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Abstract

Penems have demonstrated potential as antibacterials and p-lactamase inhibitors; however, their
clinical use has been limited, especially in comparison with the structurally related carbapenems.
Faropenem is an orally active antibiotic with a C2 tetrahydrofuran (THF) ring, which is resistant
to hydrolysis by some p-lactamases. We report studies on the reactions of faropenem with
carbapenem-hydrolysing B-lactamases, focusing on the class A serine B-lactamase KPC-2 and

the metallo p-lactamases (MBLS) VIM-2 (a subclass B1 MBL) and L1 (a B3 MBL). Kinetic
studies show that faropenem is a substrate for all three B-lactamases, though it is less efficiently
hydrolysed by KPC-2. Crystallographic analyses on faropenem-derived complexes reveal the
opening of the B-lactam ring with formation of an imine with KPC-2, VIM-2, and L1. In the cases
of the KPC-2 and VIM-2 structures, the THF ring is opened to give an alkene, but with L1 the
THF ring remains intact. Solution state studies, employing NMR, were performed on L1, KPC-2,
VIM-2, VIM-1, NDM-1, OXA-23, OXA-10, and OXA-48. The solution results reveal, in all cases,
formation of imine products in which the THF ring is opened; formation of a THF ring-closed
imine product was only observed with VIM-1 and VIM-2. An enamine product with a closed THF
ring was also observed in all cases, at varying levels. Combined with previous reports, the results
exemplify the potential for different outcomes in the reactions of penems with MBLs and SBLs
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and imply further structure-activity relationship studies are worthwhile to optimise the interactions
of penems with p-lactamases. They also exemplify how crystal structures of p-lactamase substrate/
inhibitor complexes do not always reflect reaction outcomes in solution.

Keywords

antimicrobial resistance; p-lactams; penems; carbapenems; p-lactams; serine-p-lactamases;
metallo-p-lactamases

1.0 Introduction

B-Lactams are presently the most prescribed antibacterials, though their efficacy is being
eroded by antimicrobial resistance[1]. The best characterised of such mechanisms involves
B-lactamase-catalysed hydrolysis (Figure 1). p-Lactamases of Ambler classes A, C and
D[2] are nucleophilic serine enzymes (serine B-lactamases, SBLs). Class B comprises of
zinc-dependent metallo-p-lactamases (MBLs)[3,4], which are divided into sub classes B1,
B2 and B3, based on sequence, structure and zinc ion utilisation. The B1 and B3 MBLs
employ two zinc ions, whereas the B2 MBLs employ a single zinc ion[5].

Clinically-available carbapenems are synthetic antibiotics that are used intravenously to treat
serious bacterial infections[7]. Although once considered last-resort drugs, in part because of
their inhibition of some SBLs, extensive carbapenem use has resulted in the dissemination

of carbapenem-hydrolysing p-lactamases, such as the class A SBL Klebsiella pneumoniae
carbapenemase-2 (KPC-2), which is now present in multiple Gram-negative pathogens,
including K/ebsiella pneumoniae, Escherichia coli and Acinetobacter spp.[8,9]. Some class
D SBLs (including OXA-48, OXA-23 and OXA-10[10]) can also manifest carbapenemase
activity. The role of MBLs in carbapenem resistance is growing; indeed, B1 (e.g. VIM

and NDM MBLs) and B3 (e.g. L1) MBLs can efficiently hydrolyse almost all B-lactam
antibiotics, excluding monobactams (Figure 1)[3,11].

One factor in determining the B-lactamase susceptibility of p-lactam substrates and
inhibitors is the stability of the complexes formed between the enzyme and the substrate /
inhibitor. The ability of carbapenems to form relatively stable complexes with both their
antibacterial transpeptidase targets and SBLs is an important factor in their efficacy relative
to other B-lactams[12]. However, the precise factors that determine the stability of such
complexes are incompletely understood, as exemplified by a recent report that carbapenems
can react with class D SBLs to produce p-lactones as well as hydrolysed products (Figure
2)[10,13]. Studies on the products of carbapenem hydrolysis by representative MBLS

and SBLs suggest that the initial hydrolysis products are predominantly in the enamine
tautomeric form, and can undergo subsequent non-enzymatic tautomerisation to the more
stable imine isomer[10,14].

Studies on carbapenems[11,12] led us to investigate the hydrolysis mechanism of
penems[15] by selected SBLs and MBLs. Penems are closely related to the carbapenems
by structure but contain a thiazoline rather than a pyrroline ring (Figure 1). The penems
were developed in the 1970s in attempts to combine the structures of the penicillins and

Eur J Med Chem. Author manuscript; available in PMC 2023 July 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lucic et al.

Page 3

cephalosporins to give more stable and efficacious drugs[16]; they have a broad spectrum
of activity against both Gram negative and Gram positive bacteria[17] although they have
little efficacy against Pseudomonas aeruginosa18]. Penems also have the potential to act

as potent SBL inhibitors, as exemplified by BRL 42715[19], which potently inhibits SBLs,
including those from the OXA, SHV and TEM subfamilies[20]. BRL 42715 reacts with the
nucleophilic serine to form an acyl-enzyme complex which subsequently rearranges to form
a cyclic amino-acrylate derivative (Figure S1)[19].

Faropenem is an orally active penem antibiotic with a tetrahydrofuran (THF) C-2 side

chain; it is used extensively in Asia to treat respiratory and urinary tract infections[21,22].
Faropenem is currently the only penem in clinical use, with sulopenem presently in clinical
trials[23]. Like the carbapenems, faropenem inhibits some SBLs, including the class C
enzyme AmpC and extended spectrum SBLs such as BlaC and members of the CTX-M
family[24,25]. Faropenem is, however, susceptible to hydrolysis by carbapenemases such as
the B1 MBLs, e.g. NDM-1. There are reported crystal structures of complexes formed by the
reaction of faropenem with transpeptidases (PBP3 and LdtMt2)[26,27] and SBLs (KPC-2,
BlaC, OXA-48 and SED-G238C)[28], though these crystal structures were not correlated
with the reaction products in solution (Figure 3).

Here we report studies using steady-state kinetics, X-ray crystallography, and NMR on the
reaction of faropenem with SBLs and MBLs. We initially focused on the class A SBL
KPC-2 and the class B1 and B3 MBLs VIM-2 and L1. VIM-2 is a widely disseminated,
clinically important, broad spectrum B1 MBL[29]. The B3 MBL L1 is a broad spectrum
MBL, chromosomally encoded by Stenotrophomonas maltophilia and which has the same
overall fold as class B1 MBLs, though it differs in its Zn2 ion coordination[30]. The
combined production of L1 and a class A SBL (L2) makes infections by S. maltophilia
difficult to treat. Crystallographic analyses of faropenem-derived complexes suggest that
with KPC-2 and VIM-2, the THF ring opens to give an alkene product, but with L1 the
ring remains intact. Subsequent NMR solution studies on the faropenem derived reaction
products with multiple p-lactamases reveal the formation of both imine and enamine
products The THF ring was observed in both the opened and closed forms, with the precise
product profiles being enzyme specific. Note in contrast to crystallographic findings, the
THF ring intact hydrolysis product was not observed for L1.

2 Results

2.1 Faropenem hydrolysis by p-lactamases in solution

We initially determined steady state kinetic parameters for faropenem hydrolysis by the
carbapenemases KPC-2, VIM-2, and L1 by monitoring the hydrolysis of the faropenem
B-lactam ring at A 306 nm (with 10 nM enzyme) (Table 1). Comparison of turnover numbers
(keat) reveals that, under saturating conditions, VIM-2 and L1 hydrolyse faropenem at a rate
~10 times greater than KPC-2, though the L1 Kj, is higher than that for KPC-2 or VIM-2.
The catalytic efficiency (Azat/ Kp) of KPC-2 with faropenem is ~5- and 33-fold lower than
for L1 or VIM-2, respectively. We also observed weak substrate (faropenem) inhibition of
KPC-2 (K; ~44 uM).
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2.2 Crystallographic determination of faropenem products

We next sought to investigate how the faropenem-derived products interact with the active
sites of VIM-2, KPC-2, and L 1. To obtain a crystal structure of the faropenem derived
complex with KPC-2, we substituted Glu166, which is important for deacylation of the
acyl-enzyme intermediate (Figure 1), for the isosteric GIn (KPC-2E166Q) that prevents
antibiotic turnover[33]. Pre-formed KPC-2E166Q \/|M-2, and L1 crystals were then soaked
with a faropenem solution (see methods for details) to obtain X-ray diffraction datasets
with resolutions extending to 1.25 A, 1.29 A and 1.57 A, respectively (Table S1). VIM-2
crystallised in two different space groups, 222 and C2 [32,33] with one or two protein
molecules in the asymmetric unit, respectively. KPC-2 and L1 crystallised in space groups
P21212[34] and P6,22[35], both with one molecule in the asymmetric unit (Figure S2).

In all four datasets, electron density in the active site is consistent with the presence of a
faropenem-derived product with an opened B-lactam ring (Figure 4).

2.2.1 KPC-2 Structure—With KPC-2, the faropenem-derived species is covalently
bound to Ser70; the C2 atom is s¢? hybridized and its THF ring is opened to give an imine
alkene product (Figures 4D and S3). The exocyclic C-2 — C-11 alkene (Figure S3 and Figure
S4A) is present as the Z-isomer, a feature that could not be resolved in our NMR studies (see
below). An analogous complex was also observed with VIM-2 (see below). Electron density
for THF-derived atoms is more poorly defined than for the rest of the ligand in both KPC-2
and VIM-2, manifesting as higher B-factors, likely due to a lack of defined interactions with
protein (Figure S4B-D). A prior crystallographic study of KPC-2 with faropenem resulted in
the observation of a non-covalently bound hydrolysed product at the active site, which was
modelled and refined as the enamine form with the THF ring intact[36] (Figure 3); however,
electron density is notably absent for the entire THF side chain, so the exact nature of the
ligand is uncertain.

The B-lactam derived carbonyl oxygen is positioned in the oxyanion hole, forming hydrogen
bonds with the backbone amides of Ser70 and Thr237, consistent with observations for
acyl-enzyme complexes of other SBLs (Figure 4D and Figure S3A)[6]. Additional polar
interactions include the C-10 carboxylate with Thr235 and the C-6 hydroxyethyl oxygen
with Asn132. A hydrophobic interaction of the fragmented THF ring is made with Trp105
(Figure S3B), a residue involved in interactions with substrates and SBL inhibitors, e.g.
relebactam [34]. The interactions of hydrolysed faropenem with KPC-2 resemble those of
meropenem with SFC-1 (PDB 4EV4[37]), a class A SBL that, like KPC-2, can hydrolyse
carbapenems (Figure S5). Notably, the hydroxyethyl chain is orientated away from the
deacylating water in both the KPC-2: faropenem and SFC-1: meropenem-derived structures,
being positioned to form a hydrogen bond with Asn132. This orientation is suggested

to be favourable for hydrolysis, whereas in carbapenem-inhibited class A enzymes, the
deacylating water is thought to be deactivated by interaction with the hydroxyethyl
group[37].

In our KPC-2: faropenem complex, there is a conformational change in the catalytically
important Q-loop, relative to its location in the unreacted enzyme (Figure S6). This results
in two conformations of GIn166, (which is the general base for the deacylation step [38]).
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In one conformation GIn166 is directed into the active site in a manner that enables it to
interact with the deacylating water; in the other conformation, it is directed out of the active
site (Figure S6). We have previously observed a similar movement of Glu166 in molecular
dynamics simulations of KPC-2 with hydrolysed ceftazidime in the active site, which we
attributed as the major factor for the poor turnover of ceftazidime by KPC-2 [33]. Therefore,
this conformational dynamic may also contribute to the relatively slow turnover rate for
KPC-2 with faropenem (Table S1).

2.2.2 VIM-2 Structure—Interactions of the faropenem-derived hydrolysis product with
VIM-2 are equivalent in both the /222 (soaking time: 30 mins) and C2 (soaking time:

5 hours) structures (Figure 4A, 4B and Figure S7; standard MBL numbering is used
throughout[39]). As with KPC-2, faropenem reacts with VIM-2 to give an imine-alkene, as
crystallographically observed (Figure 1). One of the oxygen molecules of the newly formed
C-7 carboxylate displaces the Zn-bridging water molecule (Figures 4 and 5). This results in
an increase in the Zn1-Zn2 distance (4.2 A) compared to the un-complexed VIM-2 (PDB
4BZ3, 3.5 A), as has been observed on the binding of some MBL inhibitors, e.g. bicyclic
boronates, to VIM-2 (Figure S8)[39]. The C-7 carboxylate hydrogen bonds with the Asn233
sidechain amide group (Figure 5) and the C-6 hydroxyethyl oxygen hydrogen bonds with the
Asp120 backbone amide. Binding is further stabilised by hydrophobic interactions between
faropenem-derived elements and Phe61 and Tyr67 on loop L3 (a region of the active site
often involved in interactions with substrates and inhibitors[40-42]) and Trp87 in the active
site (Figure S7B and S7C).

2.2.3 L1 Structure—Crystallographic analysis reveals that the reaction of faropenem
with L1 results in an imine with the THF ring remaining closed; this occurs via protonation
at C-2, which is clearly defined by the electron density as being sp° hybridized and in the
(S)-configuration (Figure 4C and Figure S9). The C-7 carboxylate and C-6 hydroxyethyl
sidechain are rotated in comparison with the orientations observed in the KPC-2 and VIM-2
faropenem complexes (Figure S10). Furthermore, in contrast to binding to VIM-2, in the L1
complex the Zn-bridging water is present and is stabilised by interaction with the rotated
hydroxyethyl alcohol. By contrast with what has normally been reported for interactions

of carbapenems with MBLs, the C-7 carboxylate does not interact with Zn1, but instead
with Tyr32. Interactions of the faropenem-derived product with the L1 metal centre thus
exclusively involve Zn2, which is ligated by the nitrogen and carboxylate of the thiazoline
ring, as in the VIM-2 complexes. The C-7 carboxylate also forms hydrogen bonds with
Ser221 (3.1 A) and Ser223 (2.7 A), residues previously reported to be involved in L1
binding to inhibitors and substrates [43,44].

The faropenem binding mode to L1 is similar to that observed for imipenem binding

to the B3 MBL SMB-1 (PDB 5B1U), in which the hydrolysed carbapenem substrate

is observed in the imine form (C-2 is s¢® hybridized) and the C-7 carboxylate does

not displace the Zn-bridging water (Figure S11). Further, in both structures, C-2 of the
antibiotic-derived product is in the (S)-configuration. Comparison of the VIM-2:faropenem
complex with the complex formed by reaction of meropenem with NDM-1[45], in which the
deprotonated A2-pyrroline (enamine) form was observed (C-2 is s¢? hybridized) at 2.12 A

Eur J Med Chem. Author manuscript; available in PMC 2023 July 04.
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resolution (Figure S12A), reveals similar binding modes in which the zinc bridging active
site water is displaced. However, comparison with meropenem binding to VIM-1 shows
differences in the positioning of the C-6 hydroxyethyl group that results in the presence
of the zinc bridging active site water in the VIM-1:meropenem complex, but not in the
VIM-2:faropenem complex (Figure S12B)[42].

2.3 Faropenem hydrolysis studied by NMR

We then investigated the relevance of the crystallographic observations to the p-lactamase-
catalysed hydrolysis of faropenem in solution by using 1D and 2D NMR methods, initially
with L1, KPC-2, and VIM-2 (Figure 6, S13-28). For comparison, we subsequently studied
the reaction of faropenem with other SBLs/MBLs, i.e. the class D SBLs OXA-10, OXA-23
and OXA-48 and the B1 MBLs NDM-1 and VIM-1. Figures S13-28 show individual
spectra; peaks were assigned based on the values in Table S2. The 1H-NMR studies for
KPC-2 (Figure S14), VIM-2 (Figure S16), L1 (Figure S13) and NDM-1 (Figure S15)
were consistent with the prior Kinetic analyses (Table 1), including with respect to KPC-2
manifesting the poorest rate of faropenem hydrolysis. In total, five faropenem-derived
product structures were assigned, though low levels of other unassigned species were also
observed (Figures 6, S13 and S15). Compounds 1 and 2 (major and minor, respectively)
were observed in all cases and were assigned as the C-5 epimeric forms of the THF ring-
closed enamines, with the (5/) minor product (2) arising from epimerisation of the major
(5S5) enamine (1). 1 is likely to be the major enzymatic product, consistent with studies on
carbapenems [11,12]. The amounts of 1 and 2 decreased with time, due to their conversion
to the imine-alkenes 3 and 4, respectively, as confirmed by time-dependent analyses of
evolution of faropenem-derived products on reaction with VIM-2 (Figure S28A).

Compounds 3 and 4 were observed in all cases and were assigned as (5/)-3 and (55)-4
imines with an opened THF ring. The Z-alkene geometry was assigned on the basis of
crystallographic analyses (see above) — it is likely but not certain that this is the alkene
geometry in solution (Figures 6 and 7). 3 and 4 were observed to be formed from 1 and 2
non-enzymatically when using NMR to study the hydrolysis of faropenem alone, but at least
in some cases may be direct enzyme products. The imine with a closed THF ring, 5, was
only observed with VIM-1 (minor product) and VIM-2 (a major product) (Figures 6, S16
and S17). NMR experiments following the time course of faropenem reaction with VIM-2
confirm this, with an initial increase in the amounts of compounds 1 and 2. The presence of
1 and 2 decreases with time however, and there is a gradual increase of 3, 4 and 5 with time
(Figure S28A).

The stereochemistry of 5 at C-2 was not assigned but is likely to be (25), based upon our
high-resolution crystallographic studies with L1 (Figures 4, 5 and S13). We did not obtain
evidence for the C-5 epimer of 5, i.e. 6 (Figure S8), though we cannot rule 6 out as a minor
product. Note that C-5 epimerisation should be more facile for the enamines (1, 2) than the
imine tautomers (3-6). Thus, 5 is likely produced as direct result of VIM-1/VVIM-2 catalysis;
notably we saw no evidence for conversion of 1/2 to 5/6 (Figures 6 and 7).
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Overall, the solution studies provide important information additional to the crystallographic
observations (Figure 7). In the case of the L1 complex, the imine with the closed THF ring
5* (*= crystallographically observed, Figure 7) was observed; however, 5 was not detected
in the solution studies with L1 (Figures 6 and S13). It is possible that, in the case of L1, the
crystallographically observed 5* results from tautomerisation of L1 complexed enamine 1*
under the crystallographic analysis conditions. It is also possible that the crystallographically
observed product 5* is not released from the L1 active site in solution, though this seems
less likely. Further, in the L1 crystal structures the C-2 configuration is clearly defined as
(S), which could not be resolved by solution NMR. This observation contrasts with the
recent crystal structure of a faropenem-derived product in OXA-48 in which the imine was
modelled with C-2 in the (/)-configuration[46]. However, we note that the lower resolution
of these OXA-48 crystallographic data [46], compared to L1 (2.10 A vs 1.57 A), makes
assignment of the C-2 configuration in the OXA-48 structure uncertain. Although the same
(25)-5* product was modelled in crystal structure of the class A BlaC enzyme (PDB 4EBL),
the electron density for the side chain in that case is poorly defined and inspection of the
electron density is indicative of an sg? hybridized C-2 atom, ruling out the 5* complex. In
the KPC-2/VIM-2 crystal structures there was no evidence for formation of the imine with a
closed THF ring (5%); instead the THF ring-opened imine-alkene 3*, was modelled (Figures
6 and 7) and was observed in solution (3). However, whilst 3 could be produced as a direct
enzyme product arising from 3*, the combined results indicate that it is more likely 3 that

is at least predominantly produced from enamine 1 via 1* (Figure 6); however it should be
noted that in the case of VIM-1 4 is a major product (Figures S17 and S28).

3 Discussion

From a chemical perspective, the penems are important in the history of p-lactams
because, as hybrid penicillin-cephalosporin molecules, they were predicted to have improved
properties as drugs. As yet, this has not been the case, at least in terms of major clinical
impact. The penems are not natural products, unlike (as far as is known) the subsequently-
identified naturally occurring but synthetically produced carbapenems that have undergone
significant development to now include clinically-important antibacterials[12]. The reasons
for the relative lack of development of the penems are unclear; they may reflect difficulties
in synthesis (these should be surmountable), stability (this should also be surmountable),
and/or toxicity. Despite these potential issues, given that faropenem is orally active and

all carbapenems are injected medicines (carbapenem prodrugs are reported), it would seem
more research on penems is merited. Only one penem has been approved for clinical use,
i.e., faropenem, the subject of our study.

Our results, together with those previously reported[10,13], further highlight the potential
of penems as B-lactamase inhibitors. They imply that, once faropenem has reacted with the
B-lactamase, the acyl-enzyme (SBL) or analogous Zn(l1) complexed intermediate (MBL)
can undergo various fates depending on the precise nature of the active site. One possibility
is protonation of the p-lactam derived nitrogen followed by release of a hydrolysed enamine
(1, Figures 6 and 7), in a manner analogous to that proposed for the release of hydrolysed
carbapenems[47]. Alternatively, at least in the case of some, but not all, MBLs (VIM-1 and
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VIM-2, but not L1 or NDM-1 in our studies), the enamine can tautomerise with protonation
at C-2 to give an imine product with a closed THF ring (5). The nascent product (1)

can epimerise at C-5 to give 2; 1 and 2 can also rearrange to give imines with the THF

ring opened (3,4), though in some cases we cannot rule out that 3 and/or 4 are direct
enzyme products (Figures S17 and S28B). The results also show that subtle differences
between active sites can alter reaction outcomes and kinetics, and that static crystallographic
studies do not necessarily reflect solution observations, hence inhibition profiles. Further
experiments should be done to see if any of these compounds display inhibitory properties
against MBLs and/or SBLs.

Previous studies have also shown that when reacted with nucleophilic cysteine enzymes, e.g.
the LdtMT2 transpeptidase from M. tuberculosis, faropenem can react to give a thioester
linked complex that can undergo C-5-C-6 fragmentation[14,47]. Other modes of penem
reactivity can also be envisaged, for example by the conjugate addition to the alkene in the
intact penem. An alternative mode of penem reactivity is manifested by C-6 exomethylene
penems such as BRL-42715, a potent inhibitor of some SBLs, which reacts to give an
acyl-enzyme complex that converts to an aminoacrylate[19,20].

The combined results presented here and previously thus demonstrate that initially formed
enzyme-penem complexes can have many potential fates — a property that might be

useful in identifying a single compound that potently inhibits multiple different classes

of enzymes (e.g. SBLs/MBLs/transpeptidases), by reacting in multiple ways to give stable
enzyme-inhibitor complexes. Such an ability is manifest in certain other p-lactam containing
B-lactamase inhibitors, e.g. some clavams / oxapenems[19,20]. Although other classes of
non B-lactam containing p-lactam inhibitors might have this potential, very few (if any) have
the demonstrated clinical utility of bicyclic B-lactams. We thus suggest there is considerable
reason for renewed efforts to synthesise new penems and related p-lactam containing
compounds for testing as f-lactamase inhibitors and antibiotics. Drug discovery efforts on
penems and related compounds should perhaps involve extensive synthetic efforts combined
with screening against multiple clinically relevant bacteria and enzyme targets, and rigorous
characterisation of the resulting products and inhibitory species, in order to investigate the
full potential of compounds that can react via alternative reaction pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. B-Lactam hydrolysis by serine and metallo-B-lactamase.
(A) SBL catalysis proceeds via an acyl-enzyme complex formed after being hydrolysed via

a transient tetrahedral intermediate. In MBL catalysis, a zinc ion activated water molecule
(that bridges the two Zn ions in the resting states of B1 and B3 MBLS), reacts with

the B-lactam ring. Hydrolysis also proceeds via a transient tetrahedral intermediate and a
hydrolysed intermediate stabilised through interactions with the Zn ions[6]. (B) Classes of
clinically used p-lactam antibiotics.
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Figure 2. Carbapenem hydrolysis by B-lactamases.
SBL and MBL catalysed carbapenem hydrolysis is proposed to result (predominantly) in

the initial formation of an enamine (A2-pyrroline) that isomerises to give [(2/)- and (25)-Al-
imine] products[10,13]. Various isomeric imine / enamine forms of reacted carbapenems
have been observed crystallographically at transpeptidase/SBL/MBL active sites. In the case
of the class D SBLs, the acyl-enzyme intermediate can also react to give lactone products.
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Figure 3. Potential reaction products of B-lactamase catalysed faropenem hydrolysis.
Note the possibility of isomer formation, e.g. epimerisation at C-5.
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Figure 4. Faropenem derived complexes in the B-lactamase active sites as defined by electron
density maps.

Views from the B-lactamase active sites, with the /,-/; electron density (green mesh,
contoured at 3o) calculated from the final model after removal of the ligand. (A) VIM-2, in
the 222 space group (green, PDB code 7A5Z). (B) VIM-2 in the C2 space group (light red,
PDB code 7A60). (C) L1 (pink, PDB code 7A63) and (D) KPC-2 (cyan, PDB code 7A61).
The deacylating water (DW) is shown as a red sphere. Note the different conformations of
the p-lactam derived carboxylate and hydroxyethyl groups in L1 compared to VIM-2 and the
presence of the zinc bridging water with L1 (Wat, red sphere), but not VIM-2. No density
was observed for the hydroxyl of the fragmented THF ring so it was omitted from the final
models of the VIM-2 and KPC-2 complexes.
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Figure 5. Interactions of the faropenem-derived complexes with serine- and metallo-p-lactamase
active sites.

Protein residues are in light grey; faropenem-derived atoms are coloured as in Figure 4.

Zinc ions are shown as grey spheres and the catalytic water (Wat) as a red sphere. Metal
coordination and hydrogen bonds are shown as black dashes, with the distances labelled in
A. (A) VIM-2 (222 space group), PDB 7A5Z; (B) VIM-2 (C2 space group) PDB 7A60; (C)
L1 PDB 7A63; (D) KPC-2 PDB 7A61. Note the different conformations of the hydroxyethyl
group in L1 (C) compared to VIM-2, leading to a lack of interaction with Zn1. KPC-2 (D)
forms an acyl-enzyme complex with the faropenem derived complex.
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Figure 6. IHNMR (AVII 700 MHz) spectra displaying methyl group resonances of the
faropenem derived products.

Enamines 1 and 2 ((55) and (5/) enamine THF ring-closed products, orange), THF
ring-opened (5/) and (55) imines 3 and 4 (yellow) and THF ring closed imine 5 (pink)
degradation products were formed after incubation of faropenem (green) with OXA-10 (5
UM, 16 h), OXA-23 (5 uM, 15 min), OXA-48 (5 uM, 55 min), VIM-1 (280 nM, 5 min),
VIM-2 (280 nM, 5 min), NDM-1 (5 uM, 5 min), KPC-2 (125 nM, 72 min), L1 (125 nM, 5
min). All enzymes were incubated with 5 mM faropenem apart from OXA-23, which was
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incubated with 2 mM faropenem. Reactions were in 50 mM sodium phosphate, pH 7.5, 10%
(v/V) D,0. Note, 5 is only observed with VIM-1 and VIM-2. Colour coding corresponds to
the structures shown and associated resonances. Individual spectra are provided in Figures
S13-19. Characterisation data for compounds 2 and 5 are available in Figure 21 and Figures
S22-27 respectively.
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Figure 7. Summary of solution and crystallographic observations for faropenem reactions with
SBLs/MBLs.

*Denotes crystallographically observed enzyme bound complexes. Note that 5 and 6 were
only observed in the cases of solution studies with VIM-1 and VIM-2.
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Steady state kinetic parameters for faropenem turnover including reported values.

Enzyme Type Class  Kgy (s Km (M) Keat/Km ST UMY)  Kj (UM)
KPC-2 SBL A 3.71(0.21) 16.6(3.84) 0.22 44.1 (25.0)
VIM-2 MBL Bl 36.7(1.03) 5.11(0.63) 7.17 -

L1 MBL B3 437 (2.70) 36.3(8.80) 1.20 -

BlaC[24] SBL A 0.91(0.03) 23(3) 0.040 -
NDM-1[31] MBL Bl 147 (0.08) 99(0.16)  0.15 -
BJP-1[32] MBL B3 2(<0.2) 245 (<25)  0.008 -

Standard errors of the mean in parenthesis (n=3). See Experimental Section for KPC-2, VIM-2 and L1 assay details.
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