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Abstract

In an effort to test whether a transition state analog is an inhibitor of the metallo-p-lactamases, a
phospholactam analog of carbapenem has been synthesized and characterized. The phospholactam
1 proved to be a weak, time-dependent inhibitor of IMP-1 (70%), CcrA (70%), L1 (70%), NDM-1
(53%), and Bla2 (94%) at an inhibitor concentration of 100 uM. The phospholactam 1 activated
ImiS and Bcll at the same concentration. Docking studies were used to explain binding and to
offer suggestions for modifications to the phospholactam scaffold to improve binding affinities.

Since the antibiotic properties of penicillin were first discovered in the beginning of the last
century, antibiotics have been well developed as miracle drugs in the treatment of bacterial
infections in clinics.l: 2 However, overuse of antibiotics has resulted in a large number of
bacteria that produce B-lactamases, and the resulting bacteria are resistant to many
commonly-used p-lactam antibiotics.3-> p-Lactamases catalyze the hydrolysis of the f-
lactam ring of these antibiotics. They are divided into classes A, B, C, and D.6 The B class
enzymes, called metallo-p-lactamases (MBLs), are Zn(l1)-dependent and hydrolyze nearly all
known fB-lactam-containing antibiotics, including penicillins, cephalosporins and
carbapenems (Figure 1). There are no known clinical inhibitors of the MBLs.* The MBLs are
further divided into B1, B2, and B3 subclasses.® Both B1 and B3 subclasses have a broad-
spectrum substrate profile including penicillins, cephalosphorins and carbapenems. In
contrast, the B2 subclass enzymes primarily hydrolyze carbapenems.

Given the enormous biomedical importance of MpLs, there has been a large amount of
effort in identifying novel inhibitors of these enzymes.* 7 Succinic acid derivatives were
shown to be inhibitors of IMP-1 with 1Cs values in the nanomolar range.8 Lienard et a/.
reported that D-captopril inhibits L1 and CcrA,° and thiomandelic acid was tested as an
inhibitor for nine different MBLs.19 Picolinic acid derivatives were shown to inhibit CphA
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with K& values in the micromolar range,! while hydroxamic acid derivatives inhibit Fez-1
but not L1, IMP-1, Bell, or CphA.12 A mechanism-based inhibitor of IMP-1 was reported
that exhibited irreversible inhibition.13 Penicillin-based inhibitors have been shown to be
micromolar inhibitors of L1, Bell, and Bla2,14 and some N-arylsulfonyl hydrazones are
inhibitors of IMP-1.15 A series of pyrrole-based inhibitors of IMP-1 have recently been
reported.1® However, most of the inhibition reports have involved studies on one or two of
the MPLs, and to the best of our knowledge, only three classes of inhibitors, thiomandelic
acid, 10 thiols,® 17-19 and mercaptophosphonate compounds,2% have been reported to be
broad-spectrum inhibitors of the MBLs. Our goal is to develop broad-spectrum, transition
state analog inhibitors of MBLs and to use these inhibitors as drug/inhibitor combinations to
combat bacterial infections in which the bacteria produce a MpL.

Previous mechanistic studies have suggested a ring-opened intermediate, whose breakdown
is rate-limiting, for L1, CcrA, and NDM-1 when using nitrocefin or chromacef as
substrate.21-23 When using other MPLs or substrates, nucleophilic attack or B-lactam ring
cleavage appears to be rate-limiting.24-26 Previous studies on peptidases, many of which
exhibit rate-limiting bond cleavage, suggested that a tetrahedral transition state forms during
the reaction.2’-2% The fact that several phosphinate, phosphonate, and phosphoramidate
peptide analogs proved to be very tight binding inhibitors (one with a reported K; of 1071°
M) strongly supported the existence of the tetrahedral transition state in these
peptidases.3%-37 Since p-lactam-containing antibiotics are peptide mimics and since p-
lactamases catalyze peptide bond cleavage, we hypothesize that a tetrahedral transition state
may form during the reaction (Figure 2) and that a chemically-stable -phospholactam may
be a very tight binding inhibitor of the MpLs.

Toward this goal, a B-phospholactam analog of a carbapenem transition state (Figure 2) was
synthesized by using a 12-step protocol, and the resulting compound 1 was characterized by
NMR and MS. The inhibitory activities of the p-phospholactam 1 were evaluated using
MBLs from the three subclasses B1 (IMP-1, CcrA, Bla2, NDM-1), B2 (ImiS), and B3 (L1).
In the absence of experimental structures of MPL-ligand complexes, docking studies can
provide insights into possible binding modes of inhibitors3® and p-lactam substrates.3%: 40
These studies have shown that substituents with high electron density, such as, thiols,
carboxylates, and carbonyl groups interact electrostatically with the zinc ions and the
positively-charged Lys224 conserved in many B1 and B2 MpLs.#1: 42 Here we assessed the
binding mode of B-phospholactam 1 to the different MBLs using docking. Previously, non-
cyclic phosphinates#® and monocyclic B-phospholactams** were tested as inhibitors of
MBLs; however, none of these compounds inhibited the tested enzymes, most likely due to
the fact that these compounds did not have the correct structure to be recognized by the
MpLs. Page and coworkers reported a number of studies using p-sultams and p-
phospholactams as inhibitors of a serine B-lactamase, and these studies, along with a
theoretical study,*® explored the stability of these compounds at different pH’s.44. 46-48
None of these compounds tested were bicyclic. Rees and coworkers reported the synthesis
of a 1,2-azaphosphetidine, which is a bicyclic B-phospholactam;*° however, the compound
was not tested as an inhibitor of any of the MfLs. Our efforts to synthesize this compound
were unsuccessful using the published procedure; therefore, we developed a novel synthetic
approach to obtain a bicyclic B-phospholactam 1 (Scheme 1). Dimethyl 2,5-dibromoadipate
3 as white solid was prepared by acylation, a-bromination, and esterification of adipic acid,
using previously reported methods.?? Adipate 3 was reacted with benzylamine in alkaline
medium, and the resulting product was treated by acidification and alkalization to afford
pure pyrrole dicarboxylate 4. Compound 4 has a highly symmetric structure, which required
harsh reduction conditions to obtain the pyrrole monocarboxylate 5. After attempting
various reaction conditions, sodium borohydride was identified as the optimum reductant,
and ethanol was identified as the optimum solvent. Alcohol 5 was converted to aldehyde 6
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by Swern oxidation, and this product was used in the next step without further purification.
Intermediate 6 was reacted with dimethyl phosphate in the presence of catalyst 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) at 0 °C to afford dimethyl phosphonate 7. Dimethyl
phosphonate was converted to monomethyl phosphonate 8 by treatment of 7 with Nal in
acetone. The a-hydroxy was protected by treatment of 8 in pyridine with acetic anhydride in
the presence of 4-dimethylaminopyridine (DMAP) to afford 9. The removal of the benzyl
protecting group was very challenging. A series of bases, including triethylamine,
diisopropylethylamine, potassium acetate, sodium hydroxide, and NaH, and solvents were
tested in an effort to remove the benzyl group. Fortunately, intermediate 9 was hydrogenated
with 10% Pd/C in the presence of HCO,NH4, to afford 10. The ring-closure step to yield 11
was carried out using NaH. Finally, the target compound B-phospholactam 1 was obtained
by hydrolysis of 11 with LiOH to remove the methyl protecting groups. The overall yield
was 0.68%. The product and intermediates were characterized and confirmed by NMR and
MS.

The inhibitory activity of B-phospholactam 1 on MpLs was evaluated, and percent inhibition
values are listed in Table 1. Without pre-incubation with enzymes, the B-phospholactam 1
activated CcrA and NDM-1 and showed 48, 22, and 37% inhibition against IMP-1, Bla2,
and L1, respectively. After incubation with enzymes for 30 min, 3-phospholactam 1
exhibited a 70% inhibition against IMP-1, CcrA, and L1, a 53% inhibition for NDM-1, and a
94% inhibition of Bla2, suggesting that B-phospholactam 1 is a time-dependent inhibitor. At
this point, it is unclear whether the time-dependent inhibition is caused by intact f3-
phospholactam 1, a covalently-modified enzyme-inhibitor complex, or by a hydrolyzed
product. Previous studies with a B-phospholactam and class C -lactamase P99 revealed
time-dependent inhibition was caused by a phosphonylated enzyme.*8 Nonetheless, stability
studies revealed a relatively fast hydrolysis of monocyclic p-phospholactam in water.44: 46
We believe that the different trend exhibited by the enzymes with and without pre-
incubation is due to the enzymes behaving differently in DMSO, which is used as a solvent
for the inhibitor. Unexpectedly, the inhibitor activates ImiS and Bcll. The mechanism of this
activation is unknown, but it could be due to an allosteric effect as a result of
phosphonylation of solvent-exposed hydroxyl groups by B-phospholactam 1.

In docking calculations (computational details can be found in the Supporting Information)
the majority of conformations (between 42 and 50 out of 50 per complex) were found in
clusters that correspond to the expected binding mode, which is the way that the
hypothetical carbapenem transition state would bind. Since no crystal structure of any MfL-
carbapenem transition state complex is available, the lowest-energy conformations docked
to NDM-1 and L1 are compared to enzyme-hydrolyzed p-lactam complexes in Figure 3 and
Table 2. In all complexes, one phosphinate oxygen, which corresponds to the oxygen
derived from the B-lactam carbonyl, coordinates Zn4, while the B-lactam nitrogen
coordinates Zn,. In some complexes (IMP-1 and CcrA), the phosphinate oxygen
additionally coordinates Zn, (Figure S1), which may be due to the short Zn;-Zn, distance of
3.6 A and 3.5 A, respectively, in these crystal structures. The carboxylate attached to C; of
the five-membered ring forms a salt bridge with the Lys224 side chain, as is seen in the
enzyme-hydrolyzed B-lactam complexes, except in L1, which does not contain Lys224.
Interestingly, in the L1-B-phospholactam 1 complex, which is compared to an L1-
hydrolyzed moxalactam complex°! in Table 2 and Figure S2, one phosphinate oxygen
occupies the site occupied by the carboxylate oxygen coordinating Zn4, while the other
oxygen occupies the site of a water molecule that was localized between the two zinc ions,
which are also very close (3.7 A) in the crystal structure. As seen in Figure 3, the
conformations of the -phospholactam 1 docked to NDM-1 structures correspond very well
to the co-crystallized hydrolyzed ampicillin and meropenem,>2 consistent with the similarity
of the inhibitor with both the penicillin and carbapenem core. The more substrate-like
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binding mode in NDM-1 (Figure 3), where the Zn;-Zn, distance is increased to 4.6 (PDB
entry 4HL2) and 4.1 A (PDB entry 4EYL), consistent with previous findings that the Zn;-
Zn, distance varies during the catalytic cycle®3 54 as opposed to the binding mode with
phosphinate oxygens coordinating both zinc ions when they are closer (Figures S1 and S2)
could account for the slightly lower inhibition of NDM-1 versus that of IMP-1, CcrA, and
L1 (Table 1). Based on the docking calculations, we cannot exclude the possibility that the
inhibiting species is hydrolyzed p-phospholactam. When docking this product to NDM-1
(PDB entry 4EYL), the resulting phosphonate coordinated both zinc ions, but the
carboxylate at C did not form a salt bridge with Lys244 (data not shown). The most
favorable binding energy was —12.4 kcal/mol, not significantly lower than —11.2 kcal/mol
observed for the intact B-phospholactam 1.

These structures also suggest how the binding affinity of this inhibitor scaffold could be
improved. Currently, it only occupies the area close to the zinc ions. However, the active site
of MBLs is rather a cleft and the inhibitor could be designed to better fill out that cleft by
extending the substituent at C to something similar to R in penicillins (Figure 3A) and
adding a substituent to C7 that resembles R’ of carbapenems (Figure 3C).

We have developed a prototype B-phospholactam analog of a carbapenem transition state,
which exhibits broad-spectrum and time-dependent inhibitory activity against MpLs, with an
inhibition percentage of 70% for IMP-1, CcrA, and L1, 53% for NDM-1, and 94% for Bla2.
This study opened a way to develop B-phospholactam compounds as broad-spectrum
inhibitors of MpLs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of B-lactam-containing antibiotics.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2014 November 01.

Page 7

R
AN

"
NV
O/

CO,”

carbapenem



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Yang et al. Page 8

R O

carbapenem B-phospholactam 1
transition state

Figure 2.
Structures of a hypothetical carbapenem transition state and B-phospholactam 1 synthesized
in this study.
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Figure 3.

Complexes of NDM-1 co-crystalized with hydrolyzed p-lactams (A and C) and with the
lowest-energy docked B-phospholactam 1 conformation (B and D). The coordinates of
NDM-1 in panels A and B as well as hydrolyzed ampicillin in panel A are taken from PDB
entry 4HL2. The coordinates of NDM-1 in panels C and D as well as hydrolyzed
meropenem in panel C are taken from PDB entry 4EYL. The images were generated with
VMD.55 The protein backbone is shown as a green cartoon and zinc ions as black spheres
(Zny on the left and Zn, on the right). The B hairpin loop in the back is loop 3; loop 10 was
removed for clarity. The hydrolyzed substrates as well as the B-phospholactam 1 inhibitor
and the Lys224 side chain are shown as sticks colored by atom (C, gray; O, red, N, blue; S,
yellow; P, orange). Key distances summarized in Table 2 are indicated by dashed lines.
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Scheme 1.

Synthetic route of 3-phospholactam 1: a: (1) acetyl chloride, (2) Bry, (3) MeOH; b:
benzylamine, K,CO3, CH3CN; ¢: NaBH,4, EtOH; d: oxalyl chloride, DMSO,
dichloromethane, —=78 °C; e: dimethyl phosphonate, 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU), anhydrous THF; f: Nal, acetone; g: acetic anhydride, pyridine; h: Pd-C, Hy; i: NaH,
15-crown-5, dichloromethane; j: LiOH, H,O, MeOH.
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Table 1

Percent inhibition of MpBLs by pB-phospholactam 1

Enzyme | % inhibition
L1 707
IMP-1 70+6
CcrA 69+8
NDM-1 53+6
Bla2 94 +4

The concentration of inhibitor was 100 pM.
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