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ABSTRACT: The aminopolycarboxylic acid aspergillomarasmine
A (AMA) is a natural Zn2+ metallophore and inhibitor of metallo-
β-lactamases (MBLs) which reverses β-lactam resistance. The first
crystal structure of an AMA coordination complex is reported and
reveals a pentadentate ligand with distorted octahedral geometry.
We report the solid-phase synthesis of 23 novel analogs of AMA
involving structural diversification of each subunit (L-Asp, L-APA1,
and L-APA2). Inhibitory activity was evaluated in vitro using five
strains of Escherichia coli producing globally prevalent MBLs.
Further in vitro assessment was performed with purified
recombinant enzymes and intracellular accumulation studies.
Highly constrained structure−activity relationships were demon-
strated, but three analogs revealed favorable characteristics where
either Zn2+ affinity or the binding mode to MBLs were improved. This study identifies compounds that can further be developed to
produce more potent and broader-spectrum MBL inhibitors with improved pharmacodynamic/pharmacokinetic properties.

■ INTRODUCTION

Over 80 years ago, the discovery of β-lactam antibiotics
revolutionized modern medicine with their ability to reduce
the burden of infectious diseases caused by bacteria. However,
the effectiveness of these life-saving drugs is diminishing due to
the growing number of β-lactam-resistant bacteria.1,2 The most
common cause of resistance involves the production of β-
lactamases, enzymes that eliminate antibiotic activity by
catalyzing ring-opening hydrolysis of the β-lactam pharmaco-
phore. Serine-β-lactamases (SBLs) and metallo-β-lactamases
(MBLs) represent the two major groups of these enzymes and
are distinguished by different catalytic mechanisms. While both
result in the same inactive hydrolytic products, SBLs employ a
serine nucleophile while MBLs utilize a hydroxide ion bridged
by Zn2+ co-factors to attack the β-lactam bond (Figure 1).3

To safeguard existing β-lactam antibiotics from resistance,
chemical strategies to inhibit β-lactamases have shown
remarkable clinical impact. Six β-lactamase inhibitors (clav-
ulanate, sulbactam, tazobactam, avibactam, vaborbactam, and
relebactam) are approved for clinical use and are co-formulated
with a β-lactam antibiotic in combination therapies. Several
other combinations are in late-stage clinical development.4

Although these drug combinations are effective, their spectrum
of activity is limited to SBL-producing bacteria. This fact leaves
the growing clinical challenge of MBLs unmet, indicating the
need for MBL-targeted therapeutics.5−10

Over the past decades, many MBL inhibitors have been
discovered.11−15 These MBL inhibitors can be grouped into
several classes based on their mechanisms of inactivation: Zn2+

binding inhibitors, covalent inhibitors, transition-state analogs,
and allosteric inhibitors (Figure 2).12,16 Recently discovered
cyclic boronate inhibitors QPX7728 and tanirobactam (VNRX-
5133) are the most promising inhibitors to date. They have been
shown to inhibit SBL and MBL by mimicking the tetrahedral
intermediate resulting from β-lactam ring hydrolysis. Tanir-
obactam has entered clinical development in combination with
cefepime against carbapenem-resistant Enterobacteriaceae
(CRE), carbapenem-resistant P. aeruginosa (CRPA), and
NDM and VIM classes of MBL.17,18 Additionally, QPX7728
has been shown have better activity against the IMP class of
MBL.19 Despite this advancement, the search for broad-
spectrum inhibitors of MBLs must continue since one has yet
to be approved for clinical use. In 2014, we identified a fungal
Zn2+ metallophore, aspergillomarasmine A20 (AMA) (Figure 2),
as an inhibitor of MBLs with excellent efficacy toward NDM and
VIM-type enzymes. The mechanism of action of AMA involves
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selective Zn2+ binding with picomolar affinity, which sequesters
the metal in complex fluids.21 Consequently, AMA indirectly
inhibits MBLs by outcompeting them for Zn2+ even in the
presence of common metals (Mg2+, Ca2+, and Fe3+). AMA also
promotes Zn2+ dissociation from active sites of MBLs, which
accelerates the degradation of certain types of MBLs (e.g.,
NDM-1) in bacteria.21 As a result, AMA restores the activity of
β-lactams such as meropenem against MBL producing
carbapenem-resistant bacteria in mouse models of infection
while being well tolerated in the host (LD50 > 150 mg/kg i.v. in
mice).22

AMA’s biological activity, narrowmetal-binding profile (Zn2+,
Ni2+, and Co2+), and unique chemical structure have inspired
several research groups to develop methods for its total
synthesis, including reductive amination,23,24 aziridine,25 and
sulfamidate26 approaches. Furthermore, a chemoenzymatic
strategy utilizing ethylenediamine-N,N′-disuccinic acid
(EDDS) lyase and the authentic AMA synthase for the synthesis
of AMA was also recently reported.27,28 However, the structural
basis for metal coordination is still unknown, hindering reliable
structure−activity relationship studies and optimization of
potency.
In this study, we report the first crystal structure of an AMA-

Ni2+ complex. An improved, practical route to AMA and AMA
analogs via aziridine ring-opening on solid support (Scheme 1)
enabled us to prepare a series of AMA derivatives carrying

substitutions at all three parts of the molecule (APA1, APA2,
and Asp) (Scheme 2) (Scheme 3). All the AMA analogs
synthesized using these methods were studied using both in
vitro antimicrobial susceptibility tests and in vitro enzyme assays
against the most prevalent MBLs, including NDM-1, VIM-1,
VIM-2, IMP-1, IMP-7, and IMP-27.29,30 The selected
substitutions validated the crystal structure of the AMA-Ni2+

complex, and structure−activity relationship (SAR) studies
identified compounds with improved Zn2+ affinity and targeted
activity as direct MBL inhibitors.

■ RESULTS AND DISCUSSION

Crystal Structure of AMA in Complex with Ni2+. To
guide the synthesis of AMA analogs and explore SAR, we aimed
to determine the crystal structure of AMA in complex with a
suitable metal ligand. We found that complexes of AMA with
either Zn2 or Co2+ were recalcitrant to crystallization, but
crystals of the Ni2+ complex could be grown in a solution of
tetramethylammonium hydroxide. X-ray diffraction analysis
revealed that the asymmetric unit is composed of a single AMA-
Ni2+ complex. The stereochemistries of the Asp, APA1, and
APA2 subunits are in the LLL configuration as anticipated.25 All
the nitrogen atoms and carboxylate groups of the subunits are
present in their protonated and deprotonated forms, respec-
tively. Additionally, five water molecules, a sodium ion, and a
tetramethylammonium ion are packed within the asymmetric

Figure 1. General mechanism of inactivation of carbapenem antibiotics by metallo-β-lactamases.

Figure 2.MBL inhibitors. Classes include zinc chelators (AMA and analogs), L-captopril as a member of zinc-binding inhibitors, 3-formylchromone as
a representative of covalent binding inhibitors, and cyclic boronate inhibitor tanirobactam, closely mimicking β-lactams.
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unit and form important crystal contacts between adjacent AMA
complexes (Figure 3a,b and Figure S1).
The structure reveals that AMA is a pentadentate ligand

coordinated to a distorted octahedral Ni2+ center. Coordination
occurs through AMA’s three main nitrogen atoms (N2, N6, and
N9) and two oxygen atoms of the Asp subunit (O4A and O1B).
The sixth and final coordination site is occupied by a carboxylate
oxygen (O7A) of an adjacently packed AMA-Ni2+ complex,
which we believe is a crystallization artifact. This hypothesis is
based on our previous data, which showed that the binding of
either Ni2+ or Zn2+ to AMA occurs with 1:1 stoichiometry in
solution.21 Consequently, we suspect that the sixth coordination
site of the AMA complex is likely occupied by solvent when
dissolved under aqueous conditions. The mean Ni−L bond
distances in Ni(AMA)2− for Ni−N andNi−O are in the range of
2.057−2.119 (Å, and the values are comparable with
corresponding bond lengths in related Ni(II) complexes (Ni−
N range, 2.05−2.12 Å and Ni−O range, 2.01−2.11 Å) (Table
S1).
AMA has picomolar affinity for Zn2+, allowing passive

inhibition of MBLs by outcompeting the enzyme for metal.31

While such affinity is sufficient for MBL inhibition, it is weak
enough to remain non-antimicrobial effects and is relatively
nontoxic. The pentadentate nature of the AMA ligand provides a
molecular basis of such affinity and differs from the predicted
structure, which was modeled as a hexadentate complex.32

Structurally related metal chelators that form hexadentate
complexes (EDDS and EDTA) bind Zn2+ with subpicomolar
affinity have broader metal affinity and are toxic at low

concentrations. Therefore, our next aim was to use this
structural information to guide the design of AMA analogs for
SAR studies to inhibit MBLs by actively targeting enzyme-
bound Zn2+ ions.

Synthesis of AMAAnalogs. AMA’s potency as an inhibitor
is affected by both the Zn2+ binding strength of the competing
MBL and the concentration of free Zn2+ present in the
environment. This established the scope for developing AMA
analogs that could act directly on the enzyme to overcome the
current barriers associated with the sequestration mechanism.31

To efficiently synthesize structurally diverse analogs, we
developed a solid-phase approach by modifying a well-
established aziridine-based route to AMA in solution.25 We
envisioned that using a solid phase strategy33−36 would facilitate
the time-efficient preparation of a broader range of analogs in
higher yield and purity (Scheme 1) (Table S2). First, we
diversified the AMA scaffold by modifying the N-terminal L-
diaminopropionic acid unit (APA2, Figure 2) to afford analogs
1−3 (Scheme 1). Commercially available 2-chlorotritylchloride
resin preloaded with L-Asp(OtBu) was treated with N-nosyl-
protected aziridine benzyl ester to install the first L-
diaminopropionic acid unit of AMA (APA1, Figure 2). Nosyl
deprotection using previously reported conditions25,26 followed
by a second ring-opening reaction furnished the N-nosyl
protected N-terminal L-diaminopropionic acid unit (APA2).
Following a further nosyl deprotection, the N-terminal amine
was acylated with either Fmoc-Gly-OH or Boc-Tyr-OH using
standard coupling conditions.37,38 Removal of the Fmoc-
protecting group followed by acid-catalyzed cleavage from the

Scheme 1. Synthesis of APA2 AMA analogs 1−3a

aReagents and conditions: (a) o-Ns-L-Azy-OBn, THF, 20 h, RT; (b) PhSH, DIPEA, CH3CN, 1 h, RT; (c) Fmoc-Gly-OH/Boc-Tyr-OH, HOBt,
HBTU, DMF, 20 h, RT; (d) piperidine, DMF, 20 min, RT; (e) AcOH, TFE, DCM, 1 h, RT; (f) MeI, piperidine, DCM, 1 h, RT; (g) TFMSA,
anisole, DCM, 1 h, RT. R = 2-chlorotritylchloride resin. All resin-bound intermediates were subjected to small-scale cleavage and confirmed by
LC−MS.
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resin39 afforded protected AMA analogs 1a and 2a. Global
deprotection using TFMSA/anisole26 gave glycine-AMA analog
1 and tyrosine-AMA analog 2. Using the same synthetic
approach, six additional amide-substituted AMA analogs (24−
29) were prepared (Table S3). To synthesize N-methylated
AMA analog 3, the N-nosyl protected, resin-bound AMA
intermediate was N-methylated40 before nosyl removal and
cleavage from the resin afforded N-methylated intermediate 3a.
The same global deprotection conditions were used to produce
N-methylated AMA analog 3.
Since AMA’s C-7 and C-10 carboxylate groups are not

involved in coordinating a metal ion, we also modified these
functional groups to explore their potential. Thioether
substituents were chosen at these positions as there are
examples in the literature of thioethers with improved biological
activities.41,42 To generate C-10 derivatives, we modified the
cascade used for the synthesis of analogs 1−3 by using (S)-(1-
((2-nitrophenyl) sulfonyl) aziridin-2-yl) methyl 4-methylben-
zenesulfonate (Scheme 2) as the alkylating agent in the second
ring-opening step.43 The tosyl-oxy group of the resulting resin-
bound intermediate could then be smoothly displaced by
treatment with the appropriate thiol nucleophiles before
cleavage from the resin. Global deprotection afforded the

corresponding thioether analogs 4−8. Similarly, C-7-derivatized
thioether 9 was prepared by using (S)-(1-((2-nitrophenyl)
sulfonyl) aziridin-2-yl) methyl 4-methylbenzenesulfonate as the
alkylating reagent in the first ring-opening reaction (Scheme 2).
Low-molecular weight analogs (7 and 9), while stable when
protected, were very unstable once deprotected, resulting in
anhydro products. Our attempt to displace the tosyl-oxy group
with β-mercaptoethanol or other reactive dithiols resulted in the
formation of dehydration products after global deprotection.
Finally, for the syntheses of Asp-substituted AMA analogs

(10−23), we used 2-chlorotritylchloride or Wang resin
preloaded with the appropriately protected amino acid39

(Scheme 3). The same ring-opening/deprotection cascade
described for analogs 1−3 was employed to assemble the AMA
scaffold before the terminal o-N-nosyl group was substituted
with an N-t-Boc-protecting group prior to cleavage from the
resin to facilitate the final deprotection step. It is worth noting
that in the case of AMA-L-Cys analog 11, the global
deprotection conditions were not sufficient to remove one or
both benzyl-protecting groups. In light of this observation, we
modified the syntheses of the thiol-containing AMA analogs by
usingN-nosyl aziridinemethyl ester as the alkylating reagent and
introducing one more deprotection step.44

Scheme 2. Synthesis of Thioether AMA analogs 4−9 (APA2 and APA1)a

aReagents and conditions: (a) o-Ns-L-Azy-OR,1 THF, 20 h, RT; (b) PhSH, DIPEA, CH3CN, 1 h, RT; (c) o-Ns-L-Azy-CH2OTs, THF, 20 h, RT;
(d) R2SH, DIPEA, CH3CN, 1 h, RT; (e) Boc2O, DIPEA, DCM, 2 h, RT; (f) AcOH, TFE, DCM, 1 h, RT; (g) TMTOH, DCE, 4 h, 84 °C, 1 h; (h)
TFMSA, anisole, DCM, 1 h, RT. R = 2-chlorotritylchloride resin, R1 = Bn/tBu/Me. All resin-bound intermediates were subjected to small-scale
cleavage and confirmed by LC−MS. o-Ns-L-Azy-CH2OTs were synthesized from o-Trt-L-Azy-CO2Me via previously reported procedures.43
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All final products were characterized by 1H NMR, 13C NMR,
and high-resolution mass spectrometry (HRMS). High-

performance liquid chromatography for UV-active compounds
confirmed >95% purity (Supporting Information).

Scheme 3. Synthesis of Asp-substituted AMA analogs 10−23a

aReagents and conditions: (a) o-Ns-L-Azy-OR,2 THF, 20 h, RT; b) PhSH, DIPEA, CH3CN, 1 h, RT; c) Boc2O, DIPEA, DCM, 2 h, RT; d) AcOH,
TFE, DCM, 1 h, RT; e) TFMSA, anisole, DCM, 1 h, RT; f) TMTOH, DCE, 4 h, 84 °C, 1 h; g) o-Ns-L-Azy-CH2OTs, THF, 20 h, RT; h) TFA,
DCM, 1 h, RT. R = 2-chlorotritylchloride resin or Wang resin. R2 = Bn/tBu/Me, DMC (dimethyl cysteine or penicillamine (Pen). All resin-bound
intermediates were subjected to small-scale cleavage and confirmed by LC−MS.

Figure 3. Crystals of AMA-Ni complex- C14H35N4NaNiO13. (a) Structure of AMA with AMA with numbered atoms involved in the Ni complex
formation. (b) In the AMA-Ni complex, the coordination occurs through AMA’s three main nitrogen atoms (N2, N6, and N9) and two oxygen atoms
of the Asp subunit (O4A andO1B). The sixth and final coordination site is occupied by a carboxylate oxygen (O7A) of an adjacently packed AMA-Ni2+

complex, which is a crystallization artifact.
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Characterization of AMA Analogs. A total of 29 AMA
analogs (Table S2, Table S3) were synthesized, and their
activities were evaluated based on three criteria: biological
activity, in vitro MBL inhibition, and Zn2+ affinity. The
biological activity of each compound was assessed by
determining the concentration of compound necessary to
restore the antibacterial activity of meropenem (2 μg/mL)
against resistant E. coli (MIC 64 μg/mL) and is reported as the
rescue concentration (RC).45 The RC is 8 μg/mL for AMA
purified from fermentation broth. The in vitro enzyme inhibition
assays were performed to distinguish between direct and indirect
inhibition of MBLs. This distinction was established by
examining dose-dependent inhibition using two different buffer
conditions: Zn2+-supplemented (10 μM) or Zn2+-depleted
(Chelex-100-treated). Compounds 1−9 (Table 1) and 24−29
(data not shown) were first tested for biological activity against
E. coli expressing blaNDM‑1 and purified recombinant NDM-1.
Compounds that exhibited satisfactory performance were
further tested against E. coli producing blaVIM‑1, blaVIM‑2, blaIMP‑7,
and blaIMP‑27 as well as recombinant VIM-2 and IMP-7. For
compounds 10−23 (Table 2), the susceptibility of all the
aforementioned E. coli strains was assessed in parallel, and

recombinant NDM-1 was initially tested in vitro. The most
potent compounds were further tested with recombinant VIM-2
and IMP-7 in vitro.
The rationale for using two conditions in our in vitro enzyme

inhibition assays is based on our previous work on NDM-1
inhibition. It was shown that AMA sequesters Zn2+ and
indirectly inactivates NDM-1 in a time-dependent manner,
where the rate-limiting step is the spontaneous dissociation of
Zn2+ from the enzyme.21 The mechanism could be described by
a one-step kinetic scheme independent of AMA concentration
because only free Zn2+ ions are acted on directly. Therefore,
inhibition is strongly influenced by the concentration of Zn2+ in
the assay buffer. This explains why the IC50 value of AMA
toward NDM-1 is similar to the Zn2+ concentration in the assay
buffer (IC50 13 μM, when [Zn2+] is 10 μM) and why the
corresponding dose−response curve is very steep (Hill
coefficient ≈ 4).22 However, a different effect arises when the
amount of AMA is suitably high (>1 mM) as the inhibition rate
becomes concentration-dependent, indicating that under these
conditions, inhibition occurs in two steps, which likely involves
the direct removal of Zn2+ by a short-lived collision complex. We
further examined this phenomenon using an in vitro dose−

Table 1. In Vitro and Cell-Based Activities of AMA Analogs (1−9), Bearing Substitution at APA1 and APA2e

compound Kd,Zn2 (nM)

IC50 (μM)a RC (μg/mL) in MHBb,c

NDM-1 - Zn NDM-1 + Zn VIM-2 - Zn IMP-7 - Zn NDM-1 VIM-1 VIM-2 IMP-7 IMP-27

AMA 0.1 ± 0.02 12,800 ± 722 13 ± 0.2 3000 53,000 8 8 8 32 32
1 19.9 ± 3.2 >500 >100 -d - >64 - - - -
2 1.4 ± 0.56 >500 >100 - - >64 - - - -
3 8.7 ± 0.9 >500 95.3 ± 3 - - 64 - - - -
4 0.40 ± 0.07 150 ± 16 12.5 ± 0.8 246 ± 23 32 ± 3.1 8 8 4 32 64
5 1.4 ± 0.56 97.2 ± 34.2 104 ± 2.0 - - 32 32 32 >64 >64
6 7.8 ± 3.4 >500 54 ± 4.1 183 ± 10 >500 8 4 8 16−32 32
7 109.0 ± 40 >500 29.2 ± 1 - - >64 - - - -
8 60.0 ± 13.0 >500 >250 - - 64 32 32 >64 >64
9 2.3 ± 1.9 >500 58 ± 5 - - >64 - - - -

aIn vitro assay. bRescue concentration was determined at the susceptibility breakpoint of meropenem (2 μg/mL). cIncreases in rescue
concentration values are highlighted as follows: ≤ 2 increases bolded. dHyphens represent values not determined, as the RC against ndm-1-
containing E. coli is ≥64 μg/mL. eRC, rescue concentration; MHB Mueller−Hinton Broth.

Table 2. In Vitro and Cell-Based Activities of AMA Analogs (10−23), Bearing Substitution at the C-Terminal Aspartic Acide,f

compound Kd,Zn2 (nM)

IC50 (μM)a RC (μg/mL) in MHBb,c

NDM-1 - Zn NDM-1 + Zn VIM-2 - Zn IMP-7 - Zn NDM-1 VIM-1 VIM-2 IMP-7 IMP-27

AMA 0.1 ± 0.02 12,800 ± 722 13 ± 0.2 3000 53,000 8 8 8 32 32
10 <0.0003 173.3 ± 3.9 21.7 ± 3.9 136 ± 5 >500 8 8 8 16 16
11 0.2 ± 0.05 21.5 ± 0.8 15.6 ± 0.2 22 ± 1 328 ± 15 32 32 16 >64 >64
12 4.4 ± 1.8 5.8 ± 0.5 403.8 ± 18.2 -d - 32 >64 >64 >64 >64
13 - >1000 >100 - - 64 >64 64 >64 >64
14 2.6 ± 0.4 184.6 ± 7.8 112.4 ± 4.8 246 ± 17 >500 32 64 16 32 >64
15e 2.3 ± 0.4 98.6 ± 4.0 56.1 ± 2.5 361 ± 29 >500 32 16 8 16 32
16 1.0 ± 0.1 >1000 18.3 ± 0.7 - - 16 16 16 >64 >64
17 24 ± 6 >1000 >100 - - >64 >64 64 >64 >64
18 18.0 ± 11.1 >1000 >100 - - >64 >64 >64 >64 >64
19 4.5 ± 1.75 >1000 80 ± 0.7 - - 32 32 16 >64 >64
20 0.64 ± 0.17 172 ± 1.5 38 ± 1.8 - - 16 16 8 >64 >64
21 10.8 ± 8.1 25.1 ± 8.3 54.0 ± 5.6 - - 64 >64 64 >64 >64
22 9.5 ± 6.5 23 ± 3.6 283 ± 27.4 - - >64 >64 64 >64 >64
23 4.2 ± 2.5 9.7 ± 1.7 42.2 ± 4.1 - - 64 32 16 >64 >64

aIn vitro assay. bRescue concentration was determined at the susceptibility breakpoint of meropenem (2 μg/mL). cIncreases in rescue
concentration values are highlighted as follows: ≤ 2 increases bolded. dHyphens represent values not determined, as the RC against ndm-1-
containing E. coli is ≥64 μg/mL. eMIC of 64 μg/mL. fRC, rescue concentration; MHB Mueller−Hinton Broth.
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response assay with NDM-1 and determined that the Zn2+-
independent IC50 value of AMA is 12 mM. Therefore,
distinguishing Zn2+ chelation versus direct Zn2+-removal (i.e.,
enzyme binding) can be accomplished by comparing NDM-1
inactivation in buffers containing or lacking Zn2+. Such detail is
necessary to deconvolute mixed modes of inhibition.
SAR of APA1 and APA2: Modifications at C-10 (4−8)

andC-7 (9).Modifying themetal coordinating amine (N9) of L-
APA2 through N-acylation with Gly (compound 1), Tyr
(compound 2), or compounds 24−29 (Table S2, data not
shown) or N-methylation (compound 3) considerably reduced
the biological activity of AMA (RC > 64 μg/mL) (Table 1). Our
in vitro dose−response inhibition assays were consistent with
these observations and showed that these compounds did not
inhibit recombinant NDM-1 either, which was reflected in their
reduced Zn2+ affinity. Therefore, the N9 atom of AMA is not
amenable to modification, validating its importance as a metal
coordination site.
Modifying the C-10 position of L-APA2, which does not

participate in metal coordination, with different hydrophobic
thioether-linked substituents (compounds 4−8) (Table 1)
produced mixed effects. Aliphatic substituents (compounds 7
and 8) had inadequate biological activities similar to the
previous series of compounds. In contrast, phenyl and 4-
hydroxyphenyl substituents (compounds 4 and 6) had
satisfactory biological activities comparable to AMA (blaNDM‑1
RC 8 μg/mL). Our in vitro dose−response inhibition assays
showed that compounds 4 and 6 could inactivate MBLs
indirectly and that compound 4 had notable activity as a direct
inhibitor of NDM-1. These observations were similar in
experiments involving MBLs of the VIM and IMP groups.
Conversely, 4-tolyl modification (compound 5) abrogated
biological activity despite having reasonable in vitro potency
as both a direct and indirect inhibitor. These data generally
indicate that the phenyl group at the C-10 position of compound
4 significantly improves MBL interactions in vitro; however,
structural variations at the para position can significantly modify
such behavior and/or reduce biological efficacy. The context-
dependence of the activity of these analogs suggests that there
are additional factors beyond MBL inhibition that affect efficacy
and could involve complex mechanisms of action. For example,
ligand field stabilization energy (LFSE) arises from an
incompletely filled d orbital. Zn2+ has a filled d10 electronic
orbital and has zero LFSE where the cost of breaking octahedral
symmetry is relatively low, showing high rates of ligand
dissociation. Therefore, substitutions near metal-ligands could
affect affinity by further increasing the rate of dissociation for the
ligand, explaining why some of the substitutions have led to
reduced Zn2+ affinity and biological activity.
Nevertheless, we were encouraged by the characteristics of the

phenyl group of compound 4 and thus installed a thioether-
linked phenyl group at the C-7 position of L-APA1 (compound
9) (Table 1). In contrast to our prior observations, the phenyl
substituent of compound 9 did not promote direct inhibition of
NDM-1. It was inactive in biological assays despite being active
as an indirect inhibitor of NDM-1 in vitro. These data further
support the hypothesis that the biological activity of these
analogs is multifactorial and complex, requiring deeper
investigation to elucidate their mechanisms.
SAR of L-Asp (10−23).Metal coordination by the sidechain

of the L-Asp subunit provided an opportunity to generate diverse
analogs through substitutions with different natural and
unnatural amino acids (Table 2).

We initially focused on hydrophobic and/or cyclic sub-
stitutions to potentially improve enzyme binding (compounds
10, 18, and 20−23). Except for compound 10, phenyl-based
analogs (compounds 20−22) and most heterocyclic substitu-
tions (compounds 18 and 23) had impaired biological activity
(RC > 8 μg/mL) despite exhibiting favorable activity within in
vitro enzyme assays where both direct and indirect inhibition
was observed. These contextual activities were similar to some of
the compounds from the previous series, which further
highlights the involvement of additional factors in the efficacy
of AMA analogs. The exception, compound 10, which has an L-
Asp → L-His substitution, had slightly improved biological and
in vitro activities relative to AMA, having the ability to bind Zn2+

with higher affinity. The Zn2+ affinity of compound 10 could not
be precisely determined because it was outside the detection
range of our assay, but it was estimated to be subpicomolar or
lower. In light of these observations, additional nitrogen-
containing side chains involving substitutions L-Asn and L-Arg
(compounds 16 and 17) were produced. Still, they did not
exhibit the same positive effects, suggesting that their side chains
do not possess the correct geometry and/or ionization potential
for Zn2+ binding.
We next screened various cysteine-based analogs because

thiols are known to intercalate between the Zn2+ cofactors of
MBLs and have been successfully applied in other inhibitor
design campaigns. Therefore, we generated several L-Cys and D-
Cys-based analogs (compounds 11−15) (Table 2) but found
that thiol incorporation negatively affected potency in biological
assays despite exhibiting both direct and indirect enzyme
inhibition for some enzymes in vitro. In this case, we suspect that
the limited biological activity is influenced by the oxidation state
of the thiol groups of these compounds. Evidence for the
oxidation of thiol-based MBL inhibitions has been previously
reported and shown to be time-dependent in culture media,
which negatively correlates with MBL inhibition. Of this group
of compounds, antimicrobial activity (MIC = 64 μg/mL) was
uniquely observed for compound 15 in the absence of
meropenem. Compound 15 is the L-isomer of compound 14,
which has antimicrobial activity, and it possesses an L-Asp→ L-
β,β-dimethylCys substitution. Therefore, we speculate that it
may be targeting an essential metalloprotein(s) in E. coli.
Next, we evaluated the efficacy of selected AMA analogs with

promising in cell activities against two other Gram-negative
bacterial pathogens: Klebsiella pneumoniae- and Acinetobacter
baumannii-expressing NDM-1 (Table 3). The results confirmed
that analogs 4, 10, and 15 show activity comparable to AMA in
combination with meropenem in K. pneumoniae. Surprisingly,
compound 15 rescues the meropenem activity at a lower
concentration than AMA when tested against A. baumannii.
Additionally, this L-penicillamine-containing analog also showed
antimicrobial activity of 32 μg/mL and 16 μg/mL for Klebsiella
and Acinetobacter strains, respectively.

Intracellular Accumulation Studies. To reconcile con-
text-specific activities among the AMA analogs, we investigated
their potential to accumulate within bacterial cells.46,47 This was
achieved by incubating the compounds (50 μM) with wild-type
E. coli cells that did not possess a blaMBL gene and comparing
their accumulation to meropenem and AMA, which served as
references (MEM = 43.9 nmol/1012 CFU; AMA = 5.7 nmol/
1012 CFU) (Figure 4 and Tables S4 and S5). We hypothesized
that compounds that exhibit acceptable activity (RC ≤16 μg/
mL) in biological assays might accumulate within the bacteria to
a greater extent than those with low activity (RC ≥32 μg/mL).
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In the cases of compounds 4 and 6, which demonstrated the
most potent activity among the L-APA2 series of analogs,
intracellular accumulation increased 1.5- and 4.5-fold relative to
AMA, respectively. In contrast, the remaining compounds of this
series, which had insufficient biological activity, could not be
detected within the intracellular contents of E. coli and were
therefore unable to penetrate the cells. Similar results were
observed for the compounds of the L-Asp series of analogs.
While the accumulation of compounds with acceptable activities
(compounds 10, 15, 16, 19, 20, and 23) increased, those with
insufficient activity could not be detected.
Several physiochemical properties predict the likelihood of a

small molecule to accumulate within Gram-negative bacteria,
including the presence and position of a primary amine,
globularity, and flexibility (number of rotatable bonds). As AMA
can exist either in free or metal-coordinated forms, predictive
rules may not accurately inform the accumulation of analogs as
their physiochemical properties are dynamic. This was implied
from the varied accumulation of AMA analogs with similar
globularity and flexibility (e.g., AMA vs compound 10).
Alternative phenomena potentially responsible for the varied
accumulation of AMA analogs are localized polarity and steric
effects near the amine, which could be directly influenced by
metal coordination but cannot be assessed without structural
data for each analog.48 Overall, these data validated our
hypothesis that the SAR of these analogs is linked to intracellular
concentration. Furthermore, the data suggest that improved

intracellular accumulation can be leveraged to enable analogs
with weaker Zn2+ affinity (relative AMA), such as compounds 6,
14, 15, 16, and 23, to exert a reasonable extent of inhibitory
activity.

■ CONCLUSIONS

In summary, we report the crystal structure of AMA in complex
with Ni2+ and identified the key functional groups involved in
metal coordination. The structure was used to guide the design
of AMA analogs, which were generated using a new and efficient
total solid-phase synthesis strategy with 2-chlorotritylchloride
resin. Antimicrobial susceptibility assays and in vitro enzyme
inhibition assays were performed and involved representative
members of the three most prevalent groups MBLs (NDM,
VIM, and IMP). Moreover, Zn2+ affinity and intracellular
accumulation were assessed for a subset of the most active
compounds to establish a comprehensive structure−activity
relationship profile.
Of the modifications to the C-10 atom of APA1, aliphatic

substitutions were not tolerated. In contrast, aromatic phenyl
and hydroxyphenyl substitutions either performed similarly to
AMA or lowered/raised the RC of someMBLs 2-fold, whereas a
methylated derivative had a negative impact. These findings
indicate that a polar carboxyl group at C-10 is not essential for
activity and that moderately hydrophobic and polar aromatic
groups are well tolerated, showing potential for further
expansion.
The substitution of L-Asp with alternative amino acids was not

tolerated in most cases as analogs with polar, hydrophobic, or
thiol side chains had reduced efficacy, underscoring the
importance of metal coordination geometry of this residue.
The one exception, which contained an L-Asp → L-His
substitution, showed 2-fold reductions in RC toward E. coli,
producing MBLs with high tolerance to AMA. This finding
indicates that the side chain of L-His improves Zn2+

coordination, which increases its affinity and enables it to
outcompete MBLs with higher Zn2+ affinity, which are usually
are more recalcitrant to AMA.
While the inhibitory mechanism of AMA only involves

indirect Zn2+ sequestration, some analogs could facilitate both
indirect and direct removal of Zn2+ from the active sites of
MBLs; however, the biological potency of such analogs did not
surpass AMA. It stands to reason that in a Zn2+-rich
environment, such as culture media, inhibition by sequestration
is thermodynamically more favorable than direct Zn2+ removal
through a collision complex. Therefore, a poorer chelator is less
likely to be an efficient MBL inhibitor despite accumulating
within the cell and transiently removing Zn2+ from the enzyme
through direct attack. In this case, the inactive MBL could
reactivate by binding Zn2+ not sequestered by the chelator. This
contrasts with a stronger chelator, which may result in off-target
activity by outcompeting host metalloproteins. In conclusion,
our SAR studies highlight that intracellular Zn2+ sequestration
dynamics are crucial for biological activity, indicating that metal
affinity and local concentration likely play the most important
roles in MBL inhibition.

■ EXPERIMENTAL SECTION

Preparation of AMA-Ni Complex- (CH3)4N-Ni-AMA
(H2O)5. Single crystals of C14H35N4NaNiO13 [AMA-Ni] were
prepared following the protocol published for the EDDA-Ni
complex.49 Briefly, AMA (46mg, 0.14mmol, 1 eq), NiCO3·H2O

Table 3. Meropenem Rescue Activities of AMA Analogs
against K. pneumoniae ATCC 33495::pGDP2 (NDM-1) and
A. baumannii ATCC 17978 pROTO2: NDM-1d

compound

RC (μg/mL) in MHBa,b

K. pneumoniae ATCC
33495::pGDP2 (NDM-1)

A. baumannii ATCC
17978::pROTO2 (NDM-1)

AMA 8 4−8
4 8 8
6 16 8
10 8 4−8
15c 8 2−4
16 32 16
20 64 32

aRescue concentration was determined at the susceptibility break-
point of meropenem (2 μg/mL). bMeropenem MIC = 16−32 μg/
mL. cMIC = 16−32 μg/mL. dRC, rescue concentration.

Figure 4. Cell accumulation assay data for selected analogs in E. coli
BW25113 (WT). All assays were performed in biological and technical
triplicates. The error bars represent the standard deviations.
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(45 mg, 0.14 mmol, 1 eq), and tetramethylammonium
hydroxide pentahydrate (51 mg, 0.28 mmol, as 10% aqueous
solution, 2 eq) were stirred in water (0.6 mL). The resulting
blue-violet solution was heated to 65 °C (steamwater bath) for 1
h with stirring. After that time, the solution was filtered while
hot, and crystals were grown by slow evaporation.
Single-Crystal Diffraction Experiment of the AMA-Ni

Complex. A suitable crystal was selected and mounted on a
Bruker APEX-II CCD diffractometer. The crystal was kept at
100.0(1) K during data collection. Using Olex2,50 the structure
was solved with the XT51 structure solution program using
Intrinsic Phasing and refined with the XL52 refinement package
using Least Squares minimization. Crystal data for
C14H35N4NaNiO13 (M = 549.16 g/mol): monoclinic, space
group P21 (no. 4), a = 9.4899(4) Å, b = 10.0977(4) Å, c =
12.5037(5) Å, β = 97.280(2)°, V = 1188.52(8) Å3, Z = 2, T =
100.0(1) K, μ(Mo Kα) = 0.904 mm−1, Dcalc = 1.535 g/cm3,
47,260 reflections measured (3.284° ≤ 2Θ ≤ 61°), 7265 unique
(Rint = 0.0349, Rsigma = 0.0315) which were used in all
calculations. The final R1 was 0.0236 (I > 2σ(I)) and wR2 was
0.0542 (all data). Full structural details are available from the
CCDC (deposition number 2105011). Additional crystallo-
graphic details could be found in Table S1.
Synthesis of AMAAnalogs. All compounds are >95% pure

by HPLC analysis (Supporting Information).
((S)-2-(((S)-2-(2-Aminoacetamido)-2-carboxyethyl)-

amino)-2-carboxyethyl)-L-aspartic Acid (1). The preloaded 2-
chlorotrityl resin was left to swell by suspending 1 g in 10 mL of
anhydrous DMF for 30 min at RT before removing the solvent
by filtration. A 20% v/v solution of piperidine in DMF (10 mL)
was then added, followed by shaking for 20 min at RT. The resin
was then filtered and washed with DMF (3 × 10 mL), IPA (3 ×
10mL), DMF (1× 10mL), and THF (2× 10mL). To the resin-
bound amino acid was added a solution of o-Ns-Azy-OBn (3 eq)
in THF (5 mL) under N2, and the system was sealed. The ring-
opening reaction was then carried out for 20 h at RT with
shaking. The remaining resin-bound Ns-protected intermediate
was treated with acetonitrile (5 mL), followed by thiophenol (1
mL) and DiPEA (1 mL). The reaction was incubated with
shaking for 1 h at RT. The resulting resin was washed with
DMF/IPA/THF as described above, and to it was added a fresh
solution of o-Ns-Azi-OBn (3 eq in 5 mL of THF). The second
ring-opening reaction was carried out as described above. The
Nosyl group of the resin-bound, fully protected AMA was
removed using PhSH/DIPEA as already described. The resin
was then filtered and washed with DMF/IPA and treated with
Fmoc-Gly-OH (5 eq), HOBt (5 eq), and HBTU (5 eq) in DMF
(10 mL/g resin) for 20 h at RT with shaking.37 Then, the resin
was filtered and washed with DCM/MeOH before treatment
with piperidine (20%) in DMF to remove the Fmoc group.
Cleavage from the resin as described above afforded the
protected glycine-AMA analog 1a, which was then treated with
TFMSA (9 eq) and anisole (10 eq) in DCM for 1 h at RT26 to
remove the acid-protecting groups to yield glycine-AMA analog
1; 1H NMR (700 MHz, D2O) δ 5.06 (dd, J = 13.3, 4.5 Hz, 1H),
4.56 (s, 2H), 4.28 (dd, J = 10.9, 5.0 Hz, 1H), 3.92 (dd, J = 11.1,
4.5 Hz, 1H), 3.66−3.60 (m, 1H), 3.58 (dd, J = 7.0, 3.8 Hz, 1H),
2.96 (dd, J = 13.2, 11.0 Hz, 1H), 2.82−2.67 (m, 4H). 13C NMR
(176 MHz, D2O) δ 182.38, 179.45, 175.37, 172.08, 169.85,
57.91, 56.58, 55.67, 44.50, 41.86, 39.71, 24.22.
((S)-2-(((S)-2-((R)-2-Amino-3-(4-hydroxyphenyl)-

propanamido)-2-carboxyethyl)amino)-2-carboxyethyl)-L-as-
partic Acid (2). The tyrosine-AMA analog 2 was synthesized

using a similar procedure to that described for the synthesis of
glycine-AMA analog 1 using Boc-Tyr-OH (5 eq). The Boc
group was removed during the final deprotection step with
TFMSA/anisole as described above to afford tyrosine-AMA
analog 2; 1H NMR (700 MHz, D2O) δ 7.22 (q, J = 6.8 Hz, 3H),
6.94−6.89 (m, 3H), 4.43 (d, J = 8.9 Hz, 1H), 4.34 (t, J = 7.2 Hz,
1H), 4.01 (d, J = 7.0 Hz, 1H), 3.92 (d, J = 6.0 Hz, 2H), 3.54 (d, J
= 7.1 Hz, 2H), 3.51−3.41 (m, 1H), 3.35−3.22 (m, 1H), 3.22−
3.10 (m, 0H), 2.98−2.70 (m, 2H). 13C NMR (176 MHz, D2O)
δ 172.81, 169.58, 155.15, 130.90, 125.49, 122.32, 120.52,
118.71, 116.91, 115.93, 59.87, 54.51, 52.22, 35.80, 35.22.

((S)-2-Carboxy-2-(((S)-2-carboxy-2-(methylamino)ethyl)-
amino) Ethyl)-L-aspartic Acid (3). N-Methylation was carried
out as previously described40 using fully protected, resin-bound
AMA. Methylation was followed by nosyl deprotection via
treatment with mercaptoethanol (10 eq) and DBU (5 eq) in N-
methyl pyrrolidone (5 mL) for 5 min at RT. The procedure was
then repeated to ensure full deprotection before the N-
methylated product was cleaved from the resin as described
above to afford 3a. The acid-protecting groups of 3a were
removed using TFMSA/anisole as described above to afford
fully deprotected N-methylated AMA analog 3; 1H NMR (700
MHz, D2O) δ 4.58 (dd, J = 13.6, 5.4 Hz, 1H), 4.49 (dd, J = 10.7,
5.3 Hz, 1H), 4.18 (dd, J = 8.8, 5.4 Hz, 1H), 3.78−3.66 (m, 2H),
3.31 (td, J = 14.8, 13.4, 10.8 Hz, 1H), 3.16−3.06 (m, 1H), 2.94
(s, 3H), 2.75−2.67 (m, 2H), 2.07 (d, J = 1.0 Hz, 1H).13C NMR
(176MHz, D2O) δ 177.94, 177.15, 174.78, 167.65, 62.12, 56.11,
55.20, 43.04, 42.05, 37.85, 33.60.

General Procedure for the Synthesis of Thioether
AMA Analogs 4−8. After the first ring-opening reaction and
nosyl deprotection as described above, the resulting resin was
washed with DMF/IPA/THF as described above, and to it was
added a fresh solution of o-Ns-Azy-CH2OTs

43 (3 eq in 5 mL of
THF). The second ring-opening reaction was carried out as
described above. Small-scale cleavage and LC−MS analysis
confirmed that the second ring-opening had gone to completion
to afford fully protected, resin-bound tosyl-AMA. Then to the
resin was added acetonitrile (5 mL/g resin) followed by the
corresponding thiol (1 mL) and DIPEA (1 mL). After 1 h
shaking at RT, the corresponding thioether was formed and the
nosyl group was removed in most cases, except for propane thiol
and p-methylbenzene thiol 5 where the Ns group had to be
additionally deprotected. The resin-bound AMA analog was
then Boc-protected using Boc2O (5 eq) and DIPEA (10 eq) in
DCM53 to yield a fully protected resin-bound thioether.
Cleavage from the resin followed by deprotection using
TFMSA/anisole as described above where R1 = Bn/tBu, or
using TMTOH in DCM at 84 °C for 3 h where R1 = Me,
afforded analogs 4−8.

(S)-2-(((S)-2-Amino-3-(phenylthio)propyl)amino)-2-car-
boxyethyl)-L-aspartic Acid (4). 1H NMR (700 MHz, D2O) δ
7.58−7.51 (m, 2H), 7.44 (dd, J = 8.4, 7.0 Hz, 2H), 7.41−7.33
(m, 1H), 3.81 (dd, J = 9.3, 3.7 Hz, 1H), 3.44−3.37 (m, 1H),
3.37−3.31 (m, 2H), 3.28 (dd, J = 12.9, 4.2 Hz, 1H), 3.21 (dd, J =
14.7, 8.0 Hz, 1H), 3.13 (dd, J = 12.9, 9.8 Hz, 1H), 3.04 (dd, J =
13.8, 6.9 Hz, 1H), 2.81 (ddd, J = 15.4, 3.7, 1.8 Hz, 2H), 2.69 (dd,
J = 17.6, 9.3 Hz, 1H). 13C NMR (176 MHz, D2O) δ 177.31,
177.14, 172.98, 132.88, 130.78, 129.57, 127.73, 97.86, 67.45,
64.24, 59.79, 59.27, 50.43, 47.88, 47.38, 35.63, 33.89, 23.67.

((S)-2-(((S)-2-Amino-3-(P-tolylthio)propyl)amino)-2-car-
boxyethyl)-L-aspartic Acid (5). 1H NMR (700 MHz, D2O) δ
7.53−7.38 (m, 2H), 7.33−7.19 (m, 3H), 3.77 (dd, J = 9.3, 3.8
Hz, 0H), 3.63−3.42 (m, 1H), 3.39−3.30 (m, 1H), 3.30−3.22

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05757
ACS Omega 2022, 7, 4170−4184

4178

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05757/suppl_file/ao1c05757_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05757/suppl_file/ao1c05757_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(m, 1H), 3.19 (dd, J = 14.5, 5.6 Hz, 0H), 3.16−3.10 (m, 1H),
3.10−3.03 (m, 1H), 2.99 (ddd, J = 13.6, 5.5, 2.8 Hz, 1H), 2.83−
2.74 (m, 1H), 2.69−2.58 (m, 1H), 2.34 (dd, J = 7.0, 3.6 Hz,
4H).13C NMR (176 MHz, D2O) δ 179.11, 177.63, 177.47,
171.02, 138.29, 131.39, 131.21, 130.21, 60.27, 59.40, 54.11,
50.29, 48.96, 47.91, 36.02, 32.78, 28.41, 23.27, 20.10.
((S)-2-(((S)-2-Amino-3-((4-hydroxyphenyl)thio)propyl)-

amino)-2-carboxyethyl)-L-aspartic Acid (6). 1H NMR (700
MHz, D2O) δ 7.52−7.39 (m, 3H), 6.91 (dq, J = 8.5, 2.0, 1.6 Hz,
3H), 3.90 (ddd, J = 9.0, 3.6, 0.7 Hz, 1H), 3.85−3.70 (m, 2H),
3.35 (dp, J = 8.6, 4.6 Hz, 1H), 3.30 (d, J = 4.8 Hz, 1H), 3.28−
3.21 (m, 1H), 3.14−3.02 (m, 2H), 2.98 (dd, J = 13.7, 7.1 Hz,
1H), 2.85−2.75 (m, 3H), 2.73 (s, 1H), 2.71−2.63 (m, 2H), 1.92
(s, 1H). 13C NMR (176 MHz, D2O) δ 177.55, 177.23, 174.27,
171.02, 160.25, 134.59, 122.30, 120.50, 118.70, 116.73, 59.96,
59.39, 52.24, 50.30, 47.92, 38.70, 36.59, 23.24.
((S)-2-(((S)-2-Amino-3-(propylthio)propyl)amino)-2-car-

boxyethyl)-L-aspartic Acid (7). 1H NMR (700 MHz, D2O) δ
3.85 (dd, J = 7.0, 4.1 Hz, 1H), 3.75 (dd, J = 6.5, 4.0 Hz, 1H),
3.52−3.42 (m, 1H), 3.24 (dd, J = 13.5, 4.1 Hz, 1H), 3.10−3.03
(m, 2H), 2.95−2.87 (m, 1H), 2.87−2.80 (m, 2H), 2.80−2.71
(m, 3H), 2.65−2.55 (m, 3H), 1.62 (dq, J = 10.3, 3.5, 3.0 Hz,
2H), 0.97 (tt, J = 7.4, 1.2 Hz, 4H). 13C NMR (176MHz, D2O) δ
180.61, 180.15, 177.76, 60.52, 58.31, 50.91, 49.72, 47.22, 38.69,
33.66, 31.48, 22.14, 12.51.
((S)-2-(((S)-2-Amino-3-((2-hydroxyethyl)thio)propyl)-

amino)-2-carboxyethyl)-L-aspartic Acid (8). 1H NMR (700
MHz, D2O) δ 3.85−3.71 (m, 1H), 3.71−3.63 (m, 1H), 3.61−
3.46 (m, 1H), 3.46−3.34 (m, 1H), 3.35−3.20 (m, 1H), 3.20−
3.03 (m, 1H), 3.02−2.89 (m, 1H), 2.86−2.65 (m, 2H), 2.65−
2.53 (m, 1H). 13C NMR (176 MHz, D2O) δ 177.29, 172.95,
171.64, 120.52, 118.71, 60.53, 60.22, 60.01, 53.30, 51.19, 46.84,
44.16, 36.49, 35.51, 34.47, 34.06.
( (S ) -2- ( ( (S ) -2-Amino-2-carboxyethy l )amino) -3-

(phenylthio)propyl)-L-aspartic Acid (9). The order of the two
ring-opening steps used for the synthesis of analogs 4−8 was
exchanged to produce analog 9, where the thioether was
incorporated after the first ring-opening reaction. 1H NMR (700
MHz, D2O) δ 7.58−7.51 (m, 2H), 7.43 (dd, J = 8.4, 7.0 Hz, 2H),
7.39−7.32 (m, 1H), 3.76 (dd, J = 5.3, 3.9 Hz, 1H), 3.67 (dd, J =
9.8, 3.6 Hz, 1H), 3.37−3.29 (m, 1H), 3.27−3.20 (m, 2H), 3.06−
2.98 (m, 2H), 2.95 (td, J = 13.4, 12.8, 9.0 Hz, 1H), 2.81 (dd, J =
13.3, 4.0 Hz, 1H), 2.78−2.67 (m, 2H), 2.64−2.55 (m, 1H). 13C
NMR (176 MHz, D2O) δ 177.70, 177.65, 173.69, 133.94,
130.77, 129.52, 127.43, 59.43, 54.42, 53.71, 48.58, 45.98, 38.70,
36.59, 35.02.
General Procedures and Spectral Data for Asp-

Substituted AMA Analogs 10−23. Asp-substituted AMA
analogs 10−23 were synthesized using the same ring-opening/
deprotection cascade described above, starting from the
appropriate protected amino acid-substituted resin (trityl- or
Pbf-protected). TFMSA/anisole was used for the final
deprotection where R2 = Bn/tBu, and TMTOH was used
where R2 = Me. Final deprotection conditions also resulted in
the removal of the trityl/Pbf amino acid-protecting groups. The
2-chlorotrityl resin was used to synthesize all analogs, except for
the His-substituted analog 10 where Wang resin was used.
(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-(1H-

imidazol-4-yl)ethyl)amino)ethyl)amino)propanoic Acid (10).
His-substituted AMA analog 10 was synthesized according to
the above general procedure using Trt-D-His-substituted Wang
resin. Once the chain had been assembled, TFA:DCM (95: 5)
was used to cleave the analog from the resin, followed by

TFMSA/anisole deprotection described above, which also
resulted in trityl deprotection, to afford His-substituted AMA
analog 10. 1H NMR (700 MHz, D2O) δ 7.85−7.81 (m, 1H),
7.09 (d, J = 10.5 Hz, 1H), 3.90 (dd, J = 7.0, 5.6 Hz, 1H), 3.81
(dd, J = 6.3, 4.1 Hz, 1H), 3.36 (dd, J = 9.3, 5.0 Hz, 1H), 3.29−
3.14 (m, 5H), 3.04 (ddd, J = 12.6, 9.0, 4.6 Hz, 1H), 2.94−2.87
(m, 1H). 13C NMR (176 MHz, D2O) δ 177.49, 173.62, 173.10,
136.11, 116.51, 62.23, 60.08, 54.60, 48.02, 47.04, 27.43.

(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-mer-
captoethyl) amino)ethyl)amino)propanoic Acid (11). Cys-
substituted AMA analog 11 was synthesized according to the
above general procedure using Trt-L-Cys-substituted resin. 1H
NMR (700 MHz, D2O) δ 4.07 (dd, J = 7.7, 4.3 Hz, 1H), 3.86
(dt, J = 10.6, 5.3 Hz, 1H), 3.48−3.41 (m, 2H), 3.37 (dt, J = 12.5,
4.8 Hz, 1H), 3.31−3.22 (m, 2H), 3.16 (ddd, J = 14.1, 9.3, 5.1 Hz,
1H), 2.96 (dt, J = 13.3, 4.1 Hz, 1H). 13CNMR (176MHz, D2O)
δ 177.09, 172.91, 171.81, 60.65, 59.70, 54.50, 48.29, 46.91,
36.92.

(S)-2-Amino-3-(((S)-1-carboxy-2-(((R)-1-carboxy-2-
mercaptoethyl)amino)ethyl)amino)propanoic Acid (12). D-
Cys-substituted AMA analog 12 was synthesized according to
the above general procedure using Trt-D-Cys-substituted resin.
1HNMR (700MHz, D2O) δ 4.57−4.49 (m, 1H), 4.42 (t, J = 5.4
Hz, 1H), 4.32−4.27 (m, 1H), 4.23−4.13 (m, 4H), 4.05−3.95
(m, 2H), 3.82−3.73 (m, 2H), 3.67−3.56 (m, 3H), 3.30−3.19
(m, 4H), 3.17−3.11 (m, 2H). 13C NMR (176 MHz, D2O) δ
174.48, 172.15, 168.44, 167.73, 124.11, 122.31, 120.51, 118.71,
60.25, 60.08, 53.37, 49.82, 44.37, 25.89.

((S)-2-(((S)-2-Amino-2-carboxyethyl)amino)-2-carbox-
yethyl)-L-homocysteine (13). L-Homocysteine-substituted
AMA analog 13 was synthesized according to the above general
procedure using the corresponding Trt-propanethiol-substi-
tuted resin. 1H NMR (700 MHz, D2O) δ 4.72 (ddd, J = 4.6, 3.0,
1.3 Hz, 1H), 4.40 (td, J = 6.1, 1.6 Hz, 1H), 4.27 (td, J = 6.5, 1.5
Hz, 1H), 4.07 (ddd, J = 14.9, 6.2, 1.5 Hz, 1H), 4.03−3.91 (m,
2H), 3.81 (ddd, J = 13.4, 5.6, 1.6 Hz, 1H), 2.80−2.69 (m, 2H),
2.51−2.41 (m, 1H), 2.18−2.07 (m, 1H). 13C NMR (176 MHz,
D2O) δ 171.07, 168.98, 166.86, 121.48, 119.68, 117.88, 116.07,
57.46, 52.84, 50.29, 47.18, 40.49, 32.05, 19.28.

(R)-2-(((S)-2-(((S)-2-Amino-2-carboxyethyl)amino)-2-
carboxyethyl)amino)-3-mercapto-3-methylbutanoic Acid
(14). D-DMC-substituted AMA analog 14 was synthesized
according to the above general procedure using the correspond-
ing Trt-D-DMC-substituted resin. 1H NMR (700 MHz, D2O) δ
3.89−3.77 (m, 1H), 3.50−3.43 (m, 1H), 3.37 (d, J = 3.1 Hz,
1H), 3.27 (dd, J = 13.5, 6.1 Hz, 1H), 3.14 (dd, J = 9.9, 7.2 Hz,
1H), 2.99−2.87 (m, 1H), 1.61 (d, J = 5.0 Hz, 3H), 1.34 (d, J =
8.6 Hz, 3H). 13C NMR (176 MHz, D2O) δ 177.56, 177.41,
173.07, 73.87, 59.36, 54.51, 48.90, 46.93, 44.29, 41.13, 32.84.

(S)-2-(((S)-2-(((S)-2-Amino-2-carboxyethyl)amino)-2-
carboxyethyl)amino)-3-mercapto-3-methylbutanoic Acid
(15). L-DMC-substituted AMA analog 15 was synthesized
according to the above general procedure using the correspond-
ing Trt-L-DMC-substituted resin. 1H NMR (700 MHz, D2O) δ
3.86 (ddd, J = 26.8, 6.3, 4.4 Hz, 1H), 3.66 (s, 0H), 3.56−3.44
(m, 1H), 3.29−3.11 (m, 3H), 3.11−2.93 (m, 1H), 1.66−1.57
(m, 5H), 1.48−1.40 (m, 4H). 13C NMR (176 MHz, D2O) δ
177.37, 177.15, 176.85, 172.83, 73.29, 69.66, 58.47, 51.12,
49.11, 44.35, 27.61, 21.92.

((S)-2-(((S)-2-Amino-2-carboxyethyl)amino)-2-carbox-
yethyl)-L-asparagine (16). L-Asparagine-substituted AMA
analog 16 was synthesized according to the above general
procedure using the corresponding Trt-L-asparagine-substituted
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resin.1HNMR (700MHz, D2O) δ 3.86 (dd, J = 8.0, 4.3 Hz, 1H),
3.76 (dd, J = 6.0, 4.0 Hz, 1H), 3.33 (dd, J = 9.6, 4.6 Hz, 1H),
3.26−3.20 (m, 1H), 3.18 (dd, J = 13.5, 6.0 Hz, 1H), 3.05−2.99
(m, 1H), 2.89 (dd, J = 16.9, 4.4 Hz, 1H), 2.85−2.76 (m, 2H).
13C NMR (176 MHz, D2O) δ 177.30, 174.46, 173.04, 60.08,
58.57, 58.47, 54.79, 54.59, 48.12, 47.76, 47.51, 47.04, 41.07,
33.91.
((S)-2-(((S)-2-Amino-2-carboxyethyl)amino)-2-carbox-

yethyl)-L-arginine (17). L-Arginine-substituted AMA analog 17
was synthesized according to the above general procedure using
the corresponding Pbf-L-arginine-substituted resin 1H NMR
(700 MHz, D2O) δ 3.82−3.71 (m, 1H), 3.50−3.39 (m, 1H),
3.38−3.29 (m, 1H), 3.24 (td, J = 7.6, 6.9, 1.9Hz, 2H), 3.17 (ddd,
J = 13.5, 6.6, 1.2 Hz, 1H), 3.13−3.00 (m, 1H), 2.96−2.77 (m,
2H), 1.91−1.74 (m, 1H), 1.74−1.58 (m, 2H). 13C NMR (176
MHz, D2O) δ 178.34, 177.55, 173.88, 160.25, 156.73, 120.49,
118.69, 62.43, 61.38, 58.34, 54.67, 48.45, 47.43, 40.61, 27.68,
24.21, 24.01.
(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-(1H-

indol-2-yl)ethyl)amino)ethyl)amino)propanoic Acid (18). L-
Tryptophan-substituted AMA analog 18 was synthesized
according to the above general procedure using L-tryptophan-
substituted resin. 1H NMR (700 MHz, D2O) δ 7.77 (dq, J = 7.9,
1.0 Hz, 1H), 7.56 (dq, J = 8.3, 1.0 Hz, 1H), 7.38 (d, J = 7.1 Hz,
1H), 7.34−7.29 (m, 1H), 7.23 (ddq, J = 8.0, 7.0, 1.0 Hz, 1H),
4.01 (t, J = 6.7 Hz, 1H), 3.58−3.49 (m, 2H), 3.40−3.35 (m,
2H), 3.27 (ddd, J = 9.2, 5.3, 1.5 Hz, 1H), 3.23−3.15 (m, 1H),
3.09−3.01 (m, 2H), 2.77 (ddt, J = 13.6, 4.1, 1.1 Hz, 1H), 2.74 (t,
J = 0.9 Hz, 3H), 2.09−2.07 (m, 1H), 1.93 (t, J = 0.9 Hz, 1H). 13C
NMR (176 MHz, D2O) δ 122.32, 120.52, 118.72, 116.92,
112.05, 62.56, 54.73, 47.98, 46.90, 38.72.
(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-

hydroxyethyl)amino)ethyl)amino)propanoic Acid (19). L-
Serine-substituted AMA analog 19 was synthesized according
to the above general procedure using L-serine-substituted resin.
1H NMR (700 MHz, D2O) δ 4.10−4.04 (m, 1H), 4.02−3.94
(m, 2H), 3.90−3.76 (m, 4H), 3.46−3.42 (m, 1H), 3.42−3.36
(m, 2H), 3.32−3.22 (m, 2H), 3.13 (ddt, J = 12.3, 9.9, 1.0 Hz,
1H), 2.92 (ddt, J = 13.6, 4.1, 1.1 Hz, 1H). 13C NMR (176 MHz,
D2O) δ 177.28, 172.97, 171.36, 63.43, 59.79, 59.05, 54.65,
47.80, 46.99.
(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-(4-

hydroxyphenyl)ethyl)amino)ethyl)amino)propanoic Acid
(20). L-Tyrosine-substituted AMA analog 20 was synthesized
according to the above general procedure using L-tyrosine-
substituted resin. 1H NMR (700 MHz, D2O) δ 7.26−7.15 (m,
2H), 6.95−6.85 (m, 2H), 3.82 (tt, J = 6.6, 1.5 Hz, 1H), 3.74
(ddt, J = 6.5, 4.1, 0.9 Hz, 1H), 3.32 (ddt, J = 9.4, 5.1, 1.0 Hz, 1H),
3.25−3.08 (m, 4H), 3.04−2.93 (m, 1H), 2.87 (ddt, J = 13.5, 4.1,
0.9 Hz, 1H). 13C NMR (176 MHz, D2O) δ 177.55, 173.92,
173.14, 154.82, 130.69, 126.95, 115.80, 63.88, 59.99, 54.68,
48.19, 47.03, 35.17.
(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-(4-

(phosphonooxy)phenyl)ethyl)amino)ethyl)amino)propanoic
Acid (21). L-Phosphotyrosine-substituted AMA analog 21 was
synthesized according to the above general procedure using L-
phosphotyrosine-substituted resin. 1HNMR (700MHz, D2O) δ
7.32 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 4.32−4.21 (m,
1H), 4.13 (q, J = 6.8, 6.4 Hz, 1H), 3.96−3.82 (m, 1H), 3.59−
3.46 (m, 2H), 3.46−3.36 (m, 2H), 3.36−3.23 (m, 2H), 2.72 (s,
1H). 13C NMR (176 MHz, D2O) δ 172.46, 170.21, 167.20,
151.64, 130.65, 129.53, 121.11, 120.50, 118.70, 59.05, 56.44,
51.06, 48.14, 41.72, 38.70, 33.92.

The starting L-Phosphotyrosine (pTyr) was not a single
enantiomer. This fact is contributing to the peak splitting in the
HPLC chromatogram (Supporting Information).

(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-carboxy(4-
hydroxyphenyl)methyl)amino)ethyl)amino)propanoic Acid
(22). p-Hydroxyphenylglycine-substituted AMA analog 22 was
synthesized according to the above general procedure using p-
hydroxyphenylglycine-substituted resin. 1H NMR (700 MHz,
D2O) δ 7.36 (dd, J = 8.6, 3.5 Hz, 2H), 7.03−6.92 (m, 3H), 4.65
(d, J = 11.3 Hz, 1H), 3.85−3.74 (m, 1H), 3.34−3.26 (m, 1H),
3.22 (pd, J = 11.5, 6.8 Hz, 1H), 3.11−3.01 (m, 1H), 3.01−2.90
(m, 1H), 2.90−2.81 (m, 1H), 2.73 (d, J = 0.9Hz, 2H). 13CNMR
(176 MHz, D2O) δ 177.38, 173.05, 156.88, 130.49, 122.30,
120.50, 118.70, 116.90, 116.18, 65.32, 60.17, 54.63, 47.32,
47.03, 38.70, 32.99.

(S)-2-Amino-3-(((S)-1-carboxy-2-(((S)-1-carboxy-2-(thio-
phen-2-yl)ethyl)amino)ethyl)amino)propanoic Acid (23).
Thiophene-substituted AMA analog 23 was synthesized
according to the above general procedure using thiophene-
substituted resin. 1H NMR (700 MHz, D2O) δ 7.35−7.26 (m,
1H), 7.02 (ddd, J = 4.8, 3.4, 1.1 Hz, 1H), 6.98−6.91 (m, 1H),
3.53−3.42 (m, 1H), 3.42−3.29 (m, 1H), 3.26−3.09 (m, 3H),
2.87−2.71 (m, 3H), 2.60 (ddd, J = 12.1, 9.0, 1.3 Hz, 1H). 13C
NMR (176 MHz, D2O) δ 180.42, 180.28, 178.29, 139.84,
127.18, 126.36, 124.62, 64.96, 63.50, 55.36, 50.04, 49.68, 32.86.

Determination of Zn2+ Affinity. The Zn2+ affinities of
AMA analogs were determined through Zn2+ competition with a
colorimetric 4-(2-pyridylazo) resorcinol (PAR)-based assay as
described previously for AMA (21). AMA analogs were titrated
into Chelex-100 treated buffer (20 mM HEPES and 100 mM
NaCl, pH 7.5) containing excess PAR (100 μM) and ZnSO4 (10
μM). Assays were incubated in clear flat-bottom 96-well plates
for 3 h at 25 °Cwith a final assay volume of 200 μL. Dissociation
of Zn2+ from PAR due to competition results in a decrease in
absorbance at a wavelength of 492 nm, which was measured with
a BioTek Synergy H1 microplate reader. The dissociation
constant for AMA was estimated using the known stability
constant of PAR at pH 7.4 using the method described by
Kocyla et al.54

Bacterial Antimicrobial Susceptibility Tests. DNA
manipulations and pGDP2 plasmid construction for E. coli and
K. pneumoniae were performed as described previously.31

However, for A. baumannii plasmid construction, the A.
baumannii origin of replication (ori1266) from pFLP2 (vector
was a gift from Dr. Ayush Kumar at the University of Manitoba)
was added to empty pGDP2 using restriction enzyme digestion
with Psp1406I (AclI) followed by Gibson Assembly. PCR
amplification of ori1266 and Gibson Assembly were carried out
using the following primers: 5′ CAT GCC CGG TTA CTG
GAA CGT TGA TCG TAG AAA TAT CTA TGA TTA TC 3′
and 5′CAT ACCGCC AGT TGTTTA CCCTCACGGATT
TTAACATTTTGCGTTG 3′. The Escherichia−Acinetobacter
shuttle vector containing blaNDM-1 was obtained by restriction
enzyme digestion with NcoI/XhoI and Gibson Assembly. PCR
amplification of blaNDM-1 (from existing pGDP2:NDM-1)
and Gibson Assembly were conducted using the following
primers: 5′ CTT TAA GAA GGA GAT ATA CCA TGG GCA
GCA GCC ATC ATC ATC ATC 3′ and 5′ GTG GTG GTG
GTG GTG CTC GAG TGC GGC CGC AAG CTT 3′. All
vector sequences were verified by Sanger Sequencing.
Bacterial antibiotic susceptibility tests were conducted based

on previously described protocols.31,55 Briefly, meropenem was
dissolved in water while AMA was diluted in water containing
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≤5% (v/v) ammonium hydroxide to ensure that the final pH
was between 7.5−8.5. AMA analogs were dissolved in either
water (compounds 2−23) or a mixture of 50% methanol/50%
water (compound 1). All compounds were filter-sterilized. All
assays were conducted in half of a 96-well round base microtest
plate (Sarstedt, Nümbrecht, Germany) with a final assay volume
of 100 μL. Five 2-fold dilutions of meropenem were added to
rows A to E, while six 2-fold dilutions of AMA or analog were
added to columns 1 through 6. Although varying slightly
between compounds, the 2-fold dilutions of meropenem, AMA,
and analogs remained in the 0.5−64 μg/mL range. The dilutions
of meropenem and AMA or analog were added to rows F and G,
respectively, to confirm the minimum inhibitory concentration
(MIC) value of both the antibiotic and the inhibitor with the
bacterial strain. The bacterial inoculum was prepared from the
bacterial cells of interest using colonies picked from overnight
plates whose OD625 was adjusted to 0.08−0.10. Once the
optimal OD625 was reached, a 200-fold dilution of the inoculum
was conducted before its addition to theMIC plate. The dilution
of the inoculum was performed using Mueller−Hinton broth
(MHB). The inoculum was added to each well containing the
antibiotic/inhibitor combinations. The bacterial inoculum and
the MHB were added alternatively to row H to serve as growth
and sterility controls. After a 20 h static incubation at 37 °C,
bioassay plates were shaken for 5 min to resuspend the bacterial
cells. The bioassay plates were read spectrophotometrically at a
wavelength of 600 nm using a BioTek Synergy H1 plate reader
(Biotek, Winooski, VT). All assays were conducted with at least
two replicates. The susceptibility breakpoints published by the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST; http://eucast.org/clinical_breakpoints/) for mer-
openem (2 μg/mL) were used as a reference.
Enzyme Assays. Protein purification was conducted as

previously described.31 Enzyme assays were typically performed
under two different conditions. In the zinc-abundant condition,
the assays were conducted in buffer containing 50 mM HEPES
(pH 7.5), 0.2% (v/v) DMSO, 1% (w/v) polyethylene glycol
4000 (PEG 4000), and 10 μM ZnSO4. PEG 4000 was used to
prevent protein adsorption. Alternatively, in the low-zinc
condition, the enzyme assays were performed in a similar buffer
as described above, except there was no addition of ZnSO4. In
addition, 5 g of Chelex 100 (Bio-Rad, Hercules, CA) was added
to every 100 mL of buffer prepared. The addition of Chelex 100
ensured the removal of any zinc ions still present in the assay
buffer. This ion exchange resin was incubated with the buffer for
2 h before its removal through filtration. Once the buffers were
prepared, the enzyme assays were conducted in a final volume of
200 μL using either meropenem or nitrocefin as a substrate.
Prior to the initiation of the assays, the enzyme was preincubated
in the assay buffer for 5−10 min at room temperature. Enzyme
concentrations were 4 nM for NDM-1, VIM-2, and IMP-7.
During the preincubation step, varying inhibitor concentrations
(AMA or analog) could be added to the assay to determine
kinetics parameters such as the half-inhibitory (IC50) concen-
tration. Alternatively, the “Chelexed” assay buffer could be
supplemented with different concentrations of ZnSO4 during
preincubation to determine kinetics parameters such as the zinc
dissociation constant (KD).
Following incubation, the assay was initiated with the addition

of the substrate. Nitrocefin and meropenem were added to the
assays at final concentrations of 30 and 50 μM, respectively. The
assays were red in a 96-well flat bottom plate (Thermo Fisher
Scientific, Rochester, NY) using a BioTek Synergy H1 plate

reader. The absorbance was measured at 490 nm (nitrocefin) or
300 nm (meropenem). Enzyme assays were followed for 60 s.
The kinetic parameters (IC50 and KD,Zn) were determined by
plotting the linear portion of the progress curves using
GraphPad Prism 9 (GraphPad, La Jolla, CA). All enzyme assays
were done in duplicates.

Cell Penetration Assay. Cell penetration assays were
performed as previously described31,48 using wild-type E. coli
BW25113 cells. Briefly, AMA (50 or 100 μM) or its analogs (50
μM) were added to cells (875 μL) before incubation (10 min at
37 °C). A volume of 800 μL of the cells with the corresponding
compound was then washed through ice-cold silicone oil (700
μL) (9:1 AR20/Sigma High-Temperature Oil) by centrifuga-
tion (12,000g, 2 min, RT). The cells were resuspended in 200 μL
of water and lysed by three freeze−thaw cycles. Cell debris was
collected by centrifugation (17,000g, 2 min, RT) using a Fisher
Scientific accuSpin Micro 17 microcentrifuge (Thermo Fisher
Scientific), and the pellet was extracted with 100 μL of MeOH.
The cell extracts were pooled and quantitatively analyzed by
ultra-performance liquid chromatography (uplc) coupled to a
high-resolution quadrupole time-of-flight (Q-TOF) 6550 mass
spectrometer (Agilent, Santa Clara, CA). Samples were loaded
onto a C8 column (Agilent Eclipse XDB-C8; 100mm× 2.1mm;
3.5 μm) previously equilibrated with solvent A (water, 0.1%
formic acid) and 5% solvent B (acetonitrile, 0.1% formic acid),
and they were resolved using a linear gradient of 5−97%B over 7
min, followed by a 1 min wash step at 97% B at a flow rate of 0.4
mL/min. The Q-TOF was operated in extended dynamic range
positive-ion targeted MS/MSmodes with anm/z range of 100−
1700m/z and a capillary voltage of 0.5 kV. The collision energies
and respective parent−daughter ion transitions used for each
analog are listed in Table S5. Quantification was carried out with
a calibration curve of each antibiotic using Agilent MassHunter
Quantitative Analysis software. For each analog, biological and
technical replicates were conducted in triplicate.
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■ ABBREVIATIONS
AMA- aspergillomarsmine A
L-APA- L-aminopropionic acid
L-Arg- L-arginine
L-Asn- L-asparagine
L-Asp(OtBu)- L-aspartic acid α-t-butyl ester
Bn- benzyl
Boc2O- di-tert-butyl dicarbonate
Boc-Tyr-OH- t-butyloxycarbonyl tyrosine
t-Bu- t-butyl
CH3CN- acetonitrile
L-Cys- L-cysteine
DCM- dichloromethane
DBU- 1,8-diazabicyclo5.4.0undec-7-ene
DIPEA- diisopropylethyl amine
DMF- dimethylformamide
DMSO- dimethyl sulfoxide
DMC-L-β,β- dimethyl-cysteine
Fmoc-Gly-OH- fluorenylmethoxycarbonyl glycine
Gly- glycine
HEPES- 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid
HOBt- hydroxybenzotriazole
HBTU- 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate
L-His- L-histidine

IPA- isopropanol
MBL- metallo-β-lactamases
MEM- meropenem
MeOH- methanol
Me- methyl
Ns- nosyl
o-Ns-Azy-CH2OTs- (S)-(1-((2-nitrophenyl) sulfonyl) azir-
idin-2-yl) methyl 4-methylbenzenesulfonate
o-Ns-Azi-OBn- 2-nitrophenylsulfonyl aziridin-benzyl ester
Pbf- 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
Pen- penicillamine or DMC (dimethylcysteine)
PhSH- thiophenol
PEG- polyethylene glycol
RT- room temperature
TFA- trifluoroacetic acid
TFMSA- trifluoromethansulfomic acid
THF- tetrahydrofuran
TMTOH- trimethyltin hydroxide
Trt- trityl
Trt-D-His- N(im)-trityl-D-histidine
Tyr- tyrosine
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