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Abstract

VIM-2 and IMP-1 are Ambler class B metallo-B-lactamases (MBL) capable of hydrolyzing a broad-spectrum of
B-lactam antibiotics. Although the discovery and development of MBL inhibitors continue to be an area of
active research, an array of potent, non-selective (broad-acting) small molecule inhibitors is yet to be fully
characterized. Here we describe a novel dual VIM-2/ IMP-1 inhibitor that exhibits efficacy in multiple clinical
isolates. We therefore claim CID 53362017/SID 134220672 as a potent, broad acting VIM-2/IMP-1 probe
(ML302). This compound was discovered from a medicinal chemistry effort that sought to improve the potency
and efficacy of high-throughput screening (HTS) hits. During these chemistry efforts, we identified a rhodanine
scaffold that exhibited activity against recombinant VIM-2 and IMP-1 in nitrocefin-based enzyme activity
assays. Various secondary assays were run to determine its dual potency (VIM-2 ICso = 548 nM; IMP-1 ICsq =
3.02 uM) and class B selectivity (it was inactive in TEM-1 and AmpC beta-lactamase enzymatic assays).
Kinetic analyses demonstrated that ML302 behaves as a mixed mode uncompetitive/non-competitive inhibitor,
with submicromolar K; values against VIM-2 and IMP-1 (K; = 183 + 24 nM and 930 * 97 nM, respectively). This
represents an improvement in both our prior probe ML121 and the previously existing art compound
Mitoxantrone, each of which inhibited only VIM-2. Subsequent studies revealed that this probe potentiates the
activity of imipenem antibiotic in inhibiting growth of laboratory E. coli BL21 strains harboring VIM-2 and IMP-1,
as well as clinical isolates YMCO7 (VIM-2-containing Acinetobacter sp.), BAA-2146 (NDM-1-containing
Klebsiella pneumonia), PA641 (VIM-2-containing Pseudomonas aeruginosa), and KN20 (IMP-1-containing
Pseudomonas aeruginosa). This probe will serve as a valuable tool to elucidate the role of VIM-2 and IMP-1 in
nosocomial beta-lactam antibiotic resistance.
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Probe Structure and Characteristics:

CID 53362017/ SID 134220672

MLS003940491 (SR-030000025555)

DUAL VIM-2/IMP-1 Inhibitor Probe ML302
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CID/ ML# Target IC50 (nM) tﬁrn;e-t ICs (M) Folo! Secondary Assays:
Name [SID, AID] Name [SID, AID] Selective IC50 (nM) [SID, AID]
Enzyme counterscreens:
TEM-1 IC50 >60 uM [SID125264855, AID 624092]
AmpC ICsp >60 pM [SID125264855, AID 624090]
Imipenem Synergy assays:
measured as a reduction (potentiation) of the MIC
of imipenem in the following bacterial strains:
Enzyme . YMCO07/8/B3323 (VIM-2)
Assays: EALynIL A Achieves 32X Potentiation at
_ 781 nM [SID 125264855, AID 624097]
- ICs0 = 3.018 uM
ICso = 548 nM BL21 (VIM-2)
CID [SID 125264855 . .
) [SID 125264855, ) ' Achieves 8X Potentiation at
53&?,\2,)8%7/ ViM-2 AID 624079 IMP-1 AID 624085] 55 3.125 uM [SID 125264855, AID 624081]
K: = 183 nM Ki =930 nM PA641 (VIM-2)
[SII2|)134220672 [SID134220672, Achieves 4X Potentiation at
AID 624083] ' AlID 624084] 50 pM [SID 125264855, AID 624080]

BAA-2146 (NDM-1)
Achieves 2X Potentiation at
>50 uM [SID 125264855, AID 624082]

KN20 (IMP-1)
Achieves 2X Potentiation at
>50 puM [SID 125264855, AID 624095]

BL21 (IMP-1)
Achieves 4X Potentiation at
781 nM [SID 125264855, AID 624097]




Recommendations for scientific use of the probe

Limitations in state of the art. We previously submitted a probe report describing a selective VIM-2 inhibitor
(ML121). This probe was potent and active against the VIM-2 target. However, it lacked activity against the
IMP-1 enzyme, which might limit its usefulness in clinically resistant bacterial strains that may express more
than one B-lactamase. Another non-competitive VIM-2 inhibitor, mitoxantrone (1,4-dihydroxy-5,8-bis([2-([2-
hydroxyethylJamino)ethyllamino)-9,10-anthracenedione; CID 4212), is a type Il topoisomerase inhibitor that
disrupts DNA synthesis and DNA repair in both healthy cells and cancer cells [1]. Like ML121, its inhibition is
also selective to VIM-2 and its intense color limits Mitoxantrone’'s use in certain assay detection formats.
Another prior art compound, 4-chloromercuribenzoic acid (pCMB; CID 1730), is a slowly reversible/irreversible
VIM-2 inhibitor shown to have a synergistic effect with B-lactam antibacterials in VIM-2-expressing bacteria.[2]
Unfortunately, this cysteine-reactive reagent is known to have several off-target activities, lessening its value
for mechanistic studies.

Probe Applications. Here we demonstrate that our probe ML302 (CID 53362017/ SID 134220672/ SR-
03000002555) blocks the enzymatic activities of VIM-2 and IMP-1 in biochemical assays, with no apparent
activity against class A (TEM-1) and class C (AmpC) B-lactamases. When dosed in clinical isolates, ML302
shows no toxicity; when co-dosed with imipenem, ML302 significantly increases imipenem’s efficacy (MIC).
These findings have significant implications for studies that probe the enzymology of VIM-2 and IMP-1,
especially mechanistic studies to better understand these enzymes’ broad-spectrum activity against various
beta-lactam based antibiotics. Further, this probe can be useful for experiments that aim to inhibit VIM-2 and
IMP-1 activity, without inhibiting TEM-1 or AmpC activity. In a broader role, the non-selectivity, potency, and
efficacy of this compound will enable further investigations into the biological and biochemical roles of metallo-
B-lactamase enzymes, and may be useful in the design of inhibitors to inhibit these clinically relevant enzymes
and reduce the public health burden of antibiotic resistance.

Expected end-users of the probe in the research community. The probe can be used by researchers studying
microbiology, antibiotic chemistry, B-lactamase enzymology. Thus, it is conceivable that scientists in diverse
fields will be able to apply ML302 to elucidate the role of VIM-2 and IMP-1 in bacterial resistance pathways and
investigate mechanisms of VIM-2 and IMP-1 inhibition in biochemical and microbiology-based assays.

Relevant biology of the probe. VIM-2 and IMP-1 are a zinc-dependent, Ambler Class “B” p-lactamases that
hydrolyze B-lactam based antibiotics (e.g. penicillins, carbapenems), rendering them ineffective. No VIM-2
inhibitors yet exist for clinical use, and all VIM-2 inhibitors reported to date have been designed to bind zinc or
modify cysteine found in the enzyme’s active site. Further, no dual-acting inhibitors exist which block activity of
both of these enzymes. Therefore, selective, non-competitive VIM-2 inhibitors are desired to probe VIM-2
function exclusive of active site inhibition.

1 Introduction

The emergence of Gram-negative bacteria that exhibit multi-drug resistance, combined with the lack of new
antibiotics, poses a public health challenge [3]. The production of bacterial B-lactamase enzymes, in particular,
is a common mechanism of drug resistance [4-6]. The B-lactamases evolved from bacteria with resistance to
naturally-occurring B-lactams or penams [7], agents which inhibit the transpeptidase involved in cell wall
biosynthesis [8]. Human medicine adapted these agents into synthetic antibiotics such as penicillins,
cephalosporins, carbapenems, and monobactams that contain a 2-azetidone ring [7, 9]. The metallo-j-
lactamases (MBL) are zinc-dependent class B p-lactamases that hydrolyze the B-lactam ring, rendering the
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antibiotic ineffective [8, 10]. Increasingly, nosocomial beta-lactam antibiotic resistance arises in P. aeruginosa,
Enterobacteriaceae, and other pathogenic bacteria via gene transfer of B1 MBLs [6, 11], including IMP (active
on IMiPenem) [12] and VIM (Verona IMipenemase) [13, 14]. For two of these enzymes, VIM-2 and IMP-1, no
inhibitors exist for clinical use [8, 11]. Thus, the identification of MBL inhibitors would provide useful tools for
reducing nosocomial infections and elucidating their mechanism of action [2, 15]. In the present report, we
identify and characterize a compound belonging to a novel rhodanine scaffold that inhibits both VIM-2 and
IMP-1 with submicromolar K; values. This represents a significant advance in the field of broad acting -
lactamase inhibitors.



2.1 Assays

Table 1. Assays from the HTS campaign and prior probe discovery effort (ML121):

Powder

AID Assay Name Assay Type Target Sample

1527 Primary biochemical HTS assay to identify inhibitors of VIM-2. Primary Assay (1X%INH) VIM-2 No

1556 Epi-absorbance primary biochemical HTS assay to identify inhibitors of IMP-1 metallo- Primary Assay (1X%INH) IMP-1 No
beta-lactamase.

1856 Epi-absorbance-based counterscreen for selective VIM-2 inhibitors: biochemical HTS | o oo (3X%INH) IMP-1 No
assay to identify inhibitors of IMP-1 metallo-beta-lactamase.

1857 FRET-ba;ed pountgrscreen assay for se;lectlve VIM-2 inhibitors: biochemical HTS Counterscreen (3X%INH) VIM-2 No
assay to identify epi-absorbance assay artifacts. (CCF2)
Epi-absorbance-based confirmation biochemical HTS assay to identify selective . . o i

1860 inhibitors of VIM-2 metallo-beta-lactamase. Confirmation (3X %INH) ViM-2 No
Epi-absorbance-based counterscreen assay for selective VIM-2 inhibitors: o )

1866 biochemical HTS assay to identify inhibitors of TEM-1 serine-beta-lactamase. Counterscreen (3X%INH) TEM-1 No
Epi-absorbance-based dose response biochemical high throughput screening assay )

1919 for selective inhibitors of VIM-2 metallo-beta-lactamase. Dose Response (3X 1C50) ViM-2 No
Epi-absorbance-based counterscreen for selective VIM-2 inhibitors: dose response Dose Response

1920 biochemical high throughput screening assay to identify inhibitors of IMP-1 metallo- Counterscreen IMP-1 No
beta-lactamase. (3X 1C50)

Epi-absorbance-based counterscreen for selective VIM-2 inhibitors: dose response Dose Response

1925 biochemical high throughput screening assay to identify inhibitors of TEM-1 serine- Counterscreen TEM-1 No
beta-lactamase. (3X 1C50)

1926 FRET-based counterscreen for selective VIM-2 inhibitors: dose response biochemical DCooSL?ntRe?:g:)er:asne VIM-2 No
high throughput screening assay to identify epi-absorbance assay artifacts. (3X 1C50) (CCF2)
FRET-based counterscreen for selective VIM-2 inhibitors: dose response biochemical Dose Response IMP-1

1927 high throughput screening assay to identify inhibitors of IMP-1 metallo-beta- Counterscreen No

(CCF2)
lactamase. (3X1C50)
Summary of probe development efforts to identify selective inhibitors of VIM-2 metallo- i

1854 beta-lactamase. Summary VIM-2 No

2128 I[;?éebesig(ueltrsesults from the probe development efforts to identify inhibitors of VIM-2: Late Stage AID (probe) VIM-2 Yes
Late stage results from the probe development efforts to identify selective inhibitors of Late Stage AID

2317 g - VIM-2 Yes
VIM-2 metallo-beta-lactamase: Prior art results. (prior art)

504620 Late stage Assay provider assay to determine imipenem Synergy of probe ML121 Late Stage AID VIM-2 Yes
(probe ML121)
Table 2. Assays for the current probe discovery effort (ML302):
Powder
AID Assay Name Assay Type Target Sample
624079 VIM-2 Yes
624085 ! . . . . . Dose Response (2X ICs) IMP-1 Yes
624092 Absorbance-based Biochemical Nitrocefin Substrate Hydrolysis Assays (IC50) (probe ML302) TEM-L Yes
624090 AmpC Yes
624083 . . . ) . . VIM-2 Yes
624084 Absorbance-based Biochemical Nitrocefin Substrate Hydrolysis Assays (Ki and Km) Dose Response (2X) IMP-1 Yes
624096 Absorbance based Imipenem Antibiotic Synergy Assay (MIC4X): YMC07/B3323 Dose Response (2X) VIM-2 Yes
624081 Absorbance based Imipenem Antibiotic Synergy Assay (MIC4X): BL21 Dose Response (2X) VIM-2 Yes
624080 Absorbance based Imipenem Antibiotic Synergy Assay (MIC4X): PA641 Dose Response (2X) VIM-2 Yes
624082 Absorbance based Imipenem Antibiotic Synergy Assay (MIC4X): BAA-2146 Dose Response (2X) NDM-1 Yes
624095 Absorbance based Imipenem Antibiotic Synergy Assay (MIC4X): KN20 Dose Response (2X) IMP-1 Yes
624097 Absorbance based Imipenem Antibiotic Synergy Assay (MIC4X): BL21 Dose Response (2X) IMP-1 Yes

(Click on the hyperlinks to obtain itemized protocols directly from PubChem; also see Summary AID 1854)

VIM-2 Inhibition Assays (Epi-Absorbance-based; Nitrocefin) (PubChem AIDs: AID 1527, AID 1860, AID 1919,
AID 2128, AID 2317, and AID 624079).The purpose of this assay is to identify compounds that act as inhibitors

of the VIM-2 B-lactamase. This biochemical epi-absorbance-format assay employs the cephalosporin nitrocefin
as the VIM-2 substrate, and takes advantage of the fluorescent properties of white microtiter plates [16].
Nitrocefin is a yellow chromaogenic substrate (Imax = 395 nm) that is hydrolyzed by B-lactamases to yield a red
product with increased absorbance properties (Imax = 495 nm) that quenches plate fluorescence by absorbing
the plate's emission light [16]. In this assay, test compounds are incubated with purified VIM-2 enzyme and
nitrocefin in detergent-containing buffer at room temperature. The reaction is stopped by the addition of EDTA,
followed by measurement of well fluorescence. As designed, compounds that inhibit VIM-2 will inhibit nitrocefin
hydrolysis, inhibit generation of red product, and inhibit quenching of plate fluorescence, resulting in an
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http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=1854
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=1527
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=1860
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=1919
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=2128
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=2317
http://www.ncbi.nlm.nih.gov/sites/entrez?db=pcassay&term=624079

increase in well fluorescence. Compounds were tested in singlicate (AID1527) and triplicate (AID 1860) at a
final nominal concentration of 5.6 pM, in a 10-point 1:3 dilution series starting at a nominal concentration of
55.7 uM (AID 1919, AID 2128, AID 2317, and AID 624079).

IMP-1 Inhibition Counterscreens (Epi-absorbance-based; Nitrocefin) (AID 1556, AID 1856, AID 1920, AID 2128,
AID 2317, and AID 624085). The purpose of this assay is to identify compounds that act as inhibitors of the
IMP-1 B-lactamase. This biochemical epi-absorbance-format assay employs the cephalosporin nitrocefin as
the IMP-1 substrate, and takes advantage of the fluorescent properties of white microtiter plates [16]. This
assay also serves as a counterscreen to determine whether compounds identified as possible VIM-2 selective
inhibitors are non-selective due to inhibition of IMP-1. Nitrocefin is a yellow chromogenic substrate (Imax = 395
nm) that is hydrolyzed by B-lactamases to yield a red product with increased absorbance properties (Imax =
495 nm) that quenches plate fluorescence by absorbing the plate's emission light [16]. In this assay, test
compounds are incubated with purified IMP-1 enzyme and nitrocefin in detergent-containing buffer at room
temperature. The reaction is stopped by the addition of EDTA, followed by measurement of well fluorescence.
As designed, compounds that inhibit IMP-1 will inhibit nitrocefin hydrolysis, inhibit generation of red product,
and inhibit quenching of plate fluorescence, resulting in an increase in well fluorescence. Compounds were
tested in singlicate (AID 1556) or in triplicate (AID 1856) at a final nominal concentration of 5.6 uM, and in
triplicate using a dilution series starting at a nominal test concentration of 60 micromolar (AID 1920, AID 2128,
AID 2317, and AID 624085).

2.2  Probe Chemical Characterization
The synthesis of the probe and analytical characterization data are probe ML302 are provided in Section 2.3.
ML302 was obtained with >98% purity according to *H NMR and LCMS analysis. However, ML302 had
relatively poor solubility characteristics, so we also generated a more soluble HCI salt, identified as
CID53384679. The HCI salt was also obtained with >96% purity by 1H NMR and LCMS analysis.

Solubility. The solubility of probe ML302 (synthesized and registered by the SRISMC as SR-03000002555-2/
SID 134220672/ CID 53362017) was measured in phosphate buffered saline (PBS: 137 mM NacCl, 2.7 mM
KCI, 10 mM sodium phosphate dibasic, 2 mM potassium phosphate monobasic and a pH of 7.4) at room
temperature (23°C). The solubility of was found to be <1 pM. In an attempt to achieve improved solubility, a
series of salts (including the HCI salt, CID 53384679) were synthesized and studied. However, salt HCI CID
53384679 also had poor solubility (<1 uM) in this standard pH 7.4 PBS buffer assay system. However, probe
ML302 and HCI salt CID53384679 are fully soluble at 100 uM in 70:30 DMSO/water, and both have solubility
>100 pM at pH = 3 aqueous solution. A sample of the HCI salt CID 53384679 is also soluble >100 pM in D,O
(*H NMR measurements performed at this concentration). Both probe ML302 and the HCI salt CID 53384679
are fully soluble under the conditions of the VIM-2 biochemical assays and antibacterial assays described in
this probe report.

Stability. The stability of probe ML302 was measured at room temperature (23°C) in PBS (no antioxidants or
other protectants; DMSO concentration below 0.1%). The stability, represented by the half-life, was found to be
very poor. Figure 1 provides graphs showing loss of compound with time over a 48 hour period with a
minimum of 6 time points. The table at the end of this section indicates the percent of compound remaining at
the end of the 48 hours. These data suggest that the probe ML302 and HCI salt CID 53384679 are highly
unstable under these assay conditions. However, these data are not consistent with our experience with these
compounds when handled under other conditions. Rather, we suspect that these data reflect solubility
problems with the compound under the assay conditions. For example, HCI salt CID 53384679 proved to be
fully stable, at 100 puM, in D,O over a two-week monitoring period (*H NMR study)—conditions under which it is
fully soluble. Similarly, probe ML302 and HCI salt CID 53384679 were fully stable at 100 uM in 70/30 DMSO-
D,O over a two-week period, in presence of air (*H NMR study)—conditions, again, under which they are fully
soluble. ML302 and HCI salt CID 53384679 (both 1 uM) were fully stable (24 h monitoring) at pH 3 in PBS with
20% DMSO, and displayed >93% stability (over 24 h) at pH 7 PBS with 20% DMSO. The latter value
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undoubtedly reflects the limit of solubility of these compounds under these conditions. Apparently, the HCI salt
CID 53384679 is converted to the free base (ML302) at pH 7.4.

Probe ML302, and its HCI salt were measured for its ability to form glutathione adducts. At concentrations of
100 puM reduced GSH, 10 uM of the new probe does not appear to be a Michael acceptor [17, 18]. Evidently,
the chlorine substituents at the 2,6-position of the phenyl ring hinder the double bond such that these

compounds are not highly active as Michael acceptors.

Table 3. Solubility of ML302

Solubility in Michael Stability in
Compound MW SR Number CID SID PBS ( K/I) Acceptor 100 PBS
H UM GSH trap t1/2 (hr)
Ne,\‘/’l"l_zg;be 479.8 SR'0300§°°2555' 53362017 | 134220672 <luM No Section 2.2
Probe ML302 516.3 SR-03000002594- 53384679 1342206_76 <1 puM No Section 2.2
HClI salt 2 (synthesis)

Figure 1. Stability Analysis of ML302 and its HCI salt

Stability of Probe ML302 (SR3-2555) Stability of Probe ML302 HCI Salt (SR3-
PBS-1 2594) PBS-1
6.00 600
5.00
_ ) 5.00
%’ 4.00 . %00 ™~
§ 300 § 3.00
g 200 ¢ § 2.00 \
1.00 ~—9 - 1.00
0.00 0.00
0 4 6 8 10 12 0 5 s c 10 1
Time (hr) Time (hr)

2.3

Probe Preparation

VIM-2 inhibitor probe ML302 was synthesized by a two-step procedure involving the condensation of 2,3,6-
trichlorobenzaldehyde with rhodanine-3-acetic acid, followed by coupling of the product carboxylic acid 1 with

1-amino-4-methyl-piperazine [19].

Figure 2. Synthesis of VIM-2 Inhibitor Probe CID 53362017 (ML302) (Compound 2)

HoN
2 ‘N/\
Cl i
EtOH (0.5M) BOPCI (1.2 equiv)
rf( }OH piperidine (cat.) 4>—OH EtsN (1.2 equiv) }N
+ _— =
cl MW, 120°C, 1 h cl j( DCM (0.1M) msﬁ( O
S 0°Ctort, o/n al S

cl 85 %

Cl

78 %

(CID53362017)

2,3,6-Trichlorobenzaldehdye (1.676 g, 8.0 mmol, 1 equiv, purchased from Oakwood Product, Inc. # 043332)
and rhodanine-3-acetic acid (1.530 g, 8.0 mmol, 1 equiv, purchased from Alfa Aesar, # B22244-06) were
weighed into a 20-mL microwave vial. Ethanol (16 mL, to give a reaction concentration of 0.5 M) was added
followed by piperidine (4 drops). The vial was sealed and submitted to microwave irradiation at 120 °C for 1 h.
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The solvent was then removed and the crude product was recrystallized from hot ethanol and water. The solid
was filtered, rinsed with water and dried under high vacuum yielding compound 1 as a yellow solid (2.59 g,
85%): 'H NMR (400 MHz, d6-DMSO) & 13.56 (1H, br s), 7.84 (1H, s), 7.87-7.84 (1H, m), 7.81 (1H, d, J = 8.8
Hz), 7.67 (1H, d, J = 8.7Hz), 4.70 (2H, s). **C NMR (100 MHz, d6-DMS0) § 192.6, 167.2, 164.9, 133.0, 132.2,
131.5,131.4,131.2, 131.1, 129.8, 128.6, 45.6.

A solution of 1 (76 mg, 0.2 mmol, 1 equiv.) and BOPCI (61 mg, 0.24 mmol, 1.2 equiv) in dichloromethane (2
mL, to give a reaction concentration of 0.1 M) in a 5-mL round-bottomed flask was cooled to 0 °C using an
ice/water bath under an inert atmosphere. Freshly distilled triethylamine (35 pL, 0.24 mmol, 1.2 equiv) was
added and the solution was allowed to stir at 0 °C for 30 min. The cold bath was removed and 1-amino-4-
methyl-piperazine (29 pL, 0.24 mmol, 1.2 equiv, purchased from Acros Organics, # 251391000) was added.
The mixture was allowed to warm to room temperature and was stirred overnight. The crude product, obtained
by removal of all solvents volatile compounds in vacuo, was directly purified by flash chromatography (silica
gel, dichloromethane-methanol 90/10, Ry = 0.29) yielding compound 2 as an inseparable mixture of E/Z
isomers in a 1:3 ratio (75 mg, 78 %, yellow solid, mp = 184-186 °C) (Figure 2). The chemical purity of 2 is
>98% according to HLPC analysis.

Data for VIM-2 Inhibitor Probe, CID 53362017 (Compound 2), Z isomer (major): *H NMR (400 MHz, d6-
DMSO) 6 9.08 (1H, s), 7.83 (1H, s), 7.82 (1H, d, J = 8.7 Hz), 7.68 (1H, d, J = 8.8 Hz), 4.91 (2H, s), 2.99-2.62
(6H, m), 2.43-2.02 (2H, m), 2.17 (3H, s); 13C NMR (100 MHz, d6-DMSO) & 192.8, 166.0, 165.1, 133.0, 132.2,
131.5, 131.4, 131.3, 131.2, 129.8, 128.2, 55.1, 54.3, 45.3, 45.2. MS ([M+H]+): 481.1 (100%), 479.4 (71%),
483.0 (39%). IR (cm'l): 3049, 2927, 2808, 1731, 1687, 1627, 1402, 1366, 1323, 1286, 1273, 1193, 1175, 1051,
1008, 816, 725.

Partial Data for (minor) E isomer of VIM-2 Inhibitor Probe CID 53362017: *H NMR (400 MHz, d6-DMSO) §
9.37 (1H, s), 7.82 (1H, d, J = 8.7 Hz), 7.81 (1H, s), 7.68 (1H, d, J = 8.8 Hz), 4.56 (2H, s), 2.99-2.62 (6H, m),
2.43-2.02 (2H, m), 2.15 (3H, s).

All anti-bacterial and enzyme assays performed with the VIM-2 inhibitor probe, CID 53362017 (compound 2)
were performed with the 3:1 mixture of olefin isomers. The two olefin isomers of the Probe were not separated,
since prior studies with three probe analogs (SR-6818, SR-2448 and SR-2450) (Figure 3) indicated that the
separated olefin isomers rapidly re-isomerized to the original 3:1 mixtures. (The olefin isomers of SR-6818,
SR-2448 and SR-2450 were separated by preparative HPLC. In all three cases, the separated isomers had
converted back to the original 3:1 mixtures in the time required to concentrate the HPLC fractions prior to NMR
analysis).

Figure 3. Probe analogs

¢ 0 o H cl 0 0 H cl 0 0o H
Cors OO -8 OO )
\ )—CFs
o >~ Q o 5~ o 5~ /
s N s s cl
SR-01000216818 SR-2448 SR-2450



Figure 4. Synthesis of Hydrochloride Salt of the Probe (CID 53384679, Compound 3)

cl 0O o H o 00 H
RN }N, HCl in dioxane (4.0 M) S }N.
dN N SN N
o O 0°Ctort, 4h o ”(
Cl S N al S N HC
2 89 % 3
Probe CID53384679

CID53362017

A solution of hydrogen chloride in dioxane (4.0M, 4.1 mL, 16.4 mmol, 80 equiv) was slowly added at 0 °C to
compound 2 (100 mg, 0.21 mmol, 1 equiv) under an inert atmosphere. The cold bath was removed and the
mixture was allowed to stir at room temperature for 4 h. The resulting heterogeneous solution was filtered and
the yellow precipitate 3 (Figure 4) was thoroughly washed with diethyl ether and dried under vacuum. No
further purification was performed and the hydrochloride salt was obtained as a mixture of E/Z isomers ina 1:1
ratio (96 mg, 89 %, yellow solid, mp = 203-206 °C).

Data for VIM-2 Inhibitor CID 53384679 (Compound 3), Z isomer: '"H NMR (400 MHz, d6-DMSO) & 11.21
(1H, br s), 9.41 (1H, s), 7.82 (1H, s), 7.81 (1H, d, J = 8.5 Hz), 7.67 (1H, d, J = 8.5 Hz), 4.99 (2H, s), 3.49-3.00
(8H, m), 2.73 (3H, s); *C NMR (100 MHz, d6-DMSO) & 192.8, 165.1, 162.1, 132.9, 132.2, 131.5, 131.4, 131.2,
131.1, 129.8, 128.3, 52.5, 51.8, 50.7, 45.3. MS ([M+H]+): 481.1 (100%), 479.5 (74%), 483.0 (38%). IR (cm™):
2936, 2464, 1724, 1692, 1564, 1437, 1335, 1190, 1176, 1100, 1055, 984, 898, 814.

Partial Data for E isomer of VIM-2 Inhibitor Compound 3 CID 53384679: *H NMR (400 MHz, d6-DMSO) §
11.21 (1H, br s), 9.97 (1H, s), 7.81 (1H, d, J = 8.5 Hz), 7.80 (1H, s), 7.67 (1H, d, J = 8.5 Hz), 4.60 (2H, s), 3.49-
3.00 (8H, m), 2.71 (3H, s).



3 Results

3.1 Summary of Screening Results During the medicinal chemistry effort following our initial

VIM-2 selective inhibitor project, the rhodanine scaffold, exemplified by SR-01000216818/CID1733268,
exhibited activity against the anti-target enzyme, IMP-1. This suggested that this scaffold could be a source of
broader-acting dual inhibitors of bacterial MBLs which might serve as tools for novel antibiotic discovery. In
order to assess the efficacy of the new scaffold, we tested powder samples of leads in a series of biochemical
and bacterial-based assays. Initial studies with recombinant VIM-2 protein revealed that several compounds in
this scaffold exhibited potencies less than 5 micromolar. The broad acting MBL probe (ML302) was identified
from this scaffold.

3.2 Dose Response Curves for Probes
Dose response curves for probe ML302 are shown in Figure 5 against all enzymes tested. The probe shows

selective potency to the VIM-2 and IMP-1 enzymes. For comparison, SR-01000216818/CID 1733268 (“Analog
7") is also graphed. Potency values are reported in the cover page of this report.

Figure 5. Dose response curves for ML302
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3.3 Scaffold/Moiety Chemical Liabilities

There is no known instability or chemical liabilities associated with the chemical scaffold of probe ML302. The
compounds appear to be fully stable during all routine handling operations (synthesis chromatographic
purification of the probe, NMR studies, storage as powders, etc.). Issues with solubility of the probe and its HCI
salt are discussed in a previous section. The only issue we have observed is that the probe and its HCI salt are
unstable at pH 10, due to amide hydrolysis at this basic pH. Therefore, handling of probe ML302 at pH > 7.4 is
not recommended.

3.4 SAR Tables

Describe SAR & chemistry strategy (including structure and data) that led to the probe. Following
submission of our initial probe report describing a selective VIM-2 inhibitor probe (ML121), compounds in the
rhodanine scaffold appeared to have activity for both VIM-2 and IMP-1, suggesting a broad-acting MBL
inhibitor probe could be developed. Powder and re-synthesized samples of selected compounds were tested
by the assay provider in several biochemical and bacterial assays to determine potency, efficacy, and
selectivity. These efforts resulted in probe ML302 and related analogs. The synthesis of ML302, presented in
Section 2.3 of this probe report, is amenable to synthesis of additional analogs by substituting different
aldehydes instead of 2,3,6-trichlorobenzaldehyde using the condensation of rhodanine-3-acetic acid; use of
different amines instead of 1-amino-4-methyl-piperazine in the coupling with carboxylic acid 1. As summarized
in the following SAR tables, more than 90 such analogs have been synthesized and tested. Preliminary efforts
indicate that introduction of amino acid side chains in the rhodanine scaffold also lead to active compounds.
Additional studies of such analogs will be performed in the future.
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Compound Information

Bacterial Assays (Strain and MBL)
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Compound Information

Bacterial Assays (Strain and MBL)
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Compound Information

Bacterial Assays (Strain and MBL)
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Compound Information

Bacterial Assays (Strain and MBL)
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Compound Information
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3.5 Cellular Assays

The probe was tested in a variety of bacterial assays performed by the assay provider to determine the probe’s
selectivity, efficacy and mechanism of action.

MIC and Imipenem Antibiotic Synergy Assays [AID 624081 BL21 (VIM2); AID 624097 BL21 (IMP1);
AID 624096 YMCO7 (VIM2); AID 624082 BAA2146 (NDM1); AID 624080 PA641 (VIM2); AID 624095 KN20
(IMP1)]. Using a checkerboard microdilution method, probe ML302 was tested for its ability to potentiate the
efficacy of imipenem on VIM-2-expressing E. coli (BL21/VIM-2) [20-22]. The probe exhibited synergy with
imipenem when present at concentrations as low as 3.13 uM, potentiating imipenem’s activity 8-fold.
Significantly, probe ML302 exhibited 32-fold imipenem potentiation in clinically relevant VIM-2-transformed
Acinetobacter species YMCO07/B3323: MIC range = 390-781 nM). Synergy was also observed by probe ML302
in other clinical isolates including K. pneumonia BAA-2146 expressing NDM-1 [2-fold], P. aeruginosa
expressing VIM-2 (PA641) [4-fold], and P. aeruginosa expressing IMP-1 (KN20) [2-fold].

3.6  Profiling Assays
The identified VIM-2/IMP-1 inhibitor probe ML302 was tested in biochemical and bacterial MIC assays to
determine inhibition of VIM-2, IMP-1, TEM-1, AmpC, as well as assess its ability to potentiate the antibacterial
activity of imipenem. Based on the results of these assays, it was agreed by the SRIMSC and assay provider
that additional profiling was not required at this time.

4 Discussion
4.1 Comparison to existing art and how the new probe is an improvement

Compared to our prior probe ML121 and prior art mitoxantrone, the new probe ML302 exhibits improved
biochemical potency, antibacterial activity, and IMP-1 activity.

Table 4. Comparison of ML302 to existing Art
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http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624081
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624097
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624096
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624082
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624080
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624095

4.2 Mechanism of Action Studies

The assay provider has performed assays to elucidate the mode of inhibition and the probe’s inhibitory
constant (Ki) against VIM-2 and IMP-1. The results of these probe development efforts determined that probe
ML302 is a non-selective, mixed mode inhibitor probe of the metallo-beta-lactamases VIM-2 and IMP-1
(Figure 6).

VIM-2 and IMP-1 Ki Assays (AID 624083 and AID 624084). The purpose of these assays is to determine the
inhibition constant (Ki) and modality of probe candidate molecules. Kinetic assays were conducted by
incubating a range of nitrocefin substrate concentrations (100nM - 5 uM) with varying inhibitor concentrations
and 0.1 nM enzyme at room temperature in buffer containing 50mM HEPES, 50uM ZnS04, 0.05% Brij 35, pH
7.1. Absorbance was measured on a Tecan Safire® monochromatic microplate reader at 495 nm. Initial
velocities were obtained from plots of absorbance at 495 nm versus time, using data points from only the linear
portion of the hydrolysis curve. Substrate hydrolysis was continuously monitored. Initial velocities were plotted
vs. substrate concentration and kinetic parameters were calculated using Graphpad Prism version 5.01 suite of
programs. Mode of inhibition was determined using fit comparison capability of Graphpad Prism version 5.01
and additionally evaluated by Lineweaver-Burke plot. K; values were determined by non-linear regression
analysis. The results of these studies demonstrated that probe ML302 (CID 53362017) is a mixed mode
uncompetitive and non-competitive inhibitor, with a submicromolar VIM-2 (183 + 24 nM) and IMP-1 (930 + 97
nM) K; values (Figure 6).

Table 5. K; values demonstrating ML302 is a mixed mode uncompetitive and non-competitive inhibitor

Probe Corp ID SID CID Modality Vim-2 Ki, nM | IMP-1 Ki, nM
New Probe ML302 SR-03000002555-2 134220672 | 53362017 Mixed mode Inhibitor 183 930
Prior Probe ML121 SR-01000775688-3 85856282 4870494 Non-competitive inhibition 148 ND

Figure 6. Mixed mode of inhibition for VIM-2 and IMP-1
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http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624083
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=624083

4.3 Planned Future Studies. The assay provider plans to determine the efficacy of probe ML302

as well as prior probe ML121 in eukaryotic cells and in animal models of bacterial infection. Additional studies
will explore the SAR around the rhodanine scaffold.
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