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ARTICLE INFO ABSTRACT

Keywords: Bacterial resistance to the majority of clinically used p-lactam antibiotics is a global health threat and, conse-
Metallo-p-lactamases quently, the driving force for the development of metallo-p-lactamase (MBL) inhibitors. The rapid evolution of
NDM-1 new MBLs calls for new strategies and tools for inhibitor development. In this study, we designed and developed
VIM-2 . . . . s a1 ..

IMP-26 a series of trifluoromethylated captopril analogues as probes for structural studies of enzyme-inhibitor binding.
Inhibitors The new compounds showed activity comparable to the non-fluorinated inhibitors against the New Delhi Met-

Thiols allo-p-lactamase-1 (NDM-1). The most active compound, a derivative of D-captopril, exhibited an ICso value of
NMR binding-studies 0.3 pM. Several compounds demonstrated synergistic effects, restoring the effect of meropenem and reducing the
minimum inhibitory concentration (MIC) values in NDM-1 (up to 64-fold), VIM-2 (up to 8-fold) and IMP-26 (up
to 8-fold) harbouring Escherichia coli. NMR spectroscopy and molecular docking of one representative inhibitor
determined the binding pose in NDM-1, demonstrating that fluorinated analogues of inhibitors are a valuable

tool for structural studies of MBL-inhibitor complexes.

1. Introduction

Antimicrobial resistance presents a worldwide challenge to global
health, threatening the effective treatment of an increasing range of
infections as well as holding back advances in medicine and drug
development [1]. Although there are several mechanisms through
which bacterial resistance to p-lactam antibiotics arises, the production
of f-lactamase enzymes is considered the most common and worrying in
Gram-negative pathogens [2]. These enzymes mediate the hydrolysis of
the p-lactam ring, which deactivates penicillins, cephalosporins and
even carbapenems, the so-called last-resort antibiotics.

B-Lactamases can be divided into two main groups, based on the
mechanism of hydrolysis: serine f-lactamases (SBLs) and metallo-
B-lactamases (MBLs) [3]. SBLs constitute Ambler classes A, C and D and
bind covalently to a -lactam antibiotic via a nucleophilic serine moiety.
Ambler class B, or MBLs, rely on zinc ions in the active site to activate a
water molecule for the cleavage of the p-lactam ring. At present
(December 2023), around 940 MBLs have been identified according to
the Beta Lactamase Database (BLDB, http://www.bldb.eu/), whereof
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around 600 belong to the B1 subgroup [4]. The B1 subgroup contains
the clinically most relevant MBLs, such as New Dehli metal-
lo-B-lactamases (NDMs), Verona integron-encoded metallo-f-lactamases
(VIMs) and imipenemases (IMPs) [5]. Many B1 MBLs are structurally
diverse due to their low sequence identity [5b], e.g. the sequence
identity of NDM-1 and IMP-26 is 34 %.

One way to oppose the resistance caused by p-lactamases is the
development of small molecule f-lactamase inhibitors to be adminis-
tered together with the antibiotic. While SBLs are inhibited by a variety
of clinically approved inhibitors such as tazobactam, avibactam and
relebactam [6], there are none available for MBLs [7]. Currently three
dual SBL/MBL inhibitors: VNRX-5133 (taniborbactam), QPX7728 (xer-
uborbactam) and QPX7831 are under evaluation in clinical studies [8],
hopefully leading to the first clinically approved MBL inhibitor after
over 30 years of research [9]. However, due to the continuous evolution
of MBL enzymes and their structural diversity, new inhibitors as well as
new strategies for inhibitor development are needed.

Thiols are a compound class known to broadly inhibit MBLs due to
the ability of sulfur to coordinate zinc, thus a number of thiol-based
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inhibitors have been reported [10]. (2S)-1-((2S)-2-methyl-3-sulfanyl-
propanoyl)pyrrolidine-2-carboxylic acid, more commonly known as
L-captopril (Fig. 1), is a thiol-containing molecule developed to target
the angiotensin-converting enzyme (ACE) and is a clinically approved
drug used for controlling high blood pressure [11]. It has been shown
that L-captopril (the (25,2'S)-stereoisomer), as well as its three stereo-
isomers, could be of interest for the development of new MBL inhibitors
[12]. Initially, clinically used L-captopril was reported to be less active
than D-captopril (the (2R,2'S)-stereoisomer) against some MBLs [14].
However, L-captopril has lately been shown to be of similar effectivity
against NDM-1, with half maximal inhibitory concentration (ICsg)
values in the low micromolar region [15]. Based on these findings,
several captopril analogues have been developed that exhibit inhibitory
activity against MBLs (Fig. 1) [13].

The development of thiol-based inhibitors has been limited by their
tendency to oxidize to the corresponding disulfides, thus losing zinc
binding and MBL inhibitory properties [16]. Recent attempts to over-
come this limitation have focused on the development of prodrugs that
release the thiol inhibitor directly in the cell. However, so far, prodrugs
designed for the release of aliphatic thiol inhibitors were shown to
cleave the inhibitor very slowly or not at all due to the poor leaving
group ability of the aliphatic thiols [17]. Thus, structurally more diverse
thiol-based inhibitors are necessary. The bioisostere replacement of H to
F to manage properties of drug candidates such as bioactivity, mem-
brane permeability, and pKa of proximal functionalities is well estab-
lished [18]. However, to our knowledge, fluorinated aliphatic thiols
such as trifluoromethylated captopril analogues have only been studied
as ACE inhibitors [19].

The development of broad-spectrum MBL inhibitors has been
strongly dependent on understanding of the binding site and binding
mode. The primary source of structural information on enzyme-inhibitor
complexes has been X-ray crystallography. However, according to the
BLDB (status December 2023) [4], for the approximately 600 reported
B1 MBLs, crystal structures of less than 10 % (40 structures) have been
deposited, and even fewer of enzyme-inhibitor complexes.
Solution-state NMR can serve as an alternative and provide structural
insights, as demonstrated recently in the investigation of the active sites
of NDM-1 and VIM-2 [20]. However, signal overlaps in the 'H NMR
dimension remain a serious challenge [21].

As native proteins lack fluorine atoms, fluorine labelling of potent
MBL-inhibitors is expected to provide valuable probes for studying in-
hibitor binding poses, in particular when X-ray crystallography is not
feasible, and when standard NMR experiments do not provide sufficient
information. The '°F NMR signal of fluorine-labelled ligands provides a
highly sensitive handle to locate the binding site and binding mode
using 3D HOESY-HSQC (*H,'°F,'3C). 1°F NMR has a wider chemical shift
scale (800 ppm) compared to 'H NMR (15 ppm) and, consequently, '°F
NMR chemical shift changes induced by binding are more pronounced
and hence easier to detect. The use of °F NMR diminishes the risk of
overlaps between the signals of the protein and the binding ligand. The
19F—labelling of drug candidates [22] or of the target protein [23] has
accordingly been shown to facilitate the determination of the
protein-ligand binding pose as well as the mechanism of
enzyme-inhibition.

We aimed for fluorinated MBL inhibitors as probes for solution-state
NMR studies of MBLs as an alternative to crystallography. In this study,
we describe the design and synthesis of a series of fluorinated thiol in-
hibitors and demonstrate their inhibitory activity against a panel of
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structurally diverse B1 MBLs (NDM-1, VIM-2 and IMP-26). Finally,
solution-state NMR spectroscopy directed molecular docking is used to
identify the binding pose of a fluorinated inhibitor with NDM-1.

2. Results and discussion
2.1. Design and synthesis

Starting from the structure of captopril (Fig. 1), we aimed to obtain
compounds with the general structure 5 (Scheme 1). From a synthetic
point of view, it was most feasible to expand the compound library by
varying the amine part of the molecule (R'), while having a fixed fluo-
rinated scaffold. We envisioned trifluoromethylation in the a- or $-po-
sition of the 3-mercaptopropionamide substructure of captopril as the
fluorinated scaffold. By changing the position of the CF3 moiety, we
intended to study the effect on inhibitory activity as well as its influence
on the stability of the thiol moiety towards oxidation. Direct captopril
analogues of all four stereoisomers with methyl replaced by a tri-
fluoromethyl group were synthesized. Moreover, we modified the amine
part of the scaffold, inspired by previously reported compounds [13b,c].

The synthetic route towards trifluoromethyl-containing mercapto-
propionamide derivatives is shown in Scheme 1. Starting with the
commercially available regioisomers 2-(trifluoromethyl)acrylic acid
(1a) or (E)-4,4,4-trifluorobut-2-enoic acid (1#) and thioacetic acid,
compounds 2a and 2 were prepared according to published procedures
[24]. The next step was envisioned to be a coupling reaction between the
obtained acids and different amines to obtain a diverse library of fluo-
rinated mercaptopropionamide derivatives. Using 2a or 2§, the corre-
sponding amines and EDC as the coupling reagent, compounds 4aA,
4BA and 40B were obtained. No product formation was observed for
coupling of 2a or 2f to aliphatic amines, even when using other
coupling reagents and conditions. The order of the synthetic steps was
therefore reversed for the remaining desired compounds.

Starting with the acrylic acids 1a or 1p, amide coupling was per-
formed with various amines, followed by conjugate addition of thio-
acetic acid to the previously obtained amides. This approach afforded
compounds 4a(C-G) and 4p(B-H). For compounds with a -CF3 group,
previously reported reaction conditions using HBTU as the coupling
reagent and DIPEA as the base [13c] were successful, providing com-
pounds 3BC, 38D, 3pF and 3pG in moderate to excellent yields (45-91
%). For compounds containing an a-CF3 group, the same conditions
proved to be unsuccessful, resulting in mixtures of the desired product
and a compound with two amines attached, according to MS. This is
presumably the product of a conjugate addition of the amine to the
desired a,f-unsaturated amide. The two products had similar Ry values,
which hampered purification by flash column chromatography. How-
ever, we discovered that using propanephosphonic acid anhydride (T3P)
as the coupling reagent did not lead to formation of the problematic
side-product. Further coupling reactions were carried out using T3P,
affording compounds 3aC, 3aD, 3aE, 3E, 3aF, 3aG, 3pH and 3pB in
low to very good yields (30-85 %). It is noteworthy that 3C, 3D and 3E
were obtained as a mixture of rotamers. The conjugate addition step
with thioacetic acid for a-CFs—containing compounds proceeded over-
night at ambient temperature, while for derivatives with a p-CF3 group
60 h reaction time at 60 °C was necessary.

Compounds 4C, 4D and 4E were acquired as diastereomeric mix-
tures, which were difficult to separate using column chromatography.
For 4aD, the separation of diastereomers using medium pressure liquid
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Fig. 1. D- and L-captopril and some structurally related thiol derivatives reported in literature [13] as potential MBL inhibitors.
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Scheme 1. Synthetic strategy towards thiols 5a(A-G) and 58(A-H). Reaction conditions: (a) AcSH, neat, room temperature (r.t.), overnight (o.n.) or 60 °C, 60 h; (b)
R-H, EDC-HCl, HOBt, N-methylmorpholine, DCM, 0 °C to r.t., 0.n.; (c1) amine, HBTU, DIPEA or T3P, Et3N, DCM, 0 °C to r.t., 1-4 h; (c2) amine, T3P, DIPEA, EtOAc,
0 °C to r.t., o.n.; (d) AcSH, THF, r.t., o.n. or 60 °C, 60 h; (e1) NaSMe, MeOH, —20 °C, 30 min; (e2) TFA, DCM, 50 °C, o.n. and NH3 (aq), r.t., 3 h.

chromatography (MPLC) has previously been reported as well as the
assignment of stereocenters using X-ray crystallography [19a]. Based on
this data, we were able to separate the diastereomers and determine the
configuration of the stereoisomers of 4aD as well as 4aC. For the rest of
the derivatives, the diastereomers were not separated, and they were
further used and analyzed as mixtures.

The last step of the synthesis was the deprotection of the thiol and,
where relevant, acid moieties. For compounds requiring only a thiol
deprotection (4aA, 4pA, 4aG, 4pG), an adapted previously established
procedure [25], employing sodium thiomethoxide, was used. For the
rest of the derivatives, ester hydrolysis was accomplished using tri-
fluoroacetic acid (TFA) in methylene chloride at 50 °C overnight. Sub-
sequent removal of the acetate by treatment with aqueous ammonia for
3 h at room temperature afforded compounds 5B-F and 5H [26].
Compounds 5B, 5G and 5H precipitated upon using the standard
work-up procedure and were used for analysis without further purifi-
cation. Use of normal phase column chromatography for some of the
final compounds led to oxidation of the thiol moieties, resulting in di-
sulfide formation. Primary thiols have been shown to exhibit relatively
short half-lives and form disulfides faster than secondary, thus hindering
synthesis and analysis [16b]. Following the same trend, compounds
with an a-CF3 group were noticeably more prone to oxidation than p-CF3
derivatives, which complicates purification and storage of these com-
pounds. To limit formation of the undesired disulfides, the final com-
pounds were all purified by preparative reversed-phase HPLC. The final
compounds 5a(A-G) and 58(A-H) were obtained in moderate to excel-
lent yields (41-98 %).

2.2. Inhibitory activities

The inhibitory activity of all final compounds (5a(A-G) and 58(A-
H)) against NDM-1 was evaluated in an enzyme assay in terms of their
half maximal inhibitory concentration (ICsg) values (Table 1), measured
using meropenem as the reporter substrate. Initial rates of the reactions
with various concentrations of the inhibitors in a 2-fold dilution series
were measured and the ICsy values were derived from the fitted dose-
response curves. To validate our assay, commercially available L-
captopril was included in our compound library. The reported ICsq
values for L-captopril vary from 9.4 to 157.4 pM [14,15], with the
spread of the values being attributed to differences in assay buffers,
reporter substrates and protein constructs. We obtained an ICs( value of
7 pM, which is in good agreement with previous reports.

The tested compounds 5a(A-G) and 5B(A-H) showed ICsg values
ranging from 0.3 to >300 pM. Interestingly, the position of the CFs
group plays a vital role in the activity of the studied inhibitors. In all
cases, the compounds with an a-CF3 group showed lower ICsq values
than the respective p-CF3 derivative. Furthermore, compounds con-
taining a p-CF3 group exhibited no significant inhibitory activity (ICso
>300 pM), with the exception of 5BE (ICso = 145 pM) and 58H (ICsp =
5.6 pM). It has been previously shown that a carboxylic acid moiety may
be important for binding to the active site of NDM-1 [13b]. This hy-
pothesis is corroborated by the activity of compounds 58G (IC5¢p = 22
pM) and 58H (ICsg = 5.6 pM), yet is contradicted by the deterioration of
activity of 5aA (ICs9 = 20 pM) upon carboxylation (5aB, IC5y = 65 pM).
This may be due to the inhibitor becoming too large to be accommo-
dated by the active site with this modification. For piperidine-based
derivatives 5aF (ICsp = 2.2 pM) and 5aE (ICso = 3.2 pM), the posi-
tion of the carboxylic acid has little influence on the activity.

Brem et al. carried out a study of the inhibitory activity of the four
captopril stereoisomers (Fig. 2) against several MBLs, including NDM-1
[14a]. They showed that D-captopril (IC5o = 22 pM) was the most potent
of the four possible captopril stereoisomers, followed by epi-D-captopril,
L-captopril and epi-L-captopril with ICsg values of 64, 157 and >500 pM,
respectively. In general, captopril derivatives containing the p-proline
motif (2R configuration) showed better inhibition than those derived
from vr-proline (2S configuration). In the current study, the same trend
can be seen for the trifluoromethyl-containing analogues: (2R,2'R)-5aC
(ICs = 0.3 pM), (2R,2'S)-5aC (ICs = 4.5 pM), (2S,2R)-50D (ICsg = 6.1
uM), and (2S,2'S)-5aD (ICsg = 60 pM). Comparing L-captopril and its
trifluoromethyl-derivative ((2S,2'R)-5aD), the inhibitory activity seems
unaffected by the structural modification of the methyl group (ICsg
values of 7 and 6 pM, respectively). For other compounds, replacement
of the CH3 group with a CF3 group provided ICsg values in a similar
range to those reported for the non-fluorinated inhibitors (Table 1, en-
tries 3, 4, 8,9, 12, 15, 17), but a direct comparison is challenging due to
different assay conditions.

Additionally, a selection of inhibitors was tested for synergistic ac-
tivity with meropenem in an NDM-1-producing Escherichia coli (Fig. S3,
Supporting Information). The production of NDM-1 increased the min-
imum inhibitory concentration (MIC) of meropenem from 0.03 to 32
mg/L. Adding our inhibitors at a concentration of 500 pM resulted in a
32-64-fold reduction in the MIC of meropenem demonstrating that
compounds 5aF and 5«E were potent synergists (Table 2). For com-
parison, L- and D-captopril displayed a 32-fold reduction in the MIC of
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Table 1
Structures and inhibitory activities of trifluoromethyl mercaptopropionamide
derivatives 5a(A-G) and 58(A-H) against NDM-1.

Entry Compound Structure ICso (UM)?
1 L-captopril o O om 7 £2 (1579
HS ™Y D
2 rac-50A o 20£2
HS N
giav
3 (+)-5aA” 0 10 £ 3 (1.59
Hs/ﬁ)LN
CcFy 1
4 (-)-50A" o 75 + 15 (59
HS/\AN
ér 1
5 5A CF; O >300
HS)\AN@
H
6 5aB o 65 + 14
Hsﬂ)LN
cFy 1 OH
)
7 5pB CF3 O >300
ﬂ HSMN
o
8 (2R,29)-5aC o O oH 4.5 £ 1.5 (649
HS/\)Lg
CFy
9 (2R,2'R)-5aC o O o 0.3 + 0.1 (207/8°/22")
HS/\L)J\’\S
CFy
10 5pC o o O on >300
HS)\/U\g
11 mix-5aD* o O\ oH 37 £18
Hs/\gLN <
CFy Q
12 (25,2'S)-5aD o 0\\,OH 60 + 20 (>500d)
HS/\HkN »
CFs Q
13 (25,2'R)-50D o O\\,OH 6.1+1.6
HS/\;)kN 3
CF3 Q
14 5pD ra 0 O on >300
HS I\D
15 5aE o O, OH 3.2+ 0.7 (6.9
HS' N
CFs
16 5BE ks O Oy OH 145 + 20
HSM%
17 5aF o 2.2+ 0.5(4.9)
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Table 1 (continued)

Entry Compound Structure ICso (uM)*
18 5pF CF3 O >300

HS/K/U\N

OH
o

19 5aG o O 3.4+05

s~y

CF,

20 5pG R O @ 2246
21 SpH 56+t1.4

o
CF; O doH

# The experiments were run in at least two parallel replicates, and the inhib-
itory activities are given as the mean value along with the standard error of the
mean.

b Stereochemistry assigned based on docking and NMR results in accordance
with [13b].

¢ Mixture of diastereomers (approximately 3:1 of (2S,2'S)-5aD to (2S,2'R)-
5aD).

d Reported ICsq values of non-fluorinated analogue in reference [14a].

¢ Reported ICsq values of non-fluorinated analogue in reference [13b].

f Reported ICsq value of non-fluorinated analogue in reference [13c].

(0}
o) OH o (0} OH
R) (R) -
HS/\;)kN HS/\(?»J\N R
C_:F3 H
'R)- D-captopril
(2R2ZR)-5aC (2R,2'S)-stereoisomer
(0}
0 OH o (0] OH
S (R)
HS%N HS%N G
CF3
(2R,2'S)-5aC epi-D-captopril
‘ (2R,2'R)-stereoisomer
(e}
0 oM o O-oH
(R) (S ;
HS T r\D HS (:S) N \3{5)
CF3 H
'R)- L-captopril
(25.2R)-54b (2S,2'S)-stereoisomer
0 (e}
9 oM 0o N\-OH
) () Fs
HS/YLD HS%N\D{)
CF3
(2S,2'S)-50D epi-L-captopril

(2S,2'R)-stereoisomer

Fig. 2. Captopril stereoisomers and their trifluoromethyl-containing analogues.

meropenem. The tested inhibitors in themselves did not affect bacterial
growth at the used concentration (500 pM).

The most potent synergists against NDM-1 were further evaluated for
their synergistic effect against the B1 MBLs VIM-2 and IMP-26 (Table 2)
at a fixed concentration of 500 pM. The minimum inhibitory concen-
tration of meropenem alone was 0.5 and 2 mg/L for VIM-2 and IMP-26,
respectively. The most potent synergist (2S,2'R)-5aD showed an 8-fold
reduction in the MIC of meropenem for both VIM-2 and IMP-26. L-
captopril and its fluorinated analogue (2S,2'R)-5aD displayed the same
synergistic activity against VIM-2 and IMP-26, while D-captopril showed
stronger synergy than its fluorinated analogue (2R,2R)-5aC.
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Table 2

MIC of meropenem (MEM) in combination with selected inhibitors. Suscepti-
bility was determined using E. coli E. cloni™ producing NDM-1, VIM-2 or IMP-
26 from a low copy number plasmid [27].

Inhibitor MIC meropenem (mg/L)""
MP30-63 blanpm- MP30-57 blaym- MP30-58 blajp.
1 2 26

No inhibitor control 32 0.5 2

D-captopril 1 0.06 0.5

L-captopril 1 0.06 0.25

(2R,2R)-5aC 4 0.25 4

(2S,2'R)-50D 4 0.06 0.25

SoF 1 0.125 2

50E 0.5 0.125 0.5

@ Minimal inhibitory concentration was tested in the presence of 500 pM of the
inhibitor in duplicates.

Y Meropenem MIC of E. coli E.cloni™ (MP21-05) without bla genes = 0.03 mg/
L.

2.3. NMR determination of the binding pose

We isolated the enantiomers of rac-5aA using preparative chiral
HPLC (for details see the Supporting Information) and characterized
their binding to NDM-1 using solution-state NMR. A solution of uni-
formly '°N-enriched NDM-1, expressed and purified as described pre-
viously [20b] and dissolved in 2.5 % DMSO in an aqueous KHyPO4
buffer, was titrated with (4)-5aA and (—)-5aA and the weighted
chemical shift changes, Adyp,15n, of the backbone amide functionalities
were recorded. 'H,'>N HSQC spectra were acquired after addition of 0,
0.5, 1, 1.5, 3, 6, 10, and 15 equivalents of the two ligands. The last
titration step was omitted for the quantification of the binding of
(—)-5aA because of sample precipitation. Both enantiomers showed
binding in the slow exchange regime, with the resonances of the free and
the ligand-bound forms of the protein being simultaneously detectable,
with varying intensities, throughout the titration. In accordance with
literature [20b], we classified chemical shift perturbations (CSP, eq. (1),
where Rgcale = 6.5 [28]) as significant (SSP) when the observed Ad11,15n8
was greater than the population mean plus the standard deviation
(p+10).

CSP = Ad(ip,158) = \/ <A51H2 + (1 R ™ A(Sls,vz) (€]

Significant chemical shift perturbations were observed for Thr119,
His122, Aspl24, Glyl188, His189, Ser191, Lys211, Asp212, Ser213
Gly222, Thr226, Glu227, His228, Ser255, Lys268, Leu269, and Arg270
(Fig. 3), indicating that these amino acids either are involved in ligand
binding or undergo larger binding induced conformational changes.
These chemical shift perturbations were quantified (Table S3, Support-
ing Information), providing the dissociation constant Kg 149.2 + 21.8
pM for enantiomer (+)-5aA by fitting the binding induced signal in-
tensity changes to eq. (2) [29].

1 ) = GRCREARTT N

where Kg is the dissociation constant, I,ps are the normalized integrals of
the protein-ligand complex, I« is the normalized integral for the last
titration step, and [P] and [L] are protein and ligand concentrations,
respectively. The Kq was the average of the Ky values separately ob-
tained for the amino acids showing SSP. Due to the weaker binding of
enantiomer (—)-5aA, its K4 could not be estimated.

We obtained additional information on the binding pose of (+)-5aA
by detection of 19F,lH heteronuclear Overhauser effects (HOEs) between
its trifluoromethyl functionality and the protons of NDM-1. Amino acids
Met67, His122 and Trp93 showed HOEs (Fig. 4), which corroborates the
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Fig. 3. The chemical shift perturbation (CSP) of the backbone amides of 15N-
labelled NDM-1 upon addition of 15 equivalents of (+)-5xA (upper) and
(—)-5aA (lower). CSPs of residues above the first horizontal cut-off (solid line)
are greater than the population mean plus standard deviation (p+10), and are
therefore considered to be significantly influenced by ligand binding. The solid
and dashed lines represent the population mean (p) plus one, two, and three
standard deviations (o), respectively.

large chemical shift perturbations observed for these amino acids during
the titration experiment, indicating them to be directly involved in
ligand binding.

2.4. Identification of the binding pose by molecular docking

Flexible docking of both enantiomers of 5a¢A and of its previously
known non-fluorinated analogue N-benzyl-3-mercapto-2-methyl-
propanamide [13b] was performed using the software Glide followed by
Prime (Schrodinger Inc.), starting from the NDM-1 crystal structure
PDB:5ZIO [13c] and using the MM-GBSA rescoring protocol. The
docking poses were filtered, removing those incompatible with the
binding induced NMR chemical shifts shown in Fig. 3, and with the
HOEs shown in Fig. 4. The predicted binding mode of (R)-N-benzyl-3--
mercapto-2-methylpropanamide was in agreement with the X-ray
structure 5ZIO [13c]. Conceivable binding poses were then ranked
based on their binding energies, with the best ranked poses shown in
Fig. 5. The binding poses of (R)-N-benzyl-3-mercapto-2-methylpropa-
namide and of (+)-5aA possessed comparable binding energies, AGpind
= —58.68 kcal/mol and —58.45 kcal/mol, respectively, whereas the
(—)-5aA enantiomer is predicted to bind significantly weaker to NDM-1
(AGping = —50.35 kcal/mol). This is in line with the experimentally
determined ICsp values of these compounds (1.5 pM for
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Fig. 4. Selective '°F,'"H HOESY spectrum observed for the (+)-5aA - NDM-1 complex. Upon irradiation of the trifluoromethyl functionality, HOE was observed on
the '"H NMR signals of Met67 (8.26 ppm), His122 (7.01 ppm) and Trp93 (6.85 ppm). The interaction of NDM-1 (0.25 mM) and (+)-5¢A (2.5 mM) was studied in a 20
mM KH,PO, and 0.1 mM ZnCl, aqueous solutions (pH 7) on a 700 MHz NMR spectrometer, with irradiation at — 68.18 ppm (*°F NMR, CFs).

Fig. 5. The superimposed structures of (R)-N-benzyl-3-mercapto-2-methyl-
propanamide (red) and (+)-5aA (blue) in complex with NDM-1, predicted by
NMR-guided docking. Amino acids showing significant chemical shift pertur-
bation upon ligand binding (SSP) are highlighted in green, and those showing
HOE to the trifluoromethyl group of (+)-5aA in purple.

(R)-N-benzyl-3-mercapto-2-methylpropan-amide ~ [13b], 10 pM
(+)-5aA and 75 pM for (—)-5A). Not just the binding energies, but
even the binding modes of (R)-N-benzyl-3-mercapto-2-methylpropana-
mide and (+)-5aA are highly similar. This suggests that fluorination did
not considerably influence the binding pose of (R)-N-benzyl-3-mercap-
to-2-methylpropanamide. Hence, both the native and the tri-
fluoromethyl substituted inhibitors bind both zinc ions of the NDM-1
binding site via their thiol functionality (2.3 A), and their carbonyl
group forms a hydrogen bond with the side chain amide of Asn220
1.6-1.7 A). An N-H-..-F-C hydrogen bond (2.2 A) was predicted be-
tween the Gln123 amide proton of NDM-1 and the trifluoromethyl group
of (+)-5aA that, however, is neither supported by an HOE correlation
(NMR) nor by the inhibitory activity of (+)-5a¢A as compared to
N-benzyl-3-mercapto-2-methylpropanamide. It should here be noted
that our NMR data and energetic ranking based selection of theoretically
feasible binding poses successfully identified the more active enan-
tiomer, (+)-5aA, and allowed the determination of its binding pose,
which well complements the data provided by Li et al. on the
non-fluorinated analogue, N-benzyl-3-mercapto-2-methylpropanamide

[13b]. Due to the structural similarity of 5a(B-H) and 5p(A-H) to
(+)-5aA, it is reasonable to presume that the compounds studied herein
have comparable binding modes to NDM-1.

3. Conclusion

A series of novel trifluoromethylated captopril analogues was syn-
thesized with several compounds demonstrating low-micromolar
inhibitory activity against the B1 MBL NDM-1. The most active inhibi-
tor was the CF3-analogue of D-captopril with an ICsy value of 0.3 pM.
Derivatives with an a-CF3 group proved to be by far more active against
NDM-1 than f-CF3—containing compounds, while exhibiting consider-
ably lower stability towards oxidation. Substitution of the a-CHs group
with an a-CF3 group did not seem to significantly influence the inhibi-
tory activity. Several of the o—CFs—containing inhibitors were potent
synergists, on the same level as L-captopril, and were able to repoten-
tiate meropenem in NDM-1 (up to 64-fold), VIM-2 (up to 8-fold) and
IMP-26 (up tp 8-fold) harbouring E. coli. Direct comparison of an
o—CFs—containing and non-fluorinated D- and L-captopril indicates that
the fluorinated inhibitors are only slightly less potent synergists.

Using NMR spectroscopy and molecular docking the binding pose of
one representative molecule with NDM-1 was identified. The binding
pose of the fluorine-labelled inhibitor resembled the binding pose
determined for the crystal structure of L-captopril with NDM-1,
demonstrating that fluorine-labelled analogues of inhibitors are valu-
able probes for the determination of binding poses.

In conclusion, trifluoromethylated captopril analogues are potent
MBL inhibitors and, thus, can become promising tools for structural
studies of MBL-binding poses.

4. Experimental section

Description of the experimental procedures can be found in the
Supporting information. Biological activity raw data will be made
available through the DataverseNO repository before publication. The
backbone resonance assignment [20b] of NDM-1 was deposited to the
BMRBI with code 50945.
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