m/z 269.09, found m/z 269.13 [M-H]-
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6-((4-Methoxyphenyl)carbamoyl)picolinic acid (6). Yield: 79% (237 mg, 0871 mmol).
'"H NMR (400 MHz, MeOD-d,): & 8.41 (d, J= 8 Hz, 1H), 8.33 (d, J= 7.6 Hz, 1H), 8.19
(m, 1H), 7.75 (d, J= 8.8 Hz, 2H), 6.94 (d, J= 8.8 Hz, 2H), 3.80 (s, 3H). ESI-MS(-)

calculated for [C14H11N2O4] m/z 271.07, found m/z 271.17 [M-H].

6-((4-Methoxybenzyl)carbamoyl)picolinic acid (7). Yield: 81% (255 mg, 0.891
mmol). 'H NMR (400 MHz, MeOD-d,): & 8.34 (d, J=8 Hz, 1H), 8.30 (d, J=7.6 Hz, 1H),
8.16 (m, 1H), 7.30 (d, J=7.6 Hz, 2H), 6.87 (d, J=8 Hz, 2H), 4.55 (s, 2H), 3.76 (s, 3H).

ESI-MS(-) calculated for [C15H13N2O4] m/z 285.08, found m/z 285.16 [M-H]'.

6-((Benzo[d][1,3]dioxol-5-yImethyl)carbamoyl)picolinic acid (8). Yield: 35% (116
mg, 0.386 mmol). 'HNMR (400 MHz, MeOD-d;): & 8.33 (d, J=15.2 Hz, 1H), 8.31 (d,
J=14.8 Hz, 1H), 8.16 (m, 1H), 6.88-6.75 (m, 3H), 5.91 (s, 2H), 4.53 (s, 2H). ESI-MS(-)

calculated for [C1sH11N2Os]” m/z 299.07, found m/z 299.04 [M-H].

6-((Furan-2-ylmethyl)carbamoyl)picolinic acid (9). Yield: 79% (216 mg, 0.877
mmol). 'H NMR (400 MHz, MeOD-d,): & 8.34-8.29 (m, 2H), 8.16 (m, 1H), 7.44 (s, 1H),
6.36-6.34 (m, 2H), 4.62 (s, 2H). ESI-MS(-) calculated for [C12HgN2-O4] m/z 245.06,

found m/z 245.20 [M-H].

6-((Thiophen-2-ylmethyl)carbamoyl)picolinic acid (10). Yield: 77% (223 mg, 0.850

mmol). 'H NMR (400 MHz, MeOD-d,): §8.34 (d, J=7.6 Hz, 1H), 8.30 (d, J=7.6 Hz, 1H),
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8.16 (m, 1H), 7.29 (d, J=4.8 Hz, 1H), 7.08 (s, 1H), 6.96-6.94 (m, 1H), 4.79 (s, 2H). ESI-

MS(-) calculated for [C12HgN2O3S]” m/z 261.03, found m/z 261.18 [M-H]'.

6-((2-(Thiophen-2-yl)ethyl)carbamoyl)picolinic acid (11). Yield: 78% (231 mg, 0.836
mmol). 'H NMR (400 MHz, MeOD-d,): §8.31-8.29 (m, 2H), 8.15 (m, 1H), 7.19-7.18(m,
1H), 6.91 (br s, 2H), 3.69 (t, J=7.2 Hz, 2H), 3.18 (t, J=7.2 Hz, 2H). ESI-MS(-) calculated

for [C13H11N203S]- m/z 275.05, found m/z 275.07 [M-H].

6-((Thiazol-2-ylmethyl)carbamoyl)picolinic acid (12). Yield: 34% (99 mg, 0.376
mmol). 'H NMR (400 MHz, MeOD-d,): & 8.36-8.32 (m, 2H), 8.19 (m, 1H), 7.73 (s, 1H),
7.53 (s, 1H), 4.95 (s, 2H). ESI-MS(-) calculated for [C11HsN3O3S] m/z 262.03, found

m/z 261.98 [M-H]

6-((Carboxymethyl)carbamoyl)picolinic acid (13). Yield: 57% (141 mg, 0.627 mmol).
'H NMR (400 MHz, MeOD-d,): & 8.33-8.31(m, 2H), 8.18 (m, 1H), 4.18 (s, 2H). ESI-
MS(-) calculated for [CoH7N2Os]” m/z 223.04, found m/z 222.99 [M-H], 245.13 [M+Na-

2HT, 111.16 [M-2H]*.

(R)-6-((1-Carboxy-2-methylpropyl)carbamoyl)picolinic acid (14). Yield: 62% (182
mg, 0.684 mmol). '"H NMR (400 MHz, MeOD-d,): & 8.34-8.32 (m, 2H), 8.17 (m, 1H),
4.53 (d, J=6 Hz, 1H), 3.30 (s, 1H), 1.07 (s, 6H). ESI-MS(-) calculated for [C12H13N2Os]

m/z 265.08, found m/z 265.04 [M-H[, 287.17 [M+Na-2H], 303.16 [M+K-2H]J.
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6-(Isopropylcarbamoyl)picolinic acid (15). Yield: 74% (170 mg, 0.816 mmol). 'H
NMR (400 MHz, MeOD-d;): & 8.33-8.14 (m, 3H), 4.26-4.20 (m, 1H), 1.31 (s, 3H), 1.29

(s, 3H). ESI-MS(-) calculated for [C10H11N2O3]" m/z 207.08, found m/z 207.08 [M-H]'.

6-(Isobutylcarbamoyl)picolinic acid (16). Yield: 71% (130 mg, 0.585 mmol). 'H NMR
(400 MHz, MeOD-d,): & 8.33-8.30 (m, 2H), 8.17 (m, 1H), 3.31-3.30 (m, 1H), 3.27 (s,
1H), 3.26 (s, 1H), 0.99 (s, 3H), 0.98 (s, 3H). ESI-MS(-) calculated for [C11H13N2O3]" m/z

223.11, found m/z 223.09 [M+H]".

6-(Cyclopentylcarbamoyl)picolinic acid (17). Yield: 64% (168 mg, 0.175 mmol). 'H
NMR (400 MHz, MeOD-d,): & 8.32-8.28 (m, 2H), 8.15 (m, 1H), 4.38-4.31 (m, 1H), 2.05
(br s, 2H), 1.82 (br s, 2H), 1.66 (br s, 4H). ESI-MS(-) calculated for [C12H13N2O3] m/z

233.09, found m/z 233.12 [M-H]".

6-(Cyclohexylcarbamoyl)picolinic acid (18). Yield: 64% (174 mg, 0.701 mmol). 'H
NMR (400 MHz, MeOD-d,): & 8.33-8.29 (m, 2H), 8.17-8.13 (m, 1H), 3.98 (br s, 1H),
1.98 (br s, 2H), 1.84 (br s, 2H), 1.71 (d, J=12 Hz, 1H), 1.48-1.38 (m, 4H), 1.27 (br s,

1H). ESI-MS(-) calculated for [C13H15N2O3]” m/z 247.10, found m/z 247.11 [M-H]'.

6-(((Tetrahydrofuran-2-yl)methyl)carbamoyl)picolinic acid (19). Yield: 44% (121
mg, 0.484 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.33-8.30 (m, 2H), 8.18-8.14 (m,

1H), 4.17-4.11 (m, 1H), 3.93-3.88(m, 1H), 3.79-3.74 (br s, 1H), 3.75-3.49 (m, 2H), 2.08-
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1.86 (m, 3H), 1.73-1.65 (m, 1H). ESI-MS(-) calculated for [C12H13N204]" m/z 249.09,

found m/z 249.12 [M-H].

6-(Piperidine-1-carbonyl)picolinic acid (20). Yield: 58% (151 mg, 0.645 mmol). 'H
NMR (400 MHz, MeOD-d,): 6 8.21 (d, J=8 Hz, 1H), 8.12-8.08 (m, 1H), 7.74 (d, J=7.6
Hz, 1H), 38.74 (br s, 2H), 3.36 (t, J=5.6 Hz, 2H), 1.72 (br s, 4H), 1.60 (br s, 2H). ESI-

MS(-) calculated for [C12H13N203]” m/z 233.09, found m/z 233.18 [M-H]J.

4-Chloropyridine-2,6-dicarboxylic acid (21). Dimethyl 4-chloropyridine-2,6-
dicarboxylate (270 mg, 1.18 mmol) was dissolved in a solution of 1M NaOH (10 mL)
and THF (1 mL). The reaction mixture was stirred at 70 °C for 3 h and monitored via
TLC. Upon completion of the reaction, THF was removed by evaporation in vacuo. The
aqueous solution was washed with EtOAc (20 mL) to remove any remaining starting
material. The aqueous phase was acidified with 4M HCI to pH 4 to obtain a yellow
precipitate. The precipitate was collected via vacuum filtration and washed with copious
amounts of water to afford 21 in 80% yield (190 mg, 0.94 mmol). 'H NMR (400 MHz,
DMSO-ds): 6 8.14 (s, 2H). ESI-MS(-) calculated for [C7H3CINO4] m/z 199.97, found

m/z 200.95 [M-H]".

General Synthetic Procedures for Compounds 22 — 30
In a microwave vessel, 4-chloropyridine-2,6-dicarboxylic acid (50 mg, 0.25 mmol,

unless otherwise noted) and the corresponding amine (3 equivalents, unless otherwise
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noted) were suspended in water (2 mL). The reaction mixture was heated via
microwave irradiation for 30 min at 160 °C. The resulting solution was acidified with 4M
HCI to pH 4, and the resulting precipitate was collected via vacuum filtration and

washed with cold water.

4-(Dimethylamino)pyridine-2,6-dicarboxylic acid (22). 4-Chloropyridine-2,6-
dicarboxylic acid (60 mg, 0.30 mmol) and dimethylamine (1.70 mL, 13.39 mmol). Yield:
64% (40 mg, 0.190 mmol). "H NMR (400 MHz, DMSO-ds): §7.31 (s, 2H), 3.04 (s, 6H).

ESI-MS(-) calculated for [CgHgN2O4] m/z 209.06, found m/z 208.95 [M-H].

4-(Phenylamino)pyridine-2,6-dicarboxylic acid (23). 4-Chloropyridine-2,6-
dicarboxylic acid (70 mg, 0.35 mmol) and aniline (0.104 mL, 1.15 mmol). Yield: 59%
(53 mg, 0.205 mmol). 'H NMR (400 MHz, DMSO-ds): §9.90 (s, 1H), 7.54 (s, 2H), 7.48-
7.23 (m, 5H). ESI-MS(-) calculated for [C13H9N2O4]" m/z 257.06, found 279.19 [M-

H+NalJ.

4-(Benzylamino)pyridine-2,6-dicarboxylic  acid  (24). 4-Chloropyridine-2,6-
dicarboxylic acid (54 mg, 0.27 mmol) and phenylmethanamine (100 mg, 0.94 mmol).
Yield: 14% (10 mg, 0.037 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.92 (s, 1H), 7.35-
7.03 (m, 7H), 4.56 (br s, 2H). ESI-MS(-) calculated for [C14H11N2O4]" m/z 271.07, found

m/z 270.98 [M-H]".
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4-(Phenethylamino)pyridine-2,6-dicarboxylic acid (25). Yield: 80% (57 mg, 0.199
mmol). 'H NMR (400 MHz, DMSO-ds): & 7.67 (t, J=5.6 Hz, 1H), 7.29-7.19 (m, 7H),
3.45 (g, J;=6.4 Hz, J=4 Hz, 2H), 2.85 (t, J=6.8 Hz, 2H). ESI-MS(-) calculated for

[C15H13N204]_ m/z 285.09, found 307.21 [M-H+Na]’.

4-((4-Methoxyphenyl)amino)pyridine-2,6-dicarboxylic acid (26). Yield: 35% (25 mg,
0.087 mmol). 'H NMR (400 MHz, MeOD-d,): & 7.47 (s, 2H), 7.27 (d, J=8.8 Hz, 2H),
7.05 (d, J=8.8 Hz, 2H), 3.84 (s, 3H). ESI-MS(-) calculated for [C14H11N2Os] m/z 287.07,

found, m/z 245.20 [M-H-CO,]".

4-((4-Methoxybenzyl)amino)pyridine-2,6-dicarboxylic acid (27). Yield: 48% (36 mg,
0.119 mmol). 'H NMR (400 MHz, DMSO-dk): §8.44 (s, 1H), 7.27-6.90 (m, 6H), 4.42 (d,
J=5.6 Hz, 2H), 2.72 (s, 3H). ESI-MS(-) calculated for [C15H13N2Os]” m/z 301.08, found

m/z 300.98 [M-H]".

4-((Benzo[d][1,3]dioxol-5-yImethyl)amino)pyridine-2,6-dicarboxylic  acid  (28).
Yield: 29% (23 mg, 0.073 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.81 (s, 1H), 7.27
(s, 1H), 7.03 (s, 1H), 6.92-6.81 (m, 3H), 5.99 (s, 2H), 4.45 (d, J=5.2 Hz, 2H). ESI-MS(-)
calculated for [C15H11N2Og]” m/z 315.06, found m/z 314.93 [M-H]".

4-((Thiophen-2-ylmethyl)amino)pyridine-2,6-dicarboxylic acid (29). Yield: 32% (22
mg, 0.079 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.90 (t, J=5.6 Hz, 1H), 7.45 (d,

J=5.2 Hz,1H), 7.22 (s, 2H), 7.09 (d, J=2 Hz, 1H), 7.00 (dd, J,=3.6 Hz, J,=0.8 Hz, 1H),
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4.75 (d, J=5.6 Hz, 2H). ESI-MS(+) calculated for [C12H11N204S]* m/z 279.04, found m/z

279.12 [M+HJ*, 301.09 [M+Na]*, 323.07 [M+H+2Na]*.

4-((Furan-2-ylmethyl)amino)pyridine-2,6-dicarboxylic acid (30). Yield: 52% (34 mg,
0.130 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.93 (t, J=5.6 Hz, 1H), 7.60 (s, 1H),
7.43 (s, 2H), 6.40 (dd, J,=40 Hz, J-=1.2 Hz, 1H), 6.34 (d, J=2.5 Hz, 1H), 4.46 (d, J=6

Hz, 2H). ESI-MS(-) calculated for [C12HgN2Os]” m/z 261.05, found m/z 261.00 [M-H]'.

Dimethyl 4-hydroxypyridine-2,6-dicarboxylate (31). 4-Hydroxypyridine-2,6-
dicarboxylic acid (1 g, 5.46 mmol) was dissolved in MeOH (200 mL) and concentrated
H.SO,4 (0.5 mL) was added to the reaction mixture. The reaction mixture was heated to
reflux for 24 h. Once the reaction was completed by TLC, the solvent was removed by
evaporation in vacuo to afford 31 as a white powder in 88% yield (1.01 g, 4.78 mmol).
No further purification was required. 'H NMR (400 MHz, MeOD-d,): & 7.58 (s, 2H),
3.95 (s, 6H). ESI-MS(+) calculated for [CgH1oNOs]® m/z 212.05, found m/z 212.07

[M+H]*.

Dimethyl 4-bromopyridine-2,6-dicarboxylate (32). Tetrabutylammonium bromide
(6.92 g, 21.45 mmol) and P4O+o (3.04 g, 21.45 mmol) were dissolved in dry toluene (20
mL) and the solution was heated to 100 °C for 30 min under N, atmosphere. Dimethyl
4-hydroxypyridine-2,6-dicarboxylate (1.51 g, 7.15 mmol) was added to the reaction

mixture and set to reflux for 3 h. Once the reaction was complete, the toluene layer was
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removed. Additional 10 mL of dry toluene was added to the residual brown oil, and
heated to reflux for an additional 20 min. The second toluene layer was collected and
the combined toluene layers were dried by evaporation in vacuo. The compound was
purified by EtOAc and hexane column chromatography, eluting at 45% EtOAc to afford
the title compound as white crystals in 92% vyield (1.8 g, 6.57 mmol). 'H NMR (400
MHz, DMSO-ds): 6 8.42 (s, 2H), 3.93 (s, 6H). ESI-MS(+) calculated for [CoHBrNO4]*

m/z 273.97, found m/z 273.98 [M+H]".

General synthetic procedures for compounds 33 — 47.

Dimethyl 4-bromopyridine-2,6-dicarboxylate (200 mg, 0.730 mmol, unless
otherwise noted), the corresponding boronic acid (1.2 equivalents), and potassium
phosphate or potassium acetate (2 equivalents), were dissolved in dry 1,4-dioxane (5
mL). The solution was purged with N» gas for 30 min. To this reaction suspension,
Pd(Phs)4 (0.2 equivalents) was added, and the mixture was heated to reflux at 85 °C for
16 h. The reaction mixture was then filtered through a pad of celite. The organic layer
was dried by evaporation in vacuo. The product was purified by EtOAc and hexane
column chromatography. Hydrolysis was performed by dissolving the product in a
solution of 1M NaOH (4 mL) and THF (1 mL) at room temperature. Once the reaction
was complete, THF was removed by evaporation in vacuo, and the solution was

acidified with 4M HCI to pH 4. The precipitate was collected via vacuum filtration.
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4-Phenylpyridine-2,6-dicarboxylic acid (33). Yield: 68% (120 mg, 0.493 mmol). 'H
NMR (400 MHz, MeOD-d,): 6 8.59 (s, 2H), 7.86-7.84 (m, 2H), 7.60-7.52 (m,3H). ESI-

MS(-) calculated for [C13HsNO4]” m/z 242.04, found m/z 241.92 [M-H]".

4-(3-Methoxyphenyl)pyridine-2,6-dicarboxylic acid (34). Yield: 70% (100 mg, 0.366
mmol). 'H NMR (400 MHz, MeOD-dj): & 8.55 (s, 2H), 7.49-7.38 (m, 2H), 7.33 (s,1H),
7.10 (d, J=8 Hz, 1H), 3.90 (s, 3H). ESI-MS(+) calculated for [C14H12NOs]" m/z 274.07,

found m/z 274.13 [M+H]".

4-(3-Hydroxyphenyl)pyridine-2,6-dicarboxylic acid (35). Yield: 70% (69 mg, 0.305
mmol). 'H NMR (400 MHz, DMSO-ds): & 8.37 (s, 2H), 7.38-7.29 (m, 2H), 7.21 (s,1H),
6.92 (d, J=8 Hz, 1H). ESI-MS(-) calculated for [C13HgNOs]" m/z 258.04, found m/z

258.36 [M-HJ".

4-(3-Aminophenyl)pyridine-2,6-dicarboxylic acid (36). Yield: 59% (67 mg, 0.259
mmol). 'H NMR (400 MHz, MeOD-d,): & 8.36 (s, 2H), 7.21-7.17 (m, 1H), 7.07 (br
s,1H), 7.00 (d, J=8 Hz, 1H), 6.70 (d, J=8 Hz, 1H). ESI-MS(-) calculated for [C13HgN2O4]

m/z 257.06, found m/z 257.04 [M-H].

4-(3-(Dimethylamino)phenyl)pyridine-2,6-dicarboxylic acid (37). Dimethyl 4-
bromopyridine-2,6-dicarboxylate (120 mg, 0.438 mmol). Yield: 70.2% (88 mg, 0.307

mmol). 'H NMR (400 MHz, DMSO-ds): &8.38 (s, 2H), 7.33 (d, J=8.7 Hz, 1H), 7.07 (d,

74



J=13.2 Hz, 2H), 6.87 (d, J=8.3 Hz, 1H), 2.49 (s, 6H). ESI-MS(-) calculated for

[C15H13N204]_ m/z 28509, found m/z 285.05 [M-H]

4-(2-Methoxyphenyl)pyridine-2,6-dicarboxylic acid (38). Yield: 84% (100 mg, 0.366
mmol). "H NMR (400 MHz, DMSO-ds): 68.29 (s, 2H), 7.50-7.46 (m, 2H), 7.20 (d, J=8.4
Hz, 1H), 7.12-7.09 (m, 1H), 3.82 (s,3H). ESI-MS(-) calculated for [C14H10NOs]” m/z

272.05, found m/z 271.91[M-H].

4-(2-Hydroxyphenyl)pyridine-2,6-dicarboxylic acid (39). Yield: 22% (25 mg, 0.096
mmol). 'H NMR (400 MHz, DMSO-ds): §8.43 (s, 2H), 7.49-7.29 (m, 2H), 7.03-6.94 (m,

2H). ESI-MS(-) calculated for [C13HgNOs] m/z 258.04, found m/z 257.97[M-H]".

4-(4-Methoxyphenyl)pyridine-2,6-dicarboxylic acid (40). Yield: 57% (120 mg, 0.418
mmol). 'H NMR (400 MHz, DMSO-ds): & 8.37 (s, 2H), 7.89 (d, J=8.4 Hz, 2H), 7.10 (d,
J=8.2 Hz, 2H), 3.83 (s, 3H). ESI-MS(-) calculated for [C14H11NOs]" m/z 272.06, found

m/z 271.93[M-H] .

4-(4-Hydroxyphenyl)pyridine-2,6-dicarboxylic acid (41). Yield: 26% (50 mg, 0.192

mmol). 'H NMR (400 MHz, DMSO-dk): 6 8.35 (s, 2H), 7.77 (s, 2H), 6.92 (d, J=8.9 Hz,

2H). ESI-MS(-) calculated for [C13HgNOs]” m/z 258.04, found m/z 258.04[M-H]".
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4-(4-Aminophenyl)pyridine-2,6-dicarboxylic acid (42). Yield: 23% (44 mg, 0.170
mmol). 'H NMR (400 MHz, DMSO-ds): & 8.42 (s, 2H), 7.91 (d, J=8.2 Hz, 2H), 7.22 (d,
J=8.1 Hz, 2H). ESI-MS(-) calculated for [C13HgN-O4] m/z 257.06, found m/z 256.98[M-

HJ.

4-(4-(Dimethylamino)phenyl)pyridine-2,6-dicarboxylic acid (43). Dimethyl 4-
bromopyridine-2,6-dicarboxylate (120 mg, 0.438 mmol). Yield: 40% (50 mg, 0.175
mmol). 'H NMR (400 MHz, DMSO-ds): & 8.39 (s, 2H), 8.02 (s, 2H), 6.86 (s, 2H). ESI-

MS(-) calculated for [C15H13N204] m/z 285.09, found m/z 285.04[M-H].

4-(3-Carboxyphenyl)pyridine-2,6-dicarboxylic acid (44). Dimethyl 4-bromopyridine-
2,6-dicarboxylate (120 mg, 0.438 mmol). Yield: 45% (57 mg, 0.198 mmol). 'H NMR
(400 MHz, DMSO-ds): & 8.47 (s, 2H), 8.34 (s, 1H), 8.17 (d, J=7.9 Hz, 1H), 8.09 (d,
J=7.9 Hz, 1H), 7.70 (1, J=7.9 Hz, 1H). ESI-MS(-) calculated for [C14HsNOg] m/z 286.04,

found m/z 285.89 [M-H]".

4-(3-Acetamidophenyl)pyridine-2,6-dicarboxylic  acid  (45). Dimethyl 4-
bromopyridine-2,6-dicarboxylate (50 mg, 0.175 mmol). Yield: 57% (30 mg, 0.100
mmol). '"H NMR (400 MHz, DMSO-ds): & 8.40 (s, 2H), 8.12 (s, 1H), 7.76 (d, J=8.2 Hz,
1H), 8.58 (d, J=8.0 Hz, 1H), 7.48 (s, 1H), 2.07 (s, 3H). ESI-MS(-) calculated for

[C15H11N205]_ m/z 29907, found m/z 299.00 [M-H]
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4-(3-Benzamidophenyl)pyridine-2,6-dicarboxylic  acid  (46). Dimethyl 4-
bromopyridine-2,6-dicarboxylate (50 mg, 0.175 mmol). Yield: 81% (51 mg, 0.141
mmol). '"H NMR (400 MHz, DMSO-ds): & 8.43 (s, 2H), 8.31 (s, 1H), 8.05 (d, J=8.4 Hz,
1H), 7.99 (d, J=7.6 Hz, 2H), 7.66 (d, J=7.6 Hz, 1H), 7.61-7.57 (m, 1H), 7.54 (t, J=7.4 Hz,

3H). ESI-MS(-) calculated for [CooH13N2Os]” m/z 361.08, found m/z 361.00 [M-H]".

4-(3-(2-Phenylacetamido)phenyl)pyridine-2,6-dicarboxylic acid (47). Dimethyl 4-
bromopyridine-2,6-dicarboxylate (50 mg, 0.175 mmol). Yield: 29% (19 mg, 0.050
mmol). 'H NMR (400 MHz, DMSO-ds): & 8.37 (d, J=0.9 Hz, 2H), 8.12 (d, J=2.0 Hz,
1H), 7.77 (ddd, J;=8.0, J>=2.0, J5=1.0 Hz, 1H), 7.59 (dt, J,=7.9, J>=1.3 Hz, 1H), 7.48 (t,
J=7.9 Hz, 1H), 7.38 — 7.26 (m, 4H), 7.27 — 7.21 (m, 1H), 3.67 (s, 2H). ESI-MS(-)

calculated for [C21H15sN2Os]” m/z 375.10, found m/z 374.99 [M-H].

Expression and Purification of MBL Metalloforms
NDM-1, IMP-1 and VIM-2 were over-expressed and purified as previously
described.®* ***® The Co(ll)-substituted metalloform of NDM-1 was generated using the

direct addition method, as previously described.?

High-Throughput Screening Assay and Z’ Factor Determination
Colorimetric, 96-well plate-based assays for the activity of NDM-1, IMP-1 and
VIM-2 were established using the substrate chromacef.*® Each library compound (50

MM) or a vehicle-only control (DMSQO) was incubated for 10 min with each enzyme,
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NDM-1 (0.2 nM), IMP-1 (0.1 nM) or VIM-2 (1 nM), in 50 mM HEPES, 2 mM CHAPS at
pH 7.0 (final assay concentrations). Each reaction was initiated upon addition, with
gentle mixing, of the substrate at the following concentrations: 3 uM for NDM-1 (which
corresponds to approximately 3 x Ku), 7.2 uM for IMP-1 (at Ky), and 16 uM for VIM-2
(at Kum). In the absence of added inhibitors, the increase in absorbance due to formation
of the hydrolysis product was followed continuously at 25 °C using a Perkin Elmer Victor
3V 1420 Multilabel Counter plate reader equipped with a 450 nm filter and found to be
linear for = 20 min. For subsequent screening, a discontinuous assay was used by
treating an unmonitored 20 min reaction incubation with addition of EDTA (80 mM),
followed by a 3 min incubation, and then reading the final stable absorbance value for
each well as described above. The Z’ factor determinations'’ were completed using an
uninhibited control, and omitting the enzyme as the fully-inhibited control. Low
resolution MS was used to analyze the six primary screen hits at the Mass

Spectrometry Facility at The University of Texas at Austin.

ICso Determinations

For initial ranking of the inhibition potency of sublibrary compounds, ICsy values
were determined for NDM-1 (and with selected inhibitors for VIM-2 and IMP-1) using the
colorimetric substrate chromacef. Stock solutions of each enzyme were diluted using
HEPES buffer (50 mM) supplemented with CHAPS (2 mM) at pH 7.0. Steady-state rate
parameters were determined for each enzyme in the assay buffer (50 mM HEPES, 1%

DMSO at pH 7.0; for IMP-1 only, the assay buffer also contained 2mM CHAPS): NDM-1
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(keat = 17 £ 187, Ky = 0.66 + 0.07 uM), VIM-2 (keat = 89 + 2 s, Ky = 10.6 + 0.6 uM),
IMP-1 (keat = 320 £ 10 8™, Ky = 7 £ 1 uM using A€aaznm = 14,5000 M'em™ (Sopharmia).
ICs0 determinations were typically performed in assay buffer using NDM-1 (3 nM), VIM-2
(2 nM), or IMP-1 (0.8 nM), with approximately 20 different inhibitor concentrations.
Each reaction contained the following substrate concentrations: 3 uM for NDM-1
(approximately 3 x Ku), 14 uM for VIM-2, and 7 uM for IMP-1, (approximately at their
respective Ky values). Inhibitor and enzyme are pre-incubated for 20 min (525 uL
volume in a 1 mL polystyrene cuvette) and the reaction initiated upon addition of
substrate (475 pL volume) and absorbance at 442 nm followed continuously during the
linear portion for approximately 0.3 min at 25 °C. Initial velocities are plotted as percent
activity with uninhibited enzyme representing 100% and a no-enzyme control as 0 %
and fitted to Percent Activity = (100/((1+(ICso/[I)") to obtain ICsy values using
KaleidaGraph (Synergy, Reading, PA).

A more sensitive, continuous, fluorescent, 96-well plate-based assay with a
larger signal and longer linear assay window was used to rank the potency of the more
potent compounds found in sublibrary 3. Typically, inhibitor stock solutions (50 mM in
DMSO) were diluted in DMSO to 5 mM and used to prepare five sub-stock solutions of
each inhibitor spanning between 500 uM and 50 nM in assay buffer (50 mM HEPES, 2
mM CHAPS at pH 7.0), and then arrayed as 20 pL aliquots, with addition of assay
buffer to reach a final inhibitor assay concentration between 100 uM and 1 nM, into a
round-bottomed, untreated black polypropylene 96-well plate (Corning). Enzyme (NDM-

1 at 41.7 pM) was added in a volume of 60 uL and incubated for 20 min after briefly
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shaking. Full activity (no added inhibitor) controls were performed by substituting 20 pL
of assay buffer for the inhibitor solution, and no-enzyme controls (to monitor background
hydrolysis rates of substrate) were performed in a total of 80 uL assay buffer. Next, the
fluorocillin substrate was added in a 20 pL aliquot (from a 433 nM stock solution
prepared immediately in assay buffer prior to use) to initiate the reaction. Fluorocillin
green has a difluorofluorescein core coupled to two cefalotin groups that serve as a
substrate for (B-lactamases and hydrolysis can be followed by monitoring changes in

fluorescence at Aeyem 495/525 nm.202

The automatic shaking feature of the
PerkinElmer Victor %V fluorescent plate reader was used to mix the samples for 5 s and
fluorescence is determined during a 1 s interval for each well and then repeated 10
times over the duration of the assay, typically 25 min, during which linear rates are
observed. The rates of fluorescence increase are determined and ICsy values
determined as described above for the chromogenic assay. Final assay concentrations
were NDM-1 (25 pM), or VIM-2 (250 pM) and IMP-1 (5 pM), and fluorocillin (87 nM) in
HEPES buffer (50 mM), CHAPS (2 mM in IMP-1 assays only), at pH 7.0. Periodically,

selected sublibrary compounds were assayed independently in two separate

laboratories (SMC, WF) to validate the rank order of compound potency.
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Inhibitor Selectivity Studies

MMP-2/MMP-12 Assays.”’”?®® MMP-2 and -12, and OmniMMP fluorogenic
substrate were purchased from Enzo Life Sciences (Farmingdale, NY, USA). The
assays were carried out in black 96-well plates (Corning). Each well contained a
volume of 100 pL including buffer (50 mM HEPES, 10 mM CaCl,, 0.05% Brij-35, pH 7.5),
human recombinant MMP (1.16 U/well of MMP-2, 0.007 U/well of MMP-12, Enzo Life
Sciences), inhibitor (various concentrations, 1mM — 5 uM), and fluorogenic OmniMMP
substrate (4 uM Mca-Pro-LeuGly-Leu-Dpa-Ala-Arg-NH.*AcOH, Enzo Life Sciences).
The enzyme and inhibitor were incubated in solution at 37 °C for 30 min, followed by the
addition of the substrate to initiate the reaction. The change in fluorescence was
monitored over 20 min with excitation and emission wavelengths at 320 nm and 400 nm,
respectively. The negative control wells, containing no inhibitor, were arbitrarily set as
100% activity. The positive control wells, containing 200 uM NSA, were arbitrarily set
as 0% activity. MMP activity was defined as the ratio of fluorescence increase in the
inhibitor wells relative to the negative control wells, expressed as a percentage. The

assays were performed in triplicate.

HDAC-1/ HDAC-6 Assays. HDAC-1 and -6 were purchased from BPS
Bioscience (BPS Bioscience catalog #50051 and 50006, San Diego, CA, USA) and the
assay was carried out as instructed by manufacturer. The assays were carried out in
black 96-well plates (Costar). Each well contained a volume of 50 pL including buffer

(25 mM Tris/HCI, 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 0.1 mg/mL BSA, pH 8.0),
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HDAC (3.8 ng/well of HDAC-1, 50 ng/well of HDAC-6, BPS Bioscience, catalogue no.
50051 and no. 50006, respectively), inhibitor (various concentrations, 1 mM — 5 uM),
and HDAC substrate 3 (20 uM, BPS Bioscience, catalogue no. 50037). Prior to adding
substrate, the plate was pre-incubated for 5 min. Upon addition of substrate, the plate
was incubated at 37 °C for 30 min. HDAC assay developer (50 uL, BPS Bioscience,
catalogue no. 50030) was added to each well and the plate incubated for 15 min at
room temperature. The fluorescence was recorded at excitation and emission
wavelengths of 360 nm and 460 nm, respectively. The negative control wells,
containing no inhibitor, were arbitrarily set as 100% activity. The positive control wells,
containing 200 uM SAHA, were arbitrarily set as 0% activity. HDAC activity was defined
as the ratio of fluorescence in the inhibitor wells relative to the negative control wells,

expressed as a percentage. The assays were performed in triplicate.

hCAIl Assays.** hCAIll was expressed and purified as previously described.*
Assays were carried out in clear 96-well plates (Costar). Each well contained a volume
of 100 pL including buffer (50 mM HEPES, pH = 8.0), hCAIl (100 nM), inhibitor (various
concentrations, 1 mM — 5 uM), and p-nitrophenyl acetate (500 uM). The enzyme and
inhibitor were incubated in solution at 30 °C for 10 min prior to the addition of the p-
nitrophenyl acetate to initiate the reaction. The change in absorbance was monitored
for 15 min at 405 nm. The negative control wells, containing no inhibitor, were arbitrarily
set as 100% activity. The positive control wells, containing 50 uM benzene sulfonamide,

were arbitrarily set as 0% activity. Activity was defined as the ratio of color shift in the
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inhibitor wells relative to the negative control wells, expressed as a percentage. The

assays were performed in triplicate.

'H NMR Spectroscopy

Metal-free, apo-NDM-1 was concentrated to ~1 mM with an Amicon Ultra-4
Centrifugal Unit with an Ultracel-10 membrane. To the concentrated protein, 2
equivalents of CoCl, were added. Each NMR sample was buffered with 50 mM
HEPES, 150 mM NaCl, 10% D.O at pH 6.8. Tested compounds were dissolved in
DMSO at high concentration (50 — 100 mM) so they could be titrated in ~5 pL aliquots.
Spectra were collected at 292 K on a Bruker ASX300 (BBI probe) 'H NMR operating at
a frequency of 300.16 MHz Spectra were collected using a frequency-switching
method, applying a long, low power (270 ms) pulse centered at the water frequency,
followed by a high power 3 ps pulse centered at 90 ppm.*® This method allows for
suppression of the water signal with enhancement of severely hyperfine shifted
resonances. Spectra consisted of 30,000 transients of 16k data points over a 333 ppm

spectral window (taq ~51 ms); signal averaging took ~3 h per spectrum.

EPR Spectroscopy

Samples containing 1 molar equivalent of compound of interest added to di-Co(ll)
NDM-1, and di-Co(Il) NDM-1 in the absence of compound, included ~10 % (v/v) glycerol
as glassing agent. Samples were loaded into EPR tubes, degassed by repeated

evacuation/purgation with Np, prior to data collection. Spectra were collected on a
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Bruker EMX EPR spectrometer, equipped with an ER4116-DM dual mode resonator
(9.37 GHz, parallel; 9.62 GHz perpendicular). The data in Figure 4 were scaled so that
the x-axes matched (perpendicular mode field values were scaled by 9.37/9.62).
Temperature control was accomplished using an Oxford ESR900 cryostat and
temperature controller. Other spectral conditions included: microwave power = 0.2 mW,
field modulation = 10 G (100 kHz); receiver gain = 10*; time constant/conversion time =

41 ms.

UV-Vis Spectroscopy

Apo-NDM-1 was diluted to 300 uM in 50 mM HEPES, pH 6.8 containing 150 mM
NaCl. Two molar equivalents of CoCl, were added to the protein from a 50 mM stock
solution. The resulting diCo(ll)-substituted NDM-1 enzyme was separated into 500 pL
aliquots. To each aliquot, between 0 — 600 uM of the compound of interest was added.
The compound stock concentrations were 20 mM. L-captopril, DPA, and 36 stocks
were dissolved in DMSO, and the EDTA stock was dissolved in water. The samples
were then incubated on ice for 30 min. The samples were added to a 500 pyL quartz
cuvette and UV-Vis spectra were collected on a PerkinElmer Lambda 750 UV/VIS/NIR
Spectrometer measuring absorbance between 300 to 700 nm at 25 °C. A blank
spectrum of 50 mM HEPES, pH 6.8 containing 150 mM NaCl was used to generate

difference spectra. All data was normalized at 700 nm.
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Equilibrium Dialysis

NDM-1 (final concentration 8 uM) in 5 mL of 50 mM HEPES at pH 7.5, was
mixed with the compound of interest at concentrations from 0 — 128 pM. After
incubation for 30 min, the solutions were dialyzed versus 500 mL of metal-free, 50 mM
HEPES at pH 7.5, for 4 h (dialysis tubing MWCO 6000-8000, Fisherbrand). The Zn(ll)
content in the resulting NDM-1 samples was determined using Inductively Coupled
Plasma with Atomic Emission Spectroscopy (ICP-AES, Perkin Elmer Optima 7300DV).

The emission wavelength was set to 213.856 nm, as previously described.?*°

Fluorescence Emission Studies

NDM-1 (final concentration 2 uM) in 2 mL of 50 mM HEPES at pH 7.5, was
mixed with the compound of interest at concentrations from 4 — 32 uM. After incubation
for 30 min, fluorescence emission spectra of NDM-1 samples were obtained on a Perkin
Elmer Luminescence spectrometer (Model LS-55), with an excitation wavelength of 280
nm and an emission spectrum from 300 to 400 nm. The relative tryptophan
fluorescence intensity (at 348 nm) was calculated setting the intensity of HEPES buffer
0% and NDM-1 containing no inhibitors at 100%. L-Tryptophan (2 uM) was used in

place of NDM-1 as a control.

Microdilution Broth Minimum Inhibitory Concentrations (MICs)
MICs were performed in triplicate in Mueller-Hinton broth according to CLSI
guidelines.*”  Overnight cultures of E.coli and K. pneumoniae clinical isolates

expressing blanpw-1>° were inoculated into 5 mL Mueller-Hinton broth to ODgg = 0.1 and
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grown to ODggo = 0.224 (approximately 1-2 x 10® CFU/mL). These cultures were diluted
(3 pL + 4997 uL MH) and 100 pL inoculated into each well of a 96-well plate containing
100 pL of serial dilutions of imipenem (Fresenius Kabi, Lake Zurich, IL) with or without
added compound 36 (100 mg/L). Compound 36 alone was included as a control. The

plates were placed in a 37 °C incubator for 18 — 20 h and wells checked for growth.

Cytotoxicity Assay

HEK293 cells were plated at 10,000 cells/well in a clear bottom black walled 96-
well plate 12 h prior to treatment with either vehicle (DMSQO) or compound 36 (n=6 per
treatment per time point). Cells were incubated with DMSO or 36 for 4 and 24 h in 100
pL of Dulbecco’s Modified Eagle Medium supplemented with 10% EquaFETAL (Atlas
Biologicals) and Penicillin-Streptomycin (Sigma-Aldrich).  Cell-titer blue reagent
(Promega) was added after either 4 or 24 h incubation with DMOS or 36 and incubated
for and additon 1 h prior to being read on a Victor3V spectrophotometer
(536ex/595em). Graphs were created using GraphPad Prism and significance was
calculated using an ANOVA followed by a Tukey’s post-hoc analysis. A cell viability of

1.0 (100%) was defined by the vehicle only (DMSQO) control.

Cell Imaging

HEK293 cells were treated as described in the cytotoxicity assay and imaged

with using a NIKON EclipseTi epifluorescent microscope using 20X magnification.
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Chapter 3. Investigation of DPA Isosteres for the Inhibition of MBLs
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3.1 Introduction
There are an estimated >450 marketed drugs (including nonsteroidal anti-
inflammatory drugs, antibiotics, anticoagulants, and cholesterol-lowering statins) that

utilize a carboxylic acid motif.'

The ionizable nature of the carboxylic acid under
physiological conditions (pH 7.4) makes it a useful handle for generating strong
inhibitor-target interactions (i.e., electrostatic and hydrogen bonds). In metalloenzyme
inhibition, the carboxylic acid motif routinely participates in metal coordination, as seen
in inhibitors for neutral endopeptidase, class Il fructose-1,6-bisphosphate aldolase,
angiotensin-converting enzyme, and many others.* Despite the utility of this functional
group, its practicality can be limited in drug development due to poor cell permeability,
metabolic instability, and off-target effects.”® In an attempt to overcome such liabilities,
medicinal chemists have often turned to the utilization of pro-drugs or isosteric
replacement.”? Carboxylic acid isosteres bear similar structural and physical properties
compared to carboxylic acids and are used as surrogates to improve the overall drug-
likeness (i.e., increased permeability, better pharmacokinetics, and/or reduced toxicity).
Recent efforts by the Cohen lab have begun to explore MBP isosteric replacement and
its effect on metalloenzyme inhibition and pharmacokinetic profile.>”

In Chapter 2, a FBDD approach was utilized to identify DPA as a lead MBP for
NDM-1 inhibitor development.® Derivatization of DPA was performed to obtain 4-(3-
aminophenyl)pyridine-2,6-dicarboxylic acid (36) as a highly selective inhibitor for NDM-1
(IMP-1 and VIM-2) that inhibits by forming a stable NDM-1:Zn(l1):36 ternary complex. In
this chapter, we further investigate the DPA MBP as an inhibitor for NDM-1 utilizing the

concept of isosteric replacement. Ten DPA isosteres were designed and synthesized

94



as inhibitors of NDM-1 and related MBLs. A selection of carboxylic acid isostere motifs
was chosen to span a range of acidity (pK,) values and metal coordination preferences.
Varying the identity of the isostere impacts both inhibition value and inhibition
mechanism. Furthermore, an isostere which inhibited via a metal-stripping mechanism
was derivatized and re-engineered to yield inhibitors which inhibited via the formation of
a ternary complex. This study provides a roadmap for the isosteric replacement of
current and future metal-binding motifs for the generation of new entities in NDM-1
inhibitor design and may be adopted for the inhibitor development of MBLs and other

metalloenzymes.
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3.2 Results and Discussion
3.2.1 DPA Isostere Design and Synthesis (Sublibrary 4)

The synthesis of Sublibrary 4 (DPA isosteres 48 — 57, Figure 3-1) is presented in
Scheme 3-1, Scheme 3-2, and Scheme 3-3. The synthesis of isosteres 48, 51, 56, and
57 is summarized in Scheme 3-1. Isostere 48 was obtained from a Hirao cross-
coupling reaction of commercially available methyl 6-bromopicolinate and
diethylphoshate, followed by acid hydrolysis. Isostere 51 was achieved by conversion
of the methyl 6-bromopicolinate to a nitrile via the Rosenmund-von Braun reaction,
followed by an azide-nitrile cycloaddition. Isosteres 56 and 57 were synthesized via a
Stille coupling of methyl 6-bromopicolinate with the corresponding organotin reagents,
followed by saponification. Synthesis of isosteres 49, 50, 52, 53, and 55 is summarized
in Scheme 3-2. Briefly, compound 58 was obtained from commercially available methyl
6-(hydroxymethyl)picolinate. Substitution of the alkyl bromide of compound 58 with
various nucleophiles, followed by hydrolysis yielded isosteres 49, 50, 52, 53, and 55.
Lastly, methyl 6-aminopicolinate was treated with methanesulfony! chloride, followed by

saponification to yield isostere 54 (Scheme 3-3).
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Figure 3-1. DPA and Sublibrary 4 (compounds 48 — 57) reported in this chapter.
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Scheme 3-1. Synthesis of isosteres 48, 51, 56, and 57. Reagents and conditions: (a)
Pd,(dba)s, Pd(dppf)Cls, diethylphosphate, triethylamine, toluene, 90 °C, 20 h; then 6M
HCI, 100 °C, 20 h; two steps 19%; (b) CuCN, pyridine, 116 °C, 4 h, 21%; (c) NaNs,
NH4CIl, DMF, 130 °C, 20 h; then 2M HCI, 25 °C, 1 h; two steps 98%; (d) 2-
(tributylstannyl)thiazole/ 2-(tributylstannyl)oxazole, Pd(PPh3).Cl,, THF, 75 °C, 18 h; then
3:1 1M NaOH:THF, 70 °C, 3 h; two steps 8-74%.

98



HO N7 P\’OH
OH
O 4
d, e | S 0
H
© N7 OH
O 50
A a = f | N 9 o
O|/OH O|/Br HO Pd
- N - N N OH
o} O O 52
Methyl 6-(Hydroxymethyl)picolinate
X
’ o O‘\s”o
N \
O 53
h | N |
HO
NTTS
O 55 ©

Scheme 3-2. Synthesis of isosteres 49, 50, 52, 53, and 55. Reagents and conditions:
(a) PBr3, CHCI3, 0 °C, 3 h, 70%; (b) P(OEt)s, toluene, 140 °C, 2 h, 80%; (c) 6M HCI, 100
°C, 27 h, 98%; (d) KCN, THF, 50 °C, 19 h, 49%; (e) 12M HCI, 100 °C, 12 h, then 1M
NaOH, 60 °C, 6 h, 30%; (f) NaxSO3, H.0, then 4M HCI, 100 °C, 16 h; two steps 41%;
(g) NaSO.CHgz, DMF, 120 °C, 2 h, then 3:1 1M NaOH:THF, 70 °C, 3 h; two steps 43%,;
(h) CH3NHSO2CHgs, K2CO3, ACN, 75 °C, 25 h; then 1M NaOH, 70 °C, 3 h; two steps
55%.
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Scheme 3-3. Synthesis of isostere 54. Reagents and conditions: (a) Methanesulfonyl
chloride, triethylamine, CH.Cl,, 0 °C, 16 h; then 1M NaOH:THF, r.t., 16 h; two steps

12.4%.
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3.2.2 Evaluation of DPA Isosteres Against MBLs

A preliminary screen of isosteres 48 — 57 was performed against NDM-1 utilizing
meropenem as the substrate (at a single concentration of 180 uM, Table 3-1).
Meropenem was observed to have a Kunowm1 = 80+7 UM and ke = 15.3+0.4 s™.
Compounds 48 — 51 exhibited inhibition against NDM-1 with 1Cso values ranging from
0.13-7.7 uM. Compounds 48 and 49 (both bearing a phosphonic acid) exhibited lower
ICs0 values (130+10 and 310+10 nM, respectively) compared to that of DPA (840+40
nM), while 50 and 51 revealed higher ICsy values (7.7+0.6 and 7.0+0.5 uM,
respectively). Interestingly, compound 52, which possesses a similar acidic motif as 48
and 49 (a sulfonic acid versus a phosphonic acid) showed no inhibition at
concentrations up to 10 uM. Notably, all compounds where the substituted moiety was
not acidic (563 — 57) showed no appreciable inhibition at concentrations up to 10 M.

To determine the ability of isosteres to inhibit other B1 MBLs, the inhibition of 48
— 51 against NDM-1, IMP-1, and VIM-2 was investigated. An alternative substrate,
fluorocillin (Ku, nom-1 = 460 NM), was utilized to increase assay sensitivity.®® Lower ICso
values for fluorocillin compared to meropenem were expected due to using a smaller
[S]/Ku ratio in these experiments. [ICso values determined for NDM-1 inhibition via
fluorocillin showed the same trends as with meropenem, with 48 and 49 showing the
lowest ICsq values, followed by the parent DPA fragment, with 50 and 51 yielding higher
ICs0 values among these five compounds (Table 3-2). Similar trends, but with ICsg

values about an order of magnitude higher, were observed for IMP-1 and VIM-2 as well.
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Table 3-1. Inhibitory activity of DPA isosteres against NDM-1.

Inhibition values were

obtained via monitoring the NDM-1-catalyzed hydrolysis of substrate meropenem.?

Compound ICs50 (UM) Compound ICs50 (UM)
DPA 0.84+0.04 53 >10
48 0.31+0.01 54 >10
49 0.13+0.01 55 >10
50 7.7+0.6 56 >10
51 7.0£0.5 57 >10
52 >10

& Activity measurements were taken in triplicate using varying inhibitor concentrations
that bracket each 1Cso value, with fitting errors listed above.

Table 3-2. Inhibitory activity of DPA isosteres against B1 MBLs. Inhibition values were
obtained via monitoring the MBL-catalyzed hydrolysis of substrate fluorocillin.?!

e NDM-1 Ici?\n(ll:-l\:l) VIM-2
DPA 0.33+0.04 5 54+0.04 5 34+0.04
48 0.064:0.001 0.85+0.06 0.85£0.02
49 0.068+0.002 0.630.01 0.62:0.01
50 2.05+0.09 5945 3541
51 219+0.13 0041 0742

& Activity measurements were taken in triplicate using varying inhibitor concentrations
that bracket each 1Cso value, with fitting errors listed above.

101



3.2.3 DPA Isostere pK, Analysis

To validate the potential of the synthesized DPA isosteres in physicochemical
property modulation for drug development, the pK; values of DPA, 48, 49, and 50 were
obtained via previously reported methods (Table 3-3, Figure 3-2).° The selected
compounds yield a wide range of acidity values, with pK; spanning 1.68 — 7.40. Due to
the selected isosteres bearing multiple microscopic protonation states (arising from the
acidic isostere motifs and the basic pyridine ring), it is important to note the complexity
when analyzing the obtained pK, values. Some protonation states may be transient
and the pK, values may not be detected. Additionally, due to the instrument limit and
reliability, pK, values of < 2 should be regarded with caution. The pK; analysis reveal
the ability of selected isosteres to access a broad range of acidity values and
demonstrate the potential to modulate physicochemical properties in future drug

development.

Table 3-3. The pKa values of selected inhibitors in this study.?!

DPA 48 49 50
PKas 4.53 1.68 5.03 2.66
PKaz - 3.65 7.40 5.54
PKas - 7.05 - _

&l All values from these experiments yielded standard deviations <0.03.
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Figure 3-2. The pK, ionization graphs of selected inhibitors.
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3.2.4 Mechanism of Isostere Inhibition

Equilibrium Dialysis. Equilibrium dialysis experiments were performed to give
insight into the inhibition mechanism (metal stripping versus ternary complex formation)
of DPA and the active isosteres. After protein purification, NDM-1 was exchanged into
ammonium acetate buffer to facilitate the use of ICP-AES in determining metal content.
Metal analyses of the resulting protein showed that the enzyme binds ~1.7 equivalents
of Zn(ll) (Figure 3-3). While holoNDM-1 is expected to bind 2 equivalents of Zn(ll),
previous studies have shown that Zn, binds more weakly than Zn1, resulting in a protein

that contains less than the full complement of two Zn(ll) ions.'"

As previously
reported, incubation of NDM-1 with captopril, a known competitive inhibitor,'? did not
show any evidence of Zn(ll) removal. In contrast, the Zn(ll) content of NDM-1 was
significantly reduced when incubated with DPA.® Isosteres 48 — 51 exhibited different
levels of Zn(ll) removal from NDM-1. Compounds 50 and 51 behaved more like
captopril, removing only small amounts of Zn(ll) from NDM-1 even at concentrations up

to 128 uM. Conversely, compounds 48 and 49 removed more Zn(ll) from NDM-1 than

the parent DPA.
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Figure 3-3. Zn(ll) content of NDM-1 (8 pM) upon incubation with increasing
concentrations of captopril, DPA, and 48 — 51 (16 uM — 128 uM).
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UV-Visible Spectroscopy. As previously reported, UV-vis spectrophotometry of
Co(ll)-substituted NDM-1 can be used to probe inhibitor binding to the enzyme.? The
spectrum of di-Co(ll) NDM-1 shows an intense peak between 320 — 350 nm, which has
been assigned to a cysteine-to-Co(ll) ligand-to-metal charge transfer band, and multiple
peaks between 500 — 650 nm, which have been assigned to Co(ll) ligand field bands
(Figure 3-4A)."*™ The inclusion of captopril to the sample results in large changes in
the ligand field transitions, and an increase in the LMCT band. These changes are
consistent with the formation of a NDM-1:captopril ternary complex, with the captopril
sulfur bridging the two Co(ll) ions.'® Incubation of di-Co(ll) NDM-1 with EDTA resulted
in significant reduction of the LMCT and ligand field peaks, indicating that EDTA strips
the metal from NDM-1.2 Incubation of di-Co(ll) NDM-1 with compounds 48 — 51 and
DPA resulted in a reduction of absorbance at 500 — 650 nm (Figure 3-4B), which
indicates that Co(ll) is being removed from the active site to varying degrees.
Compound 49 appears to remove the most Co(ll), followed by compound 48, DPA, 50,
and then 51. The findings with di-Co(ll) NDM-1 are wholly consistent with the

equilibrium dialysis results.
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Figure 3-4. (A) UV-Vis spectrum of CoCo-NDM-1 with captopril and EDTA; (B) UV-Vis
spectrum of CoCo-NDM-1 with DPA and isosteres 48 — 51.
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3.2.5 Derivatization of Isostere 49 (Sublibrary 5)

Although 49 was shown to remove Zn(ll) from NDM-1, we sought to reduce the
metal-chelation behavior via elaboration using a fragment growth strategy. We
previously had success using this approach to optimize DPA.2 Also during the time of
this study, a structure of 49 in complex with IMP-1 (PDB 5HH4) was reported.’® In this
structure, the Zn; of IMP-1 is coordinated via residues His116, His118, His196, and a
bridging hydroxide in a tetrahedral coordination geometry (Figure 3-5, standard BBL
numbering). The bridging hydroxide also coordinates to Zn,, which is further ligated by
residues Asp120, Cys221, and His263, as well as by the pyridine nitrogen donor and
carboxylate of 49 (in an overall octahedral coordination geometry). The phosphonic
acid motif of 49 is shown to hydrogen bond with the bridging hydroxide ion and a nearby
Ser80 residue. Guided by this crystallographic data and the homology of IMP-1 and
NDM-1 enzymes, a small library of 49 derivatives (Sublibrary 5, 65a — 65m) were

designed and synthesized to target the L3 of NDM-1.
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Figure 3-5. Top: Inhibitor 49 complexed with IMP-1 (PDB 5HH4).'® Figure was
rendered with Pymol. Bottom: Chemical representation of the predicted binding of 49
with the NDM-1 active site. Zn(ll) ions are shown as orange spheres and bridging
hydroxide is shown as a red sphere.
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The synthesis of 65a — 65m is presented in Scheme 3-4 and the 1Cs values,
measured via NDM-1 catalyzed hydrolysis of meropenem, are reported in Table 3-4.
This library consisted of simple aryl derivatives substituted at the 4-position of the
pyridine ring. The aryl ring bears substituents (methoxy, hydroxyl, amine, and chorine)
in the para-, ortho-, and meta- position of the ring in an attempt to generate interactions
with nearby residue side chains. To prepare these compounds, 4-hydroxypyridine-2,6-
dicarboxylic acid was esterified to 59 with MeOH and catalytic H,SO4. Next, 59 was
converted to 60 with tetrabutylammonium bromide and P4O1o. Compound 60 was
treated with NaBH,4 at 0 °C to obtain 61, which was further converted to intermediate 62
via PBr3. Compound 63 was obtained by heating 62 and triethyl phosphite in toluene at
140 °C for 22 h. Intermediates 64a — 64m were obtained via Suzuki cross-coupling
procedures utilizing the corresponding boronic acid, Pd(PPhg)s, and KsPOas.

Compounds 65a — 65m were obtained via hydrolysis.
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Scheme 3-4. Synthesis of Sublibrary 5 (compounds 65a — 65). Reagents and
conditions: (a) MeOH, H.SO4 (cat), 70 °C, overnight, 60%; (b) P4Oo,
tetrabutylammonium bromide, toluene, 100 °C, 3 h, 75%; (c) NaBHs, MeOH/CH.Cls,
0 °C, 1 h, 80%; (d) PBrs, CHCIs, 0 °C, 1 h, 68%; (e) P(OEt)s, toluene, 140 °C, 22 h, 92%;
(f) boronic acid, KsO4P, Pd(PPh3)s4, 1,4-dioxanes, 80 °C, 18 h, 20 — 90%; (g) 6M HCI,
100 °C, 24 h, 29 — 97%.
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Compounds 65a — 65m did not yield greater inhibitory activity than that of 49
(ICs0 = 0.13+0.01 uM). A simple aryl ring (65a), or an aryl ring with methoxy (65b — 65d)
or hydroxyl substituent (65e — 65g) were generally well-tolerated, with I1Cso = 0.20+0.01
— 0.48+0.01 pM, but did not lead to a marked decrease ICso value compared to that of
49. Given the structural similarity of 65h — 65j (bearing the aniline substituent) to the
previously reported inhibitor, 36, no improvement in inhibition was observed compared
to that of 49 (ICsp = 0.24+0.01 — 0.40+0.02 pM). Notably, a chlorine substituent in the
ortho- and meta- position of the aryl ring yields a 2- to 3-fold loss in potency. Due to the
similarities between the observed inhibition values, no SAR could be obtained, and
derivatives of 49 were not further pursued. Although isosteric replacement of the
carboxylate group maintains the ability to bind metal ions, the relative positioning of
attached substituents is likely altered, possibly due to changes in metal coordination
geometries. In the case of DPA and NDM-1, this prevents a simple group-swapping
approach and will necessitate re-optimization starting with the new isostere fragment.

To determine whether the derivatives have a reduced tendency to remove metal
from the active site of NDM-1 (compare to the parent isostere 49, Figure 3-2) to favor
the formation of a NDM-1:Zn(ll):inhibitor ternary complex, additional equilibrium dialysis
studies were conducted (Figure 3-5). Compounds 65b (which exhibited the lowest ICs
value) and 65i (which resembled 36) were incubated at varying concentrations against
NDM-1. As previously described, the Zn(ll) content of NDM-1 was significantly reduced
when incubated with the metal chelator EDTA and isostere 49 (Figure 3-2). Incubation

of NDM-1 with derivatives 65b and 65i (at 16 uM) resulted in a minor loss of Zn(ll)
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content. Exposure to higher concentrations of these inhibitors (up to 128 uM) resulted
in only minor reduction in Zn(ll) content. These results show the conversion of a lead
MBP (49), which inhibits via a metal stripping mechanism, to more lead-like compounds
(65b and 65i) that favor the formation of a ternary complex.

Despite similar overall protein fold and hydrolysis mechanism between NDM-1
and IMP-1, the sequence heterogeneity of residues at the binding pocket (specially the
extended B-hairpin loop, L3) has contributed to a change in the active size pocket size
and hydropobicity.'”” Compounds 65a — 65m were further screened against IMP-1
(Table 3-4); however, the obtained ICs5p values (1.20+0.05 — 4.1+£0.2 uM) did not reveal

any informative SAR.

Table 3-4. Inhibitory activity of Sublibrary 5 (compounds 65a — 65m) against NDM-1.
Inhibition values were obtained via monitoring the MBL-catalyzed hydrolysis of
substrate meropenem.?!

v _OH
P\OH

R= ICs0 (MM)

para- meta- ortho-
$—H 65a  0.41+0.02 - -
§_00H3 65b 0.20+0.01 65¢c 0.42+0.02 65d 0.30+0.01
%‘OH 65e 0.48+0.01 65f 0.28+0.01 659 0.28+0.01
%‘NHz 65h 0.30+0.01 65i 0.40+0.02 65j 0.24+0.01
%—CI 65k 0.40+0.01 65l 1.29+0.07 65m 0.95+0.05

& Activity measurements were taken in triplicate using varying inhibitor concentrations
that bracket each 1Cso value, with fitting errors listed above.
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Figure 3-6. Zn(ll) content of NDM-1 (8 pM) upon incubation with increasing
concentrations of 65b, 65i, and EDTA (16 uM — 128 uM).

Table 3-5. Inhibitory activity of Sublibrary 5 (compounds 65a — 65m) against IMP-1.
Inhibition values were obtained via monitoring the MBL-catalyzed hydrolysis of
substrate meropenem.?!

Compound ICs50 (UM) Compound ICs50 (UM)
65a 41+0.2 65h 2.66 £ 0.09
65b 2.8+0.2 65i 2.3 £0.1
65¢c 2.5+0.1 65j 3.1+£01
65d 2.0+01 65k 3.35+£0.09
65e 1.94 £ 0.06 65l 3.2+01
65f 1.20 £ 0.05 65m 3.5+0.2
65g 2.36 + 0.08

& Activity measurements were taken in triplicate using varying inhibitor concentrations
that bracket each 1Cso value, with fitting errors listed above.
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3.3 Discussion

This chapter reports the isosteric replacement of the carboxylic acid group of
DPA with various surrogate structures. Compounds 48 — 57 yield a range of chemical
diversity (various acidic or metal-binding groups) and show that the choice of the
carboxylate isostere not only impacts the 1Cso value, but also the propensity for metal
removal. Replacement of one carboxylic acid with a phosphonic substituent (49) results
in a MBP with an extraordinarily low 1Cso value, but also with a greater tendency for
NDM-1 Zn(ll) removal. Replacement of the carboxylic acid with a tetrazole motif (51)
yields a higher 1Cso value, but reduces NDM-1 Zn(Il) removal. Equilibrium dialysis data,
in conjunction with UV-vis spectroscopy of CoOCoNDM-1, reveals differences in inhibition
mechanism: inhibition by 49 occurs primarily via Zn(ll) removal, likely forming the
inactive mono-Zn(ll) NDM-1, while inhibition by 51 is primarily via formation of a ternary
complex at the dinuclear Zn(ll) site. Because 51 forms a ternary complex at the active
site, we can use ICsp and the Cheng-Prusoff relationship for competitive inhibitors to
calculate a K; of 2.2+0.5 pM."® It is important to note that calculating K; values for metal-
stripping inhibitors (such as 48 or 48) is not appropriate because changes in 1Cso may
not reflect changes in binding affinity. Available data suggesting potential varying
inhibition mechanisms between homologous MBLs and 49 (ternary complex formation
with IMP-1,"® but metal-stripping with NDM-1) was unexpected. This difference may be
due to a lower binding affinity for Zn(ll) in the Zn; site of NDM-1 (Ky = 2 uM)'! compared

to that of IMP-1 (Ky = 0.3 uM),"®?° resulting in more facile metal removal. Future
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studies are required to elucidate and conclude the observed mechanistic differences of
49 against IMP-1 and NDM-1.

In an attempt to decrease the ICsp value and reduce the propensity to strip metal
from the NDM-1 active site, a small set of derivatives of isostere 49 were synthesized.
It was predicted that 65i, bearing the same amine backbone as a reported inhibitor that
uses DPA as a metal-binding group, would result in a decrease in the observed ICs
value. Unfortunately, 65i (and other derivatives) did not yield a lower ICso value than
that of 49, suggesting that the isosteres are not exactly equivalent substitutions of their
parent fragment; however, equilibrium dialysis reveal 65i (and 65b) has a significantly
reduced tendency for Zn(ll) removal from the active site compared to that of 49. This
shows the potential to engineer a compound which inhibits via a metal-stripping
mechanism (49) to one which inhibits via the formation of a ternary complex (albeit no
reduction in the observed ICs value).

Despite the understanding that compounds can inhibit MBLs via a number
different mechanisms (covalent inhibition, metal-chelation, reversible competitive
inhibition, allosteric inhibition, etc.), the mechanism of action of most reported MBL
inhibitors is not well defined.?’ Many current studies focus on achieving low ICs values,
with little consideration regarding the mechanism of action. Here, we clearly
demonstrate how the mechanism of inhibition can significantly differ between similar
isosteres and homologous enzymes and illustrate challenges to optimizing inhibitors
with metal-stripping mechanisms. In the design of future MBL inhibitors, a loss of

potency may be preferred when selecting compounds with a desired mechanism of
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action for further optimization (i.e., selection of 51 over 49). Additionally, compounds
with confirmed metal stripping tendencies may be further developed to reduce metal
removal (as seen in the transformation of 49 to 65b and 65i). Early-stage evaluation of
how the inhibitor interacts with the active site will crucial for accelerating NDM (and

other MBLs) inhibitor development.
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3.4 Conclusion

In summary, the synthesis and inhibitory activity of ten DPA isosteres and
investigation of the mechanism of action of the most active compounds was reported.
We show that the exchange of the carboxylic acid with other acidic isosteres not only
drastically affects the 1Cso value but can also modulate the mechanism of action. The
compounds which showed the lowest ICsp were shown to act via a metal-stripping
mechanism, while compounds that displayed poorer ICso values formed a ternary
complex with the enzyme. Preliminary data suggest differences in inhibition mechanism
between homologous NDM-1 and IMP-1 and isostere 49. This study demonstrates the
importance of considering the inhibition mechanism and the utility of bioisosteric
replacement for routinely-used metal-binding motifs (i.e., carboxylic acid) in NDM-1
inhibitor development. The additional design, synthesis and screening data of 51
derivatives, as well as the screening of 2-picolinic acid isosteres, as inhibitors against

NDM-1 is presented in Chapter 5.
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3.5 Experimental

All reagents and solvents were obtained from commercial sources and used
without further purification. Corning UV-transparent 96-well microplates (3635), Corning
black polystyrene round-bottom 96-well microplates (3792), CHAPS, HEPES, DMSO, L-
captopril and fluorocillin green 495/525 B-lactamase substrate were purchased from
ThermoFisher Scientific Inc. (Fair Lawn, NJ). All other reagents were purchased from
Sigma-Aldrich Inc. (St. Louis, MQO). Screening assays were performed on a
PerkinElmer Victor3 V 1420 multilabel counter plate reader. Fluorescent assays were
performed on a PerkinElmer Victor3 V fluorescent plate reader. Column
chromatography was performed using a Teledyne ISCO CombiFlash Rf system with
prepacked silica cartridges. All 'TH NMR and '®C spectra were recorded at either
ambient temperature or at 35 °C using Varian 400 Mercury Plus or Varian VX500
instrument located in the Department of Chemistry and Biochemistry at the University of
California, San Diego. Mass spectrometry data were obtained from the University of
California San Diego Chemistry and Biochemistry Mass Spectrometry Facility. The
purity of all compounds used for screening was determined to be =95% by high-

performance liquid chromatography (HPLC).

Synthesis
6-Phosphonopicolinic acid (48). A solution of methyl 6-bromopicolinate (300 mg,
1.39 mmol), diethylphosphate (172.0 uL, 1.39 mmol), Pdx(dba); (67 mg, 0.69 mmol),

Pd(dppf)Cl> (77 mg, 0.14 mmol), and trimethylamine (387.0 pL, 2.78 mmol) were
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dissolved in toluene (10 mL), and heated to 90 °C for 20 h. EtOAc (20 mL) was added
to the reaction mixture, and the solution was filtered through a pad of celite. The
collected organic layers were concentrated in vacuo. The crude mixture was purified
via flash column chromatography, with the intermediate eluting at 50% EtOAc in
hexanes. The intermediate was heated under reflux conditions with 6M HCI (3 mL) for
20 h. The excess HCI was removed in vacuo, and co-evaporated with copious amounts
of MeOH and water until a precipitate was observed. The product was collected via
vacuum filtration as a white solid in 19% vyield (54 mg, 0.27 mmol). 'H NMR (400 MHz,
MeOD-d,): & 8.26 (d, J = 7.7 Hz, 1H), 8.19 — 8.00 (m, 2H). '*C NMR (126 MHz,
DMSO-ds): o 166.4, 156.2, 149.0, 138.0, 129.4, 126.1. ESI-MS(-) calculated for

[CeHsNOsP] m/z 202.10, found m/z 201.98 [M-H]'.

6-(Phosphonomethyl)picolinic acid (49). A solution of 58 (200 mg, 0.87 mmol) and
P(OEt)s (1.6 g, 9.56 mmol) were heated in toluene (20 mL) at 140 °C for 2 h to give a
clear liquid solution. Excess P(OEt); and toluene were removed in vacuo, and the
intermediate was purified via flash column chromatography eluting at 100% EtOAc in
hexanes as a clear oil in 80% yield (200 mg, 0.70 mmol). 'H NMR (400 MHz, CDCls-d):
58.02 (d, J=8.0 Hz, 1H), 7.80 (td, J= 7.8, 2.1 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H), 4.13 —
4.06 (m, 4H), 3.99 (d, J = 2.0 Hz, 3H), 3.53 (d, J = 22.0 Hz, 2H), 1.31 — 1.25 (m, 6H).
ESI-MS(+) calculated for [C12H1sNOsP]* m/z 288.10, found m/z 288.29 [M+H]".

The intermediate, methyl 6-((diethoxyphosphoryl)methyl)picolinate (200 mg, 0.70

mmol), was refluxed in 6M HCI (5 mL) for 27 h. The excess HCI was removed in vacuo
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and co-evaporate with copious amounts of MeOH and water until a white precipitate
was observed. Compound 49 was collected via vacuum filtration as a white solid in 86%
yield (130 mg, 0.60 mmol). 'H NMR (400 MHz, DMSO-dk): & 8.02 (t, J = 7.7 Hz, 1H),
7.95 (d, J=7.5 Hz, 1H), 7.67 (d, J = 7.6 Hz, 1H), 3.38 (s, 1H), 3.32 (s, 1H). '*C NMR
(126 MHz, DMSO-ds): © 166.6, 155.4, 148.0, 137.9, 127.8, 122.8, 38.3. ESI-MS(-)

calculated for [C;HsNOsP] m/z 217.01, found m/z 216.00 [M-H]".

6-(Carboxymethyl)picolinic acid (50). To a solution of 58 (2.5 g, 10.87 mmol)
dissolved in THF (50 mL) was added a pre-dissolved solution of KCN (1.1 g, 16.30
mmol) in water (9 mL). All supplies in contact with KCN were quenched with 1M sodium
thiolsuflate prior to disposal. The mixture was stirred at 50 °C for 19 h and quenched
with 1M sodium thiosulfate solution. The mixture was extracted with CH>Cl, (25 mLX5).
The combined organic layers were dried over MgSQ., filtered, and concentrated in
vacuo. Intermediate methyl 6-(cyanomethyl)picolinate was purified via flash column
chromatography, eluting at 58% EtOAc in hexanes to yield yellow crystals in 49% yield
(941 mg, 5.34 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.09 — 7.95 (m, 2H), 7.68 (t, J
= 5.5 Hz, 1H), 4.30 (s, 2H), 3.88 (s, 3H). ESI-MS(+) calculated for [CgHoN-O,]" m/z
177.06, found m/z 177.18 [M+H]".

The intermediate, methyl 6-(cyanomethyl)picolinate, was dissolved in 12M HCI
and heated to 100 °C for 12 h. The solvent was removed in vacuo and the crude was
hydrolyzed in 3 mL of 1M NaOH at 60 °C for 6 h. The solution was the acidified with to

pH 4, and product 50 was collected via vacuum filtration as a white solid in 30% yield

121



(37 mg, 0.20 mmol). 'H NMR (400 MHz, DMSO-ds): 57.98 —7.86 (m, 2H), 7.56 (d, J =
6.3 Hz, 1H), 3.83 (s, 2H). '*C NMR (126 MHz, DMSO-ds): 6 172.1, 166.6, 155.8, 148.3,
138.3, 128.0, 123.4, 43.6. ESI-MS(+) calculated for [CsHgNO4]" m/z 182.04, found m/z

182.25 [M+H]*.

6-(1H-Tetrazol-5-yl)picolinic acid (51). Methyl 6-bromopicolinate (3.00 g, 13.89 mmol)
and copper(l) cyanide (2.49 g, 27.77 mmol) were dissolved in pyridine (120 mL) and
heated to 116 °C for 4 h. The reaction was monitored via TLC. Upon completion of the
reaction, the mixture was filtered, and the filtrate was concentrated in vacuo. Aqueous
NaHCO; (50 mL) and CH2Cl, (50 mL) were added to the crude mixture. The aqueous
layer was extracted with CH.Cl, (50 mLX3), and the combined organic layers were dried
over MgSOs4, concentrated in vacuo, and purified with flash chromatography.
Intermediate methyl 6-cyanopicolinate eluted 40% EtOAc in hexanes as a yellow solid
in 20% yield (470 mg, 2.90 mmol). 'H NMR (400 MHz, CDCls-d): 5 8.34 (d, J = 7.9 Hz,
1H), 8.04 (t, J = 7.9 Hz, 1H), 7.88 (d, J = 7.8 Hz, 1H), 4.04 (s, 3H). ESI-MS(+)
calculated for [CgH7N2O2]" m/z 163.05, found m/z 163.10 [M+H]".

In a round bottom flask, intermediate methyl 6-cyanopicolinate (200 mg, 1.23
mmol), sodium azide (408 mg, 6.29 mmol), and ammonia hydrochloride (336 mg, 6.29
mmol) were dissolved in anhydrous DMF (10 mL). The reaction was heated under N, at
130 °C for 20 h. After cooling, the inorganic salts were removed via vacuum filtration,
and washed with hot DMF. The organic filtrate was concentrated in vacuo to yield a

yellow solid. The solid was suspended in a solution of 2M HCI (3 mL), and stirred at
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25 °C for 1 h. The precipitate was collected via vacuum filtration and washed with
copious amounts of cold water to afford product 51 as a white solid in 98% yield (232
mg, 1.21 mmol). '"H NMR (400 MHz, DMSO-ds): 68.37 (d, J= 7.5 Hz, 1H), 8.26 — 8.13
(m, 2H). "*C NMR (126 MHz, DMSO-ds): & 165.2, 155.1, 149.1, 144.3, 140.3, 126.8,

126.2. ESI-MS(-) calculated for [C7H4NsO2]” m/z 190.04, found m/z 189.25 [M-H]'.

6-(Sulfomethyl)picolinic acid (52). In a round bottom flask, 58 (200 mg, 0.87 mmol)
and Na,SO3 (110 mg, 0.87 mmol) were dissolved in H,O (10 mL) and heated to 100 °C
for 16 h. The reaction was cooled to room temperature, and H.O was removed in
vacuo until it reached one-third of the original volume. The white precipitate was
collected via vacuum filtration as the ester intermediate. The intermediate was
hydrolyzed via stirring in 4M HCI at 100 °C for 16 h. The excess HCI was removed in
vacuo, and the product was co-evaporated with copious amounts of MeOH and H.O
until white crystals were observed. The precipitate was collected via vacuum filtration to
yield compound 52 as a white crystal in 41% yield (77.0 mg, 0.35 mmol). 'H NMR (400
MHz, DMSO-ds): & 8.08 — 7.88 (m, 2H), 7.79 (d, J = 6.0 Hz, 1H), 4.06 (s, 2H). '*C
NMR (126 MHz, DMSO-ds): 6 164.7, 155.0, 145.2, 140.7, 129.9, 124.1, 57.6. ESI-MS(-)

calculated for [C;HsNOsS] m/z 216.10, found m/z 216.08 [M-H]'.

6-((Methylsulfonyl)methyl)picolinic acid (53). In a round bottom flask, 58 (300 mg,
1.30 mmol) and sodium methanesulfinate (266 mg, 2.61 mmol) were dissolved in DMF

(15 mL). The solution was heated to 120 °C for 2 h. DMF was removed in vacuo, and
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the crude product was purified via flash column chromatography eluting at 90% EtOAc
in hexanes. The intermediate was hydrolyzed by stirring in 3:1 1M NaOH:THF at 70 °C
for 3 h. The THF was removed in vacuo, and the solution was acidified with 4M HCI
until pH 4. The aqueous layer was extracted with EtOAc (20 mLX3) to afford 53 a white
solid in 43% vyield over two steps (120 mg, 0.56 mmol). 'H NMR (400 MHz, DMSO-dk):
58.03 (s, 2H), 7.70 (t, J = 4.5 Hz, 1H), 4.75 (s, 2H), 3.08 (s, 3H). '*C NMR (126 MHz,
DMSO-ds): o 166.3, 150.7, 149.2, 138.9, 129.3, 124.5, 61.5, 41.1. ESI-MS(-)

calculated for [CsHsNO4S] m/z 214.02, found m/z 214.16 [M-H].

6-(Methylsulfonamido)picolinic acid (54). Commercially available methyl 6-
aminopicolinate (300 mg, 1.97 mmol) was dissolved in a solution of triethylamine (1
mL):CHxCl, (5 mL) and cooled to 0 °C. Next, methanesulfonyl chloride (168.0 uL, 2.17
mmol) was added drop-wise to the mixture. The reaction was stirred at room
temperature for 16 h. The solvent was removed in vacuo, and the crude mixture was
purified via flash column chromatography. The ester intermediate eluted at 62% EtOAc
in hexanes as a white solid. The intermediate was hydrolyzed via stirring at room
temperature for 16 h in 3:1 1M NaOH:THF (8 mL). The excess THF was removed in
vacuo, and the solution was acidified to pH 4. The aqueous layer was extracted with
EtOAc (10 mLX3), and the combined organic layers were dried over MgSQ,, filtered,
and concentrated in vacuo to afford 54 as a white solid. 'H NMR (400 MHz, MeOD-d.):

57.89 (t, J=7.9 Hz, 1H), 7.79 (d, J = 7.5 Hz, 1H), 7.28 (d, J = 8.3 Hz, 1H), 3.33 (s, 3H).
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3C NMR (126 MHz, DMSO-ds): & 166.2, 152.4, 147.1, 140.1, 119.5, 115.9, 42.5. ESI-

MS(-) calculated for [C;H;N20O4S]” m/z 215.10, found m/z 215.05 [M-H].

6-((N-Methylmethylsulfonamido)methyl)picolinic acid (55). In a round bottom flask,
58 (158 mg, 0.69 mmol), N-methylmethanesulfonamide (74 mg, 0.69 mmol), and
potassium carbonate (48 mg, 0.34 mmol) were dissolved in acetonitrile (10 mL) and
heated to 75 °C for 20 h. The solvent was removed in vacuo and the crude mixture was
purified via flash column chromatography. The ester intermediate eluted at 3% MeOH
in CH.Cl, as a yellow oil. The intermediate was hydrolyzed by stirring in 1M NaOH at
70 °C for 3 h. The solution was then acidified to pH 4, and the aqueous layer was
extracted with EtOAc (20 mLX4). The combined organic layers were dried over MgSQa,
filtered, and concentrated in vacuo to afford 55 a pale solid in 55% yield over two steps
(92 mg, 0.38 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.04 — 7.90 (m, 2H), 7.61 (d, J =
7.3 Hz, 1H), 4.46 (s, 2H), 3.08 (s, 3H), 2.75 (s, 3H). '*C NMR (126 MHz, DMSO-ds): &
166.5, 157.4, 148.5, 138.9, 125.7, 124.1, 54.9, 36.7, 35.2. ESI-MS(-) calculated for

[CgH11N204S]- m/z 24304, found m/z 243.31 [M-H]

6-(Thiazol-2-yl)picolinic acid (56). In a round bottom flask, methyl 6-bromopicolinate
(300 mg, 1.39 mmol) and 2-(tributylstannyl)thiazole (624 mg, 1.67 mmol) were dissolved
in anhydrous THF (15 mL). The solution was purged with N, for 15 min, followed by the
addition of bis(triphenylphosphine)palladium(ll) dichloride (97 mg, 0.14 mmol). The

reaction was heated to 75 °C for 18 h. Upon completion, water (20 mL) and EtOAc (20
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mL) were added to the brown slurry. The aqueous layer was extracted with EtOAc (20
mLX3), and the combined organic layers were dried over MgSQ., filtered, and
concentrated in vacuo. The ester intermediate was purified via column chromatography,
eluting at 45% EtOAc in hexanes as a yellow solid. The intermediate was hydrolyzed in
3:1 1M NaOH:THF at 70 °C for 3 h. THF was removed in vacuo, and the aqueous layer
was acidified to pH 4. The precipitate was collected via vacuum filtration to afford
compound 56 as a tan solid in 74% yield (213 mg, 1.03 mmol). '"H NMR (400 MHz,
DMSO-ds): 69.18 (s, 1H), 8.68 (s, 1H), 8.22 (d, J=8.0 Hz, 1H), 8.05 (t, J= 7.8 Hz, 1H),
7.94 (d, J=7.7 Hz, 1H). "*C NMR (126 MHz, DMSO-ds): & 166.1, 157.0, 150.5, 149.0,
142.3, 139.7, 139.1, 124.2, 123.4. ESI-MS(-) calculated for [CoHsN-O-S]" m/z 205.01,

found m/z 205.18 [M-H].

6-(Oxazol-2-yl)picolinic acid (57). In a round bottom flask, methyl 6-bromopicolinate
(300 mg, 1.39 mmol) and 2-(tributylstannyl)oxazole (596 mg, 1.67 mmol) were dissolved
in anhydrous THF (15 mL). The solution was purged with N, for 15 min, followed by the
addition of bis(triphenylphosphine)palladium(ll) dichloride (79 mg, 0.14 mmol). The
solution was heated to 75 °C for 18 h. Upon completion, water (20 mL) and EtOAc (20
mL) were added to the slurry. The aqueous layer was extracted with EtOAc (20 mLX3),
and the combined organic layers were dried over MgSOQy, filtered, and concentrated in
vacuo. The ester intermediate was purified via column chromatography, eluting at 60%
EtOAc in hexanes as a yellow solid. The intermediate was hydrolyzed in 3:1 1M

NaOH:THF at 70 °C for 3 h. THF was removed in vacuo, and the aqueous layer was
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acidified to pH 4. The aqueous layer was extracted with EtOAc (20 mLX3), and the
combined organic layers were dried over MgSQs., filtered, and concentrated in vacuo to
yield 57 as a white solid in 8% yield (20 mg, 0.12 mmol). 'H NMR (400 MHz, DMSO-d):
5 8.35 (s, 1H), 8.28 (dd, J = 6.4, 2.6 Hz, 1H), 8.16 — 8.10 (m, 2H), 7.49 (s, 1H). *C
NMR (126 MHz, DMSO-ds): o 166.2, 160.0, 149.4, 145.9, 142.0, 139.4, 129.4, 126.2,

125.3. ESI-MS(-) calculated for [CgHsN-O3]” m/z 189.03, found m/z 189.20 [M-H]'.

Methyl 6-(bromomethyl)picolinate (58). To a solution of methyl 6-
(hydroxymethyl)picolinate (1.0 g, 5.98 mmol) in chloroform (25 mL) at 0 °C was added
PBrs (1.9 g, 7.18 mmol) dropwise over the course of 15 min. The reaction was stirred at
room temperature for 3 h. The reaction mixture was quenched with saturated sodium
carbonate in water and extracted with chloroform (20 mLX4). The combined organic
layers were dried over MgSO, filtered, and concentrated in vacuo. The product was
purified via flash column chromatography, eluting at 45% EtOAc in hexanes to afford 58
as a white crystal in 70% yield (95 mg, 4.14 mmol). 'H NMR (400 MHz, CDClz-d): &
8.06 (d, J= 7.8 Hz, 1 H), 7.86 (td, J= 7.8, 1.4 Hz), 7.68 (d, J= 7.8 Hz, 1 H), 4.64 (s, 2H),
4.01 (s, 3H). ESI-MS(+) calculated for [CgHoBrNOo]" m/z 229.98, found m/z 230.24

[M+H]".

Dimethyl 4-hydroxypyridine-2,6-dicarboxylate (59). @ Commercially-available 4-
hydroxypyridine-2,6-dicarboxylic acid (10.0 g, 55 mmol) was dissolved in MeOH (500

mL) and H.SO. (cat.) was added. The reaction was stirred at 70 °C for 16 h. The

127



solvent was removed in vacuo, and the crude mixture was purified via column
chromatography, eluting at 1% MeOH in CH.Cl, as a yellow solid in 60% yield (7.0 g, 30
mmol). 'H NMR (400 MHz, MeOD-d;): & 7.59 (s, 2H), 3.96 (s, 6H). ESI-MS(+)

calculated for [CoH1oNOs]" m/z 212.06, found m/z 212.07 [M+H]".

Dimethyl 4-bromopyridine-2,6-dicarboxylate (60). Tetrabutylammonium bromide
(28.623 g, 88.789 mmol) and P4O+, (12.6 g, 89 mmol) were dissolved in dry toluene (50
mL), and heated to 100 °C for 30 min under N.. Compound 59 (7.5 g, 36 mmol) was
added to the solution and the mixture was heated at 100 °C for 3 h. The toluene layer
was decanted, and an additional 50 mL of toluene was added to the residual brown oil.
The mixture was heated to 100 °C for an additional 30 min, and the toluene layer was
decanted again. Addition and removal of toluene was repeated three times. The
combined toluene layers were dried in vacuo, and the crude mixture was purified via
column chromatography. Compound 60 eluted at 45% EtOAc in hexanes as yellow
needles in 75% yield (7.3 g, 27 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.42 (s, 2H),
3.91 (s, 6H). ESI-MS(+) calculated for [CoHoBrNO4]" m/z 273.97, found m/z 274.26 and

275.25 [M+H]".

Methyl 4-bromo-6-(hydroxymethyl)picolinate (61). In a round bottom flask,
compound 60 (1.0 g, 3.65 mmol) was dissolved in a solution of MeOH:CH.Cl, (16 mL:4
mL) and cooled to 0 °C. NaBH. (138 mg, 3.65 mmol) was added to the mixture and

stirred at 0 °C for 1 h. The reaction was quenched with agueous NaHCO3; (10 mL). The
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mixture was extracted with CH>Cl, (10 mLX8), and the combined organic layers were
dried in vacuo. The crude mixture was purified via column chromatography, with 61
eluting at 70% EtOAc in hexanes as white crystals in 80% vyield (689 mg, 2.80 mmol).
'"H NMR (400 MHz, MeOD-d,): & 8.17 (s, 1H), 7.97 (s, 1H), 4.73 (s, 2H), 3.97 (s, 3H).
ESI-MS(+) calculated for [CgHoBrNO3]* m/z 245.98, found m/z 246.16 and 248.09

[M+H]*.

Methyl 4-bromo-6-(bromomethyl)picolinate (62). Compound 61 (400 mg, 1.63 mmol)
was dissolved in CHCI; (4 mL) and cooled to 0 °C. Next, PBr; (528 mg, 1.95 mmol)
was added dropwise, and the reaction was stirred at 0 °C for 1 h. The reaction was
tracked via TLC. Upon completion, the reaction mixture was quenched with aqueous
Na,COs (40 mL), and the aqueous layer was extracted with chloroform (40 mLX4). The
combined organic layers were dried over MgSQsy, filtered, and concentrated in vacuo to
yield a yellow oil with white precipitate. The crude product was purified via flash column
chromatography, with compound 62 eluting at 42% EtOAc in hexanes as a white solid in
68% vyield (342 mg, 1.11 mmol). 'H NMR (400 MHz, CDCls-d): 5 8.21 (s, 1H), 7.86 (s,
1H), 4.59 (s, 2H), 4.02 (s, 3H). ESI-MS(+) calculated for [CgHgBroNO2]* m/z 307.89,

found m/z 308.07 and 310.00 [M+H]".

Methyl 4-bromo-6-((diethoxyphosphoryl)methyl)picolinate (63). In a round bottom
flask, 62 (3.5 g, 11.39 mmol) and triethyl phosphite (5.7 g, 34.16 mmol) were dissolved

in toluene (830 mL). The reaction was heated at 140 °C for 22 h. Excess triethyl
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phosphite and toluene were removed in vacuo, and the crude product was purified via
flash column chromatography. Compound 63 eluted at 70% EtOAc in hexanes as a
clear oil in 92% yield (3.9 g, 10.52 mmol). 'H NMR (400 MHz, CDCls-d): &8.17 (s, 1H),
7.78 (s, 1H), 4.12 (dq, J = 10.2, 3.6 Hz, 4H), 3.99 (s, 3H), 3.50 (d, J = 22.0 Hz, 2H), 1.29
(t, J = 7.0 Hz, 6H). ESI-MS(+) calculated for [C12H1gBrNOsP]" m/z 366.01, found m/z

366.03 [M+H]".

General procedures for the synthesis of compounds 64a — 64m

In a round bottom flask, compound 63 (1 equivalent), the corresponding boronic
acid (1.2 equivalents) and K3zO4P (2 equivalents) were dissolved in 1,4-dioxanes (5 mL).
The solution was purged under N» for 20 min, followed by the addition of
tetrakis(triphenylphosphine)palladium(0) (0.1 equivalents). The reaction was heated to
80 °C for 18 h under N2. The crude mixture was filtered through a pad of celite, washed
with EtOAc, and the combined organic layers were concentrated in vacuo. The crude

products were purified via flash column chromatography to afford derivatives 64a — 64m.

Methyl 6-((diethoxyphosphoryl)methyl)-4-phenylpicolinate (64a). Yield: 74% (59
mg, 0.16 mmol). 'H NMR (400 MHz, MeOD-d,): 5 8.26 (s, 1H), 7.90 (d, J = 2.1 Hz, 1H),
7.77 (d, J = 6.5 Hz, 2H), 7.65 — 7.31 (m, 3H), 4.28 — 4.07 (m, 4H), 3.65 (d, J = 22.2 Hz,
2H), 1.28 (t, J= 7.0 Hz, 6H). ESI-MS(+) calculated for [C1gH23NOsP]* m/z 364.13, found

m/z 364.11 [M+H]".
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Methyl 6-((diethoxyphosphoryl)methyl)-4-(4-methoxyphenyl)picolinate (64b). Yield:
79% (120 mg, 0.31 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.14 (s, 1H), 7.87 (s, 1H),
7.79 (d, J=7.3 Hz, 2H), 7.10 (d, J = 7.7 Hz, 2H), 4.11 — 3.94 (m, 4H), 3.89 (s, 3H), 3.82
(s, 3H), 3.56 (d, J = 21.7 Hz, 2H), 1.18 (t, J = 6.2 Hz, 6H). ESI-MS(+) calculated for

[C19H25N06P]+ m/z 39414, found m/z 394.28 [M+H]+

Methyl 6-((diethoxyphosphoryl)methyl)-4-(3-methoxyphenyl)picolinate (64c). Yield:
58% (86 mg, 0.22 mmol). 'H NMR (400 MHz, MeOD-d,): 5 8.26 (s, 1H), 7.90 (s, 1H),
7.45 (t, J = 8.0 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.30 (s, 1H), 7.07 (d, J = 8.2 Hz, 1H),
4.21 — 4.07 (m, 4H), 4.00 (s, 3H), 3.88 (s, 3H), 3.66 (d, J = 22.2 Hz, 2H), 1.29 (t, J= 7.0
Hz, 6H). ESI-MS(+) calculated for [C19H2sNOgP]" m/z 394.14, found m/z 416.13

[M+Na]"*.

Methyl 6-((diethoxyphosphoryl)methyl)-4-(2-methoxyphenyl)picolinate (64d). Yield:
87% (125 mg, 0.32 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.20 (s, 1H), 7.81 (s, 1H),
7.50 — 7.36 (m, 2H), 7.15 (d, J = 8.4 Hz, 1H), 7.09 (t, J = 7.5 Hz, 1H), 4.24 — 4.06 (m,
4H), 3.98 (s, 3H), 3.86 (s, 3H), 3.63 (d, J = 22.2 Hz, 2H), 1.28 (i, J = 7.0 Hz, 6H). ESI-

MS(+) calculated for [C19H25NOgP]* m/z 394.14, found m/z 416.13 [M+Na]*.

Methyl 6-((diethoxyphosphoryl)methyl)-4-(4-hydroxyphenyl)picolinate (64e). Yield:
20% (27 mg, 0.07 mmol). 'H NMR (400 MHz, MeOD-d,): 5 8.21 (s, 1H), 7.83 (s, 1H),

7.65 (d, J = 6.4 Hz, 2H), 6.92 (d, J = 6.7 Hz, 2H), 4.31 — 4.04 (m, 4H), 3.99 (s, 3H), 3.61
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(d, J = 23.0 Hz, 2H), 1.28 (t, J = 7.0 Hz, 7H). ESI-MS(+) calculated for [C1sH2sNOGP]*

m/z 380.12, found m/z 402.13 [M+Na]".

Methyl 6-((diethoxyphosphoryl)methyl)-4-(3-hydroxyphenyl)picolinate (64f). Yield:
90% (135 mg, 0.40 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.23 (s, 1H), 7.86 (s, 1H),
7.35 (t, J = 7.9 Hz, 1H), 7.22 (d, J = 7.9 Hz, 1H), 7.16 (s, 1H), 6.92 (d, J = 8.0 Hz, 1H),
4.21 — 4.06 (m, 4H), 4.00 (s, 3H), 3.65 (d, J = 20.8 Hz, 2H), 1.29 (t, J = 6.3 Hz, 6H).

ESI-MS(+) calculated for [C1gH23NOgP]* m/z 380.12, found m/z 402.13 [M+Na]".

Methyl 6-((diethoxyphosphoryl)methyl)-4-(2-hydroxyphenyl)picolinate (64g). Yield:
63% (91 mg, 0.24 mmol). 'H NMR (400 MHz, MeOD-d,): 5 8.31 (s, 1H), 7.91 (s, 1H),
7.41 (d, J=7.4 Hz, 1H), 7.28 (t, J = 7.8 Hz, 1H), 7.02 — 6.80 (m, 2H), 4.21 — 4.05 (m,
4H), 3.98 (s, 3H), 3.63 (d, J = 22.1 Hz, 2H), 1.28 (t, J = 7.0 Hz, 6H). ESI-MS(+)

calculated for [C1gH23NOgP]* m/z 380.12, found m/z 402.13 [M+Na]*.

Methyl 4-(4-acetamidophenyl)-6-((diethoxyphosphoryl)methyl)picolinate (64h)
Yield: 43% (72 mg, 0.170mmol). 'H NMR (400 MHz, MeOD-dj): & 8.36 (s, 1H), 8.02 (s,
1H), 7.87 — 7.72 (m, 4H), 4.23 — 4.09 (m, 4H), 4.03 (s, 3H), 3.72 (d, J = 22.3 Hz, 2H),
2.16 (s, 3H), 1.29 (t, J = 7.0 Hz, 6H). ESI-MS(+) calculated for [CooH2sN2OsP]" m/z

421.15, found m/z 421.20 [M+H]".
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Methyl 4-(3-acetamidophenyl)-6-((diethoxyphosphoryl)methyl)picolinate (64i).
Yield: 39% (60 mg, 0.14 mmol). 'H NMR (400 MHz, CDCls-d): & 8.22 (s, 1H), 8.16 (s,
1H), 7.85 (d, J = 6.8 Hz, 2H), 7.68 (d, J = 7.0 Hz, 1H), 7.43 — 7.32 (m, 2H), 4.28 — 4.05
(m, 4H), 4.00 (s, 3H), 3.67 (d, J = 21.9 Hz, 2H), 2.22 (s, 3H), 1.30 (t, J = 7.1 Hz, 6H).

ESI-MS(+) calculated for [C2oH26N206P]"™ m/z 421.15, found m/z 421.19 [M+H]".

Methyl 4-(2-acetamidophenyl)-6-((diethoxyphosphoryl)methyl)picolinate (64j).
Yield: 84% (136 mg, 0.32 mmol). 'H NMR (400 MHz, MeOD-d,): 58.17 (s, 1H), 7.80 (s,
1H), 7.64 — 7.29 (m, 4H), 4.32 — 4.08 (m, 4H), 4.02 (s, 3H), 3.74 (d, J = 22.3 Hz, 2H),
1.99 (s, 3H), 1.31 (t, J = 7.0 Hz, 6H). ESI-MS(+) calculated for [C2oH26N2OeP]* m/z

421.15, found m/z 421.21 [M+HJ".

Methyl 4-(4-chlorophenyl)-6-((diethoxyphosphoryl)methyl)picolinate (64k). Yield:
60% (91 mg, 0.23 mmol). 'H NMR (400 MHz, MeOD-ds: 68.28 (s, 1H), 7.91 (s, 1H),
7.80 (d, J=8.7 Hz, 2H), 7.55 (d, J = 8.6 Hz, 2H), 4.23 — 4.08 (m, 5H), 4.00 (s, 3H), 3.66
(d, J=22.2 Hz, 2H), 1.28 (t, J = 7.1 Hz, 6H). ESI-MS(+) calculated for [C1gH22CINOsP]"

m/z 398.09, found m/z 398.24 [M+H]*.

Methyl 4-(3-chlorophenyl)-6-((diethoxyphosphoryl)methyl)picolinate (64l). Yield:

42% (63 mg, 0.16 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.28 (s, 1H), 7.93 (s, 1H),

7.84 (s, 1H), 7.78 — 7.68 (m, 1H), 7.61 — 7.47 (m, 2H), 4.24 — 4.08 (m, 4H), 4.01 (s, 3H),
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3.67 (d, J = 22.0 Hz, 2H), 1.29 (t, J = 6.8 Hz, 6H). ESI-MS(+) calculated for

[C18H220|NO5P]+ m/z 398.09, found m/z 398.15 [M+H]+.

Methyl 4-(2-chlorophenyl)-6-((diethoxyphosphoryl)methyl)picolinate (64m). Yield:
71% (114 mg, 0.29 mmol). 'H NMR (400 MHz, MeOD-d,): 5 8.11 (s, 1H), 7.74 (s, 1H),
7.61 = 7.40 (m, 4H), 4.23 — 4.07 (m, 4H), 3.99 (s, 3H), 3.67 (d, J = 22.2 Hz, 2H), 1.28 (t,
J = 7.1 Hz, 6H). ESI-MS(+) calculated for [C1gH22CINOsP]* m/z 398.09, found m/z

398.13 [M+H]".

General procedures for the synthesis of 65a — 65m.

Compounds 64a — 64m were dissolved the in a solution of 6M HCI and heated to
100 °C for 24 h. Excess HCI was removed in vacuo followed by co-evaporation with
copious amounts of water and MeOH until precipitate was observed. The precipitate
was collected via vacuum filtration and washed with cold water to afford products 65a —

65m.

4-Phenyl-6-(pho1sphonomethyl)picolinic acid (65a). Yield: 29% (14 mg, 0.05 mmol).
"H NMR (400 MHz, MeOD-d;): & 8.65 (s, 1H), 8.39 (s, 1H), 8.14 — 7.57 (m, 5H), 3.82 (d,
J =223 Hz, 2H). ESI-MS(-) calculated for [C13H11NOsP]" m/z 292.03, found m/z 292.04

[M-HT".
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4-(4-Methoxyphenyl)-6-(phosphonomethyl)picolinic acid (65b). Yield: 61% (48 mg,
0.15 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.08 (s, 1H), 7.82 (s, 1H), 7.75 (d, J =
8.6 Hz, 2H), 7.09 (d, J = 8.5 Hz, 2H), 3.81 (s, 3H), 3.30 (d, J = 21.4 Hz, 2H). '*C NMR
(126 MHz, DMSO-as): 6 166.7, 161.0, 156.2, 148.9, 148.3, 129.2, 128.7, 124.3, 119.6,
115.2, 55.8, 38.3. ESI-MS(-) calculated for [C14H13NOgP] m/z 322.05, found m/z

322.10 [M-HTJ.

4-(3-Methoxyphenyl)-6-(phosphonomethyl)picolinic acid (65c). Yield: 71% (50 mg,
0.15 mmol). 'H NMR (400 MHz, MeOD-d,): 58.33 (s, 1H), 8.01 (s, 1H), 7.53 — 7.31 (m,
3H), 7.09 (d, J = 7.4 Hz, 1H), 3.89 (s, 3H), 3.56 (d, J = 21.8 Hz, 2H). *C NMR (126
MHz, DMSO-ds): 6 166.7, 160.4, 156.2, 149.4, 148.6, 138.8, 131.0, 125.3, 120.4, 119.6,
115.7, 112.7, 55.8, 38.4. ESI-MS(-) calculated for [C14H13NOgP] m/z 322.05, found m/z

322.02 [M-HTJ.

4-(2-Methoxyphenyl)-6-(phosphonomethyl)picolinic acid (65d). Yield: 67% (67 mg,
0.21 mmol). 'H NMR (400 MHz, MeOD-d,): 58.32 (s, 1H), 7.96 (s, 1H), 7.59 — 7.38 (m,
2H), 7.17 (d, J = 8.2 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 3.88 (s, 3H), 3.55 (d, J = 21.7 Hz,
2H). C NMR (126 MHz, DMSO-ds): & 166.7, 156.7, 155.5, 147.9, 147.2, 131.2, 130.6,
127.7, 126.6, 123.3, 121.5, 112.5, 56.1, 38.3. ESI-MS(-) calculated for [C14H:1sNOgP]

m/z 322.05, found m/z 322.04 [M-H].
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4-(4-Hydroxyphenyl)-6-(phosphonomethyl)picolinic acid (65e). Yield: 82% (16 mg,
0.06 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.38 (s, 1H), 8.08 (s, 1H), 7.81 (d, J =
8.2 Hz, 2H), 6.96 (d, J = 8.0 Hz, 2H), 3.56 (d, J = 21.4 Hz, 2H). '*C NMR (126 MHz,
DMSO-ds): 6 166.7, 159.5, 155.9, 148.8, 148.7, 128.7, 127.5, 124.0, 119.4, 116.6, 38.2.

ESI-MS(-) calculated for [C13H11NOgP] m/z 308.03, found m/z 308.02 [M-H]".

4-(3-Hydroxyphenyl)-6-(phosphonomethyl)picolinic acid (65f). Yield: 82% (77 mg,
0.30 mmol). 'H NMR (400 MHz, MeOD-ds): & 8.47 (s, 1H), 8.21 (s, 1H), 7.48 — 7.33 (m,
2H), 7.29 (s, 1H), 7.01 (d, J = 7.4 Hz, 1H), 3.73 (d, J = 22.1 Hz, 2H). *C NMR (126
MHz, DMSO-ds): 6 166.6, 158.6, 156.2, 148.9, 148.9, 138.5, 131.0, 125.0, 120.2, 118.0,
117.0, 113.9, 38.3. ESI-MS(-) calculated for [Ci3H11NOgP]" m/z 308.03, found m/z

308.05 [M-HJ".

4-(2-Hydroxyphenyl)-6-(phosphonomethyl)picolinic acid (65g). Yield: 76% (56 mg,
0.18 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.87 (s, 1H), 8.48 (s, 1H), 7.68 (d, J =
6.7 Hz, 1H), 7.45 (t, J= 7.1 Hz, 1H), 7.13 = 7.01 (m, 1H), 3.86 (d, J = 22.4 Hz, 2H). '°C
NMR (126 MHz, DMSO-d;): & 166.8, 155.5, 155.3, 147.8, 147.6, 130.9, 130.5, 127.2,
124.5, 123.1, 120.2, 116.8, 38.4. ESI-MS(-) calculated for [C13H:11NOgP] m/z 308.03,

found m/z 308.09 [M-H].

4-(4-Aminophenyl)-6-(phosphonomethyl)picolinic acid (65h). Yield: 56% (14 mg,

0.05 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.68 (s, 1H), 8.43 (s, 1H), 8.14 (d, J =
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8.2 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 3.86 (d, J = 22.4 Hz, 2H). '*C NMR (126 MHz,
DMSO-ds): & 166.6, 155.5, 151.1, 149.2, 148.6, 128.2, 123.1, 123.0, 118.5, 114.6, 38.0.

ESI-MS(-) calculated for [C13H12N2OsP]” m/z 307.05, found m/z 307.09 [M-H].

4-(3-Aminophenyl)-6-(phosphonomethyl)picolinic acid (65i). Yield: 96% (48 mg,
0.16 mmol). 'H NMR (400 MHz, MeOD-dj): 58.35 (s, 1H), 8.01 (s, 1H), 7.96 — 7.47 (m,
4H), 3.59 (d, J = 21.9 Hz, 2H). ESI-MS(-) calculated for [C13H12N2OsP]" m/z 307.05,

found m/z 307.09 [M-H].

4-(2-Aminophenyl)-6-(phosphonomethyl)picolinic acid (65j). yield: 60% (60 mg,
0.19 mmol). 'H NMR (400 MHz, MeOD-dj): 5 8.24 (s, 1H), 7.87 (s, 1H), 7.54 — 7.32 (m,
2H), 7.25 — 7.05 (m, 2H), 3.57 (d, J = 21.7 Hz, 2H). '*C NMR (126 MHz, DMSO-d): &
166.7, 155.8, 155.7, 148.9, 148.7, 145.9, 130.3, 127.2, 122.6, 122.1, 117.3, 116.3, 38.3.

ESI-MS(-) calculated for [C13H12N2OsP]” m/z 307.05, found m/z 307.06 [M-H].

4-(4-Chlorophenyl)-6-(phosphonomethyl)picolinic acid (65k). Yield: 97% (60 mg,
0.18 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.13 (s, 1H), 7.86 (s, 2H), 7.83 (d, J =
8.1 Hz, 3H), 7.62 (d, J = 8.1 Hz, 2H), 3.34 (d, J = 21.5 Hz, 2H). '*C NMR (126 MHz,
DMSO-ds): 6 166.6, 156.3, 149.1, 147.5, 136.0, 135.0, 129.8, 129.2, 125.0, 120.2, 38.3.

ESI-MS(-) calculated for [C13H10CINOsP] m/z 326.00, found m/z 326.01 [M-H].
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4-(3-Chlorophenyl)-6-(phosphonomethyl)picolinic acid (651). Yield: 90% (47 mg,
0.14 mmol). 'H NMR (400 MHz, DMSO-dk): & 8.14 (s, 1H), 7.95 — 7.35 (m, 5H), 3.34
(d, J = 21.5 Hz, 2H). ®C NMR (126 MHz, DMSO-ds): J 166.6, 156.4, 149.1, 147.2,
139.4, 134.6, 131.7, 129.8, 127.2, 126.2, 125.2, 120.4, 38.4. ESI-MS(-) calculated for

[C13H1oCINOsP] m/z 326.00, found m/z 325.97 [M-H]J.

4-(2-Chlorophenyl)-6-(phosphonomethyl)picolinic acid (65m). Yield: 72% (67 mg,
0.20 mmol). 'H NMR (400 MHz, MeOD-dj) & 8.57 (s, 1H), 8.30 (s, 1H), 7.77 — 7.48 (m,
4H), 3.89 (d, J = 22.5 Hz, 2H). *C NMR (126 MHz, DMSO-ds): & 166.5, 155.8, 148.2,
147.5, 137.0, 131.7, 131.4, 131.2, 130.7, 128.4, 127.9, 123.2, 38.3. ESI-MS(-)

calculated for [C13H10CINOsP] m/z 326.00, found m/z 325.98 [M-H]".

Determination of ICsq values for MBL inhibition

NDM-1, IMP-1, and VIM-2 were over-expressed and purified as previously
described.® The ICs, values for which meropenem was used as a substrate is
described. The decrease in absorption of meropenem at 300 nm (buffer: 50 mM
HEPES, 2mM CHAPS, pH 7) was monitored in UV-transparent 96 well plates (Corning
product #3635)."" Briefly, 20 uL of each compound at various concentrations (final
concentration 0 — 10 uM) was added to each well, followed by addition of 50 pL (final
concentration NDM-1, 10 nM or IMP-1, 25 nM). The wells were incubated at 25 °C for
20 min. Next, 30 pL of meropenem (final concentration 180 uM) was added to each

well to initiate the reaction. The plate was then centrifuged at 600 rpm for 30 s to
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eliminate air bubbles, and placed into a Synergy H4 plate reader (BioTek). The
absorbance was monitored at 300 nm over 5 min with 15 s intervals. The
AADbszonm/min was calculated from each slope as described below, fixing the
uninhibited value at 100%, and solving for both the ICso and Hill coefficient values.®

The 1Cso values for which fluorocillin was used as a substrate were determined
as described previously,® with minor modifications made to the volume of reagents used.
Briefly, 20 L of each compound at various concentrations (final concentration 0.001 —
10 pM) was added to each well, followed by addition of 50 pL enzyme (final
concentration, NDM-1, 0.2 nM; IMP-1, 0.06 nM). Each plate was incubated for 20 min
at 25 °C, followed by the addition of 30 uL fluorocillin (final concentration 87 nM). The
hydrolysis of fluorocillin is monitored at Aexem Of 495/525 nm. Plates were prepared in
parallel to minimize any variability due to compound storage and handling. The rates of
fluorescence increase are determined and ICso values determined as described above

for the chromogenic assay.

Equilibrium dialysis

ZnZn-NDM-1 (final concentration 8 pM) in 5 mL of 100 mM ammonium acetate,
pH 7.5, was mixed with the compounds at concentrations of 0 — 128 uM. After
incubation for 1 h, the solutions were dialyzed versus 500 mL of metal-free ammonium
acetate, pH 7.5, overnight (dialysis tubing MWCO 6000-8000, Fisherbrand). The Zn(ll)

content in the resulting NDM-1 samples was determined using inductively coupled
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plasma with atomic emission spectroscopy (ICP-AES, Perkin EImer Optima 7300DV).

The emission wavelength was set to 213.856 nm, as previously described.®

UV-Visible spectroscopy

To prepare Co(ll)-substituted NDM-1, NDM-1 (150 uM) was dialyzed twice
against 2 mM EDTA, 50 mM HEPES, pH 6.8, containing 150 mM NaCl, and 2 mM
EDTA, followed by three separate dialysis steps against 50 mM HEPES, pH 6.8,
containing 150 mM NaCl, and 0.5 g/L Chelex resin. Buffers were exchanged at
approximately 12 h intervals. Metal-free NDM-1 was diluted to 300 pM with 50 mM
HEPES, pH 6.8, containing 150 mM NaCl, 10% glycerol, and 2 mM TCEP (tris(2-
carboxyethyl)phosphine). CoCl, (100 mM stock in water) was added to result in a
protein with 2 molar equivalents of Co(ll). The resulting CoCo-NDM-1 enzyme was
separated into 500 uL aliquots, and captopril, DPA, and 48 — 51 (stock solutions of 50
mM in DMSQO) were added to result in samples with 2 molar equivalents of compound.
The EDTA stock was dissolved in water. The samples were then incubated on ice for 5
min. The samples were added to a 500 pL quartz cuvette, and UV-vis spectra were
collected on a PerkinElImer Lambda 750 UV/Nis/NIR spectrometer measuring
absorbance between 300 and 800 nm at 25 °C. A blank spectrum of apo-NDM-1 (300

MM) was used to generate difference spectra. All data were normalized at 800 nm.
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Chapter 4. Iminodiacetic Acid as a Metal-binding Pharmacophore for New Delhi

Metallo-B-lactamase Inhibitor Development
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4.1 Introduction

There is growing interest in compounds bearing metal-chelating motifs as
inhibitors for NDM-1."®  Of these, the fungal natural product Aspergillomarasmine A
(AMA, Figure 4-1), an aminopolycarboxylic acid, has gained attention due to its ability to
restore meropenem activity in a mouse infected with NDM-1 expressing Klebsiella
pneumoniae.>” AMA inhibitor development has mainly focused on modification of the
carboxylic acid functional groups through removal or conversion to an ester motif
(Figure 4-1). These derivatives displayed weaker inhibition, validating the requirement
of free carboxylic acids for enzyme inactivation and supporting the mechanism of action
of AMA is via non-selective Zn(Il) sequestration (similar to that of EDTA).®® The non-
selective metal-chelating properties of AMA, along with difficult synthesis and
derivatization routes for AMA has hindered the development of this motif for NDM-1
inhibitors.® %12

Structural comparison of AMA and EDTA reveals iminodiacetic acid (IDA) as a
sub-scaffold that could be leveraged for NDM-1 inhibitor development (Figure 4-1,
highlighted in bold). IDA is a strong tridentate metal chelator (via its O,N,O-donor
atoms), as evidenced by its role in immobilized metal affinity chromatography (IMAC)'®
and its development for the sequestration of Zn(ll) in IDA-modified human lysozyme
(IDA-hLys) against Zn(ll)-mediated AB-aggregation for the treatment of Alzheimer’s
disease.' Utilization of IDA for inhibitor development allows for greater synthetic
accessibility of derivatives to probe the NDM-1 active site and to develop inhibitors that

form stable ternary complexes. In addition, IDA bears structural resemblance to the
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hydrolyzed antibiotic B-lactam ring (Figure 4-1), suggesting the potential for the
development of transition-state analogue inhibitors. Notably, IDA is an aliphatic
derivative of the previously investigated DPA MBP (Chapter 2 and Chapter 3), further
justifying its use as a scaffold for novel NDM-1 Inhibitor development. Chapter 4 will
report the utilization of IDA as a MBP for NDM-1 inhibitor development. Through FBDD,
the IDA MBP (ICso= 122 uM) was developed into the lead inhibitor 89f (ICso = 8.6 uM)
against NDM-1. Protein thermal shift and native state electrospray ionization mass
spectrometry (ESI-MS) experiments revealed 89f, and related derivatives, inhibits NDM-
1 via the formation of a stable ternary complex. This work demonstrates the potential of
the IDA scaffold for NDM-1 inhibitor development and provides a roadmap for the future

IDA derived lead compounds.
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Figure 4-1. NDM-1 inhibitors and hydrolyzed penicillin bearing the IDA moitif.
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4.2 Results and Discussion
4.2.1 IDA MBP Design and Verification

To verify IDA as a potential MBP lead for inhibitor design, a small library of
compounds bearing structural similarly to DPA and IDA was assembled and their
inhibitory activity against NDM-1 was assessed (Table 4-1). This library included
compounds that have a nitrogen atom and a carboxylate functional group (N,O-donor
atoms) for bidentate metal-binding. The N-donor atom in the MBP was either a
secondary amine (IDA, 67 — 72), a tertiary amine (66), or diazole (73 — 75). These
MBPs were screened (at a concentration of 200 uM) via an enzymatic assay monitoring
the NDM-1 mediated hydrolysis of meropenem as the substrate.”® Evaluation of this
library revealed IDA to be the only MBP with a secondary amine to yield significant
inhibition activity (48% at 200 uM). A methylated IDA derivative (66), was the most
potent of this library, reaching 80% inhibition (at 200 uM). MBPs bearing diazoles
showed some inhibitory activity, with 73 displaying the second highest inhibition (57% at
200 uM). Comparison of 72 and 73 reveals that the inhibitory activity arises from the
diazole tautomerization. Data from this small set of MBPs suggests a preference for a
ternary or diazole N-donor atom. Based on these findings, MBP 66 was chosen for

further investigation.
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Table 4-1. Percent inhibition of MBPs and IDA derivatives (at 200 uM) against NDM-1.
Percent inhibition values were obtained via monitoring the MBL-catalyzed hydrolysis of
substrate meropenem.

o Compound %
Inhibition P Inhibition

H N
IDA 48+2 71 310

Compound

QAP >~
66 ' 80+4 72 0
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OH
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68 N~ 0 74 a8 281
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Second round of IDA derivatives were synthesized according to Scheme 4-1 —
Scheme 4-3). Compounds in this sublibrary incorporated a benzyl substituent, as
aromatic rings have previously been shown to form favorable hydrophobic interactions
with the NDM B-hairpin loop." IDA derivatives where one carboxylic acid was modified
via bioisostere replacement (79a, 79b, 81, 83, Table 4-2) were prepared to determine if
both carboxylic acids were necessary for inhibition and if alternative MBPs could
achieve increase potency. Compounds where the methyl- or benzyl-substituent (85a —
85d) was placed at the a-carbon were explored as well. The compounds (at a
concentration of 250 uM) were screened against NDM-1 (Table 4-2). Methylated-IDA
(66) exhibited the best inhibitory activity (90%). The benzylated-IDA (77) also exhibited
appreciable inhibitory activity (65%). Although bioisosteres with a propionic acid motif
(79a and 79b) are most structurally similar to AMA, these compounds displayed a
complete loss of activity. While the phosphate isostere (82) showed no significant
inhibition against NDM, the less acidic tetrazole isostere (83) showed inhibition that was
comparable to that of 77. Derivatives 85a — 85d displayed inhibitory activity similar to

that of IDA and 77, but did not show any improved activity.
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Table 4-2. Percent inhibition of IDA MBP derivatives at 250 uM against NDM-1.
Percent inhibition values were obtained via monitoring the MBL-catalyzed hydrolysis of
substrate meropenem.?!
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&l Activity measurements are reported as the average between two duplicate runs.
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Scheme 4-1. Synthesis of 79a and 79b. Reagents and conditions: tert-butyl acrylate,
TEA, EtOH, 65 °C, 16 h, 43 — 90%; (b) TFA:CHxCl,, 25 °C, 16 h, ~99%.
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Scheme 4-2. Synthesis of IDA inhibitors 81 and 83. Reagents and conditions: (a)
diethyl (2-bromoethyl)phosphonate, Ko.COs, KI, ACN, 82 °C, 16 h, 40%; (b) HCI, 100 °C,
16 h, 99%; (c) 2-bromocetonitrile, K.COs, Kl, ACN, 25 °C, 16 h, 74%; (d) NaNs, NH,4CI,
DMF, 110 °C, 16 h; then 1:1:1 MeOH:THF:1M NaOH, 60 °C, 16 h; two steps 19%.

— YK

0]

R=R-CHg 84a, R=R-CH;
=S-CHg 84b, R =S5- CHj3
=R-Bn 84c, R=R-Bn
=S-Bn 84d, R=S-Bn

-

R
HO %(OH
TN
0 ol

85a, R = R- CH,
85b, R = S- CHj
85¢c, R= R-Bn
85d, R = S-Bn

Scheme 4-3. Synthesis of 85a — 85d. Reagents and conditions: (a) tert-butyl 2-
bromoacetate, TEA, DMF, 0 — 25 °C, 16 h, 40 — 54%; (b) TFA, CHxCl,, 25 °C, 16 h,

~99%.
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4.2.2 IDA Derivative Synthesis and Inhibitory Activity (Sublibrary 6 — Sublibrary 7)

Compounds 66 and 77 were selected as scaffolds for inhibitor development, and
additional IDA derivatives with various substituents were prepared. This sublibrary was
prepared using a double substitution reaction of various primary amines with tert-butyl
2-bromoacetate to yield compounds 87a — 87n (Scheme 4-4, Table 4-3). The
sublibrary was screened at an inhibitor concentration of 250 pM. While the majority of
the compounds in this sublibrary inhibited NDM-1 at an appreciable level (~60%), no
clear SAR could be elucidated. Notably, compounds bearing a sulfonamide linker (87k
and 871) displayed a complete loss of activity (most likely due to the reduced basicity of
the central nitrogen); however, the substitution of the phenyl ring with a thiophene
substituent (87m and 87n) restored activity by ~20%. In addition, 87j stood out as the
most potent inhibitor of this sublibrary with almost complete inhibition against NDM-1
(~99%). When the heterocyclic oxygen is swapped out for a sulfur (87i), the activity is

reduced by 5-fold (64%), showing a preference for the furan substituent.

a 0 IIR 0 borc (e} If{ (@]
" >Lok N\)J\OJ< Ho N Aon
86a - 86n 87a-87n
88a - 88h 89a - 89h

Scheme 4-4. Synthesis of IDA inhibitors Sublibrary 6 (compounds 87a — 87n) and
Sublibrary 7 (compounds 89a — 89h). Reagents and conditions: (a) tert-butyl 2-
bromoacetate, KHCOg3, THF, 25 °C, 16 h, 25 — 98%; (b) TFA, CHxCl,, 25 °C, 16 h or (c)
MeOH:THF:1M NaOH, 100 °C, 16 h, 29 — 99%.
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Table 4-3. Inhibitory activity of Sublibrary 6 (compounds 87a — 87n) against NDM-1.
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To develop further inhibitors against NDM-1 and investigate the difference in
inhibitory activity between the furan and thiophene substituents, an additional sublibrary
bearing analogues of 87i and 87j was synthesized and evaluated (89a — 89h, Table 4-
4). In general, all derivatives bearing a furan motif exhibited a lower 1Cs, value
compared to that of the corresponding thiophene derivative. These results validate a
preference for an oxygen heteroatom. While the 1,2-furan (89b, ICso = 21.6 pM)
displayed a lowered ICsp value compared to that of the 1,3-furan (87j, ICso = 32.2 uM),
the introduction of a methyl substituent at the 5-positon (89d, ICso = 47.2 uM) resulted in
poorer activity. Extension from a methyl-linker (89b) to an ethyl-linker (89f, ICso = 8.6
MM) resulted in a 2.5-fold fold improvement in inhibitory activity and resulted in the most
potent inhibitor of this sublibrary. It is predicted that the ethyl linker allows for the furan
substituent to make more favorable interactions with the base of the L3 B-hairpin loop of
NDM-1, as observed in the crystal structure of hydrolyzed antibiotic cefuroxime
complexed with NDM-1 (PDB 502E);'" however, further experiments are required to
confirm the specific ligand-protein interactions. The corresponding thiophene
derivatives displayed similar trends, albeit with poorer inhibition values. Due to the
strong affinity IDA has for Zn(ll) ions (Ky = 3.2x10° M),"® we can assume that 89f binds
via coordination to the metal ions at the NDM-1 protein active site via a competitive
mechanism of action. The Cheng—Prusoff relationship for competitive inhibitors allow

for us to calculate a K; of 2.6+0.2 uM for 89f.
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Table 4-4. Inhibitory activity of Sublibrary 7 (compounds 89a — 89h) against NDM-1.
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4.2.3 Thermal Shift Assay

Protein thermal shift assays can be utilized for hit identification and confirmation.
Selected IDA derivatives were validated via thermal shift assay and their propensity to
remove Zn(ll) from the active site of NDM-1 was evaluated. In this assay, a fluorescent
dye is utilized to monitor the difference in the unfolding temperature of the native protein
versus the inhibitor-bound protein. The inhibitor-bound protein generally has greater
stability and results in an increase in the observed melting temperature (positive ATy, as
observed with L-captopril, Table 4-5). In contrast, the removal of metal generally
destabilizes the protein and results in a negative ATy, (as observed with DPA). It is
important to note that while reported thermal shift data has revealed a good correlation
between the observed ICs, value and AT, this correlation has not been observed for
inhibitors of NDM-1.2°2" |n the case of the compounds tested here, AT, did not
correlate well with ICso values (Table 3). Compounds (IDA, 87i, 87j, 89a — 89h)
displayed a range of positive ATy, values, with IDA, 87i, 89c, and 89h yielding AT, on
par with, or better than, that of L-captopril. This data provides evidence of NDM-

1:inhibitor complex formation by the derivatives of interest.
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Table 4-5. Protein thermal shift of compounds against NDM-1.

Compound AT, (°C) Compound AT, (°C)

L-Captopril 4.61+0.07 DPA -14.46+0.16
IDA 4.39+0.04 66 1.92+0.16
87i 4.43+0.07 87j 3.43+0.28
89a 3.12+0.12 89b 1.58+0.35
89c 5.22+0.13 89d 3.35+0.18
89%e 1.67+0.16 89f 1.50+0.14
89g 2.98+0.25
89h 4.19+0.19
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4.2.4 Native State Electrospray lonization Mass Spectrometry

Native state electrospray ionization mass spectrometry was used to further
investigate the formation of enzyme:inhibitor ternary complexes for derivatives 66 and
89c — 89f against NDM-1 and VIM-2. The major advantage of ESI-MS is the ability to
analyze for the formation of a ternary complex using near physiological concentrations
of enzyme and inhibitor. Briefly, NDM-1 or VIM-2 (at 10 uM) were incubated for
approximately 5 min with each inhibitor (50 uM) prior to analysis. The control spectra of
NDM-1 revealed a dominant +9 peak at 2,821 m/z, corresponding to the mass of di-
Zn(ll) NDM-1 (25,385 Da, Figure 4-2A). In contrast, incubation of NDM-1 with DPA
resulted in +9 peaks at 2,807 m/z, 2,814 m/z, and 2,821 m/z (dominant), corresponding
to the presence of apo-Zn(ll), mono-Zn(ll) and di-Zn(ll) NDM-1, respectively (Figure 4-
2B). It is important to note that the current native MS experiment procedures do not
generate quantitative results. Higher relative peak intensities (dominant peaks) do not
indicate higher concentrations of the solution species, but rather the species that is best

ionized by the mass analyzer.?
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Figure 4-2. Control spectra of A) NDM-1 and B) NDM-1 incubated with DPA.
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The spectra of NDM-1 incubated with inhibitors 66 and 89c¢ — 89f all showed the
presence of ternary complexes, with the predicted and observed peaks summarized in
Table 4-6. In all of these experiments, in addition to the dominant di-Zn(ll) NDM-1 peak
(+9 peak at 2,821 m/z, corresponding to 25,385 Da), peaks corresponding to the mass
of di-Zn(ll) NDM-1 plus inhibitor were observed. Protein incubation with derivative 66
revealed a less dominant di-Zn(ll) NDM-1:66 +9 peak at 2,836 m/z (25,532 Da).
Incubation of protein with 89c yielded +9 and +8 peaks at 2,849 m/z and 3,209 m/z,
respectively, corresponding to the di-Zn(Il) NDM-1:89¢ complex (25,628 Da). Similarly,
incubation of protein with 89d yielded +8 peak at 3,201 m/z, corresponding to the di-
Zn(ll) NDM-1:89d complex. Inhibitor 89e produced a significantly less intense +9 peak
at 2,847 m/z, corresponding to the di-Zn(ll) NDM-1:89e complex (25,628 Da). Lastly,
incubation of NDM-1 with lead inhibitor 89f revealed a less intense +9 peak at 2,847 m/z
and a more intense +8 peak at 3,201 m/z, both of which correspond to the mass of di-

Zn(Il) NDM-1:89f (25,612 Da).
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Table 4-6. Summary of the native MS experimental results for NDM-1.1?!

Inhibitor NDM-1 + Inhibitor Peak Predicted Observed
Sample Molecular Complex Weight Charge Peak Peak
Weight (g/mol) (Da) (+) (m/2) (m/2)
NDM-1 9 2,821 2,821
10 2,539 2,539
NDM-1 + DPA 167 25,255 9 2,807 2,807
167 25,320 9 2,814 2,814
167 25,385 9 2,821 2,821
NDM-1 + 66 147 25,532 9 2,838 2,837
NDM-1 + 89¢c 243 25,628 9 2,848 2,850
8 3,204 3,210
NDM-1 + 89d 227 25,612 9 2,847 2,846
8 3,202 3,202
NDM-1 + 89e 243 25,628 9 2,848 2,847
8 3,204 3,205
NDM-1 + 89f 227 25,612 9 2,847 2,848
8 3,202 3,201

&l Percent error was calculated by subtracting the expected peak value from the actual
peak value, dividing by the expected peak value and multiplying by 100. All percent
errors are <0.2.

Previous work has shown that different mechanisms of inhibition can be
observed for the same inhibitors against varying MBLs (unpublished data). To verify
that the IDA inhibitors are able to form ternary complexes with other MBLs, additional
ESI-MS experiments were performed for inhibitors 66 and 89c¢ — 89f with VIM-2.
Control spectra of VIM-2 revealed dominant +9 and +8 peaks at 2,886 m/z and 3,247
m/z, respectively, corresponding to the mass of di-Zn(ll) VIM-2 (25,972 Da, Figure 4-
3A). VIM-2 incubated with DPA revealed dominant +9 and +8 peaks at 2,891 m/z and
3,253 m/z, respectively, corresponding most closely with the mass of apo-VIM-2 with 1

equivalent of DPA bound (26,009 Da, Figure 4-3B).
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Figure 4-3. Control spectra of A) VIM-2 and B) VIM-2 incubated with DPA.
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Similar to the previously reported NDM-1:inhibitor complexes, spectra of VIM-2
incubated with inhibitors 66 and 89c — 89f all revealed the presence of ternary
complexes. In addition to the dominant di-Zn(ll) VIM-2 peak, additional di-Zn(ll) VIM-
2:inhibitor peaks were observed. The predicted and observed peaks are summarized in
Table 4-7. Incubation of VIM-2 with 66 revealed a less dominant +9 peak at 2,902 m/z,
corresponding to di-Zn(ll) VIM-2:66 complex (26,119 Da). The native MS of VIM-2
incubated with inhibitors 89¢c — 89f displayed similar secondary peaks at 3,277 m/z
(26,215 Da), 3,276 m/z (26,199 Da), 2,913 m/z (26,215 Da), and 3,278 m/z (26,199 Da)
representing the formation of the di-Zn(ll) VIM-2: 89c¢, di-Zn(ll) VIM-2: 89d, di-Zn(ll)

VIM-2:89e, and di-Zn(ll) VIM-2: 9f ternary complex, respectively.

Table 4-7. Summary of the native MS experimental results for VIM-2.1%!

Inhibitor VIM-2 + Inhibitor Peak Predicted Observed
Sample Molecular Complex Weight Charge Peak Peak
Weight (g/mol) (Da) (+) (m/2) (m/2)
VIM-2 9 2,887 2,886
8 3,247 3,247
VIM-2 + DPA 167 26,010 9 2,891 2,891
26,010 8 3,252 3,253
VIM-2 + 1 147 26,119 9 2,903 2,902
VIM-2 + 89¢ 243 26,215 8 3,278 3,277
VIM-2 + 89d 227 26,199 8 3,276 3,276
VIM-2 + 89e 243 26,215 8 3,278 3,277
VIM-2 + 89f 227 26,199 8 3,276 3,278

el Percent error was calculated by subtracting the expected peak value from the actual
peak value, dividing by the expected peak value and multiplying by 100. All percent
errors are <0.07.
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4.3 Conclusion

Since the discovery of AMA as an effective inhibitor against NDM-1 (ICso = 4 puM)
there has been interest in the synthesis and development of this compound into a more
potent and selective inhibitor.> '°'" AMA is a non-competitive inhibitor that deactivates
NDM-1 via active site Zn(ll) metal sequestration.” Inhibitor development of AMA
through modification of one of the four carboxylic acid functional groups has been
unsuccessful, as this motif is necessary for metal chelation.? Herein, we report the
FBDD of IDA as a novel MBP for NDM-1 inhibitor development. IDA is a simplified
analogue of AMA and EDTA, allowing for more facile inhibitor derivatization to probe the
NDM-1 active site pocket. From a preliminary screen of a small library of MBPs, IDA
and 66 were verified as novel hits for inhibitor development. Upon rounds of library
design and synthesis, IDA (ICso = 122 pM) was developed into inhibitor 89f (ICso = 8.6
MM). To study the mode of inhibition, protein thermal shift and native state electrospray
ionization mass spectrometry (ESI-MS) were utilized. Both experiments revealed 89f
and related derivatives inhibited NDM-1 via the formation of stable ternary complexes
and additional studies are currently underway to elucidate the precise protein-inhibitor
binding interactions. This work represents the benefit of performing mechanistic
analysis hand-in-hand with inhibitor derivation for the development of inhibitors with a
favorable mode of inhibition. By utilizing a novel IDA MBP scaffold, traditional metal
chelators (such as AMA and EDTA) not viewed as candidates for inhibitor development
can be elaborated into potent inhibitors that form favorable enzyme:inhibitor ternary

complexes.
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4.4 Experimental

Inhibitors 66 — 75, IDA, reagents, and solvents were obtained from commercial
sources and used without further purification. All reactions, unless otherwise stated,
were performed at room temperature under a nitrogen atmosphere. Flash column
chromatography was performed using a Teledyne ISCO CombiFlash Rf system using
hexanes, ethyl acetate, dichloromethane, and methanol as eluents with prepacked silica
cartridges. Reverse phase column chromatography was performed on the same
instrument using methanol and water (w/ 0.1% formic acid) as eluents with high-
performance Gold C18 columns. Column separation was monitored via Teledyne ISCO
RF+ Purlon ESI-MS. 'H and '*C NMR spectra were recorded at ambient temperature
on a 400 Varian Mercury Plus or 500 Varian VX NMR instrument located in the
Department of Chemistry and Biochemistry at the University of California, San Diego.
Mass spectra were obtained at the Molecular Mass Spectrometry Facility (MMSF) in the
Department of Chemistry and Biochemistry at the University of California, San Diego.
The purity of all compounds used in assays was determined to be =95% by high-
performance liquid chromatography. Enzymatic assays were performed via monitoring
the hydrolysis of substrate meropenem on Synergy H4 Hybrid Microplate Reader using
96-well UV-transparent microplates #3635 (Corning) according to previously published
procedures. Thermal shift assays were performed on QuantStudio 3 real-time PCR
machines (Applied Biosystems) using 96-well 0.2 mL optical MicroAmp thermocycler

plates and SYPRO orange Thermal Shift dye (ThermoFisher). Native state electrospray

166



ionization mass spectrometry experiments were performed on a LTQ Orbitrap XL hybrid

ion trap-orbitrap mass spectrometer (ThermoScientific).

Synthesis

tert-Butyl 3-((2-(tert-butoxy)-2-Oxoethyl)(methyl)amino)propanoate (78a).
Commercially available tert-butyl methylglycinate HCI (500 mg, 2.75 mmol), tert-butyl
acrylate (529 mg, 413 mmol), and TEA (0.43 mL, 3.12 mmol) were dissolved in ethanol
(5 mL) and stirred at 65 °C for 16 h. The reaction was monitored via TLC. Upon
completion, the solvent was removed in vacuo and purified via flash column
chromatography to yield the title compound as a colorless oil in 90% yield (676 mg, 2.47
mmol). 'H NMR (400 MHz, CDCls-d): & 3.22 (s, 2H), 2.88 (t, J = 7.1 Hz, 2H), 2.50 —
2.38 (m, 5H), 1.46 (d, J = 10.6 Hz, 18H). ESI-MS(+) calculated for [C14H2sNO,]* m/z

274.20, found m/z 274.06 [M+H]".

3-((Carboxymethyl)(methyl)amino)propanoic acid (79a). Compound 78a (109 mg,
0.40 mmol) was dissolved in TFA:CH.Cl; (4:1 mL) and the reaction mixture was stirred
at 25 °C for 16 h. The solvent was removed under reduced pressure and the excess
TFA was removed via co-evaporation with excess MeOH. The compound was
lyophilized under reduced pressure to yield the title compound as a TFA salt in
quantitative yield (102 mg, 0.40 mmol). 'H NMR (400 MHz, D;O): & 3.83 (s, 2H), 3.39

(s, 2H), 2.87 — 2.72 (m, 5H). *C NMR (126 MHz, DMSO-ds): & 172.30, 168.40, 56.57,
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51.94, 41.26, 29.51. ESI-MS(+) calculated for [CsH12NO4]* m/z 162.08, found m/z

162.08 [M+H]".

tert-Butyl 3-(benzyl(2-(tert-butoxy)-2-oxoethyl)amino)propanoate (78b).
Commercially available tert-butyl benzylglycinate (350.0 mg, 1.58 mmol), tert-butyl
acrylate (405.4 mg, 3.16 mmol), and TEA (0.44 mL, 3.16 mmol) were dissolved in
ethanol (5 mL) and stirred at 65 °C for 16 h. The reaction was monitored via TLC.
Upon completion, the solvent was removed in vacuo and purified via flash column
chromatography to yield the title compound as a colorless oil in 43% yield (239 mg, 0.67
mmol). 'H NMR (400 MHz, CDsOD-d,): & 7.38 — 7.19 (m, 5H), 3.77 (s, 2H), 3.18 (s,
2H), 2.95 (t, J = 6.6 Hz, 2H), 2.40 (t, J = 7.0 Hz, 2H), 1.45 (d, J = 8.3 Hz, 18H). ESI-

MS(+) calculated for [C2oH32NO4]* m/z 350.23, found m/z 350.09 [M+H]".

3-(Benzyl(carboxymethyl)amino)propanoic acid (79b). Compound 78b (171 mg,
0.47 mmol) was dissolved in TFA:CH.Cl; (4:1 mL) and the reaction mixture was stirred
at 25°C for 16 h. The solvent was removed under reduced pressure and the excess
TFA was removed via co-evaporation with excess MeOH. The compound was
lyophilized under reduced pressure to yield the title compound as a TFA salt in
quantitative yield (168 mg, 0.47 mmol). 'H NMR (400 MHz, D;O): & 7.48 — 7.29 (m,
5H), 4.34 (s, 2H), 3.78 (s, 2H), 3.41 (t, J = 6.7 Hz, 2H), 2.76 (t, J = 6.6 Hz, 2H). '°C

NMR (126 MHz, DMSO-as): 6 172.09, 168.31, 137.15, 129.28, 129.10, 127.33, 55.27,
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53.77, 49.85, 29.81.ESI-MS(-) calculated for [C12H14NO4]” m/z 236.09, found m/z 236.12

[M-HT".

Ethyl N-benzyl-N-(2-(diethoxyphosphoryl)ethyl)glycinate (80). To a stirred solution
of ethyl benzylglycinate (200 mg, 1.03 mmol), KI (34 mg, 0.21 mmol), K.CO3 (172 mg,
1.24 mmol) in ACN (10 mL) was added diethyl (2-bromoethyl)phosphonate (279 mg,
1.14 mmol), and the reaction mixture was heated to 82 °C for 16 h. After completion of
the reaction, the salts were removed via vacuum filtration. The collected filtrate was
concentrated in vacuo and the residue was purified via flash column chromatograph
using ethyl acetate in hexanes as eluent to afford the desired product in 40% yield as a
clear oil (150 mg, 0.42 mmol). 'H NMR (400 MHz, CD30D-d,): & =7.40 —7.21 (m, 5H),
4.21 — 3.97 (m, 6H), 3.78 (s, 2H), 3.35 (s, 2H), 2.99 — 2.86 (m, 2H), 2.10 — 1.98 (m, 2H),
1.36 — 1.22 (m, 9H). ESI-MS(+) calculated for [C17H2oNOsP]* m/z 358.18, found m/z

358.22 [M+H]".

N-Benzyl-N-(2-phosphonoethyl)glycine (81). Compound 80 (150.0 mg, 0.42 mmol)
was dissolved in 6M HCI and heated to 100 °C for 16 h. Excess HCI was removed
under reduced pressure and co-evaporated with copious amounts of H>O to yield the
title product as a white solid in 99% vyield (114 mg, 0.42 mmol). 'H NMR (400 MHz,
CD30OD-ds): & = 7.66 — 7.42 (m, 5H), 4.53 (s, 2H), 4.14 (s, 2H), 3.52 (m, 2H), 2.37 —
2.20 (m, 2H). ESI-MS(-) calculated for [C11H1sNOsP] m/z 272.07, found m/z 272.23 [M-

HJ.
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Ethyl N-benzyl-N-(cyanomethyl)glycinate (82). A solution of ethyl benzylglycinate
(500 mg, 2.59 mmol), 2-bromoacetonitrile (341 mg, 2.85 mmol), Kl (86 mg, 0.52 mmol),
K>CO3 (429 mg, 3.10 mmol) was dissolved in ACN (10 mL) and stirred at 25 °C for 16 h.
After completion of the reaction, the salts were removed via vacuum filtration. The
collected filtrate was concentrated in vacuo and the residue was purified via flash
column chromatograph to afford the title product in 74% vyield as a clear oil (447 mg,
1.92 mmol). 'H NMR (400 MHz, CDs0D-d,): &7.45—7.24 (m, 5H), 4.17 (q, J= 7.1 Hz,
2H), 3.77 (s, 2H), 3.72 (s, 2H), 3.41 (s, 2H), 1.26 (t, J = 7.1 Hz, 3H). ESI-MS(+)

calculated for [C13H17N2O2]" m/z 233.13, found m/z 233.19 [M+H]".

Ethyl N-((1H-tetrazol-5-yl)methyl)-N-benzylglycinate (83). Compound 82 (200 mg,
0.86 mmol), NaN; (168 mg, 2.58 mmol), and NH4Cl (138 mg, 2.58 mmol) were
dissolved in DMF (10 mL), and the reaction mixture was allowed to stir at 110 °C for 16
h. DMF was concentrated to one-third of the original volume under reduced pressure
followed by the addition of water (40 mL). The aqueous layer was washed three times
with ethyl acetate. The aqueous layer was carefully acidified with 1M HCI to pH 3 and
extracted three times with ethyl acetate. The combined organic layers were dried over
MgSQO,, filtered and concentrated in vacuo to yield a yellow oil. The product was
purified via reverse phase column chromatography with MeOH in H,O (w/ 0.1% formic
acid) to afford the intermediate as a clear oil. The intermediate was dissolved in a
solution of MeOH:THF:6M NaOH (1:1:1 mL), and the reaction mixture was allowed to

stir at 60 °C for 16 h. The organic solvents were removed in vacuo and the aqueous
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solution was acidified to pH 5. The aqueous mixture was extracted three times with
ethyl acetate. The combined organic layers were dried over MgSQ., filtered and
concentrated in vacuo to afford the product in 18% yield as a yellow solid (40.0 mg, 0.16
mmol). 'H NMR (500 MHz, DMSO-ds): & 7.38 — 7.20 (m, 5H), 4.18 (s, 2H), 3.77 (s,
2H), 3.28 (s, 2H). ESI-MS(-) calculated for [C11H12NsO2] m/z 246.10, found m/z 246.20

[M-H].

General procedures for the synthesis of 85a — 85d.

To a solution of the corresponding amine (1.1 equivalents) and TEA (2
equivalents) in DMF (10 mL) was added tert-butyl 2-bromoacetate (1 equivalent)
dropwise at 0°C. The reaction was allowed to warm to 25 °C and stirred for additional
16 h. After completion of the reaction, the salts were removed via vacuum filtration.
The collected filtrate was concentrated in vacuo and the residue was purified via flash
column chromatograph to afford the desired intermediates 84a — 84d. Intermediates
were dissolved in TFA:CHxCI, (4:1 mL) and the reaction mixture was stirred at 25 °C for
16 h. The excess TFA removed via co-evaporation with copious amounts of MeOH
under reduced pressure. The product was purified via reverse phase column
chromatography using MeOH in H,O (w/ 0.1% formic acid) as eluent to afford the title

compounds 85a — 85d.

tert-Butyl (2-(tert-butoxy)-2-oxoethyl)-D-alaninate (84a). Yield: 40% (175 mg, 0.68

mmol). 'H NMR (500 MHz, CD;0D-d,): &3.33 — 3.21 (m, 3H), 1.48 (s, 18H), 1.27 (d, J
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= 6.9 Hz, 3H). ESI-MS(+) calculated for [C13H2sNO4]" m/z 260.18, found m/z 260.01

[M+H]".

(Carboxymethyl)-D-alanine (85a). Yield: 99% (93 mg, 0.63 mmol). 'H NMR (400
MHz, DMSO-ds): & 3.92 (q, J = 7.0 Hz, 1H), 3.87 — 3.72 (m, 2H), 1.41 (d, J = 7.2 Hz,
3H). C NMR (126 MHz, DMSO-ds): & 171.41, 168.69, 54.72, 45.86, 14.56. ESI-

MS(+) calculated for [CsHsNO4]” m/z 146.04, found m/z 146.15 [M-H]'.

tert-Butyl (2-(tert-butoxy)-2-oxoethyl)-L-alaninate (84b). Yield: 40% (176 mg, 0.68
mmol). 'H NMR (500 MHz, CDzOD-d,): 6 3.35 —3.19 (m, 3H), 1.49 (s, 18H), 1.27 (d, J
= 7.0 Hz, 3H). ESI-MS(+) calculated for [C13H2sNO4]" m/z 260.18, found m/z 260.00

[M+H]*.

(Carboxymethyl)-L-alanine (85b). Yield: 99% (72 mg, 0.49 mmol). 'H NMR (400
MHz, DMSO-ds): & 4.07 — 3.83 (m, 3H), 1.43 (d, J = 7.1 Hz, 3H). '*C NMR (126 MHz,
DMSO-ds): o = 175.87, 173.22, 59.19, 50.27, 19.02. ESI-MS(+) calculated for

[CsHsNO4] m/z 146.04, found m/z 146.16 [M-H]".

tert-Butyl (2-(tert-butoxy)-2-oxoethyl)-D-phenylalaninate (84c). Yield: 52% (296
mg, 0.88 mmol). 'H NMR (400 MHz, CD3;OD-d,): & 7.35 — 7.13 (m, 5H), 3.49 (dd, J =
7.9, 6.4 Hz, 1H), 3.32 — 3.16 (m, 2H), 3.01 — 2.83 (m, 2H), 1.45 (s, 9H), 1.33 (s, 9H).

ESI-MS(+) calculated for [C19H3oNO4]* m/z 336.22, found m/z 335.99 [M+H]".
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(Carboxymethyl)-D-phenylalanine (85c). Yield: 98% (116 mg, 0.52 mmol). 'H NMR
(400 MHz, DMSO-dk): 6 7.40 —7.10 (m, 5H), 3.93 (t, J = 6.8 Hz, 1H), 3.62 (s, 2H), 3.07
(d, J = 62.0 Hz, 2H). C NMR (126 MHz, DMSO-ds): & 171.91, 170.27, 136.68,
129.75, 128.81, 127.26, 60.94, 47.40, 36.55. ESI-MS(-) calculated for [C11H12NO4] m/z

222.08, found m/z 222.22 [M-HTJ.

tert-Butyl (2-(tert-butoxy)-2-oxoethyl)-L-phenylalaninate (84d). Yield: 54% (308
mg, 0.92 mmol). 'H NMR (500 MHz, CD3;OD-d,): & 7.33 — 7.16 (m, 5H), 3.50 (dd, J =
7.9, 6.4 Hz, 1H), 3.30 — 3.19 (m, 2H), 3.01 — 2.86 (m, 2H), 1.46 (s, 9H), 1.34 (s, 9H).

ESI-MS(+) calculated for [C19H3oNO4]* m/z 336.22, found m/z 335.99 [M+H]".

(Carboxymethyl)-L-phenylalanine (85d). Yield: 98% (110 mg, 0.49 mmol). 'H NMR
(500 MHz, DMSO-dk): 67.33 —7.19 (m, 5H), 3.79 (t, J = 6.7 Hz, 1H), 3.50 (s, 2H), 3.05
— 2.96 (m, 2H). '*C NMR (126 MHz, DMSO-ds): & 172.97, 171.28, 137.35, 129.73,
128.72, 127.05, 61.30, 48.00, 37.34. ESI-MS(-) calculated for [C11H12NO4] m/z 222.08,

found m/z 222.23 [M-H].

General procedures for the synthesis of 87a— 87n and 89a — 89h.

To a solution of the corresponding amine (1 equivalent) and KHCO; (4
equivalents) in THF or DMF (10 mL) was added tert-butyl 2-bromoacetate (2.25
equivalents), and the reaction was stirred at 25 °C for 16 h. After completion of the

reaction, as indicated by TLC, the salts were removed via vacuum filtration. The
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collected filtrate was concentrated in vacuo and the residue was purified via flash
column chromatograph using hexane/ethyl acetate as eluent to afford the desired
intermediates 86a — 86n and 88a — 88h. Compounds 87a — 87n and 89a — 89h were
obtained through the following deprotection procedures: A) Intermediate was dissolved
in a mixture of TFA:CH.Cl3; (4:1 mL) and the reaction was stirred at 25 °C for 16 h. The
excess TFA was removed under reduced pressure and co-evaporated with copious
amounts of MeOH. The acid product was purified via reverse phase column
chromatography with MeOH and H>O (w/ 0.1% formic acid) as eluent to afford the
desired products; or B) Intermediate was dissolved in 1M NaOH:THF:MeOH (3:1:1 mL)
and the reaction mixture was stirred at 65 °C for 16 h. THF and MeOH was removed
under reduced pressure and the aqueous solution was acidified to pH 5 with 4M HCI.

The precipitate was collected via vacuum filtration.

Di-tert-butyl 2,2'-(phenethylazanediyl)diacetate (86a). Yield: 84% (708 mg, 2.03
mmol). 'H NMR (400 MHz, CDCls-d): & 7.34 — 7.14 (m, 5H), 3.49 (s, 4H), 3.01 — 2.74
(m, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for [C2oH32NO4]* m/z 350.23, found m/z

350.08 [M+H]".

2,2'-(Phenethylazanediyl)diacetic acid (87a). Deprotection procedure A. Yield: 99%

(104 mg, 0.44 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.40 — 7.15 (m, 5H), 3.97 (s,

4H), 3.22 (t, J= 7.7 Hz, 2H), 2.89 (t, J = 8.2 Hz, 2H). '*C NMR (126 MHz, DMSO-dk): o
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169.64, 137.98, 129.21, 129.00, 127.05, 57.07, 54.87, 31.19. ESI-MS(-) calculated for

[C12H14NO4]_ m/z 236.09, found m/z 236.18 [M-H]

Di-tert-butyl 2,2'-(([1,1'-biphenyl]-4-ylmethyl)azanediyl)diacetate (86b). Yield: 69%
(680 mg, 1.65 mmol). 'H NMR (400 MHz, CD3;OD-d,): & 7.67 —7.38 (m, 8H), 7.32 (t, J
= 7.3 Hz, 1H), 3.90 (s, 2H), 3.42 (s, 4H), 1.47 (s, 18H). ESI-MS(+) calculated for

[025H34NO4]+ m/z 41 225, found m/z 412.03 [M+H]+

2,2'-(([1,1'-Biphenyl]-4-ylmethyl)azanediyl)diacetic acid (87b). Deprotection
procedure A. Yield: 99% (72 mg, 0.24 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.67
(d, J = 7.0 Hz, 4H), 7.56 — 7.41 (m, 4H), 7.36 (t, J = 7.4 Hz, 1H), 4.05 (s, 2H), 3.65 (s,
4H). '*C NMR (126 MHz, DMSO-ds): & 170.96, 140.28, 140.14, 140.07, 130.82,
129.42, 128.02, 127.13, 127.10, 57.76, 54.00. ESI-MS(-) calculated for [C17H1sNO4]

m/z 298.11, found m/z 298.19 [M-H].

Di-tert-butyl 2,2'-(([1,1'-biphenyl]-3-yImethyl)azanediyl)diacetate (86c). Yield: 98%
(967 mg, 2.35 mmol). 'H NMR (400 MHz, CDs0OD-ds): & 7.68 — 7.26 (m, 9H), 3.91 (s,
2H), 3.41 (s, 4H), 1.44 (s, 18H). ESI-MS(+) calculated for [CosH3sNO4]" m/z 412.25,

found m/z 412.07 [M+H]".

2,2'-(([1,1'-Biphenyl]-3-ylmethyl)azanediyl)diacetic acid (21c). Deprotection

procedure A. Yield: 98% (141 mg, 0.47 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.74
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(s, 1H), 7.70 — 7.33 (m, 8H), 4.15 (s, 2H), 3.74 (s, 4H). ESI-MS(-) calculated for

[C17H16NO4]- m/z 298.1 1, found m/z 298.26 [M-H]

Di-tert-butyl 2,2'-((4-hydroxybenzyl)azanediyl)diacetate (86d). Yield: 63% (530 mg,
1.51 mmol). 'H NMR (400 MHz, CD3sOD-d,): &7.15 (d, J = 8.6 Hz, 2H), 6.72 (d, J=8.5
Hz, 2H), 3.73 (s, 2H), 3.35 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for

[C19H30N05]+ m/z 352.21 , found m/z 352.14 [M+H]+

2,2'-((4-Hydroxybenzyl)azanediyl)diacetic acid (87d). Deprotection procedure A.
Yield: 99% (105 mg, 0.44 mmol). 'H NMR (400 MHz, CDzOD-d,): & 7.32 (d, J = 8.3
Hz, 2H), 6.85 (d, J = 8.2 Hz, 2H), 4.41 (s, 2H), 4.01 (s, 4H). '*C NMR (126 MHz,
DMSO-ds): o6 169.65, 168.38, 158.35, 132.53, 115.73, 58.29, 53.66. ESI-MS(-)

calculated for [C11H12NOs]” m/z 238.07, found m/z 238.17 [M-H]'.

Di-tert-butyl 2,2'-((4-chlorobenzyl)azanediyl)diacetate (86e). Yield: 82% (727 mg,
1.97 mmol). 'H NMR (400 MHz, CD3sOD-d,): &7.36 (d, J = 8.3 Hz, 2H), 7.30 (d, J=8.5
Hz, 2H), 3.84 (d, J = 2.5 Hz, 2H), 3.37 (s, 4H), 1.46 (d, J = 2.6 Hz, 18H). ESI-MS(+)

calculated for [C19H29CINO4]* m/z 370.18, found m/z 370.02 [M+H]".

2,2'-((4-Chlorobenzyl)azanediyl)diacetic acid (87e). Deprotection procedure A.
Yield: 98% (120 mg, 0.48 mmol). 'H NMR (400 MHz, DMSO-ds): d 7.42 (d, J = 3.4 Hz,

4H), 4.00 (s, 2H), 3.63 (s, 4H). '*C NMR (126 MHz, DMSO-ds): & 172.46, 161.39,
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132.82, 131.69, 128.78, 57.19, 54.08. ESI-MS(-) calculated for [C11H{1CINO4] m/z

256.04, found m/z 256.17 [M-H]".

Di-tert-butyl 2,2'-((benzo[d][1,3]dioxol-5-yImethyl)azanediyl)diacetate (86f). Yield:
25% (230 mg, 0.61 mmol). 'H NMR (400 MHz, CDsOD-d,): 5 6.92 (s, 1H), 6.82 — 6.69
(m, 2H), 5.92 (s, 2H), 3.75 (s, 2H), 3.36 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for

[CQOH30N06]+ m/z 38021, found m/z 379.99 [M+H]+

2,2'-((Benzo[d][1,3]dioxol-5-yImethyl)azanediyl)diacetic acid (87f). Yield: 29% (57
mg, 0.21 mmol). 'H NMR (400 MHz, D;0): & 6.86 (d, J = 9.4 Hz, 2H), 6.82 — 6.75 (m,
1H), 5.88 (s, 2H), 4.27 (s, 2H), 3.78 (s, 4H). *C NMR (126 MHz, D,O): & = 169.54,
148.75, 147.74, 125.75, 121.97, 110.93, 108.79, 101.61, 59.03, 55.14. ESI-MS(-)

calculated for [C12H12NOg]” m/z 266.07, found m/z 266.12 [M-H]'.

Di-tert-butyl 2,2'-((4-cyanobenzyl)azanediyl)diacetate (86g). Yield: 75% (1.30 g,
3.60 mmol). 'H NMR (400 MHz, CD3OD-d,): & 7.88 — 7.51 (m, 4H), 3.95 (s, 2H), 3.40
(s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for [CooH29N2O4]" m/z 361.21, found m/z

361.07 [M+H]".

2,2'-((4-Cyanobenzyl)azanediyl)diacetic acid (87g). Yield: 94% (67 mg, 0.27 mmol).
'"H NMR (400 MHz, DMSO-ds): 67.81 (d, J=8.2 Hz, 2H), 7.59 (d, J = 6.5 Hz, 2H), 3.97

(s, 2H), 3.49 (s, 4H). '*C NMR (126 MHz, DMSO-d;s): & 172.14, 144.47, 132.67,
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130.15, 119.35, 110.51, 57.35, 54.27. ESI-MS(-) calculated for [C12H11N2O4] m/z

247.07, found m/z 247.17 [M-H].

Di-tert-butyl 2,2'-((4-(1H-tetrazol-5-yl)benzyl)azanediyl)diacetate (86h). Yield: 46%
(130 mg, 0.32 mmol). 'H NMR (400 MHz, CDs0OD-d,): 67.99 (d, J = 7.9 Hz, 2H), 7.62
(d, J=7.9 Hz, 2H), 3.97 (s, 2H), 3.44 (s, 4H), 1.47 (s, 18H). ESI-MS(+) calculated for

[CQOH30N504]+ m/z 40423, found m/z 404.05 [M+H]+

2,2'-((4-(1H-Tetrazol-5-yl)benzyl)azanediyl)diacetic acid (87h). Deprotection
procedure B. Yield: 54% (50 mg, 0.17 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.00
(d, J = 7.6 Hz, 2H), 7.55 (d, J = 7.8 Hz, 2H), 3.89 (s, 2H), 3.42 (s, 4H). '*C NMR (126
MHz, DMSO-ds): 6 172.79, 149.23, 142.75, 129.88, 127.33, 123.67, 57.20, 54.19. ESI-

MS(-) calculated for [C12H12N504] m/z 290.09, found m/z 290.27 [M-H].

Di-tert-butyl 2,2'-((thiophen-3-ylmethyl)azanediyl)diacetate (86i). Yield: 62% (506
mg, 1.48 mmol). 'H NMR (400 MHz, CDs0OD-d,): & 7.45 — 7.06 (m, 3H), 3.88 (s, 2H),
3.37 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for [C17H2sNO4S]* m/z 342.17, found

m/z 342.07 [M+H]".

2,2'-((Thiophen-3-yImethyl)azanediyl)diacetic acid (87i). Deprotection procedure A.
Yield: 80% (118 mg, 0.52 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.58 — 7.52 (m,

1H), 7.51 (s, 1H), 7.14 (d, J = 4.8 Hz, 1H), 4.06 (s, 2H), 3.65 (s, 4H). *C NMR (126
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MHz, DMSO-ds) & 170.87, 135.97, 129.34, 127.10, 126.10, 53.89, 52.91. ESI-MS(-)

calculated for [CoH1oNO4S]” m/z 228.03, found m/z 228.21 [M-H].

Di-tert-butyl 2,2'-((furan-3-ylmethyl)azanediyl)diacetate (86j). Yield: 29% (230 mg,
0.71 mmol). 'H NMR (400 MHz, CDsOD-d,): & 7.53 — 7.32 (m, 2H), 6.46 (s, 1H), 3.73
(s, 2H), 3.38 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for [C17H26NOs]" m/z 326.20,

found m/z 326.14 [M+H]".

2,2'-((Furan-3-ylmethyl)azanediyl)diacetic acid (87j). Deprotection procedure A.
Yield: 99% (179 mg, 0.84 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.74 (s, 1H), 7.67
(s, 1H), 6.55 (s, 1H), 4.01 (s, 2H), 3.74 (s, 4H). '3C NMR (126 MHz, DMSO-ds): &
170.23, 144.36, 143.66, 117.97, 112.17, 53.79, 49.08. ESI-MS(-) calculated for

[CoH1oNOs]” m/z 212.06, found m/z 212.16 [M-HJ .

Di-tert-butyl 2,2'-((phenylsulfonyl)azanediyl)diacetate (86k). Yield: 70% (273 mg,
0.71 mmol). 'H NMR (400 MHz, CD30OD-d,): 67.84 (d, J= 8.2 Hz, 2H), 7.73 —7.51 (m,
3H), 4.07 (s, 4H), 1.38 (s, 18H). ESI-MS(+) calculated for [C1gH2sNO¢S]* m/z 386.16,

found m/z 408.05 [M+Na]".

2,2'-((Phenylsulfonyl)azanediyl)diacetic acid (87k). Deprotection Procedure A.
Yield: 100% (115 mg, 0.42 mmol). 'H NMR (400 MHz, DMSO-ds): 6=7.80 (d, J=7.8

Hz, 2H), 7.64 (t, J = 7.3 Hz, 1H), 7.55 (t, J = 7.6 Hz, 2H), 4.05 (s, 4H). '*C NMR (126
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MHz, DMSO-as): & = 170.42, 140.06, 133.29, 129.54, 127.38, 48.75. ESI-MS(-)

calculated for [C1oH10NOsS] m/z 272.02, found m/z 272.10 [M-H].

Di-tert-butyl 2,2'-((benzylsulfonyl)azanediyl)diacetate (86l). Yield: 76% (310 mg,
0.78 mmol). 'H NMR (400 MHz, CDsOD-d,): & 7.62 — 7.28 (m, 5H), 4.47 (s, 2H), 3.93
— 3.83 (m, 4H), 1.48 (s, 18H). ESI-MS(+) calculated for [C19gH30NOsS]" m/z 400.18,

found m/z 422.09 [M+Na]".

2,2'-((Benzylsulfonyl)azanediyl)diacetic acid (871). Deprotection Procedure A. Yield:
99% (90 mg, 0.31 mmol). 'H NMR (400 MHz, DMSO-ds): &7.49 —7.41 (m, 2H), 7.38 —
7.33 (m, 3H), 4.50 (s, 2H), 3.94 (s, 4H). '*C NMR (126 MHz, DMSO-ds): & =171.20,
131.47, 129.97, 128.78, 128.69, 58.51, 49.63. ESI-MS(-) calculated for [C11H12NOsS]

m/z 286.04, found m/z 286.09 [M-H].

Di-tert-butyl 2,2'-((thiophen-2-ylsulfonyl)azanediyl)diacetate (86m). Yield: 77%
(308 mg, 0.79 mmol). 'H NMR (400 MHz, CD3;0D-d,): 5 7.80 (d, J = 5.0 Hz, 1H), 7.63
(d, J = 3.8 Hz, 1H), 7.25 — 7.08 (m, 1H), 4.09 (s, 4H), 1.41 (s, 18H). ESI-MS(+)

calculated for [C16H25NQO6S,]" m/z 392.12, found m/z 413.98 [M+Na]".

2,2'-((Thiophen-2-ylsulfonyl)azanediyl)diacetic acid (87m). Deprotection Procedure
A. Yield: 90% (105 mg, 0.38 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.04 — 7.87 (m,

1H), 7.77 — 7.64 (m, 1H), 7.27 — 7.12 (m, 1H), 4.07 (s, 4H). '*C NMR (126 MHz,

180



DMSO-as): 6 170.27, 140.06, 133.74, 132.96, 128.29, 48.99. ESI-MS(-) calculated for

[CsHeNO6S] m/z 277.98, found m/z 278.06 [M-H]..

Di-tert-butyl 2,2'-((benzo[b]thiophen-2-ylsulfonyl)azanediyl)diacetate (86n). Yield:
70% (312 mg, 0.71 mmol). 'H NMR (400 MHz, CDs0D-dj): & 8.04 —7.87 (m, 3H), 7.58
— 7.42 (m, 2H), 4.15 (s, 4H), 1.33 (s, 18H). ESI-MS(+) calculated for [CooH2sNOgS2]*

m/z 442.14, found m/z 464.01 [M+Na]".

2,2'-((Benzo[b]thiophen-2-ylsulfonyl)azanediyl)diacetic acid (87n). Deprotection
Procedure A. Yield: 99% (101 mg, 0.31 mmol). 'H NMR (400 MHz, DMSO-ds): 58.16
— 7.96 (m, 3H), 7.60 — 7.39 (m, 2H), 4.13 (s, 4H). '*C NMR (126 MHz, DMSO-d): &
170.18, 141.32, 140.42, 138.10, 129.82, 127.73, 126.40, 125.93, 123.50, 49.16. ESI-

MS(-) calculated for [C12H1oNOeS2]” m/z 327.99, found m/z 327.99 [M-H]'.

Di-tert-butyl 2,2'-((thiophen-2-ylmethyl)azanediyl)diacetate (88a). Yield: 87% (717
mg, 2.10 mmol). 'H NMR (400 MHz, CDs0OD-d): & 7.32 (dd, J = 4.4, 2.1 Hz, 1H), 7.08
— 6.84 (m, 2H), 4.08 (s, 2H), 3.40 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for

[C17H28NO4S]+ m/z 342.1 7, found m/z 341.96 [M+H]+

2,2'-((Thiophen-2-yImethyl)azanediyl)diacetic acid (89a). Deprotection Procedure A.
Yield: 70% (130 mg, 0.57 mmol). 'H NMR (400 MHz, D;0): & =7.50 (dd, J=5.2, 1.3

Hz, 1H), 7.21 (dd, J = 3.8, 1.3 Hz, 1H), 7.01 (dd, J = 5.2, 3.6 Hz, 1H), 4.64 (d, J = 2.2
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Hz, 2H), 3.94 (s, 4H). *C NMR (126 MHz, D,O-d,): & 168.73, 133.19, 130.09, 128.44,
127.83, 54.17, 52.84. ESI-MS(-) calculated for [CoH1oNO4S]” m/z 228.03, found m/z

228.12 [M-HTJ.

Di-tert-butyl 2,2'-((furan-2-ylmethyl)azanediyl)diacetate (88b). Yield: 82% (646 mg,
1.99 mmol). 'H NMR (400 MHz, CDzOD-d,): & 7.48 — 7.42 (m, 1H), 6.38 — 6.30 (m,
1H), 6.26 (d, J = 3.1 Hz, 1H), 3.90 (s, 2H), 3.38 (s, 4H), 1.46 (s, 18H). ESI-MS(+)

calculated for [C17H2sNOs]" m/z 326.20, found m/z 326.09 [M+H]".

2,2'-((Furan-2-ylmethyl)azanediyl)diacetic acid (89b). Deprotection Procedure A.
Yield: 99% (160 mg, 0.75 mmol). 'H NMR (400 MHz, D;0): 57.48 (s, 1H), 6.48 (d, J =
93.7 Hz, 2H), 4.47 (s, 2H), 3.97 (s, 4H). '*C NMR (126 MHz, DMSO-ds): & 171.02,
158.62, 158.34, 143.96, 111.05, 53.88, 50.24. ESI-MS(-) calculated for [CoH1oNOs]” m/z

212.06, found m/z 212.18 [M-HTJ.

Di-tert-butyl 2,2'-(((5-methylthiophen-2-yl)methyl)azanediyl)diacetate (88c). Yield:
82% (700 mg, 1.97 mmol). 'H NMR (400 MHz, CDs0D-dj): & 6.74 —6.55 (m, 2H), 3.98
(s, 2H), 3.39 (s, 4H), 2.43 (s, 3H), 1.46 (s, 18H). ESI-MS(+) calculated for

[C18H30NO4S]+ m/z 356.19, found m/z 356.05 [M+H]+.

2,2'-(((5-Methylthiophen-2-yl)methyl)azanediyl)diacetic acid (89c). Deprotection

Procedure A. Yield: 97% (113 mg, 0.46 mmol). 'H NMR (400 MHz, DMSO-ds): & 6.81
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(s, 1H), 6.65 (s, 1H), 4.08 (s, 2H), 3.87 (s, 4H), 2.39 (s, 3H). *C NMR (126 MHz,
DMSO-ds): & 171.39, 168.38, 149.25, 128.47, 125.34, 53.40, 46.96, 15.53. ESI-MS(-)

calculated for [C1oH12NO4S] m/z 242.05, found m/z 242.18 [M-H]'.

Di-tert-butyl 2,2'-(((5-methylfuran-2-yl)methyl)azanediyl)diacetate (88d). Yield:
64% (522 mg, 1.54 mmol). 'H NMR (400 MHz, CD3zOD-ds): 6 6.11 (d, J = 3.0 Hz, 1H),
5.92 (d, J = 2.9 Hz, 1H), 3.82 (s, 2H), 3.37 (s, 4H), 2.25 (s, 3H), 1.46 (s, 18H). ESI-

MS(+) calculated for [C1gH30NOs]* m/z 340.21, found m/z 340.03 [M+H]".

2,2'-(((5-Methylfuran-2-yl)methyl)azanediyl)diacetic acid (89d). Deprotection
Procedure B. Yield: 53% (70 mg, 0.31 mmol). 'H NMR (400 MHz, CDsOD-d,): & 6.45
(s, 1H), 6.05 (s, 1H), 4.32 (s, 2H), 3.74 (s, 4H), 2.30 (s, 3H). *C NMR (126 MHz,
CD30OD-ds): 6 169.28, 156.39, 149.61, 114.30, 106.55, 54.16, 50.11, 12.10. ESI-MS(-)

calculated for [C1oH12NOs]” m/z 226.07, found m/z 226.27 [M-H]'.

Di-tert-butyl 2,2'-((2-(thiophen-2-yl)ethyl)azanediyl)diacetate (88e). Yield: 85%
(726 mg, 2.04 mmol). 'H NMR (400 MHz, CDs0D-d;): & 7.17 (dd, J = 5.2, 1.2 Hz, 1H),
6.95 — 6.77 (m, 2H), 3.44 (s, 4H), 3.02 — 2.91 (m, 4H), 1.47 (s, 18H). ESI-MS(+)

calculated for [C1gH30NO4S]* m/z 356.19, found m/z 356.00 [M+H]".

2,2'-((2-(Thiophen-2-yl)ethyl)azanediyl)diacetic acid (89e). Deprotection Procedure

A. Yield: 75% (109 mg, 0.45 mmol). 'H NMR (400 MHz, CD;OD-ds): & = 7.26 (dd, J =
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3.8, 2.5 Hz, 1H), 7.05 — 6.86 (m, 2H), 3.90 (s, 4H), 3.42 (t, J = 8.2 Hz, 2H), 3.29 — 3.19
(m, 2H). "*C NMR (126 MHz, DMSO-ds): & = 172.87, 142.52, 127.24, 125.38, 124.27,
56.07, 54.84, 28.50. ESI-MS(-) calculated for [C10H12NO4S]” m/z 242.05, found m/z

242.20 [M-HTJ.

Di-tert-butyl 2,2'-((2-(furan-2-yl)ethyl)azanediyl)diacetate (88f). Yield: 84% (683
mg, 2.01 mmol). '"H NMR (400 MHz, CD30D-dy): 6 7.47 — 7.25 (m, 1H), 6.37 — 6.22
(m, 1H), 6.16 — 5.94 (m, 1H), 3.42 (s, 4H), 2.97 (t, J = 7.8 Hz, 2H), 2.80 (t, J = 7.4 Hz,
2H), 1.46 (s, 18H). ESI-MS(+) calculated for [C1gH3oNOs]® m/z 340.21, found m/z

340.09 [M+H]".

2,2'-((2-(Furan-2-yl)ethyl)azanediyl)diacetic acid (89f). Deprotection Procedure A.
Yield: 33% (24 mg, 0.11 mmol). 'H NMR (400 MHz, DMSO-ds): & 7.47 (s, 1H), 6.38 —
6.27 (m, 1H), 6.18 — 6.08 (m, 1H), 3.42 (s, 4H), 2.89 (t, J = 7.7 Hz, 2H), 2.72 (t, J= 7.5
Hz, 2H). '*C NMR (126 MHz, DMSO-ds): & 172.97, 154.03, 141.74, 110.83, 106.08,
54.90, 52.64, 26.84. ESI-MS(-) calculated for [C1oH12NOs] m/z 226.07, found m/z

226.31 [M-HTJ.

Di-tert-butyl 2,2'-(((5-bromothiophen-2-yl)methyl)azanediyl)diacetate (88g). Yield:
90% (908 mg, 2.16 mmol). 'H NMR (400 MHz, CD3sOD-d,): 6 6.92 (d, J = 3.6 Hz, 1H),
6.74 (d, J = 3.7 Hz, 1H), 4.02 (s, 2H), 3.41 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated

for [C17H27BrNO4S]" m/z 420.08, found m/z 419.92 [M+H]".
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2,2'-(((5-Bromothiophen-2-yl)methyl)azanediyl)diacetic acid (89g). Deprotection
Procedure A. Yield: 98% (108 mg, 350 mmol). 'H NMR (400 MHz, CDzOD-d,): & 7.02
(s, 1H), 6.91 (s, 1H), 4.31 (s, 2H), 3.75 (s, 4H). *C NMR (126 MHz, DMSO-ds) &
172.58, 145.96, 130.12, 127.00, 111.09, 53.76, 52.67. ESI-MS(-) calculated for

[CoHoBrNO4S] m/z 305.94, found m/z 306.19 [M-H].

Di-tert-butyl 2,2'-(((5-chlorothiophen-2-yl)methyl)azanediyl)diacetate (88h). Yield:
80% (510 mg, 1.36 mmol). 'H NMR (400 MHz, CDsOD-d,): 6 6.78 (dd, J = 7.9, 2.1 Hz,
2H), 4.00 (s, 2H), 3.42 (s, 4H), 1.46 (s, 18H). ESI-MS(+) calculated for [C17H27,CINO,4S]*

m/z 376.13, found m/z 375.97 [M+H]".

2,2'-(((5-Chlorothiophen-2-yl)methyl)azanediyl)diacetic acid (89h). Deprotection
Procedure A. Yield: 98% (107 mg, 0.41 mmol). 'H NMR (400 MHz, DMSO-ds): & 6.95
(d, J = 3.8 Hz, 1H), 6.88 (d, J = 3.8 Hz, 1H), 4.05 (s, 2H), 3.53 (s, 4H). '*C NMR (126
MHz, DMSO-ds) & 171.69, 149.32, 141.54, 128.66, 126.73, 53.64, 52.89. ESI-MS(-)

calculated for [CoHgCINO4S] m/z 261.99, found m/z 262.14 [M-H]'.

Inhibition Screening and IC5, Determination

A soluble truncation of NDM-1 was over-expressed and purified as described
previously.” ICsy values were determined using 11 concentrations of compound that
span the ICsy value, and were assayed using meropenem as described previously'®

except that total assay volumes were increased to 200 pL. Final DMSO concentrations
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(derived from compound stock solutions) were 1% (v/v). For initial screening of
compounds, the percent inhibition at 200 uM and 250 uM for each compound was
determined using a similar procedure. Briefly, each compound (357 uM) was incubated
with NDM-1 (3.6 nM) for 20 min at 25 °C and diluted upon addition of the meropenem
substrate to initiate the reaction with final concentrations as: NDM-1 (2.5 nM),
compound (200 uM and 250 uM), meropenem (180 uM), CHAPS (2 mM), HEPES (50
mM), DMSO (0.5 %) at pH 7. Assays were completed as described for the ICs

determinations above.

Thermal Shift Assay

To each well of a 96-well 0.2 mL optical MicroAmp (ThermoFisher) thermocycler
plate was added 9.5 uL of buffer (50 mM HEPES pH 7.5), 4 uL of NDM-1 in buffer (25
MM), 4 uL of inhibitor in buffer (1 mM), and 2.5 uL of SYPRO orange thermal shift dye
(ThermoFisher) in buffer. Each well contained a final concentration of 5 uM NDM-1 and
200 uM inhibitor. Thermocycler plate wells were sealed prior to analysis, and the plate
was then heated in a thermocycler from 25 to 99 °C at a ramp rate of 0.05 °C/sec. Each
thermal shift measurement was taken in six replicates. Fluorescence was read using
the ROX filter channel (Ax= 580 nm; Aem = 623 nm), and the fluorescence signal was
fitted to a first derivative curve to identify Ty. Native NDM-1 was observed to melt with

a Tw =56 —57 °C.
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Native state electrospray ionization mass spectrometry

NanoESI-MS was used to analyze the mechanism of inhibition of some of the
inhibitors in this study. Samples (50 uM VIM-2 and NDM-1) were incubated for 1 h and
dialyzed overnight against 100 mM ammonium acetate, pH 7.5, after addition of tris(2-
carboxyethyl) phosphine hydrochloride (TCEP, final concentration 2 mM) and 3
equivalents (VIM-2) or 2 equivalents (NDM-1) of Zn(ll) (from a 0.1 M ZnCl, stock). To
analyze samples, a nano-electrospray ionization (n-ESI) probe (ThermoFisher
Scientific, San Jose, CA, USA) with positive mode protein detection was used on a
Thermo Scientific LTQ Orbitrap XL™ hybrid ion trap-orbitrap mass spectrometer. The
major parameters were set as follows: capillary temperature, 180 °C; sheath gas, O;
auxiliary gas, 0; sweep gas, 0; spray voltage, 1.1-1.9kV; tube-lens, 150 V; capillary
voltage, 35 V; full scan ranging 1000-4000 (m/z); and resolution set to 30,000. The
automated gain control was set as follows: full scan, 3x10*; SIM, 1x10* and MS" 1x10°
for Fourier-transform. Making slight modifications, the nESI source was equipped with
an offiline unite (Cat# ES260) which was constructed based on previously- published
material.?®> To construct the source, a platinum white (0.25 mm diameter) was inserted
into the center of the offline unit. The glass capillaries (inner tip diameter 0.8 mm, outer
tip diameter 1.5 mm) were produced in-house using a micropipette puller (model P-87
Flaming/Brown Micropipette Puller, Sutter Instrument Inc., USA), 5 uL of sample was
loaded into the pulled glass capillary. The platinum wire was inserted into the capillary

and the capillary position was adjusted approximately 3 mm from the MS inlet.
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Chapter 5. Alternative DPA Libraries and the Future of NDM-1 Inhibitor

Development
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5.1 Introduction

During the FBDD of NDM-1 inhibitors (as described in Chapter 2, Chapter 3, and
Chapter 4 of this dissertation), alternative compound sublibraries were synthesized and
evaluated. These sublibraries focused on either inhibitor backbone development
(where the backbones targeted the various NDM-1 active site pockets, Figure 5-1) or
MBP development (where the MBP was modified via isosteric replacement). While
these sublibraries did not yield meaningful SAR and were not further pursued, they
provide valuable information for future inhibitor development. In Section 5.2, meta-
substituted DPA inhibitors (Sublibrary 8) were explored to probe the L5 binding pocket
of NDM-1. The synthesis and evaluation of Sublibrary 9 is described in Section 5.3,
where triazole substituents were appended to the para- position of the DPA MBP. An
extension of Chapter 3 of this dissertation, Section 5.4 will discuss the synthesis and
evaluation of 6-(1H-tetrazol-5-yl)picolinic acid (51) derivatives (Sublibrary 10) and
picolinic acid isosteres for the identification of NMEs for NDM-1 inhibitor development.
Finally, the synthesis of fungal natural product Aspergillomarasmine A and its
preliminary assessment as a non-specific metal-chelator is presented in section 5.5.

Section 5.6 is dedicated to a perspective on the future of NDM inhibitor development.
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Figure 5-1. The NDM active site pockets available for inhibitor development (standard
BBL numbering)
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5.2 meta-Substituted DPA Derivatives (Sublibrary 8)

Metalloenzymes previously targeted by the Cohen lab (such as RNA-dependent
RNA polymerase PA N-terminal endonuclease, PAy endonuclease, and Glyoxalase1)
possess narrow active sites with distinct binding pockets.'? This has allowed for small
modifications in the inhibitor backbone to yield notable changes in inhibitory activity and
provide meaningful SAR. Unfortunately, this same FBDD methodology for the
development of NDM-1 inhibitors has yielded less than optimal results. As previously
described, NDM-1 bears an open, dynamic active site pocket staged by a large
hydrophobic wall (the B-hairpin loop, L3, Figure 5-1). In fact, the cavity of the active site
of NDM has a volume of 591 A% which is nearly 2-fold larger compared to that of IMP
(303 A®) and 13-fold larger compared to that of VIM (45 A%).2 In addition, this pocket
bears few residues available for inhibitor-protein binding, making it difficult to identify
key protein residues. Due to these factors, previous development of MBP-bearing
“small” molecules has been met with limited success and the design of “large”
compounds where the backbone extends beyond the cavity is needed.

As described in Chapter 1, cyclic boronates inhibitors (Figure 5-2) displayed
potent inhibitory activity (ICso = 4 — 29 nM) against NDM-1. A crystal structure of Cyclic
Boronate Inhibitor 2 complexed with VIM-2 revealed the inhibitor forming a bicyclic
phenyl-boronate ring interaction with the active site Zn(ll) ions and the terminal primary
amine of the inhibitor H-bonding with L5 residues.* Although no crystal structure with
NDM-1 complexed with this inhibitor is present, SAR analysis predicts the terminal

primary amine of Cyclic Boronate Inhibitor 5 to be H-bonding with L5 of NDM-1.
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Recently, this hypothesis was supported by the crystal structure of VNRX-5133
complexed with NDM-1.° In this crystal structure, VNRX-5133 displayed a “morphed”
cyclic boronate intermediate with the terminal the side amine chain pointing towards the
L5 of NDM-1. The earlier report for cyclic boronate inhibitors inspired the design of a

meta-substituted DPA inhibitors (Sublibrary 8).

L5 HoN HoN o~ H /\@\/
(o] /0

HO™ O HO™ ~O
‘ =
Cyclic Boronate Inhibitor 2 Cyclic Boronate Inhibitor 5 =
HN | o
HO NZ O
(o] o
L5
95a - 95j

N
Q“ \[r
H,N o B.
2 \/\N o ©

HO™ O

VNRX-5133

Figure 5-2. Cyclic boronate inhibitors previously reported against MBLs.
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5.2.1 Synthesis and Evaluation of Sublibrary 8

Guided by the crystal structure of cyclic boronate inhibitor 5 complexed to VIM-2,
meta-substituted DPA derivatives were designed to yield Sublibrary 8 (Scheme 5-1, 95a
— 95j). This sublibrary contained a phenyl ring appended via a nitrogen linker at the
meta-position of DPA. The phenyl ring is decorated with an amide functional group
bearing various substituents, including terminal primary amines, secondary amines,
cyclic motifs, and a methyl-sulfonamide. Briefly, commercially available 3-bromo-2,6-
dimethylpyridne was oxidized with KMnQy4 to yield 3-bromopyridine-2,6-dicarboxylic acid,
which was then esterified via an acid catalyzed transesterification to result in
intermediate 90. The Buchwald-Hartwig cross-coupling reaction of intermediates 90
and 91 yielded 92, which was deprotection with TFA to provide intermediate 93. The
amine 93 was converted to the corresponding amide of interest (94a — 94j) via N,N'-
dicyclohexylcarbodiimide (DCC) coupling. Final compounds 95a — 95j were obtained
from the saponification of 94a — 94j.

Sublibrary 8 inhibitors were evaluated via monitoring the NDM-1 catalyzed
hydrolysis of substrate meropenem and the ICs, values are presented in Table 5-1. In
general, most of the compounds in Sublibrary 8 exhibited lower inhibitory values than
that of the parent DPA (ICso = 564 nM). Inhibitors where the terminal amine was
extended (95a — 95c¢) revealed the ethyl-linker (95b, ICso = 297 nM) to be slightly more
favorable than the methyl-linker (95a, 1Csp = 332 nM) and ~2.5-fold better than the
propyl-linker (95¢, ICso = 791 nM). Unfortunately, inhibitors bearing a piperidine (95d —

95e), aromatic (95f and 95g), acidic (95h), or sulfonamide (95i and 95j) motif did not
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provide clear SAR. From this data, it can be concluded that the major binding
interaction stems from the common phenyl ring appended via a nitrogen linker at the
meta-position of DPA. Future inhibitor development would be necessary to determine

how the amide substituents affect inhibitor values.

HoN

2

4-(Aminomethyl)aniline

O
Nease

3-Bromo-2,6-dimethylpyridine 91

| N Br
NERNE
(0]
90
:?/OW¢O
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—_— > HN | x —_— > | x — > ‘ x
/O N/ O\ /o N/ O\ /o N/ O\
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.
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HO N/ OH
(0] (e}
95a - 95j

Scheme 5-1. Synthetic procedures for Sublibrary 8 (compounds 95a — 95j). Reagents
and conditions: (a) di-tert-butyl dicarbonate, CH2Cly, 25 °C, 3 h, 36%; (b) KMnQO4, H20,
70 — 90 °C, 10 h; then (c) MeOH, H.SO,4 (cat.), 70 °C, 24 h; two steps 48%; (d)
Pd.(dba); (cat.), Cs.COs, X-Phos, toluene, 100 °C, 17 h, 87%; (e) TFA, CHxCly,
quantitative; (f) corresponding boc-amides, DCC, CH.Cl,, 25 °C, 1 h; then
trimethylamine, 25 °C, 1 h; two steps 58 — 92% (g) 1M NaOH:THF, 25 °C, 12 h, then
TFA: CH.Cl,, 25 °C, 12 h; two steps 77 — 98 %.
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Table 5-1. Inhibitory activity of Sublibrary 8 (compounds 95a — 95j) against NDM-1.
Inhibition values were obtained via monitoring the MBL-catalyzed hydrolysis of
substrate meropenem.

HO N/ OH
(6] o}
Compound IC50
DPA 564.3+2.1
(0]
95a %—QNHZ 332.4x1.7

95b = 297.0+3.1
95¢ s 790.9+2.5
NH

95d yb 633.7+1.3
NH
95e g{_CNH 338.32.0

95f A 349.315.2

959 5423 490.4+2.3
95h i_@» 314.2+0.7
OH

95i i-8°0 513.0+3.8

95j \ 396.04.2
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5.2.2 Discussion

The design of Sublibrary 8 was inspired by previously published cyclic boronate
inhibitors. This series contained a phenyl ring appended via a nitrogen linker at the
meta-position of DPA and varied in the amide functional group. The amide linkers
included terminal primary amines, secondary amines, cyclic motifs, and methyl-
sulfonamides. Compounds in Sublibrary 8 yielded inhibitory activity better than, or on
par with, that of the parent DPA MBP. While little SAR could be established from the
sublibrary, it is believed that there is value in investigating alternative amide linkers.
Substituents found in various B-lactam antibiotics (such as thiophene and furans),
additional acidic or basic motifs, and aromatic substituents could be utilized to generate
larger molecules that bind at the NDM-1 L5 pocket. Notably, the flat SAR obtained from
this sublibrary could be attributed to the substrate utilized in the enzymatic assay.
Previous work (as described in Chapter 2 and Chapter 3) revealed substrates such as
meropenem and chromacef to have a high Ku-nom-1 and low relative absorbance. Due
to these factors, a large substrate concentration ([S]) is required in the enzymatic assay
and leads to higher observed ICs, values and a reduction in assay sensitivity. It is
believed that the plateaued ICso values observed for this sublibrary could be mitigated
by using an alternative substrate with a lower Ku.nom-1 and higher sensitivity (such as
fluorocillin). Hence, future development of Sublibrary 8 should include a rescreen
utilizing fluorocillin to gain more accurate SAR before further inhibitor design and

synthesis.
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5.2.3 Experimental

Inhibitory activity of inhibitors against NDM-1 was obtained via monitoring the
NDM-1-catalyzed hydrolysis of substrate meropenem or fluorocillin according to
previously described methods. All reagents were purchased according to previously

detailed sources and used without further purification.

Synthesis

Dimethyl 3-bromopyridine-2,6-dicarboxylate (90). To a solution of 3-bromo-2,6-
dimethylpyridine (10.0 g, 53.8 mmol) in H,O (120 mL) was added KMnQO4 (84.9 g, 537.5
mmol) portion-wise. The first half was added in 1 h intervals at 70 °C, followed by the
second half added in 1 h intervals at 90 °C. The reaction was monitored via TLC. After
the addition of all 10 equivalents over the course of 10 h, the brown-purple slurry was
filtered through a pad of celite and washed with copious amounts of H,O. The collected
aqueous solution was reduced to 1/3 of the volume and acidified with 4M HCI to pH 4.
The aqueous layer was extracted with EtOAc (5 x 100mL). The combined organic
layers were dried over MgSQ., filtered and concentrated in vacuo. The crude
intermediate 89 was esterified by dissolving in MeOH (600 mL) with catalytic amounts of
H.SO, and heated 70 °C for 24 h. The MeOH was removed under reduced pressure
and the crude mixture was purified via flash column chromatography to yield the title
compound as a white solid in 48 % yield over two steps (7.0 g, 25.5 mmol). 'H NMR

(400 MHz, CDCls-d): 5 8.15 (d, J = 8.8 Hz, 1H), 8.07 (d, J = 7.7 Hz, 1H), 4.01 (s, 6H).
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ESI-MS(+) calculated for [CoHeBrNO4]* m/z 275.97, found m/z 276.05 [M+H]" and

290.81 [M+NH.]".

tert-Butyl (4-aminobenzyl)carbamate (91). In a round bottom flask, 4-
(aminomethyl)aniline (1.1 g, 8.8 mmol) was added to a solution of di-tert-butyl
dicarbonate (1.9 g, 8.8 mmol) in CH>Cl,. The reaction mixture was stirred at 25 °C for 3
h. The solvent was removed in vacuo, and the product was purified via flash column
chromatography to yield a yellow solid in 36% yield (700 mg, 3.2 mmol). 'H NMR (400
MHz, DMSO-ds): &7.13 (s, 1H), 6.87 (d, J = 7.9 Hz, 2H), 6.47 (d, J = 8.0 Hz, 2H), 4.90
(s, 2H), 3.91 (d, J = 6.0 Hz, 2H), 1.36 (s, 9H). ESI-MS(+) calculated for [C12H19N202]"

m/z 223.14, found m/z 223.03 [M+H]* and 245.10 [M+Na]".

Dimethyl-3-((4-(((tert-butoxycarbonyl)amino)methyl)phenyl)amino)pyridine-2,6-

dicarboxylate (92). In a round bottom flask, 90 (150 mg, 0.55 mmol), 91 (145 mg, 0.66
mmol), cesium carbonate (249 mg, 0.77 mmol), Pdx(dba); (50 mg, 0.05 mmol), and X-
Phos (52 mg, 0.11 mmol) were dissolved in toluene (25 mL) and the solution was
purged with N> for 30 min. The reaction was then heated at 100 °C for 17 h under
vigorous stirring. Upon completion, the mixture was filtered through a pad of celite and
the celite was washed with toluene (3 x 25mL). The combined filtrate was concentrated
under reduced pressure and the crude product was purified via flash column
chromatography, eluting at ~40% EtOAc in hexanes as yellow crystals in 87% yield (197

mg, 0.47 mmol). 'H NMR (400 MHz, CDCls-d): &9.81 (s, 1H), 8.03 (d, J = 9.2 Hz, 1H),
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7.52 (d, J=9.1 Hz, 1H), 7.33 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 6.0 Hz, 2H), 4.93 (s, 1H),
4.32 (s, 2H), 4.01 (s, 3H), 3.96 (s, 3H), 1.46 (s, 9H). ESI-MS(+) calculated for

[CQ1H26N306]+ m/z 416.1 8, found m/z 438.18 [M+Na]+.

Dimethyl 3-((4-(aminomethyl)phenyl)amino)pyridine-2,6-dicarboxylate (93).
Compound 92 (450 mg, 1.08 mmol) was dissolved in a solution of TFA:CH.Cl, (1:5 mL)
and stirred at 25 °C for 3 h. Ninhydrin stain and TLC were utilized to monitor the
reaction. Excess TFA was removed under reduced pressure and product was co-
evaporated with copious amount of toluene to yield the title compound as an orange oil
in quantitative yield (342 mg, 1.07 mmol). 'H NMR (400 MHz, DMSO-ds): & 9.62 (s,
1H), 8.15 (s, 2H), 8.04 (d, J = 9.0 Hz, 1H), 7.59 (d, J = 9.0 Hz, 1H), 7.49 (d, J = 8.5 Hz,
2H), 7.38 (d, J = 8.5 Hz, 2H), 4.03 (d, J = 6.0 Hz, 2H), 3.90 (s, 3H), 3.84 (s, 3H). ESI-

MS(+) calculated for [C1sH1gN3O4]" m/z 316.13, found m/z 316.15 [M+H]".

Dimethyl-3-((4-((2-((tertbutoxycarbonyl)amino)acetamido)methyl)phenyl) amino)-
pyridine-2,6-dicarboxylate (94a) In a round bottom flask, (tert-butoxycarbonyl)glycine
(330 mg, 1.88 mmol) and DCC (194 mg, 0.94 mmol) were dissolved in CHxCl> (10 mL)
and stirred at 25 °C for 1 h. The white precipitate (dicyclohexylurea, DCU) was
removed via vacuum filtration and compound 93 (150 mg, 0.48 mmol) was added
directly to the filtrate. TEA (2 mL) was added to the mixture and stirred at 25 °C for an
additional 2 h. The solvent was removed in vacuo and the product was purified via flash

column chorography, eluting at 78% EtOAc in hexanes as a yellow powder in 57.8%
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yield (130 mg, 0.28 mmol). 'H NMR (400 MHz, CDCls-d): & 9.82 (s, 1H), 8.03 (d, J =
8.8 Hz, 1H), 7.52 (d, J = 9.0 Hz, 1H), 7.32 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H),
6.66 (s, 1H), 5.23 (s, 1H), 4.47 (d, J = 6.3 Hz, 2H), 4.01 (s, 3H), 3.96 (s, 3H), 3.85 (d, J
= 5.7 Hz, 2H), 1.43 (s, 9H). ESI-MS(+) calculated for [C23H29N4O-]" m/z 473.20, found

m/z 495.09 [M+H]".

Dimethyl-3-((4-((3-((tertbutoxycarbonyl)amino)propanamido)methyl)phenyl) -
amino)pyridine-2,6-dicarboxylate (94b). In a round bottom flask, 3-((tert-
butoxycarbonyl)amino)propanoic acid (400 mg, 2.11 mmol) and DCC (218 mg, 1.06
mmol) were dissolved in dichloromethane (10 mL) and the mixture was stirred at 25 °C
for 1 h. The white precipitate (DCU) removed via vacuum filtration, and compound 93
(150 mg, 0.48 mmol) was added directly to the filtrate. TEA (2 mL) was added to the
mixture and allowed to stir at 25 °C for an additional 2 h. The solvent was removed in
vacuo and the product was purified via flash column chorography, eluting at 78% EtOAc
in hexanes as a white solid in 92% vyield (213 mg, 0.44 mmol). 'H NMR (400 MHz,
CDCls-d): 6 9.81 (s, 1H), 8.02 (d, J = 8.9 Hz, 1H), 7.52 (d, J = 9.0 Hz, 1H), 7.31 (d, J =
8.2 Hz, 2H), 7.19 (d, J = 8.5 Hz, 2H), 6.46 (s, 1H), 4.43 (d, J = 5.7 Hz, 2H), 4.00 (s, 3H),
3.95 (s, 3H), 3.42 (t, J = 6.0 Hz, 2H), 2.48 (t, J = 6.0 Hz, 2H), 1.40 (s, 9H). ESI-MS(+)

calculated for [C24H31N4O7]" m/z 487.21, found m/z 487.05 [M+H]".

Dimethyl-3-((4-((4-((tert-butoxycarbonyl)amino)butanamido)methyl)phenyl)

amino)-pyridine-2,6-dicarboxylate (94c). In a round bottom flask, 4-((tert-
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butoxycarbonyl)amino)butanoic acid (400 mg, 1.97 mmol) and DCC (203 mg, 0.98
mmol) were dissolved in CH,Cl> (10 mL) and the reaction mixture was stirred at 25 °C
for 1 h. The white precipitate (DCU) removed via vacuum filtration and compound 93
(150 mg, 0.48 mmol) was added directly to the filtrate. TEA (2 mL) was added to the
reaction mixture and allowed to stir at 25 °C for an additional 2 h. The solvent was
removed in vacuo and the product was purified via flash column chorography, eluting at
90% EtOAc in hexanes as a pale solid in 64% yield (153 mg, 0.31 mmol). 'H NMR (400
MHz, CDCls-d): & 9.83 (s, 1H), 8.04 (d, J = 9.1 Hz, 1H), 7.65 — 7.51 (m, 1H), 7.45 —
7.29 (m, 2H), 7.27 — 7.14 (m, 2H), 6.85 (s, 1H), 4.76 (d, J = 6.4 Hz, 1H), 4.47 (d, J=5.5
Hz, 2H), 4.02 (s, 3H), 3.97 (s, 3H), 3.19 (t, J = 6.6 Hz, 2H), 2.37 — 2.27 (m, 2H), 1.91 —
1.80 (m, 2H), 1.44 (s, 9H). ESI-MS(+) calculated for [C2sH33N4O7]" m/z 501.23, found

m/z 501.06 [M+H]".

Dimethyl-3-((4-((1-(tert-butoxycarbonyl)piperidine-4-carboxamido)methyl) phenyl)-
amino)pyridine-2,6-dicarboxylate (94d). In a round bottom flask, 1-(tert-
butoxycarbonyl)piperidine-4-carboxylic acid (218 mg, 0.95 mmol) and DCC (98 mg, 0.48
mmol) were dissolved in CH.Cl> (10 mL) and the reaction mixture was stirred at 25 °C
for 1 h. The white precipitate (DCU) removed via vacuum filtration and compound 93
(100 mg, 0.32 mmol) was added directly to the filtrate. TEA (2 mL) was added to the
reaction mixture and allowed to stir at 25 °C for an additional 2 h. The solvent was
removed in vacuo and the product was purified via flash column chorography, eluting at

80% EtOAc in hexanes as a yellow solid in 66% vyield (110 mg, 0.21 mmol). 'H NMR
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(400 MHz, MeOD-d,): 6 8.01 (d, J =9.0 Hz, 1H), 7.58 (d, J = 9.0 Hz, 1H), 7.35 (d, J =
8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 4.38 (s, 2H), 4.11 (d, J = 13.5 Hz, 2H), 3.98 (s,
3H), 3.92 (s, 3H), 2.81 (s, 2H), 2.53 — 2.37 (m, 1H), 1.90 — 1.71 (m, 2H), 1.68 — 1.53 (m,
2H), 1.46 (s, 9H). ESI-MS(+) calculated for [Co7H3sN4O7]" m/z 527.25, found m/z

549.21 [M+Na]*.

Dimethyl-3-((4-((2-(1-(tert-butoxycarbonyl)piperidin-4-yl)acetamido)methyl)-

phenyl)amino)pyridine-2,6-dicarboxylate (94e). In a round bottom flask, 2-(1-(tert-
butoxycarbonyl)piperidin-4-yl)acetic acid (231 mg, 0.95 mmol) and DCC (98 mg, 0.48
mmol) were dissolved in CH>Cl, (10 mL) and stirred at 25 °C for 1 h. The white
precipitate (DCU) removed via vacuum filtration and compound 93 (100 mg, 0.32 mmol)
was added directly to the filtrate. TEA (2 mL) was added to the reaction mixture and
allowed to stir at 25 °C for an additional 2 h. The solvent was removed in vacuo and the
product was purified via flash column chorography, eluting at 95% EtOAc in hexanes as
a yellow solid in 41 % yield (70 mg, 0.13 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.02
(d, J=9.0 Hz, 1H), 7.58 (d, J = 9.0 Hz, 1H), 7.37 (d, J = 8.5 Hz, 2H), 7.27 (d, J = 8.4
Hz, 2H), 4.38 (s, 2H), 4.04 (d, J = 13.5 Hz, 2H), 3.98 (s, 3H), 3.92 (s, 3H), 2.76 (s, 2H),
2.18 (d, J = 7.3 Hz, 2H), 1.96 (s, 1H), 1.73 — 1.62 (m, 2H), 1.44 (s, 9H), 1.16 — 1.07 (m,

2H). ESI-MS(+) calculated for [CogH37N4O7]" m/z 541.27, found m/z 563.23 [M+Na]".

3-((4-((2-Aminoacetamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic acid

TFA (95a). In a round bottom flask, 94a (127 mg, 0.27 mmol) was dissolved in a
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solution of 1M NaOH:THF (3:1 mL) and stirred at 25 °C for 16 h. THF was removed in
vacuo. The aqueous solution was cooled to 0 °C and acidified with 4M HCI until pH 4.
The precipitate was collected via vacuum filtration and washed with copious amounts of
water. The intermediate was dissolved in a solution of CH.Cl>:TFA (5:1 mL) and stirred
at 25 °C overnight. Excess TFA was removed via co-evaporation with MeOH and water
to yield the title compound as an orange oil in 77.0 % yield (95 mg, 0.21 mmol). 'H
NMR (400 MHz, MeOD-d,): 68.06 (d, J=9.0 Hz, 1H), 7.62 (d, J = 9.0 Hz, 1H), 7.40 (d,
J = 8.1 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 4.46 (s, 2H), 3.73 (s, 2H). ESI-MS(+)

calculated for [C16H17N4Os]" m/z 345.12, found m/z 344.99 [M+H]".

3-((4-((3-Aminopropanamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic acid
TFA (95b). In a round bottom flask, 94a (137 mg, 0.28 mmol) was dissolved in a
solution of 1M NaOH:THF (3:1 mL) and stirred at 25 °C for 16 h. THF was removed in
vacuo. The aqueous solution was cooled to 0 °C and acidified with 4M HCI until pH 4.
The precipitate was collected via vacuum filtration and washed with copious amounts of
water. The intermediate was dissolved in a solution of CH.Cl>:TFA (5:1 mL) and stirred
at 25 °C overnight. Excess TFA was removed via co-evaporation with MeOH and water
to yield the title compound as an orange oil in 98 % yield (131 mg, 0.28 mmol). 'H NMR
(400 MHz, MeOD-d): & 8.07 (d, J = 9.0 Hz, 1H), 7.62 (d, J = 9.0 Hz, 1H), 7.40 (d, J =
8.5 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 4.42 (s, 2H), 3.22 (t, J = 6.5 Hz, 2H), 2.67 (t, J =
6.5 Hz, 2H). ESI-MS(+) calculated for [C17H19N4Os]" m/z 349.14, found m/z 349.06

[M+H]".

207



3-((4-((4-Aminobutanamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic  acid
TFA (95¢). In a round bottom flask, 94¢c (122 mg, 0.24 mmol) was dissolved in a
solution of 1M NaOH:THF (3:1 mL) and stirred at 25 °C for 16 h. THF was removed in
vacuo. The aqueous solution was cooled to 0 °C and acidified with 4M HCI until pH 4.
The precipitate was collected via vacuum filtration and washed with copious amounts of
water. The intermediate was dissolved in a solution of CH.Cl>:TFA (5:1 mL) and stirred
at 25 °C overnight. Excess TFA was removed via co-evaporation with MeOH and water
to yield the title compound as an orange oil in 80 % vyield (95 mg, 0.20 mmol). 'H NMR
(400 MHz, MeOD-d): & 8.07 (d, J = 9.0 Hz, 1H), 7.62 (d, J = 9.0 Hz, 1H), 7.38 (d, J =
9.0 Hz, 2H), 7.30 (d, J = 2.7 Hz, 2H), 4.39 (s, 2H), 2.98 (t, J = 7.6 Hz, 2H), 2.42 (t, J =
7.2 Hz, 2H), 2.01 — 1.87 (m, 2H). ESI-MS(+) calculated for [C1gH21N4Os]" m/z 373.15,

found m/z 373.08 [M+H]".

3-((4-((Piperidine-4-carboxamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic

acid TFA (95d). In a round bottom flask, 94d (111 mg, 0.21 mmol) was dissolved in a
solution of 1M NaOH:THF (3:1 mL) and stirred at 25 °C for 16 h. THF was removed in
vacuo. The aqueous solution was cooled to 0 °C and acidified with 4M HCI until pH 4.
The precipitate was collected via vacuum filtration and washed with copious amounts of
water. The intermediate was dissolved in a solution of CH.Cl>:TFA (5:1 mL) and stirred
at 25 °C overnight. Excess TFA was removed via co-evaporation with MeOH and water
to yield the title compound as an orange oil in 88 % vyield (95 mg, 0.19 mmol). 'H NMR

(400 MHz, MeOD-d,): & 8.00 (d, J = 8.9 Hz, 1H), 7.56 (d, J = 9.0 Hz, 1H), 7.32 (d, J =
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7.5 Hz, 2H), 7.22 (d, J = 8.1 Hz, 2H), 4.34 (s, 2H), 3.93 (s, 1H), 3.40 (d, J = 13.2 Hz,
2H), 3.26 (dd, J=3.3, 1.7 Hz, 1H), 3.05 — 2.93 (m, 2H), 2.65 — 2.51 (m, 1H), 2.05 — 1.94
(m, 2H), 1.95 — 1.81 (m, 2H). ESI-MS(+) calculated for [C2oH23N4Os]" m/z 399.17, found

m/z 399.06 [M+H]".

3-((4-((2-(Piperidin-4-yl)acetamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic

acid TFA (95e). In a round bottom flask, 94e (122 mg, 0.23 mmol) was dissolved in a
solution of 1M NaOH:THF (3:1 mL) and stirred at 25 °C for 16 h. THF was removed in
vacuo. The aqueous solution was cooled to 0 °C and acidified with 4M HCI until pH 4.
The precipitate was collected via vacuum filtration and washed with copious amounts of
water. The intermediate was dissolved in a solution of CH.Cl>:TFA (5:1 mL) and stirred
at 25 °C overnight. Excess TFA was removed via co-evaporation with MeOH and water
to yield the title compound as an orange oil in 97 % vyield (90 mg, 0.22 mmol). 'H NMR
(400 MHz, MeOD-d,): 6 8.05 (d, J =9.2 Hz, 1H), 7.61 (d, J=9.2 Hz, 1H), 7.37 (d, J =
8.1 Hz, 2H), 7.27 (d, J = 8.3 Hz, 2H), 4.38 (s, 2H), 3.98 (s, 1H), 3.31 (s, 1H), 3.08 — 2.90
(m, 2H), 2.26 (d, J = 6.8 Hz, 2H), 2.11 (s, 1H), 1.94 (d, J = 14.0 Hz, 2H), 1.49 (t, J =
13.1 Hz, 2H). ESI-MS(+) calculated for [C21H2sN4Os]" m/z 413.18, found m/z 413.11

[M+H]*.

3-((4-((2-(Thiophen-2-yl)acetamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic
acid (95f). In a round bottom flask, 93 (223 mg, 0.74 mmol) was dissolved in a mixture
of TEA (1 mL) and anhydrous CH.Cl> (5 mL). Next, 2-(thiophen-2-yl)acetyl chloride
(1.11 mmol, 137 pL) was added dropwise to the mixture and the reaction was stirred at
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25 °C for 16 h. The solvent was removed in vacuo and the crude mixture was purified
via flash column chromatography to yield 94f as a dark orange solid. The intermediate
was hydrolyzed by stirring in solution of 1M NaOH:THF (3:1 mL) at 25 °C for 16 h. The
THF was removed under reduced pressure and the aqueous solution was then acidified
with 4M HCI to pH 4 at 0 °C. The precipitate was collect via vacuum filtration and the
isolated solid was purified via reverse-phase flash column chromatography, eluting at
80% MeOH in water as beige solid in 19 % yield (57 mg, 0.14 mmol). '"H NMR (400
MHz, DMSO-ds): 6 8.62 (s, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.61 (d, J = 8.9 Hz, 1H), 7.38
— 7.22 (m, 4H), 6.93 (d, J = 11.1 Hz, 2H), 4.28 (s, 2H), 3.71 (s, 2H). ESI-MS(-)

calculated for [C20H16N3O5S] m/z 410.08, found m/z 410.03 [M-H] .

3-((4-(Benzamidomethyl)phenyl)amino)pyridine-2,6-dicarboxylic acid (95g). In a
round bottom flask, 93 (223 mg, 0.74 mmol) was dissolved in a mixture of TEA (1 mL)
and anhydrous CHxCl, (5 mL). Next, benzoyl chloride (1.48 mmol, 172 yL) was added
dropwise and the reaction was stirred at 25 °C for 16 h. The solvent was removed in
vacuo and the crude mixture was purified via flash column chromatography to yield 94g
as a dark orange solid. The intermediate was hydrolyzed by stirring in solution of 1M
NaOH:THF (3:1 mL) at 25 °C for 16 h. The solution was then acidified with 4M HCI to
pH 4 at 0 °C and the precipitate was collect via vacuum filtration to the title compound
as a yellow solid in 16% yield (47 mg, 0.12 mmol). No further purification was required.
'H NMR (400 MHz, MeOD-d,): & 8.00 (d, J = 8.9 Hz, 1H), 7.86 (d, J = 7.3 Hz, 2H), 7.68

(d, J=8.9 Hz, 1H), 7.53 (d, J = 7.1 Hz, 1H), 7.51 — 7.38 (m, 4H), 7.28 (d, J = 8.1 Hz,
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2H), 4.59 (s, 2H). ESI-MS(-) calculated for [C21H16N30s]” m/z 390.11, found m/z 390.08

[M-HT.

3-((4-((3-Carboxypropanamido)methyl)phenyl)amino)pyridine-2,6-dicarboxylic

acid (95h). In a round bottom flask, 93 (210 mg, 0.70 mmol) was dissolved in a mixture
of TEA (1 mL) and anhydrous CH.Cl, (5 mL). Next, methyl 4-chloro-4-oxobutanoate
(1.39 mmol, 172 pL) was added drop-wise to the mixture and the reaction was stirred at
25 °C for 4 h. The solvent was removed in vacuo and the crude mixture was purified via
flash column chromatography to afford 94h as a yellow solid. The intermediate was
hydrolyzed by stirring in solution of 1M NaOH:THF (3:1 mL) at 25 °C for 16 h. The
solution was then acidified with 4M HCI to pH 4 at 0 °C. The precipitate was collect via
vacuum filtration to yield compound 8 as a yellow solid in 37% yield (99 mg, 0.26 mmol).
No further purification. 'H NMR (400 MHz, MeOD-d,): & 8.05 (d, J = 9.0 Hz, 1H), 7.62
(d, J=9.0 Hz, 1H), 7.38 (d, J = 7.9 Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 4.39 (s, 2H), 2.63
(t, J = 6.8 Hz, 2H), 2.54 (t, J = 6.8 Hz, 2H). ESI-MS(-) calculated for [C1sH16N307]” m/z

386.10, found m/z 386.08 [M-HJ.

3-((4-(Methylsulfonamidomethyl)phenyl)amino)pyridine-2,6-dicarboxylic acid (95i).
In a round bottom flask, 93 (100 mg, 0.32 mmol) was dissolved in a mixture of
TEA:CHxCI, (1 mL:5 mL) and the reaction was cooled to 0 °C. Methanesulfonyl chloride
(0.35 mmol, 27.0 pyL) was added dropwise to the reaction mixture and allowed to stir at
25 °C for 2.5 h. The solvent was removed in vacuo and the crude mixture was purified

via flash column chromatography. The intermediate 94i was hydrolyzed by stirring in
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solution of 1M NaOH:THF (3:1 mL) at 25 °C for 16 h. The solution was then acidified
with 4M HCI to pH 4 at 0 °C. The precipitate was collect via vacuum filtration to yield
compound the title compound as a yellow solid in 41% yield (47 mg, 0.13 mmol). No
further purification. '"H NMR (400 MHz, MeOD-ds): & 8.06 (d, J = 9.0 Hz, 1H), 7.65 (d, J
= 8.9 Hz, 1H), 7.46 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H), 4.27 (s, 2H), 2.90 (s,

3H). ESI-MS(-) calculated for [C15H14N3OsS] m/z 364.06, found m/z 363.99 [M-H].

3-((4-(Methylsulfonamidomethyl)phenyl)amino)pyridine-2,6-dicarboxylic acid (95j).
In a round bottom flask, 93 (150 mg, 0.48 mmol) was dissolved in a mixture of
TEA:CH.CIl> (1 mL:5 mL) and the reaction was cooled to 0 °C. Pyridine-3-sulfonyl
chloride (1.43 mmol, 174 yL) was added dropwise and the reaction was stirred at 25 °C
for 16 h. The solvent was removed in vacuo and the crude mixture was purified via
flash column chromatography. The intermediate 94j was hydrolyzed by stirring in
solution of 1M NaOH:THF (3:1 mL) at 25 °C for 16 h. The solution was then acidified
with 4M HCI to pH 4 at 0 °C and the precipitate was collect via vacuum filtration to afford
the title compound as a pale-yellow solid in 14% yield (29 mg, 0.07 mmol). No further
purification was required. 'H NMR (400 MHz, MeOD-d,): & 8.88 (s, 1H), 8.70 (d, J =
4.9 Hz, 1H), 8.18 (d, J = 8.2 Hz, 1H), 8.09 (d, J = 9.0 Hz, 1H), 7.64 — 7.48 (m, 2H), 7.28
(d, J = 8.3 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H), 4.19 (s, 2H). ESI-MS(-) calculated for

[C19H15N4O6S] m/z 427.07, found m/z 326.99 [M-H]'.
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5.3 Tetrazole DPA Derivatives (Sublibrary 9)

Triazoles are five-membered heterocyclic compounds bearing three nitrogen and
two carbon atoms in either a 1,2,3- or 1,2,4-isomeric from. This functional group is
widely utilized as a pharmacophore for drug development, as demonstrated by its
occurrence in a span of therapeutic drugs (including antimicrobial, anti-inflammatory,
antimalarial, antiviral, anticancer, and many others).® Triazoles are able to form H-
bonds, exhibit strong dipole-dipole forces and generate t-1t stacking interactions,
making it an excellent bioisostere for amide and ester bonds, as well as carboxylic acid,
olefin, and heterocycle motifs.”®  Reported inhibitors of NDM-1 have routinely
incorporated phenyl groups (as seen in inhibitor 36 and Cyclic Boronate Inhibitor 5,
Figure 5-3) to make hydrophobic or 11t stacking interactions with the base of the -
hairpin loop (L3) of NDM-1. Herein, we report the substitution of the phenyl ring with a
tetrazole heterocycle for NDM-1 inhibitor development. The tetrazole motif not only
maintains the predicted -1t stacking interactions with the B-hairpin loop of NDM-1 but

also reduces the overall occupied volume and generates a strong dipole moment.

L3 L3 L3 L3

HzN\/\N

Cl

HN N
& | HO' ZB\O ‘ OH ‘ =
HO X, OH HO HO z OH
N HO 0 HS © N
o (o] (o] (o]
Aromatic Mercapto-
36 Cyclic Boronate Inhibitor 5 carboxylic Acigs 97a - 97g

Figure 5-3. Substitution of the phenyl ring with a tetrazole heterocycle for NDM-1
inhibitor development.
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5.3.1 Synthesis and Evaluation of Sublibrary 9

Sublibrary 9 includes various 1,2,3-tetrazole derivatives appended at the para-
position of DPA. Various hydrophobic, basic and acidic substituents occupy the 4-
position of the appended tetrazole. The synthesis of this sublibrary was achieved
through copper-catalyzed azide-alkyne cycloaddition (CUAAC, Scheme 5-2). Briefly,
commercially available dimethyl 4-azidopyridine-2,6-dicarboxylate was reacted with
various alkynes in the presence of copper catalyst (96) to yield the corresponding di-
ester intermediates. Final compounds 97a — 97g were obtained via the saponification

of the obtained intermediates.

R

N
N "
: 4

N [CuCI(SIMes)(4,7- N
N

; a,b
| + dichloro-1,10- - >
O N” O phenanthroline)] | X
0] (0] HO — OH
(0] 0]

Dimethyl 4-azidopyridine-2,6-
dicarboxylate 96 97a - 97g

Scheme 5-2. Synthetic route for compounds in Sublibrary 9 (compounds 97a — 979).
Reagents and conditions: (a) 96 (cat.), MeOH, corresponding alkyne, 25 °C, 16 h; (b)
3:1 1M NaOH:THF, 25 °C, 16 h; then 4M HCI to pH 4; two steps: 48 — 79%.

Sublibrary 9 inhibitors were evaluated via monitoring the NDM-1 catalyzed
hydrolysis of substrates meropenem and fluorocillin and presented in Table 5-2. Initial
dose response screening via substrate meropenem yielded ICso values >10 uM. The

percent inhibition at 10 uM for Sublibrary 9 compounds are reported. A secondary

screen utilizing substrate fluorocillin provided ICsy values. The inhibitory values
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observed for both substrates followed the same trends, with 97d showing the best
inhibitory activity (36%, ICso = 2.73 uM) and 97a and 94b showing the weakest
inhibitory activity (8 — 18%, ICso = 4.09 — 6.71 pM). Unfortunately, due to the small

number of substituents investigated and high error in the observed ICso values, no

meaningful SAR could be established for this series of inhibitors.

Table 5-2. Inhibitory activity against NDM-1 of Sublibrary 9 (97a — 97g).”!

|\
HO N/ OH
0] 0]
Compound I:ﬁiﬁfi';tn ICs(uM)  Compound I::i';;‘:i';tn ICso (M)
/
97a @ 18% 6711541  97e 5 O 29% 3.08+0.86
7’5’ /
(@)
97b =+, OH 8% 4.09+2.69  97f 12\\ 19% 3.19+1.63
OH (0]
97¢ . —/ 25% 3.67+0.58 979 _MoH  26% 3.12+0.51
o b
97d i}éOH 36% 2.731.37

&l Percent inhibition at inhibitor concentration of 10 uM is reported utilizing substrate

meropenem and reported values are average of duplicate runs.

A secondary assay

was utilizing substrate fluorocillin provided the ICso values. Inhibitors were screened in

triplicates.
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5.3.2 Discussion

The utilization of a tetrazole motif for para-DPA derivation was investigated. The
tetrazole motif was of interest due to its precedent as a bioisostere for amide and ester
bonds, as well as carboxylic acid, olefin, and heterocycle motifs. It was hypothesized
that a tetrazole substituent would provide better binding interactions compared to that of
the routinely used phenyl motif. Unfortunately, none of the compounds in this sublibrary
yielded better potency when compared to that of DPA or any of the 4-phenylpyridine-
2,6-dicarboxylic acid derivatives (33 — 47) reported in Chapter 2. Thus, it was
concluded that a tetrazole could not replace a phenyl motif and this sublibrary was not

further pursued for inhibitor development.
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5.3.3 Experimental

Inhibitory activity of inhibitors against NDM-1 was obtained via monitoring the
NDM-1-catalyzed hydrolysis of substrate meropenem or fluorocillin according to
previously described methods. All reagents were purchased according to previously

detailed sources and used without further purification.

Synthesis

[CuCI(SIMes)(4,7-dichloro-1,10-phenanthroline)] (96): Catalyst [CuCI(SIMes)(4,7-
dichloro-1,10-phenanthroline)] was synthesized according to literature reported
procedures.® Briefly, [CuCl-(SIMes)] (200 mg, 0.50 mmol, 1 equivalent) was dissolved
in dichloromethane (5 mL) followed by the addition of 4,7-dichloro-1,10-phenanthroline
(1.4 equivalents). Pentane (25 mL) was added drop-wise over the course of 20 min and
the reaction was stirred at 25 °C for an additional 1 h. The precipitate was filtered,
washed with pentane, and dried under vacuum to yield a dark purple crystalline solid.

Yield: 48% (158 mg, 0.24 mmol). No characterization was obtained.

General procedures for the synthesis of compounds 97a —97g.

CuAAC reactions were performed in accordance to literature reported
procedures.’® Dimethyl 4-azidopyridine-2,6-dicarboxylate (150 mg, 0.64 mmol, unless
otherwise stated, 1.0 equivalent), the corresponding alkyne (1.5 equivalents), and 96 (2
mol% equivalent) were suspended in MeOH (7 mL). The suspension was stirred at

25 °C for 16 h. The precipitate was collected via vacuum filtration and washed with
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copious amounts of cold MeOH. The di-ester intermediate was collected and
hydrolyzed in 3:1 1M NaOH:THF at 25 °C for 16 h. The reaction was monitored via
TLC. The organic solvent was removed under reduced pressure and the aqueous

solution was acidified with 4M HCI to pH 4 to afford the title compounds.

4-(4-Phenyl-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid (97a). Dimethyl 4-
azidopyridine-2,6-dicarboxylate (236 mg, 1.00 mmol). Light yellow powder, yield: 79%
(245 mg, 0.79 mmol). 'H NMR (400 MHz, DMSO-ds): & 9.82 (s, 1H), 8.78 (d, J = 4.3
Hz, 2H), 7.98 (s, 2H), 7.52 (s, 2H), 7.41 (s, 1H). ESI-MS(-) calculated for [C15HgN4O4]

m/z 309.06, found m/z 309.11 [M-H]..

4-(4-(Hydroxymethyl)-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid (97b).
White powder, yield: 64% (108 mg, 0.41 mmol). 'H NMR (400 MHz, DMSO-ds): & 8.99
(s, 1H), 8.78 (d, J = 5.4 Hz, 1H), 8.50 (s, 1H), 8.09 (s, 1H), 4.62 (s, 2H). ESI-MS(-)

calculated for [C1oH7N4Os]” m/z 263.04, found m/z 263.00 [M-H].

4-(4-(2-Hydroxyethyl)-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid (97c).
White powder, yield: 65% (114 mg, 0.41 mmol). 'H NMR (400 MHz, D»0-dz): & 8.39 (s,
1H), 8.29 (d, J = 3.1 Hz, 1H), 3.78 (t, J = 6.3 Hz, 2H), 2.90 (i, J= 6.2 Hz, 2H). ESI-MS(-

) calculated for [C11H9N4Os]” m/z 277.06, found m/z 276.86 [M-H]'.
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4-(4-(2-Hydroxypropan-2-yl)-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid
(97d). White powder, yield: 70% (130 mg, 0.45 mmol). 'H NMR (400 MHz, MeOD-d.):
0 8.83 (s, 2H), 8.78 (s, 1H), 1.66 (s, 6H). ESI-MS(-) calculated for [C12H11N4Os] m/z

291.07, found m/z 290.98 [M-H]".

4-(4-(Methoxymethyl)-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid (97e).
White powder, yield: 52% (91 mg, 0.33 mmol). 'H NMR (400 MHz, MeOD-d,): & 8.94
(s, 1H), 8.84 (s, 2H), 4.65 (d, J = 0.7 Hz, 2H), 3.44 (s, 3H). ESI-MS(-) calculated for

[C11H9N405]- m/z 27706, found m/z 277.04 [M-H]

4-(4-Acetyl-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid (97f). White powder,
yield: 54% (95 mg, 0.34 mmol). 'H NMR (400 MHz, DMSO-ds): 5 9.96 (s, 1H), 8.76 (s,
2H), 2.62 (s, 3H). ESI-MS(-) calculated for [C11H;N4Os]” m/z 275.04, found m/z 274.98

[M-HT".

4-(4-Carboxy-1H-1,2,3-triazol-1-yl)pyridine-2,6-dicarboxylic acid (979). White
powder, yield: 48% (85 mg, 0.31 mmol). '"H NMR (400 MHz, DMSO-ds): 59.81 (s, 1H),
8.72 (s, 2H). ESI-MS(-) calculated for [C1oHsN4Og] m/z 277.02, found m/z 276.92 [M-

HJ.
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5.4 Alternative Isosteres for Inhibitor Development (Sublibrary 10)

In Chapter 3 of this dissertation, compound 51 was identified as a NME for NDM-
1 (and related MBL) inhibitor development."" Isostere 51 displayed a reduced
propensity to remove Zn(ll) from the active site of NDM-1 when compared to that of
DPA, the ability to from a stable ternary complex, and exhibited an I1Cs of 2.2 — 7.0 uM
(depending on the substrate utilized in the enzymatic assay). In an attempt to probe the
metal-binding interactions, additional 51 derivatives (Sublibrary 10) were explored (51a
—51d, Figure 5-4). Compounds where the tetrazole (51a) or carboxylic acid (51b) motif
were moved to the B-carbon, as well as derivatives were the pyridine nitrogen is
removed (51¢) or replaced (51d) was synthesized. In addition, the inhibitory activity of
24 picolinic acid isosteres (metal-binding isosteres, MBls, Figure 5-5)' were evaluated

to identify alternative isosteres.

| 3
HO P
NN
o) HN -/
51
-N -N
Y N
X N X N
| H | H
HO ~ HO _N HO N, HO N
N N N
o) o HN-p[ O OH HN-y
51a 51b 51c 51d

Figure 5-4. Derivatives of 51 that were screened against NDM-1.
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Figure 5-5. MBI library screened against NDM-1 in an attempt to discover new isostere

leads.
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5.4.1 Synthesis and Evaluation of Sublibrary 10

The synthesis of compounds 51a — 51d is described in Scheme 5-3. Briefly, the
Pd(ll)-catalyzed cyanation of commercially available aryl-bromides with Zn(CN). yield
aryl-nitrile intermediates 105 — 107. In the presence of NaNj3 the nitrile substituents in
105 — 107 were transformed into a tetrazole through an azide-nitrile cycloaddition.
Saponification of the isolated intermediates yielded final inhibitors 51a — 51d. The
preparation of MBI-1 — MBI-24 was previously reported.'?

Compounds of Sublibrary 10 were evaluated via monitoring the NDM-1 catalyzed
hydrolysis of substrate meropenem at an inhibitor concentration of 100 uM (Figure 5-6).
MBI-1 and MBI-2 (which were hits in the MBP library screen) displayed inhibition of
80% and 90%, respectively. MBI-4, which included a phosphate isostere identical to
that of 48, displayed full inhibition. N-Hydroxypicolinimidamide (MBI-8), also displayed
100% inhibition; however, the mode of metal-binding was not determined. Several
other MBIs, including N-methoxyacetamide (MBI-7), sulfonyl-acetamides (MBI-14 and
MBI-15) and imidazole (MBI-16), displayed moderate inhibitory activity (20% — 50%).
MBI-17 is most likely a false hit, as other members in the same family did not display
any significant inhibition and the error obtained was large. Interesting, oxadiazole
isostere (MBI-20) and its related members (MBI-21 — MBI-23) were potent NDM-1
inhibitors, with MBI-22 displaying potency on par with MBI-4 and MBI-8 (near 100%).
Derivative 51a displayed moderate inhibition (73%), while 51b and 51c¢ displayed no
inhibitory activity against NDM. Surprisingly, 51d (where the pyridine nitrogen was

replaced with a phenol motif) restored potency and exhibited near 100% inhibition.
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ICso values were obtained for selected compounds and reported in Table 5-3.
Unfortunately, other than 51d (ICso = 9.5 uM), no derivative exhibited 1Cso under 36 uM.
MBP 51 (ICso = 2.2 uM) was 4-fold more potent than 51d, validating the need for a
tetrazole and carboxylate motif to be in the a-position of the pyridine ring. The inhibitory
activity of 51d is predicted to be achieved by displacement of the bridging hydroxide by
the phenol substituent; however, additional derivatives (ones where the phenol is
blocked or substituted with another basic group) and mechanism of action studies are

required for further SAR analysis.

N-N
A) _N | N
N Br XN = X N
| Y 8 o | Y b HO | ~ N
/O X// - ~ X// X~
o} o) ©
105, X=N,Y=C 51a,X=N,Y=C
106, X=C,Y=N 51b,X=C,Y=N
B) X X X
o) | z —>a o) | P b HO | Z N
- Z~ "Br - Z \\N Z N
o] o} 0 HN-N
51c,Z=C
107, Z =COH 51d, Z = COH

Scheme 5-3. Synthetic procedures for Sublibrary 10 (compounds 51a - 51d).
Reagents and conditions: (a) Pd(Ph3s)s, ZNCN,, DMF, 80 °C, 16 h, 51 — 84%; (b) NaNs,
NH4CI, 120 °C, 2.5 — 16 h, then 3:1 mL 1M NaOH:THF, 25 °C, 16 h; two steps: 32 —
92%.
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Figure 5-6. Percent Inhibition of MBls and Sublibrary 10 at 100 uM against NDM-1 with
substrate meropenem.?!
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&l Each inhibitor was tested in six replicates. Inhibitors which displayed 