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ABSTRACT. The efficacy of B-lactam antibiotics is threatened by the emergence and global
spread of metallo-B-lactamase-(MBL) mediated resistance, specifically New Delhi-Metallo-f3-
lactamase-1 (NDM-1). Utilizing fragment-based drug discovery (FBDD), a new class of
inhibitors for NDM-1 and two related pB-lactamases, IMP-1 and VIM-2, was identified. Based on
2,6-dipicolinic acid (DPA), several libraries were synthesized for structure-activity relationship
(SAR) analysis. Inhibitor 36 (ICso = 80 nM) was identified to be highly selective for MBLs
when compared to other Zn(II) metalloenzymes. While DPA displayed a propensity to chelate
metal ions from NDM-1, 36 formed a stable NDM-1:Zn(Il):inhibitor ternary complex, as
demonstrated by 'H NMR, electron paramagnetic resonance (EPR) spectroscopy, equilibrium
dialysis, intrinsic tryptophan fluorescence emission, and UV-Vis spectroscopy. When co-
administered with 36 (at concentrations non-toxic to mammalian cells), the minimum inhibitory
concentration (MIC) of imipenem against clinical isolates of Eschericia coli and Klebsiella

pneumoniae harboring NDM-1 were reduced to susceptible levels.
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Antibiotic-resistant 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
B-lactamases. Three classes of p-lactamases (A, C, and D)* utilize an active-site serine in
covalent mechanisms that can be targeted by B-lactamase inhibitors co-formulated with B-lactam
drugs. In contrast, class B consists of metallo-f-lactamases (MBLs) that utilize one or two active
site Zn(II) ion(s) to catalyze the hydrolysis of the B-lactam ring.3 MBLs have a broad substrate
scope that enables hydrolysis of bicyclic B-lactams, but due to MBLs employing a different
reaction mechanism, they evade the current P-lactamase inhibitors used in approved drug
combinations. Thus, MBLs can confer resistance to the entire category of B-lactam drugs, except

monobactams.*’

MBLs with the greatest clinical impact are found in the B1 subfamily, with
New Delhi Metallo-f-Lactamase-1 (NDM-1), Verona Integrin-encoded MBL (VIM-2), and
Imipenemase (IMP-1) serving as examples. Of these, NDM-1 represents the most troubling
development due to its carriage on easily transmissible plasmids and the emergence of
community-acquired infections in addition to nosocomial infections typically found carrying
other MBLs.”™®

Despite ongoing efforts to identify NDM-1 inhibitors, approved drugs to counter its
activity are not yet available. Development of NDM-1 inhibitors has been slow due to a number
of factors, including a shallow, relatively featureless active site that has is difficult to target,’
concerns about a lack of inhibitor selectivity leading to in vivo metal stripping or off-target
inhibitory activity,'"'? and a lack of novel scaffolds that selectively target the active site. Three
examples of NDM-1 inhibitors are presented in Table 1. The hypertension drug L-captopril'®

14-16

represents the repurposing of this sulfhydryl-containing inhibitor. Both D-and L-captopril

have been reported as inhibitors of NDM-1, with ICsy values of ~8 uM and ~200 puM,
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respectively.'* A crystal structure of L-captopril bound to NDM-1 reveals the thiolate bound in
a P-bridging fashion between the Zn(I) ions, displacing the catalytic hydroxide anion.'
Although a crystal structure of the more potent D-captopril bound to NDM-1 is not available,
analysis shows that the thiol of each isomer likely interacts with the dinuclear Zn(II) center in a

13,17

similar manner, and the carboxylate of the D-isomer may mimic the carboxylate conserved in

most B-lactam substrates. However, adverse effects associated with thiol-containing compounds
may present a therapeutic liability for captopril and its derivatives.'®"

A second example of a NDM-1 inhibitor is aspergillomarasmine A (AMA), a fungal
natural product identified through cell-based screening (ICsy value = 4.0 uM).12 Combination
therapy of AMA with meropenem was effective in microbial culture and in mice infected with a
lethal dose of NDM-1-positive K. pneumoniae. However, the structural similarity of AMA to
metal chelators such as ethylenediaminetetraacetic acid (EDTA) raises the possibility of oftf-
target effects. This is consistent with the finding that AMA inhibits NDM-1 through a metal-
chelation/stripping mechanism. "

A third example is the cyclic boronate shown in Table 1. This and related compounds
exhibit excellent activity against NDM-1 (ICso = 4 nM) as well as VIM-2, IMP-1, and Bacillus
cereus MBL (BcH).20 Investigation of these cyclic boronates as inhibitors of B MBLs reveal a
binding mode that mimics substrate binding, including the formation of a tetrahedral complex.
The similarity of these inhibitors to a P-lactam tetrahedral intermediate transition state may
underlie the impressive activity of these compounds. More comprehensive reviews of MBL

inhibitors are provided elsewhere,”’™ but these three examples illustrate some successful

strategies and pitfalls in developing effective inhibitors for this class of enzymes.
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Table 1. Examples of Select NDM-1 Inhibitors.

Structure Name ICsg

HS\/'\[(N? D-Captopril 7.9 uM™
10

O

Ho O

©CoO~NOUTA,WNPE

L-Captopril 202.0 pM™

15 Oy OH Aspergillomarasmine A .
4.0 uM

16 H

18 OH,? H
19 0”7 OH 0”7 “OH

27 HO

23 H2N ~ N
24 H H Diamino-substituted cyclic -
25 4 nM
o /I?’:o boronate
OH
O~ "OH

33 Herein, we report a fragment-based drug discovery (FBDD)* strategy for the design,
35 synthesis, and evaluation of a novel class of NDM-1 inhibitors. A focused library of metal-
38 binding pharmacophores (MBPs) enabled a systematic search of compounds that target the
40 dinuclear Zn(II) site of Bl MBLs. SAR analysis and optimization of primary hit 2,6-dipicolinic
42 acid (DPA) led to the discovery of 36 with an ICsy value of ~80 nM, putting it on par with the
45 most potent NDM-1 inhibitors presently reported in the literature.”” Compound 36 showed
47 increase inhibition against IMP-1 and VIM-2 when compared to DPA, and no significant
inhibition against several other Zn(II)-dependent metalloenzymes. The interaction of 36 with the
52 active site of di-Zn(Il) or di-Co(Il) metalloforms of NDM-1 was characterized via 'H NMR
54 spectroscopy, electron paramagnetic resonance (EPR) spectroscopy, equilibrium dialysis,

57 intrinsic tryptophan fluorescence quenching, and UV-Vis spectroscopy. As inhibition of the lead
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compound was improved, a metal ion stripping mechanism was replaced in favor of a ternary
NDM-1:Zn(Il):inhibitor complex mechanism of action. Microdilution broth studies performed
with clinical E. coli and K. pneumoniae strains harboring blanpy.; reveal that co-administration
with 36 significantly reduced the minimum inhibitory concentration (MIC) values of imipenem.

Furthermore, no toxicity was observed for 36 against a mammalian cell culture.

Results and Discussion
Screening of MBP Library and Selection of DPA for Optimization

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 approximately 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(II) site.” However,
this same property makes the di-Zn(II) active site an attractive target for inhibition by MBPs.
MBPs are small molecular fragments that are known to have the capacity to bind metal ions in
the active site of metalloproteins. The Cohen laboratory has assembled a MBP library consisting
of ~300 fragments and this focused library has been show useful in the development of other
metalloprotein inhibitors, including antibacterial virulence factors.”*>' Here, we search for MBL
inhibitors through a more systematic exploration of chemical space by screening the MBP library
against three representative Bl MBLs (NDM-1, IMP-1, and VIM-2). Several MBPs were

identified as attractive leads for MBL inhibitor development.
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A 96-well plate, continuous assay was optimized for the hydrolysis of the colorimetric j3-
lactam substrate chromacef by NDM-1 (substrate concentration = 3xKy), IMP-1 (substrate
concentration = Ky;), and VIM-2 (substrate concentration = Ky). The substrate concentrations
were kept close to Ky 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, respectively (Figure S1).* Each fragment in the MBP library was
screened at a concentration of 50 uM against each of the three MBL enzymes and the resulting
percent inhibition was measured. The activity of MBPs ranged from 0 - 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 (Figure 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 (data not shown). The remaining four primary hits consisted of: 3-
hydroxypyridine-2(1H)-thione, which shares some structural similarities to the known MBL
inhibitor thiomaltol;** two 8-hydroxyquinoline compounds, shown to inhibit a different di-Zn(II)
enzyme,” and 2,6-dipicolinic acid (DPA). DPA was selected as the initial scaffold for
optimization because previous reports describe 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 [B-lactam
hydrolysis and the leaving group nitrogen. The inhibition of DPA was first determined via

colorimetric assay to have an ICsp = 520 nM.
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8-hydroxyquinoline 8-hydroxyquinoline (DPA)

Figure 1. Primary screening hits observed to inhibit all three B1 MBLs tested: NDM-1, IMP-1,

and VIM-2. See Table S1 for detailed percent inhibition values.

Design and Synthesis of DPA Derivatives

To augment the inherent affinity of DPA for the Zn(II) 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(Il) ions. The active site of NDM-1 (Figure 2)
includes a mobile B-hairpin loop, which moves over the Zn(II) ions and back to the original
position in the millisecond timescale.”” This B-hairpin loop likely plays a role in ligand binding
and/or catalysis, in part by presenting a flexible hydrophobic surface as one wall of the active
site.  Flanking the di-Zn(II) active site are two sides of a shallow, relatively featureless
hydrophobic channel. This channel has a few notable residues available as potential binding
partners, Asn220, GIn123, and Lys211. Based on the structure of the coordination complex of
DPA with free Zn(II),”® we assumed a similar coordination at the active site of NDM-1 to guide
inhibitor optimization. The design and synthesis of subsequent sublibraries aimed to improve

interactions with amino acid residues surrounding the di-Zn(II) site.
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34 Figure 2. Active-site pocket of NDM-1. A ribbon diagram of NDM-1 covered by a transparent
surface depicts a shallow hydrophobic channel flanking the di-Zn(II) site (gray spheres).
39 Selected residues are shown in stick form, including the residues ligating the Zn(II) ions (gray),
41 hydrophobic residues in the neighboring B-hairpin loop (green), residues with the potential to
interact with an inhibitor via hydrogen-bonding (purple and orange), and a conserved Lys211
46 (yellow). All heteroatoms are colored by type (blue for nitrogen, red for oxygen, gold for
48 sulfur). The figure was prepared with coordinates from Protein Data Bank accession code

51 3Q6X, chain A, omitting the hydrolyzed ampicillin product.

The first of three sublibraries contained compounds with substituents designed to extend

58 into the hydrophobic channel, as well as determine the necessity of both carboxylate groups on
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the DPA fragment for inhibition. These substitutions were introduced through the conversion of
one of the carboxylate groups of DPA to various amide substituents via standard peptide
coupling procedures (Compounds 3-20, Scheme 1). The carboxylic acids of DPA were first
esterified to give the dimethyl ester derivative 1, then hydrolyzed with KOH at 0 °C to obtain the
monomethyl ester 2 product. 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

mono-carboxylic acid DPA derivatives that comprise sublibrary 1 (3-20).

Scheme 1. Synthetic scheme for sublibrary 1.

a
HO N/ OH —_— /O N/ O\ B
11
B B
C
0 NN OH HO N %
12 13-30

(a) MeOH, H,SO0 (cat.), 75 °C, 24 h, 100%; (b) MeOH, KOH, 0 °C, 4 h, 81%; (c) EDC, HOBT,

H,NR, 18 h; then 4:1 1 M NaOH:THF, 30 min — 1 h, 4 M HCI, 34-87%.

The second sublibrary (Compounds 22-30) consisted of DPA derivatives with
substituents at the 4-position of the pyridine ring connected through an amine linker (Scheme 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 1 M NaOH/THF solution to
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afford 21. Next, 21 was heated using a microwave reactor in the presence of the corresponding

amine to generate compounds 22-30.

Scheme 2. Synthetic scheme for sublibrary 2.

® . m B . i
0 N7 N O HO NP OH HO N OH
o o o) o) o) o)
21 22-30

(a) 10:1 1 M NaOH:THF, 70 °C, 3 h, 80%; (b) amine, H,O, microwave at 160 °C, 30 min, 10-

80%.

Lastly, the third sublibrary (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 B-hairpin loop, and included substitutions to
make possible hydrogen bonding interactions with nearby residue side chains (e.g., Asn220,
GIn123). In this sublibrary, instead of an amine linker, the aryl substituents are attached through
a direct carbon-carbon bond formed via Pd-catalyzed Suzuki cross-coupling (Scheme 3). 4-
Hydroxypyridine-2,6-dicarboxylic acid was esterified to 31 by heating to reflux in MeOH with
catalytic H,SOs. Next, 31 was converted into the bromide derivative 32 using
tetrabutylammonium bromide (TBAB) and phosphorus pentoxide (P4O;9). Compounds 33-47
were then synthesized via Suzuki cross-coupling procedures utilizing Pd(PPhs)s; and

K;PO4/CH3COK, with the final compounds obtained by saponification with 1 M NaOH/THF.

Scheme 3. Synthetic scheme for sublibrary 3.
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oH —2—>

4- Hydroxypyndme-
2,6-dicarboxylic acid

Br
X N
C
(0] (0] O (0]
32 33-47

(a) MeOH, H,SOy4 (cat.), 75 °C, 24 h, 88%; (b)TBAB, P40, toluene, 100 °C, 3 h, 92%; (c)
Pd(PPhs)4, KsPO4/CH3COzK, 1,4-dioxane, 85 °C, overnight; then 4:1 1 M NaOH:THF, H,SOy,

22-84%.
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Table 2A. ICsy Values of Sublibrary 1 Compounds (uM) Against NDM-1. Values were

determined with chromacef at a substrate concentration of 3xXKj,.

©CoO~NOUTA,WNPE

|
10 HO k3
e 0

\

14 Number  Compound ICso (LM) Number  Compound ICso (M)

N N S
17 g N
17 3 © > 50 12 H&n}rj 241
20 . . OH
21 4 § ﬁ@ > 50 TR N 49 + 1
22 0]

23 O

24 H N
25 5 §/ \/\@ > 50 14 g/ ﬁOH 22+1
26
H
29 -
20 6 § Q > 50 15 %NT > 50
31 O/
33 s H
34 7 ﬁ/\Q > 50 16 %NJ\ > 50
35 o~
H
37 > 0 N
a8 8 % Hﬁ S >50 17 ¥ \Q > 50
39 o
H
41 g\N o} E/N
42 9 H/I) > 50 18 \O > 50
/
43
S N o)
45 N N
P 10 Hm > 50 19 H/\Q > 50
N :
48 ~
49 11 E/NWES) > 50 20 “O > 50
50 /
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Table 2B. 1Csy Values of Sublibrary 2 and Sublibrary 3 Compounds (uM) Against NDM-1.

Values were determined with chromacef at a substrate concentration of 3xKy. Values in bold

typeface were determined with fluorocillin at a substrate concentration <Ky.

g
HOL sy OH
o)
Number Compound ICso (LM) Number Compound ICso (LM)
OH
H 0.52 + 0.04 0.60 = 0.03
DPA L 35
0.41 = 0.02 0.43 +0.01
NH,
o] 0.32 +0.01
21 1 5.0+0.1 36
0.08 + 0.002
|
~\~ AN 0.82+0.01
22 1 13.6+0.8 37
0.43 +0.01
23 @ 34+0.2 38 EEL 020+0.02
+ ~
HN o o 0.50 = 0.01
J\J\N . .
’4 N Cail] 1 0.52 +0.02
A4+1.
,VLNA© OH 0.13 £ 0.01
O/
0.43 +0.02
25 HN 9.1+0.2 40 0,38 4 0.02
38 £ 0.
o
OH
o)
A 0.66 + 0.03
26 N 45+0.1 41 039 £ 0.02
39 £ 0.
o
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N
1.03 £0.01

0.54 + 0.02

N
0 0.57 +0.02
28 Hﬂw ) 58+04 43
0 0.19 0.01

Ho
HN
27 AN/\©\ 72+ 0.4 )
O/

~
0

29 HN ° 52+0.1 44
H
N

OH 0.89 +0.03
0.20 + 0.08

o 0.99 £ 0.04
30 Hﬂmm 49+0.1 45 701/
0.93 = 0.02

H
N\H/© 0.86 + 0.02
o)

0.13 £ 0.01

H
~ 0.80 + 0.02 N 0.86 + 0.02
34 47 I
1.07 £ 0.07 0.59  0.06

33 0.99 £0.02 46

In Vitro Activity of DPA Derivatives as NDM-1 Inhibitors

An initial ranking of NDM-1 inhibition by DPA derivatives in sublibraries 1-3 was first
completed by determining the ICsy values using the colormetric substrate chromacef.
Chromacef, at a concentration of 3xK), allowed for linear hydrolysis rates over the assay

16,39

duration. A secondary assay, using the fluorescent substrate fluorocillin, was then used to

verify ranking of the most potent compounds (sublibrary 3). By using a concentration less than
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Ky (Supporting Information), the fluorescent substrate allowed for increased signal response, a
longer linear portion of the kinetic assay, and minimized substrate perturbation of ICs, values for
competitive inhibitors. 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.
ICs¢ 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 2A
and 2B.

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 large
(8) and small (15) substitutions were detrimental; however, substituents that reintroduce a
potential metal coordinating 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 that bulky hydrophobic substitutions can also improve inhibition, albeit to a lesser
degree. Based on 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.
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).
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Extending the length of the linker (23 vs. 24 or 25) reduced activity. Substitution of the aryl ring
(26-28) or replacement with different heterocycles (29-30) did not result in any significant
improvement. These results suggest that substitution at the 4-position by an amine linkage is not
favorable (even relative to unsubstituted DPA), but 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 surface presented by the B-hairpin loop adjacent to
the active site (Figure 2). 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 reveal that DPA with aryl
groups containing ortho-substituents (38-39) showed similar or improved inhibition relative to
DPA (ICsp = 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 S2). This compound represents a 4-fold improvement in inhibition compared to DPA,
and achieves one of the lowest ICsy values for NDM-1 reported to date. 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 dimethyl amine (37) group at the same
position shows a loss in activity, suggesting that specific interactions (possibly by hydrogen 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
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capable of specific protein interactions, and represent an effective route for fragment growth.
Notably, addition of exogenous Zn(Il) in the assay buffer has little impact on the ICsy 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(Il) in the assay buffer diminishes the inhibition activity of
DPA against NDM-1, presumably due to sequestering of the excess Zn(II) by DPA (Figure S3).
In comparison with the most potent NDM-1 inhibitor currently reported, a diamino-
substituted cyclic boronate?’ (Table 1, ICsp = 4 nM), 36 is a smaller, achiral compound with a
higher ligand efficiency (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 log D (clogD pH 7.4) of <0.*' The
clogD74 of 36 (-5.19 ~ -4.48) falls into the typical hydrophobic region of such antibacterial
drugs. Structural determination of the ternary complex between 36 with NDM-1 is in progress
and will be required to reveal the precise active site interactions, but molecular modeling
suggests that placement of the DPA scaffold at the dinuclear Zn(II) active site may position the
4-aryl substituent near the hydrophobic base of the active-site B-hairpin loop, and situate the
meta- substituent close to active site Asn220 (Figure S4). Molecular docking studies for
metalloproteins are rather challenging, hence we consider the model here as a rough guide until

more conclusive data on the binding of DPA and compound 36 are obtained.
Investigation of Inhibitor Selectivity

To determine the selectivity of 36 for MBLs, compound 36 was screened against two

other Bl MBLs and a panel of other clinically relevant Zn(II)-dependent metalloenzymes.
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Despite the sequence diversity among B1 MBLs, the elaboration of DPA to 36 also resulted in

enhancement of potency for inhibition of VIM-2 and IMP-1 (Table 3).

Table 3. ICsy Values of Selected Compounds with B MBLs Using Fluorocillin as a Substrate.

ICso (uM)
Compound
NDM-1 VIM-2 IMP-1
DPA 0.41+£0.02 1.66 +0.03 3.03+0.04
36 0.080 + 0.002 0.21£0.01 0.24+0.01

Inhibitor 36 was screened against a panel of Zn(II)-dependent metalloenzymes, including
histone deacetylases (HDACs),* matrix metalloproteinases (MMPs),” and carbonic anhydrases

4546
** and values

(CAs)* (Table 4). Screening protocols followed previously published procedures
are reported as percent inhibition. At a concentration of 10 pM (significantly higher than the
ICsg value against NDM-1) compound 36 showed some inhibition against MMP-2 and MMP-12,
but did not show inhibition against HDAC-1, HDAC-6, and human CAIIl. Testing 36 at higher
concentrations (50 — 100 uM), resulted in some inhibition of these metalloenzymes; however, the
inhibition values were <50% (data not shown). Based on 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 HDACSs, and at least 500-fold more selective than for human CAIIL
Overall, 36 has strong activity against MBLs (NDM-1, IMP-1, VIM-2) and no significant
inhibition of other Zn(II)-dependent metalloenzymes (at concentrations >10 uM, demonstrating

the potential for 36 to be broad spectrum MBL inhibitor that does not exhibit off-target

inhibition.
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Table 4. Percent Inhibition of 36 (at 10 uM) Against a Panel of Zn(II) Metalloenzymes.

Page 20 of 65

MMP-2 MMP-12 HDAC-1 HDAC-6 hCAIl
36 <6% 48+8% No inhibition  No inhibition No inhibition
Mode of Inhibition

"H NMR Spectroscopy. In previous work, we examined a series of M »(II)-substituted
analogs of NDM-1 (M;, = Co, Cd, Zn) by 'H NMR.*748 Comparing the CoCd and ZnCo
analogs of NDM-1, we assigned several resonances in the rich spectrum displayed by the CoCo
enzyme (shown at the bottom of each panel in Figure 3). The solvent exchangeable resonances
at 78, 73, and 65 ppm are ascribed to the three Co(II)-coordinated histidines at the Zn, site, while
the peak at 107 ppm is assigned to the NH proton from His250 coordinated to Co(II) in the Zn,
site. The sharp resonance at 47 ppm can be attributed to the -CH, pair of Asp124, coordinated
to Co(Il) at the Zn; site, while the poorly resolved doublet near 170 ppm arises from B-CH,
protons of the Co(Il)-bound cysteine at the same site. In addition, several poorly resolved
resonances attributed to secondary interactions between Co(Il) 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. CoCo-NDM-1 was titrated with increasing molar equivalents of DPA and
36, along with a known chelator (EDTA) and a known competitive inhibitor (L-captopril)13 as
controls. Each titration was compared to spectra from an aqueous solution of the inhibitor and
Co(Il), in the absence of protein (Figure S5). The NDM-1 titrations with L-captopril and EDTA

gave results as expected, with L-captopril forming a ternary complex (Figure S6A) and EDTA

ACS Paragon Plus Environment



Page 21 of 65

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

(Figure S6B) indiscriminately removing metal. The titration with DPA (Figure 3A) 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 both metal ions, and shows no changes that can be attributed to
an NDM-1:Co(I):DPA ternary complex. Additional added DPA simply resulted in removal of
both metal ions in the NDM-1 active site and further loss in signal intensity.

Titration of CoCo-NDM-1 with the DPA derivative 36 (Figure 3B) shows some evidence
for metal ion removal; however, unlike DPA, 36 also shows evidence of a ternary complex
formation. Addition of 1 equivalent of 36 led to a set of sharp resonances that indicate Co(36),
formation (Figure S5). Although it is not possible to directly compare the intensity of these
sharp lines to the broader lines of the Co(II) 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 with an NDM-1:Co(II):36
ternary complex appears. At two equivalents of 36, substantial metal removal is apparent,
evidenced by loss of intensity particularly from the Zn; site ligands, suggesting 36 shows some

preference for the formation of a ternary complex.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

(A) DPA (B) 36
2eq wmy 2 eq f Hn
|

s W S

resting resting
| B |

1
|||||||||||||||||||l||||||||||[||I|||||||||I|||||||]|I|I|I||||

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

Figure 3. 300 MHz 'H NMR titrations of CoCo-NDM-1 with (A) DPA and (B) 36. Resonances
assigned to Zn, site ligands are marked with black squares, while those assigned to Zn; ligands
are marked with gray squares. Resonances indicative of a ternary complex are marked with red

squares.

EPR Spectroscopy. To gain a better understanding of the ternary complex formed, we
turned to EPR spectroscopy. As can be seen in Figure 4, 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 CoCo-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(II) ions, and their physical structures, by extension, are largely unchanged. However,
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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(II) site, is suggestive of an additional bridging species, arising from

©CoO~NOUTA,WNPE

11 weak ferromagnetic coupling of the Co(Il) ions. This can be more readily seen in the parallel
13 mode spectra, which show a deep negative feature (~800 G) that appears on addition of 1
15 equivalent DPA and 36. This data indicates not only the formation of a ternary complex, but

18 bridging binding modes for both DPA and the synthesized inhibitor.

Resting CoCo-NDM-1
+ DPA
+ 36

200 400 600 800

B, LB,

35

; T

o B ||B.x3
0 1

41 rrrrrrrryprrrrrrrrrprrrrrrrrrprrrrrrrrryprren

42 1000 2000 3000 4000

a4 Magnetic Field (G)

47 Figure 4. X-band EPR spectroscopy of CoCo-NDM-1 (black) and CoCo-NDM-1 with 1
equivalent of added DPA (blue) and 36 (red). Standard perpendicular mode spectra are on top,
52 parallel mode spectra (scaled 3-fold) are shown below. Inset: Expansion of the low-field region

54 of the perpendicular mode spectra.
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UV-Vis Spectroscopy. Previously, UV-vis spectroscopy has been used to probe Co(II)
binding to NDM-1. The optical spectrum of CoCo-NDM-1 presented here (Figure 5A) is
identical to that previously published, with ligand field transitions in the 500-700 nm region*®
from protein-bound high-spin Co(Il) (the small absorbance at 420 nm has previously been
attributed to the presence of Co(11)).>! Control spectra from buffered solutions of Co(Il) in the
presence of 3 eq of EDTA, captopril, DPA, or 36 showed minimal absorbance in the ligand field
region (Figure S7), suggesting the presence or absence of the ligand field bands can serve as a
marker for protein-bound Co(I). Titration of CoCo-NDM-1 with 1 eq of EDTA results in a
small reduction of the intensities of all four ligand field transitions, suggesting removal of small
amounts of Co(I). A second equivalent of EDTA results in complete loss of the ligand field
transitions, indicating that EDTA fully removed Co(Il) from the active site of NDM-1 (Figure
5A). Conversely, the titration of CoCo-NDM-1 with competitive inhibitor L-captopril (Figure
5B) 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(Il):captopril ternary complex. Titration of CoCo-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 5C), and a more dramatic reduction at 2 eq of DPA. While these data
indicate that Co(II) is being removed from the active site, the retention of some ligand field
intensity at 2 eq of DPA shows that DPA does not bind Co(II) as tightly as EDTA.** Meanwhile,
titration of CoCo-NDM-1 with 36 (Figure 5D) up to 2 eq shows minimal loss of d-d band

intensity, suggesting minimal removal of the active site metal ion. The only perturbation
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produced by 36 is a strong charge-transfer transition at ca. 320 nm (an internal n-n* transition of

36) that alters the background associated with the ligand field region.

HE (A) 0.2 (B) —0 eq Captopril
—0.5 eq Captopril
—0eq EDTA _ —1 eq Captopril
—1 eq EDTA ‘ —1.5 eq Captopril
—2eq EDTA 0.15 44 —2 eq Captopril
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49 Figure 5. UV-Vis spectroscopy of CoCo-NDM-1 (black lines) and CoCo-NDM-1 (300 uM)

o1 with EDTA (A) and L-captopril (B) as control, and 1-2 equivalents of added DPA (C), and 36

54 (D).
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Equilibrium Dialysis. To be certain the mode of inhibition determined above is
representative of the di-Zn(II) enzymes, equilibrium dialysis studies were conducted. Not
surprisingly, the Zn(II) content of NDM-1 was significantly reduced when incubated with the
metal chelator EDTA, while the Zn(II) content did not change upon incubation with L-captopril
(Figure 6). Incubation of NDM-1 with DPA resulted in a significant loss in Zn(II) 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(II); only upon exposure to higher concentrations of these compounds (~24 uM,
about 240-fold greater than the ICsy value) was 10-20% of the Zn(Il) 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(Il):inhibitor ternary complex, rather than metal stripping, even at micromolar

concentrations.
2.5-
M .
= -~ Captopril
a = 36
Z.
b= ¥ DPA
g - EDTA
=
S
=
N
0.0

T T T T T T T 1
0 16 32 48 64 80 96 112 128

Compound concentration(pM)

Figure 6. 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.%7*

These studies revealed that the binding of substrate
results in a rapid decrease in fluorescence, and as substrate is hydrolyzed and product is released,
there is a rate-limiting return of fluorescence intensity. We attributed these fluorescence
properties to Trp93, which is 5.7 A from the Zn(II) 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 7A). 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 Trp93." Incubation of NDM-1 with DPA
resulted in a 20% quenching of tryptophan fluorescence emission (at 32 uM DPA where 20% of
the Zn(Il) was removed, Figure 6). In contrast, incubation of NDM-1 with 36 resulted in a 50-
60% quenching of the intrinsic tryptophan fluorescence (Figure 7A). 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 Trp93. 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 results in a 50% reduction of fluorescence
emission (Figure 7B). 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(I):inhibitor complex.
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Figure 7. (A) 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.

Microdilution Broth Minimum Inhibitory Concentrations (MICs)
Microdilution broth MICs were next performed on E. coli (Table 5) and K. pneumoniae
(Table 6) clinical isolates expressing blaxpy.1>> using imipenem and compound 36. The MICs of

imipenem alone were 4 - 16 mg/L. Notably, the addition of compound 36 at 100 mg/L
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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:inhibitor 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 the “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 -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 metallo-B-lactamase (MBL), ESBL, and plasmid-
mediated AmpC is notable. Furthermore, growth and morphology of cultured human HEK293
cells were also not adversely effected by 36 at concentrations relevant to the MIC studies

(Figures S7, S8).

Table 5. Microdilution Broth MICs of Clinical E. coli Isolates Expressing blaxpm.i.

MICs (mg/L)
E. coli
Isolates L pemen Imipenem + 36
Ch8.68 16 0
Ch8.69 4 0.5
Ch8.70 16 03
Ah8.71 16 0
Ch8.72 16 03
Ah8.73 16 03
Ah8.74 3 03
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Ah8.75 16 0.5

*All strains possess blacrx-m-15 and blacvy.> except for E. coli Ah8.74 which possesses only

blanpm-1-

Table 6. Microdilution Broth MICs of Clinical K. pneumoniae Isolates Expressing blaxpm.1.

MICs (mg/L)
K. pneumoniae

Isolates Imipenem Imipenem + 36
Pd1.48 3 05
Pd1.49 4 :
Pd1.50 3 05
Pdl1.53 3 03
Pd1.54 3 05
Pd1.55 ) 05
Cml.62 16 0
Cml.63 3 :

*Strains Cm1.62 and Cm1.63 possess blactx-m-15and blacyy-. Strain Pd1.48 possesses blaspy-12

and blactx-m.1s. Strains Pd1.49, Pd1.50, Pd1.53, Pd1.54, and Pd1.55 possess blactx-m-1s-

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, compound 36 was

identified as a broad spectrum, potent inhibitor of NDM-1, IMP-1 and VIM-2, arguably the most
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clinically important MBLs, with no significant inhibition of other Zn(II)-dependent
metalloenzymes. A focus on screening MBP 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:inhibitor, and the
enzyme:metal:inhibitor ternary complexes reveal that an optimization of ICsy values correlated
with tighter formation of the ternary NDM-1:Zn(Il):inhibitor 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 blanpym.; 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 new type of non-toxic, potent, pan-MBL inhibitor

that is effective against clinical strains of carbapenem-resistant Enterobacteriaceae.

Experimental
Materials

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 (DMSO0), and
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ethylenediaminetetraacetic acid (EDTA) and Fluorocillin green 495/525 B-lactamase substrate,
soluble product, were purchased from Thermo Fisher 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 (LR) mass spectrometry data were obtained from the
University of California San Diego Chemistry and Biochemistry Mass Spectrometry Facility
(MMSF). The purity of all compounds used in the assays were determined to be >95% by 'H

NMR spectroscopy and high performance liquid chromatography (HPLC).

Synthetic Procedures and Compound Characterization

Dimethyl pyridine-2,6-dicarboxylate (1). Dipicolinic acid (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
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in 100% yield (1.16 g, 5.96 mmol). No further purification was needed. "H NMR (400 MHz,
DMSO-dg): & 8.26-8.13 (m, 3H), 3.90 (s, 6H). ESI-MS(+) calculated for [CoHoNO4]" 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 via ice bath. Potassium hydroxide
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 complete by TLC, 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 MgSO,. MgSO4 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): &8.23-8.14 (m, 3H), 3.90 (s, 3H).

ESI-MS(-) calculated for [CsHgNO4]™ m/z 180.03, found m/z 180.09 [M-H]".

General Procedure for Compounds 3-20

6-(Methoxycarbonyl)picolinic acid (200 mg, 1.10 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, 1.1 equivalents) and hydroxybenzotriazole (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
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evaporation in vacuo, and the reaction was taken up in EtOAc (10 mL), and extracted with
copious amounts of saturated NaHCO; (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 IM NaOH (4 mL) and THF (1 mL) at room
temperature. Once the hydrolysis was complete by TLC, 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-dy): 68.45 (d, J=7.6 Hz, 1H), 8.36 (d, /=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 [C;3HoN,O3]

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,): §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 [C14H;1N>O3] 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-d,): 68.31-8.29 (m, 2H), 8.15 (m, 1H), 7.27-7.26 (br s, 4H), 7.19 (t, J=4 Hz, 1H),
3.66 (t, J=7.6 Hz, 2H), 2.95 (t, J=7.6 Hz, 2H). ESI-MS(-) calculated for [C;sH3N,O3]" m/z

269.09, found m/z 269.13 [M-H].

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),
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7.75 (d, J= 8.8 Hz, 2H), 6.94 (d, J= 8.8 Hz, 2H), 3.80 (s, 3H). ESI-MS(-) calculated for

[C14H11N204]_ 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-dy): 68.34 (d, /=8 Hz, 1H), 8.30 (d, /=7.6 Hz, 1H), 8.16 (m, 1H), 7.30
(d, /=7.6 Hz, 2H), 6.87 (d, /=8 Hz, 2H), 4.55 (s, 2H), 3.76 (s, 3H). ESI-MS(-) calculated for

[C15H13N204]_ m/z 28508, found m/z 285.16 [M-H]_.

6-((Benzo|d][1,3]dioxol-5-ylmethyl)carbamoyl)picolinic acid (8). Yield: 35% (116 mg, 0.386
mmol). 'HNMR (400 MHz, MeOD-dy): &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), 591 (s, 2H), 4.53 (s, 2H). ESI-MS(-) calculated for

[C15H11N205]_ m/z 29907, 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 [C1,H9N,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-dy): 58.34 (d, J=7.6 Hz, 1H), 8.30 (d, J=7.6 Hz, 1H), 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

[C12HoN>05S] m/z 261.03, found m/z 261.18 [M-HJ".
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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 [C;3H1N,O3S]

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,): 68.36-8.32 (m, 2H), 8.19 (m, 1H), 7.73 (s, 1H), 7.53 (s, 1H), 4.95

(s, 2H). ESI-MS(-) calculated for [C;;HgN3O03S] 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-ds): 6 8.33-8.31(m, 2H), 8.18 (m, 1H), 4.18 (s, 2H). ESI-MS(-)
calculated for [CoH7N,Os]” m/z 223.04, found m/z 222.99 [M-H], 245.13 [M+Na-2H], 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 [C1,H3N,>Os] m/z 265.08, found

m/z 265.04 [M-HJ, 287.17 [M+Na-2H], 303.16 [M+K-2H].

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 [C;oH;1N,O3] m/z 207.08, found m/z 207.08 [M-H]".
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6-(Isobutylcarbamoyl)picolinic acid (16). Yield: 71% (130 mg, 0.585 mmol). 'H NMR (400

MHz, MeOD-ds): &8.33-8.30 (m, 2H), 8.17 (m, 1H), 3.31-3.30 (m, 1H), 3.27 (s, 1H), 3.26 (s,

©CoO~NOUTA,WNPE

1H), 0.99 (s, 3H), 0.98 (s, 3H). ESI-MS(-) calculated for [CiH3N205] m/z 223.11, found m/z

223.09 [M+HT".

15 6-(Cyclopentylcarbamoyl)picolinic acid (17). Yield: 64% (168 mg, 0.175 mmol). 'H NMR
18 (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),
20 1.82 (br s, 2H), 1.66 (br s, 4H). ESI-MS(-) calculated for [C1,H;3N,O3] m/z 233.09, found m/z

22 233.12 [M-HJ".

27 6-(Cyclohexylcarbamoyl)picolinic acid (18). Yield: 64% (174 mg, 0.701 mmol). 'H NMR
29 (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),
32 1.84 (br s, 2H), 1.71 (d, /=12 Hz, 1H), 1.48-1.38 (m, 4H), 1.27 (br s, 1H). ESI-MS(-) calculated

34 for [C13H5N203] m/z 247.10, found m/z 247.11 [M-H]".

39 6-(((Tetrahydrofuran-2-yl)methyl)carbamoyl)picolinic acid (19). Yield: 44% (121 mg, 0.484
41 mmol). 'H NMR (400 MHz, MeOD-d): & 8.33-8.30 (m, 2H), 8.18-8.14 (m, 1H), 4.17-4.11 (m,
a4 1H), 3.93-3.88(m, 1H), 3.79-3.74 (br s, 1H), 3.75-3.49 (m, 2H), 2.08-1.86 (m, 3H), 1.73-1.65 (m,

46 1H). ESI-MS(-) calculated for [C1,H13N,04] m/z 249.09, found m/z 249.12 [M-H].

51 6-(Piperidine-1-carbonyl)picolinic acid (20). Yield: 58% (151 mg, 0.645 mmol). 'H NMR

53 (400 MHz, MeOD-d,): 58.21 (d, J=8 Hz, 1H), 8.12-8.08 (m, 1H), 7.74 (d, J=7.6 Hz, 1H), 3.74
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(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

[C12H13N>05] m/z 233.09, found m/z 233.18 [M-HJ".

4-Chloropyridine-2,6-dicarboxylic acid (21). Dimethyl 4-chloropyridine-2,6-dicarboxylate
(270 mg, 1.18 mmol) was dissolved in a solution of IM NaOH (10 mL) and THF (1 mL). The
reaction mixture was stirred at 70 °C for 3 h and monitored via TLC. Once the reaction was
complete by TLC, the 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-dg): & 8.14 (s, 2H). ESI-MS(-) calculated for

[C7H;5CINO4] m/z 199.97, found m/z 200.95 [M-HJ".

General Procedure 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 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.
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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-dy): 67.31 (s, 2H), 3.04 (s, 6H). ESI-MS(-) calculated for

©CoO~NOUTA,WNPE

[CoHoN,O4]" m/z 209.06, found m/z 208.95 [M-HJ".

17 4-(Phenylamino)pyridine-2,6-dicarboxylic acid (23). 4-Chloropyridine-2,6-dicarboxylic acid
19 (70 mg, 0.35 mmol) and aniline (0.104 mL, 1.15 mmol). Yield: 59% (53 mg, 0.205 mmol). 'H
22 NMR (400 MHz, DMSO-ds): 6 9.90 (s, 1H), 7.54 (s, 2H), 7.48-7.23 (m, 5H). ESI-MS(-)

24 calculated for [C3HoN,O4] m/z 257.06, found 279.19 [M-H+Na]".

4-(Benzylamino)pyridine-2,6-dicarboxylic acid (24). 4-Chloropyridine-2,6-dicarboxylic acid
33 (54 mg, 0.27 mmol) and phenylmethanamine (100 mg, 0.94 mmol). Yield: 14% (10 mg, 0.037
35 mmol). "H NMR (400 MHz, DMSO-ds): & 8.92 (s, 1H), 7.35-7.03 (m, 7H), 4.56 (br s, 2H).

38 ESI-MS(-) calculated for [C14H{1N,O4] m/z 271.07, found m/z 270.98 [M-H]".

44 4-(Phenethylamino)pyridine-2,6-dicarboxylic acid (25). Yield: 80% (57 mg, 0.199 mmol).
46 'H NMR (400 MHz, DMSO-dq): 5 7.67 (t, J=5.6 Hz, 1H), 7.29-7.19 (m, 7H), 3.45 (q, J,=6.4
49 Hz, J,=4 Hz, 2H), 2.85 (t, J=6.8 Hz, 2H). ESI-MS(-) calculated for [C5sH3N>O4] m/z 285.09,

51 found 307.21 [M-H+Na]".
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4-((4-Methoxyphenyl)amino)pyridine-2,6-dicarboxylic acid (26). Yield: 35% (25 mg, 0.087
mmol). 'H NMR (400 MHz, MeOD-dy): 57.47 (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 [Ci4H;1N,Os]" 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-ds): & 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 [C,5sH;3N,Os5] m/z 301.08, found m/z 300.98 [M-H].

4-((Benzo|d][1,3]dioxol-5-ylmethyl)amino)pyridine-2,6-dicarboxylic acid (28). Yield: 29%
(23 mg, 0.073 mmol). 'H NMR (400 MHz, DMSO-ds): 6 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

[C15H11N206]_ m/z 31506, 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, /=2 Hz, 1H), 7.00 (dd, J;,=3.6 Hz, J,=0.8 Hz, 1H), 4.75 (d, J=5.6 Hz, 2H).
ESI-MS(+) calculated for [(312H11N204S]+ m/z 279.04, found m/z 279.12 [M+H]+, 301.09

[M+Na]", 323.07 [M+H+2Na]".
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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 [C{,H9N,Os] 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,SO4 (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-dy): & 7.58 (s, 2H), 3.95 (s, 6H). ESI-MS(+) calculated for

[CoH1oNOs]" 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 phosphorus pentoxide (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 by TLC, the toluene layer was 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 32 as white crystals in 92% yield (1.8 g, 6.57
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mmol). 'H NMR (400 MHz, DMSO-dy): 58.42 (s, 2H), 3.93 (s, 6H). ESI-MS(+) calculated for

[CoHoBINO4]" m/z 273.97, found m/z 273.98 [M+H]".

General procedure for Para-position Palladium-Catalyzed Cross-Couplings (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, tetrakis(triphenylphosphine)palladium(0) (0.2 equivalents)
was added, and the mixture was heated to reflux at 85°C overnight. 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 finished by TLC, 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.

4-Phenylpyridine-2,6-dicarboxylic acid (33). Yield: 68% (120 mg, 0.493 mmol). 'H NMR
(400 MHz, MeOD-d4): 6 8.59 (s, 2H), 7.86-7.84 (m, 2H), 7.60-7.52 (m,3H). ESI-MS(-)

calculated for [C3HgNO4]” m/z 242.04, found m/z 241.92 [M-H]".
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4-(3-Methoxyphenyl)pyridine-2,6-dicarboxylic acid (34). Yield: 70% (100 mg, 0.366 mmol).
'H NMR (400 MHz, MeOD-dy): 58.55 (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 [Ci14H,2NOs]" m/z 274.07, found m/z 274.13

©CoO~NOUTA,WNPE

[M+H]".

17 4-(3-Hydroxyphenyl)pyridine-2,6-dicarboxylic acid (35). Yield: 70% (69 mg, 0.305 mmol).
19 "H NMR (400 MHz, DMSO-ds): 58.37 (s, 2H), 7.38-7.29 (m, 2H), 7.21 (s,1H), 6.92 (d, /=8 Hz,

22 1H). ESI-MS(-) calculated for [C13HgNOs] m/z 258.04, found m/z 258.36 [M-H]".

28 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,
33 1H), 6.70 (d, /=8 Hz, 1H). ESI-MS(-) calculated for [C;3HyN,O4] m/z 257.06, found m/z 257.04

35 [M-HJ.

42 4-(3-(Dimethylamino)phenyl)pyridine-2,6-dicarboxylic  acid  (37). Dimethyl 4-
44 bromopyridine-2,6-dicarboxylate (120 mg, 0.438 mmol). Yield: 70.2% (88 mg, 0.307 mmol).
46 'H NMR (400 MHz, DMSO-dq): §8.38 (s, 2H), 7.33 (d, J=8.7 Hz, 1H), 7.07 (d, J=13.2 Hz, 2H),
49 6.87 (d, J/=8.3 Hz, 1H), 2.49 (s, 6H). ESI-MS(-) calculated for [CsH{3N,04] m/z 285.09, found

51 m/z 285.05 [M-HT.
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4-(2-Methoxyphenyl)pyridine-2,6-dicarboxylic acid (38). Yield: 84% (100 mg, 0.366 mmol).
'H NMR (400 MHz, DMSO-ds): & 8.29 (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 [C14H(NOs]" m/z 272.05, found m/z

271.91[M-HJ.

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 [C3HgsNOs] 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): 58.37 (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 [Ci4H{NOs] 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-dq): §8.35 (s, 2H), 7.77 (s, 2H), 6.92 (d, J=8.9 Hz, 2H). ESI-MS(-)

calculated for [C3HgNOs] m/z 258.04, found m/z 258.04[M-H] .

4-(4-Aminophenyl)pyridine-2,6-dicarboxylic acid (42). Yield: 23% (44 mg, 0.170 mmol).
'H NMR (400 MHz, DMSO-ds): 58.42 (s, 2H), 7.91 (d, J=8.2 Hz, 2H), 7.22 (d, J=8.1 Hz, 2H).

ESI-MS(-) calculated for [C13HoN2O4] m/z 257.06, found m/z 256.98[M-HT.

ACS Paragon Plus Environment



Page 45 of 65 Journal of Medicinal Chemistry

©CoO~NOUTA,WNPE

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 28509, found m/z 28504[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): 58.47 (s, 2H), 8.34 (s, 1H), 8.17 (d, J=7.9 Hz, 1H), 8.09 (d, /=7.9 Hz, 1H), 7.70 (t,

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 [CsH;1N2Os] m/z 299.07, found m/z 299.00 [M-H]".

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, /=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

[Ca0H13N>05] m/z 361.08, found m/z 361.00 [M-HJ".
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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, /=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, /7.9 Hz, 1H), 7.38 —
7.26 (m, 4H), 7.27 — 7.21 (m, 1H), 3.67 (s, 2H). ESI-MS(-) calculated for [C;1H;sN,Os]” m/z

375.10, found m/z 374.99 [M-HJ".

Expression and Purification of MBL Metalloforms
NDM-1, IMP-1 and VIM-2 were over-expressed and purified as previously
described.*”*® The Co(II)-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 uM) or a vehicle-
only control (DMSQO) was incubated for 10 min with each enzyme, 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 Ky), 7.2 uM for
IMP-1 (at Ky), and 16 uM for VIM-2 (at Ky;). In the absence of added inhibitors, the increase in

absorbance due to formation of the hydrolysis product was followed continuously at 25 °C using
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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 LC-MS was used to
analyze the six primary screen hits at the Mass Spectrometry Facility at The University of Texas

at Austin.

ICs9 Determinations

For initial ranking of the inhibition potency of sublibrary compounds, ICs, 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 (ket = 17 £ 1 s'l, Ky =0.66
+0.07 pM), VIM-2 (keat =89 + 2 87", Ky = 10.6 + 0.6 pM), IMP-1 (ke =320+ 10 s, Ky =7 +
1 uM using Agqgomm = 14,5000 Mlem™! (Sopharmia). ICsy 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. FEach reaction contained the following
substrate concentrations: 3 uM for NDM-1 (approximately 3 x Ky), 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 pL volume in a 1 mL polystyrene cuvette) and the reaction initiated
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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+(IC50/[I])h) 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 pM 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 pL and incubated for 20
min after briefly 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 (-
lactamases and hydrolysis can be followed by monitoring changes in fluorescence at Acy/em
495/525 nm.'*** 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
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which linear rates are observed. The rates of fluorescence increase are determined and ICs
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.

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 uL 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, I1mM
— 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 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.
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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 uL including buffer (25 mM Tris/HCl, 137 mM NacCl, 2.7
mM KCI, 1 mM MgCl,, 0.1 mg/mL BSA, pH 8.0), 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 preincubated 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 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.

hCAII Assays.®’ Human carbonic anhydrase II was expressed and purified as previously
described.? Assays were carried out in clear 96-well plates (Costar). Each well contained a
volume of 100 uL including buffer (50 mM HEPES, pH = 8.0), hCAIIl (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
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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 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 (tyq

~51 ms); signal averaging took ~3 h per spectrum.

EPR Spectroscopy

Samples containing 1 molar equivalent of compound of interest added to CoCo-NDM-1,
and CoCo-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 N, prior
to data collection. Spectra were collected on a Bruker EMX EPR spectrometer, equipped with

an ER4116-DM dual mode resonator (9.37 GHz, parallel; 9.62 GHz perpendicular). The data in
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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 pM 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(Il)-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 pL 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.

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 uM. After incubation for 30 min, the
solutions were dialyzed versus 500 mL of metal-free, 50 mM HEPES at pH 7.5, for 4 hours
(dialysis tubing MWCO 6000-8000, Fisherbrand). The Zn(II) content in the resulting NDM-1

samples was determined using Inductively Coupled Plasma with Atomic Emission Spectroscopy
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(ICP-AES, Perkin Elmer Optima 7300DV). The emission wavelength was set to 213.856 nm, as

- 14748
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 (MH) broth according to CLSI
guidelines.** Overnight cultures of E.coli and K. pneumoniae clinical isolates expressing blanpm.
153 were inoculated into 5 mL MH broth to ODgy = 0.1 and grown to ODgyp = 0.224
(approximately 1-2 x 10° CFU/mL). These cultures were diluted (3 uL + 4997 L MH) and 100
pL inoculated into each well of a 96-well plate containing 100 uL 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 hours

and wells checked for growth.

Cytotoxicity Assay
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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 (DMSO) 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 addition 1 hour 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 (Figure S8). A cell viability of 1.0 (100%) was defined by the vehicle only

(DMSO) 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 (Figure S9).

Supporting Information. Z’ factor plots, primary screening hits, steady state kinetic parameters
for fluorocillin, ICsy determination, ICsy variation with ZnSQO4, molecular modeling, '"H NMR
spectroscopy controls, cytotoxicity assay, cell imaging, molecular formula strings.
Crystallographic data on compound 41 can be obtained free of charge from Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data request/cif (CCDC 1550829).

Supporting Information is available free of charge on the ACS Publications website.
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