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ABSTRACT Bacterial �-lactamases readily inactivate most penicillins and cepha-
losporins by hydrolyzing and “opening” their signature �-lactam ring. In con-
trast, carbapenems resist hydrolysis by many serine-based class A, C, and D
�-lactamases due to their unique stereochemical features. To improve the resis-
tance profile of penicillins, we synthesized a modified penicillin molecule, MPC-1,
by “grafting” carbapenem-like stereochemistry onto the penicillin core. Chemical
modifications include the trans conformation of hydrogen atoms at C-5 and C-6
instead of cis, and a 6-� hydroxyethyl moiety to replace the original 6-� amino-
acyl group. MPC-1 selectively inhibits class C �-lactamases, such as P99, by form-
ing a nonhydrolyzable acyl adduct, and its inhibitory potency is �2 to 5 times
higher than that for clinically used �-lactamase inhibitors clavulanate and sulbac-
tam. The crystal structure of MPC-1 forming the acyl adduct with P99 reveals a
novel binding mode for MPC-1 that resembles carbapenem bound in the active
site of class A �-lactamases. Furthermore, in this novel binding mode, the car-
boxyl group of MPC-1 blocks the deacylation reaction by occluding the critical
catalytic water molecule and renders the acyl adduct nonhydrolyzable. Our re-
sults suggest that by incorporating carbapenem-like stereochemistry, the current
collection of over 100 penicillins and cephalosporins can be modified into candi-
date compounds for development of novel �-lactamase inhibitors.
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Since the discovery of penicillin G as the first �-lactam antibiotic nearly a century
ago, this family of antibacterial drugs has expanded to include over 50 clinically

used drugs and serve as the most effective treatment for bacterial infection. All
�-lactam antibiotics target the penicillin binding proteins (PBPs), a group of
DD-transpeptidases that play essential roles in bacterial cell wall synthesis (1). With the
signature four-membered �-lactam ring that is spatially strained and thus reactive to
hydrolysis, this family of compounds can readily form an acyl adduct with the catalytic
serine residue within the penicillin-binding (PB) domain of PBPs (2) (Fig. 1a). As a result,
the transpeptidase activity of PBPs is irreversibly inhibited, leading to disruption in cell
wall synthesis and bacterial lysis.

However, after widespread usage of �-lactam antibiotics in the past decades,
resistance toward this group of compounds has emerged on a global scale as bacteria
rapidly have evolved to adapt to the selection pressure imposed by these drugs.
Among the multiple resistance mechanisms reported in the literature, inactivation by
bacterial �-lactamases is the most prominent one (3). So far over 1,000 �-lactamases
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have been reported, and these enzymes are grouped into four major classes (A to D)
based on sequence similarity (4). While the exact catalytic machineries for the four
classes are quite different, all �-lactamases can hydrolyze and “open” the signature
�-lactam ring to render the antibiotics ineffective against PBPs (Fig. 1b). By expressing
one or a few of these enzymes, bacteria readily acquire resistance against �-lactam
antibiotics. Alarmingly, some strains, such as carbapenem-resistant Enterobacteriaceae
and NDM-1-producing Klebsiella pneumoniae, have become resistant to all clinically
available �-lactam antibiotics, with no effective treatment available.

Whether a �-lactam antibiotic can defy the hydrolytic prowess of �-lactamases
depends heavily on its chemical structure and how it fits into the active sites of these
enzymes. This is particularly true for the clinically ubiquitous class A and C �-lactamases
because they share similar catalytic mechanisms but have distinctively shaped active
sites. Both class A and C �-lactamases are serine-based enzymes that hydrolyze
�-lactam antibiotics in a two-step process (Fig. 1b). During the first step, acylation, the
catalytic serine residue attacks the reactive �-lactam ring to form an acyl adduct. In the
subsequent step, deacylation, the acyl adduct is hydrolyzed by a water molecule and
released from the active site (3). However, class A �-lactamases have a narrowly shaped
active site, with its closely packed �-loop serving as a steric boundary. In class C
�-lactamases the corresponding �-loop is significantly longer and folds into a more
extended conformation toward the solvent, leading to an “enlarged” active site (5, 6).

For the penicillin type of �-lactam antibiotics that have a penicillin nucleus with the
�-lactam ring fused to five-membered thiazolidine ring, the acylamino side chain at C-6
is critical for conferring resistance against �-lactamases (Fig. 2). Those first- and
second-generation penicillins, like penicillin G and methicillin, usually contain a simple
side chain linking to an aromatic ring terminus and can be readily hydrolyzed by most
�-lactamases. The third- and fourth-generation penicillins, like carbenicillin and pipera-
cillin, contain longer and branched side chains with carboxyl or bulky heterocyclic
amide groups. These antibiotics usually are resistant to class A �-lactamases due to
steric clash between the “narrow” active site and the bulky branched acylamino side
chains (7). Such a mechanism also applies to the cephalosporin type of �-lactam
antibiotics that contain a cephem nucleus with the �-lactam ring fused to the six-
membered dihydrothiazine ring (Fig. 2). Newer-generation cephalosporins with a
branched acylamino side chain at C-7 are usually resistant against class A �-lactamases
but still susceptible to class C �-lactamases due to their “enlarged” active site that can
accommodate the bulky side chains (6).

FIG 1 Mechanism of �-lactam antibiotics. (a) �-Lactam antibiotics irreversibly inhibit penicillin binding proteins
(PBPs) by forming a covalent acyl adduct with the catalytic serine (Ser) residue. (b) Serine-based class A and C
�-lactamases inactivate �-lactam antibiotics by hydrolyzing and “opening” the �-lactam ring in a two-step process.
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Interestingly, the carbapenem type of �-lactam antibiotics show resistance to both
class A and C �-lactamases (8). Carbapenems contain a five-membered pyrrolidine ring
fused to the �-lactam core and a short hydroxyethyl side chain at C-6 in � conformation
(Fig. 2). This side chain is a significant departure from the long acylamino side chain in
penicillins and cephalosporins with � conformation and is particularly important for the
broad-spectrum resistance of carbapenems. Structural studies have shown that this
side chain interferes with the binding of carbapenems to serine-based �-lactamases
prior to the acylation step and significantly slows down the kinetics of hydrolysis at the
deacylation step (9). By acting as “slow substrates,” carbapenems become resistant
against these inactivating enzymes and can even serve as de facto inhibitors of
�-lactamases to further potentiate their antibacterial efficacy (10).

Given the extended resistance profile of carbapenems conferred by their hydroxy-
ethyl side chain, it is reasonable to expect that adding this feature to penicillins and
cephalosporins would broaden their resistance spectra as well. Previous studies have
shown that replacing the acylamino side chain with the hydroxyethyl moiety converts
penicillins and cephalosporins into inhibitors for class A �-lactamases (Fig. 3a) (11–13).
However, these modified compounds cannot inhibit class C �-lactamases. In fact, such
inactivity toward class C �-lactamases has also been observed among clinically used
�-lactamase inhibitors like clavulanate, sulbactam, and tazobactam (3). With class C
�-lactamases being one of the most frequently encountered resistance mechanisms in
clinically significant bacterial pathogens, there is an urgent need for novel and potent
class C �-lactamase inhibitors.

We reason that penicillins and cephalosporins can be modified with carbapenem-
like stereochemistry to become class C �-lactamase inhibitors. Our plan is to retain the
extended structure of the acylamino side chain and the associated aromatic groups
found on penicillins and cephalosporins because these features have been shown to
facilitate the binding of these drugs to class C �-lactamases (14). The 6-� hydroxyethyl
group will be added to replace only the corresponding acylamino moiety within the
side chain to adopt carbapenem-like stereochemistry (Fig. 3b).

FIG 2 Structures of the three classes of �-lactam antibiotics.
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To test our hypothesis, we synthesized such a “hybrid” molecule and characterized
its in vitro efficacy. Our designed molecule exerts a potent and specific inhibitory effect
against class C �-lactamases but is ineffective against class A �-lactamases. We also
determined the crystal structure of this molecule in complex with class C �-lactamase
and uncovered a novel binding mode that underlies its inhibitory mechanism. Our
results suggest that indeed modifying penicillins and cephalosporins by adding
carbapenem-like stereochemistry may lead to potential specific inhibitors for class C
�-lactamases.

RESULTS
Design and synthesis of penicillin derivative MPC-1 with carbapenem-like

stereochemistry. We decided to synthesize a penicillin derivative (here named MPC-1)
that contains a penicillin nucleus and a hydroxyalkyl side chain supplemented with a
thiophene ring at the tail (Fig. 3b). The stereochemistry at C-5 and C-6 of the penicillin
nucleus has been modified with the two H atoms in trans conformation to resemble
carbapenem. Furthermore, a hydroxylalkyl group is introduced at C-6 with R confor-
mation to mimic the hydroxyethyl moiety in carbapenem and to replace the original
amide group in penicillins and cephalosporins. Additionally, a thiophene ring is added
to the tail end of the alkyl side chain because such a nonbranched aromatic side chain
is commonly found in first- or second-generation antibiotics that can readily bind to
class C �-lactamases (7, 14).

The synthesis route (Fig. 4) for MPC-1 is designed with consideration for efficiency
and reproducibility (15). The synthesis started with 6-aminopenicillanic acid (6-APA),
which was converted to 6,6-dibromopenicillanic acid according to a procedure previ-
ously reported (16). Then the C-2 carboxyl acid was protected with diphenyldiazometh-
ane to give the key intermediate, compound 1. Treatment of compound 1 with
Grignard reagent and 2-thiophenepropanal in anhydrous tetrahydrofuran (THF) pro-
duces the desired compound 2a, along with a mixture of two isomers, 2b and 2c. The
stereochemistry of C-6 and the side chain stereogenic carbon of 2a and 2b and 2c can
be assigned by nuclear magnetic resonance (NMR) according to a previous analysis (17).
The reduction of 2a by Bu3P gave stereochemistry inversion product 3, with its
stereochemical assignment at C-6 determined based on the coupling constant JH5-H6,
with a value of 1.48 (15). Finally, the protective benzhydryl group was removed through
reaction with m-cresol (18). All products reported showed 1H and 13C NMR spectra in
agreement with the assigned structures; details of these spectra are in the supplemen-

FIG 3 Modification of penicillins and cephalosporins with carbapenem-like stereochemical features. (a)
Previously reported compounds with carbapenem-like hydroxyethyl side chain “grafted” onto a penem
or cephem nucleus. (b) Structure of our designed molecule, MPC-1. The carbapenem-like features are
highlighted in red.
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tal material. The stereochemistry of the target compound, MPC-1, was further con-
firmed by the crystal structure of P99 �-lactamase in complex with MPC-1.

MPC-1 shows no antibacterial activity as evaluated by in vitro assays. Previous
studies have shown that replacing the acylamino side chain with the hydroxyethyl
moiety leads to loss of antibiotic activity in modified penicillins and cephalosporins (12).
It is not clear if this would apply to our designed molecule, MPC-1. To test its
antibacterial efficacy, we used a MIC assay and found that the MIC of MPC-1 for
non-�-lactamase-producing Escherichia coli strain BL21(DE3) is over 512 �g/ml (data
not shown), significantly higher than that of penicillin G. This result suggests that
indeed MPC-1 has little antimicrobial activity, probably due to the carbapenem-like
stereochemistry at C-6 and the C-8 hydroxyl side chain in R conformation.

MPC-1 specifically inhibits class C �-lactamase P99 but does not inhibit the
class A �-lactamase PenP. After confirming that MPC-1 does not have antibiotic
activity, we proceeded to characterize its efficacy as a �-lactamase inhibitor. We used
two �-lactamases, PenP and P99, for this study. PenP is a class A �-lactamase from
Bacillus licheniformis with over 80% sequence similarity to the clinically significant
TEM-1. Our previous studies have also confirmed that the kinetic profile of PenP is
nearly identical to that for TEM-1, showing a narrow substrate profile with more
effective hydrolysis of only first- and second-generation penicillins and cephalosporins
(19, 20). P99, on the other hand, is an AmpC �-lactamase (also termed class C
�-lactamase) from Enterobacter cloacae. P99 is an extended-spectrum �-lactamase with
a broader substrate profile than PenP, probably because its enlarged active site can
accommodate newer-generation penicillins and cephalosporins with branched side
chains (21).

The inhibitory effect of MPC-1 on PenP and P99 was assessed by measuring its 50%
inhibitory concentration (IC50) in the nitrocefin assay (Table 1). Two clinically available
�-lactamase inhibitors, i.e., clavulanate and sulbactam, were used as references. Our
results show that MPC-1 is not an effective inhibitor of the class A �-lactamase PenP
because its IC50 is higher than 1 mM. In comparison, clavulanate and sulbactam can
inhibit PenP with high potency, as their IC50s are less than 2 �M. However, MPC-1 is a

FIG 4 Synthetic route to MPC-1 (compound 4).

TABLE 1 �-Lactamase-inhibitory activity of MPC-1

�-Lactamase

IC50 (�M)

MPC-1 Clavulanate Sulbactam

PenP �1,000 1.26 � 0.85 1.99 � 1.22
P99 15.8 � 1.26 77.8 � 8.74 29.9 � 2.53
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potent and specific inhibitor of the class C �-lactamase P99, with an IC50 of 15 �M (Fig.
5a). This inhibitory potency against P99 is particularly exciting, as it is �2 to 5 times
stronger than that for the clinically used clavulanate or sulbactam, for which the IC50s
are 77.8 �M and 29.88 �M, respectively.

MPC-1 binds to class C �-lactamase and forms an irreversible acyl adduct. To
further understand the interaction between MPC-1 and P99, we added MPC-1 to
purified P99 and, after incubation, subjected the mixture to electrospray ionization
mass spectroscopy (ESI-MS). While the mass spectra revealed intact P99 at the start of
the experiment, a new species with a 342-Da increase in mass emerged after 5 min (Fig.
5b). The mass of this species matched exactly the acyl adduct between P99 and MPC-1,
suggesting that MPC-1 probably acted like a substrate for P99 and initiated the
acylation reaction to form an enzyme inhibitor (EI*) acyl adduct at the active site of P99.
We then measured the kinetic parameters of MPC-1 as a P99 inhibitor by ESI-MS. Our
data show that the acylation efficiency (k2/Kd) (where Kd is dissociation constant for the
formation of the reversible noncovalent EI complex, and k2 is the rate constant for the
formation of the covalent acyl adduct EI*) of MPC-1 is only (4.0 � 0.1) � 102 M�1 s�1,
significantly lower than that for natural substrates like penicillins and cephalosporins

FIG 5 MPC-1 inhibits class C �-lactamase through slow acylation and defective deacylation. (a) Determination of IC50 of MPC-1 against
class C �-lactamase P99 with nitrocefin assay. (b) Time-dependent mass spectrum profile of P99 –MPC-1 acyl adduct formation when the
MPC-1 concentration is 10 �M. ka is derived by fitting the ratio of [EI*]/[E � EI*] versus time to equation 2.
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(�106 M�1 s�1) (22). This low acylation rate suggests that the modified structures of
MPC-1 drastically slowed down the acylation. Furthermore, the deacylation rate (k3) is
also very low, at (1.2 � 0.7) � 10�3 s�1, almost comparable to that of avibactam (7 �

10�4 s�1), a recently approved inhibitor for class A, C, and D �-lactamases (23). The
extremely low k3 value explains why MPC-1 can serve as a P99 inhibitor. The Ki was
7.9 � 0.6 �M.

MPC-1 potentiates the efficacies of penicillins and cephalosporins in P99-
expressing resistant E. coli. In the clinical setting, �-lactamase inhibitors such as
clavulanate and sulbactam are used in combination with �-lactam antibiotics to
potentiate their efficacies by reducing the hydrolytic activity of �-lactamases. To test
whether MPC-1 can achieve a similar effect, we compared the antibacterial efficacies of
several antibiotics in the presence and absence of MPC-1 in vivo. For this study, we first
transformed a plasmid carrying the P99 gene into E. coli BL21(DE3) to confer resistance
toward penicillins and cephalosporins. Then the MICs of various antibiotics, in both the
presence and absence of MPC-1, were measured (Table 2). For penicillin G, the MIC was
reduced by MPC-1 in a concentration-dependent manner, from 512 �g/ml in the
absence of MPC-1 to 16 �g/ml in the presence of 512 �g/ml of MPC-1, a 32-fold
reduction. For ampicillin, the MIC was 32 �g/ml in the absence of MPC-1 and only 4
�g/ml in the presence of 16 �g/ml of MPC-1, an 8-fold reduction. A similar effect was
also observed for cephalothin and cefoxitin, with 4- to 8-fold reductions in MIC. These
data clearly demonstrate that MPC-1 can potentiate the activity of penicillins and
cephalosporins against P99-positive E. coli by inhibiting the hydrolytic activity of P99.
The efficacy of such potentiation appears to be most prominent for antibiotics with
mid-range MICs, like ampicillin, when the antibiotic and MPC-1 have similarly low
acylation rates.

Structure of MPC-1 in complex with P99 reveals a novel binding mode that
blocks deacylation. To determine the molecular mechanism of how MPC-1 forms
nonhydrolyzable EI* acyl adduct with P99, we determined the structure of P99 in
complex with MPC-1 at 1.8 Å (Table 3). The overall structure is nearly identical to the
P99 apo structure (PDB code 1XX2), with a root mean square deviation (RMSD) of only
0.35 Å. Key residues at the active site, including the catalytic residue Ser64 and the
general base residues Lys67 and Tyr150, are in exactly the same conformation as in
the apo structure (Fig. 6a). Furthermore, both the difference map (Fo-Fc) and the
composite map (2Fo-Fc) clearly show the presence of MPC-1 with its �-lactam ring
opened and the carbonyl carbon covalently linked to O� of the catalytic Ser64 in the
active site (Fig. 6a).

Close inspection of the P99 structure reveals several important features of its
interaction with MPC-1. First of all, the covalent linkage between MPC-1 and Ser64 of
P99 confines to the classical acyl adduct configuration found in the active site of class
C �-lactamases, with the carbonyl oxygen of the �-lactam moiety pointing to the
oxyanion hole formed by the amide of Ser64 and Ser318 (14, 21) (Fig. 6b). Second, the
thiophene ring at the end of the alkyl side chain in MPC-1 forms �-� stacking
interaction with the side chain of Tyr221 in P99. This interaction is similar to that seen
in AmpC– cephalothin structure and reaffirms the importance of this moiety in medi-
ating favorable binding to P99 (14). Additionally, the introduced hydroxyl group at C-7
of MPC-1 forms a hydrogen bond with Asn152. This interaction is equivalent to the

TABLE 2 MPC-1 potentiates the efficacy of penicillins and cephalosporins in P99-
expressing E. coli strain BL21(DE3)

Drug

MIC (�g/ml) of drug at indicated concn of MPC-1 (�g/ml)

0 4 16 32 64 128 256 512

Penicillin G 512 512 256 256 128 128 32 16
Ampicillin 32 4
Cephalothin 512 128
Cefoxitin 8 4
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hydrogen bond between Asn152 and the amide group in the side chain of penicillin or
cephalosporin (Fig. 6b). In summary, the structure reveals that our designed molecule,
MPC-1, retains nearly all the interactions that a natural substrate can form with the P99
active site. As a result, MPC-1 can specifically bind to class C �-lactamases like P99.

Interestingly, the EI* acyl adduct in our structure adopts a novel “flat” conformation
that has not been reported for penicillins or cephalosporins. In previously reported
structures of P99 in complex with amoxicillin and cephalothin, the acyl adducts adopt
a “bent” conformation with their thiazolidine or dihydrothiazine ring pointing toward
the solvent and at roughly 90° relative to the main chain of the adduct along the
�-lactam moiety (Fig. 6c) (14, 21). In our structure, MPC-1 exhibits a flat conformation
with its thiazolidine ring extending along the main chain of the acyl adduct and fully
embedded in the active site. With this conformation, the carboxyl side chain on the
thiazolidine ring forms multiple H-bond interactions with nearby residues Lys315,
Ser316, and Asn346 (Fig. 6c). Most importantly, in this flat conformation, the carboxyl
group occupies the position of the critical deacylation water—WAT 402—as shown in
other two complex structures (Fig. 6c). As a result, the deacylation reaction cannot
proceed and the acyl adduct EI* becomes irreversible.

To investigate whether the novel binding mode of MPC-1 acyl adduct is due to its
carbapenem-like stereochemistry, we first compared our structure to that of the class
C �-lactamase AmpC with covalently bound imipenem (24). An unusual feature for the
AmpC-imipenem structure is the catalytically incompetent conformation of the acyl
adduct with its carbonyl oxygen “flipped” out of the oxyanion hole (Fig. 7a). The impact
of such a flipped conformation on the structural configuration for the rest of imipenem
is not clear. Nonetheless, the pyrrole ring of imipenem adopts a “bent” conformation
similar to that of amoxicillin and cephalothin in the active site of P99 but in distinct
contrast to the flat conformation of MPC-1 (Fig. 7a).

To further understand the molecular mechanism of the novel flat conformation seen
in MPC-1, we decided to compare our structure to that of class A �-lactamases with
covalently bound carbapenems. In fact, a series of such structures has been reported,
including TEM-1 with imipenem, BlaC with tebipenem, SFC-1 with meropenem, and

TABLE 3 Statistics of X-ray crystallography data collection and structure refinement for
P99 –MPC-1

Parameter Value

Data collection statistics
Space group P22121

Unit cell parameters
a, b, c (Å) 61.160, 69.330, 76.850
�, �, � (˚) 90.00, 90.00, 90.00

Resolution range (Å) 69.33–1.80 (1.90–1.80)
No. of total reflections 209,165
No. of unique reflections 30,924
I/� 16.1 (6.2)
Completeness (%) 99.8 (95.6)
Rmerge (%) 8.7 (29.2)

Refinement statistics
Resolution (Å) 76.85–1.8
Rcryst/Rfree (%) 21.3/23.3
RMSD bonds (Å)/angles(˚) 0.008/1.211
No. of reflections

Working set 29,328
Test set 1,559

No. of:
Protein atoms 2,828
Ligand/ion atoms 22
Water molecules 142

Average B-factor (Å2)
Main chain 9.994
Side chain 13.692
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FIG 6 MPC-1 binds to the active site of AmpC in a distinct flat mode. (a) Active-site structure of P99 –MPC-1 complex. The compound
MPC-1 is in cyan, while the active-site residues are in gray. The Fo-Fc omit map (light yellow for active site residues and blue for MPC-1)
is drawn in mesh format and contoured at 2.0 �. (b) Interactions between compound MPC-1 and the active-site residues. The dashed
lines indicate hydrogen bonds. (c) Superposition of P99 –MPC-1 structure with the AmpC structures in complex with amoxicillin (PDB
code 1LL9) and cephalothin (PDB code 1KVM), respectively. Amoxicillin and cephalothin are colored in brown and purple, respectively.
The corresponding deacylation water (DW) in these two structures is shown as a sphere within the active site.
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GES-5 with imipenem (9, 25–27). In particular, SFC-1 and GES-5 are two class A
�-lactamases that have acquired carbapenemase activity due to mutations at Ala69Cys/
Ala238Cys and Gly170Ser. Thus, the carbapenem acyl adducts formed in the active sites
of SFC-1 and GES-5 are regarded as catalytically competent and would be used for our
comparison. Structural superposition reveals that the flat conformation of MPC-1
overlies almost identically the meropenem and imipenem structures seen in SFC-1 and
GES-5 (26, 27) (Fig. 7b). Specifically, the covalent linkage between MPC-1 and the
catalytic residue Ser64 in P99 is identical to the corresponding part that connects
meropenem or imipenem to the catalytic residue Ser70 in SFC-1 or GES-5. Additionally,
the thiazolidine ring of MPC-1 overlies very well the pyrroline ring of the acylated
meropenem and imipenem. Furthermore, the hydroxyl moiety at C-7 position of MPC-1
superimposes exactly the hydroxyethyl side chain of meropenem or imipenem. Thus,
the flat conformation of MPC-1 indeed results from its carbapenem-like stereochemistry
after it forms the catalytically competent acyl adduct.

Lastly, to confirm that the flat conformation of MPC-1 is responsible for its specificity
for class C �-lactamases, we generated a model of MPC-1 in complex with PenP, a class

FIG 7 MPC-1 adopts a configuration similar to that of carbapenems while binding to the active sites of �-lactamases. (a)
Superimposition of P99 –MPC-1 structure with the structure of AmpC in complex with imipenem (PDB code 1LL5).
Imipenem and the conserved deacylation water (DW) are in light green. (b) Superposition of the P99 –MPC-1 structure with
three class A �-lactamases, including PenP, in complex with meropenem (PDB code 1BT5), SFC-1 in complex with
imipenem (PDB code 4EV4), and GES-5 in complex with imipenem (PDB code 4H8R).
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A �-lactamase, after superimposing PenP (PDB code 4BLM) onto our P99 structure (28).
The model shows that MPC-1, in its flat conformation, cannot fit into the active site of
PenP because the extended thiophene group would clash with Glu166 and Asn170 (Fig.
8a). We also generated a model of MPC-1 in complex with the penicillin-binding (PB)
domain of E. coli PBP1b (PDB code 5HL9) after superimposing the PB domain onto our
P99 structure (29). Although the large number of PBPs identified in nature have
functionally and structurally distinct N-terminal domains, their C-terminal PB domain is
highly conserved (30). This MPC-1–PB model reveals a situation similar to that revealed
by the MPC-1–PenP model: i.e., the flat MPC-1 molecule cannot fit into the active site
of PB domain because the extended side chain would clash with residue Asn703 (Fig.
8b). In summary, the novel flat conformation of MPC-1 renders it incompatible with the
active site of class A �-lactamases or PBPs. Thus, MPC-1 is a specific inhibitor only for
class C �-lactamases and is not a class A inhibitor or an antibiotic.

DISCUSSION

�-Lactamase inhibitors such as clavulanate, sulbactam, and tazobactam have played
significant roles in clinical treatment of bacterial infection. These molecules are struc-
turally similar to �-lactam but lack any side chain at C-6. They can effectively inhibit
class A �-lactamases by forming slowly hydrolyzed acyl adducts in the active site to
block substrate turnover (3). Furthermore, some of these inhibitor acyl adducts can
undergo complex secondary reactions within the active site that lead to irreversible
modification of the catalytic serine residue and permanent loss of �-lactamase activity.
Although they show little antimicrobial activity when used alone, these inhibitors
greatly enhance the therapeutic efficacy of �-lactam antibiotics when used in combi-
nation with them. For example, the highly successful antibiotic amoxicillin-clavulanic
acid (Augmentin) is indeed a combination of amoxicillin and clavulanic acid (31).

However, resistance to these widely used inhibitors are on the rise. Class A
�-lactamases like the TEM and SHV series acquire mutations at certain active-site
residues, like Met69, Ser130, and Lys234, to either impede inhibitor acylation or speed
up acyl adduct hydrolysis (32). Furthermore, these inhibitors are not effective against
the class B metallo-�-lactamases or class C extended-spectrum �-lactamases that are
frequently found in multidrug-resistant Gram-negative bacteria, like Enterobacter spp.
and Pseudomonas aeruginosa. Therefore, there is an urgent need to develop inhibitors
for class B and class C �-lactamases. In 2015, the FDA approved avibactam, a non-�-
lactam inhibitor for class A, C, and D �-lactamases. This is the first inhibitor approval in
22 years and rekindled interest in �-lactamase inhibitor development.

In this study, we have synthesized a penicillin derivative, MPC-1, that can serve as a

FIG 8 MPC-1 causes steric hindrance with the active site of class A �-lactamase and PBP. Model structures of MPC-1
in complex with PenP �-lactamase (a) and E. coli PBP1b (b) were generated by docking MPC-1 onto relevant
structures (PDB codes 4BLM [PenP �-lactamase] and 5HL9 [E. coli PBP1b]).
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specific inhibitor for class C �-lactamases. MPC-1 contains a penicillin nucleus modified
with two carbapenem-like stereochemical features, i.e., the C-5–C-6 trans conformation
and the C-8 hydroxyl group. Additionally, MPC-1 contains an alkyl side chain with
terminal thiophene ring at C-8 to mimic penicillins and cephalosporins that bind
favorably to class C �-lactamases. Such a “hybrid” molecule is expected to bind to class
C �-lactamases like a good substrate and then form a slowly hydrolyzable acyl adduct
to act as a specific inhibitor.

Our biochemical and ESI-MS studies confirm that indeed MPC-1 can bind specifically
to the class C �-lactamase P99 and form a slowly hydrolyzed acyl adduct. The structure
of P99 in complex with MPC-1 reveals that the EI* adduct adopts a novel flat confor-
mation, with its thiazolidine ring fully extended along the active site. This flat confor-
mation is in clear contrast to the bent conformation adopted by amoxicillin and
cephalothin in the active sites of class C �-lactamases but largely similar to the
orientation of imipenem and meropenem when covalently bound to the class A
�-lactamases SFC-1 and GES-5. Furthermore, the flat conformation of MPC-1 in the
active site of P99 positions the carboxyl group on its thiazolidine ring to a site
overlapping the critical deacylation water molecule. As a result, the deacylation reac-
tion is abolished and the acyl adduct becomes an inhibitor of P99. Given the structural
and kinetic similarities shared by different class C �-lactamases (3, 5), we believe that
the mechanistic findings from our study on how MPC-1 specifically inhibits P99 can be
applied to other class C �-lactamases, like AmpC and CMY varieties, as well. In summary,
the carbapenem-like stereochemical features of MPC-1 allows it to adopt a novel flat
conformation in the active sites of class C �-lactamases that leads to blocked deacy-
lation and irreversible inhibition. This mode of inhibition is totally different from that
observed for clavulanate, sulbactam, avibactam, and other investigational �-lactamase
inhibitors (3, 33) and offers a novel approach to design class C �-lactamase inhibitors.

Our designed hybrid molecule, MPC-1, shows modestly higher potency, 2- to 5-fold,
against class C �-lactamases than do commercially available �-lactamase inhibitors, like
clavulanate and sulbactam, but it shows little activity against class A �-lactamases. This
difference is likely due to the extended alkyl side chain with terminal thiophene ring in
the C-6 position of MPC-1. Such a moiety has been shown to be beneficial for binding
to class C �-lactamases because it can form favorable interactions with active-site
residues. In contrast, clavulanate and sulbactam contain no side chains at the C-6
position and as a result cannot fit tightly into the enlarged active sites of class C
�-lactamases.

One obvious limitation of MPC-1 in its current form is the slow acylation kinetics. At
a k2/Kd of only 102 M�1 s�1, MPC-1 cannot readily compete with natural substrates like
penicillins and cephalosporins to effectively inhibit class C �-lactamases in vivo. To
improve the binding affinity of MPC-1 to class C �-lactamases, different side chains at
the C-6 position should be tried with the aim to form more favorable interactions,
like hydrogen bonds. Hopefully, applying our hybrid design strategy and adding
carbapenem-like stereochemical features to existing penicillins and cephalosporins will
yield a large library of lead compounds to serve as potential class C �-lactamase
inhibitors.

MATERIALS AND METHODS
Synthesis of MPC-1. The synthesis route for the target compound MPC-1 is shown in Fig. 4. All

reaction products were routinely visualized with UV lighting (254 and 365 nm) and purified by column
chromatography. 1H and 13C NMR spectra were determined in CDCl3 solutions with a Bruker spectrom-
eter (400 MHz). Peak positions are given in parts per million (�) downfield from tetramethylsilane as the
internal standard, and J values are given in hertz.

Compound 1 was synthesized as described previously.
Diphenylmethyl 6�-bromo-6�-(1R-hydroxy-3-(thiophen-2-yl)propyl) penicillanate (compound

2a). A solution of ethylmagnesium bromide in ether (3 M, 0.61 ml, and 1.82 mmol) was added dropwise
to a solution of diphenylmethyl 6,6-dibromopenicillanate 1 (2 g and 3.8 mmol) in anhydrous THF (40 ml)
at �50°C, and the reaction mixture was stirred for an additional 2 h at the same temperature.
3-(Thiophen-2-yl)propanal (1 g and 7.6 mmol) was added dropwise to the solution and the mixture was
stirred for 2 h at �50°C. The reaction was then quenched by the addition of a saturated solution of
ammonium chloride, the mixture was warmed to room temperature, and the solvent was evaporated in
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vacuo. Both water and ethyl acetate were added to the residue, and the organic layer was washed with
5% NaHCO3 and brine, dried over MgSO4, and concentrated to dryness in vacuo. The product mixture was
purified by flash column chromatography to give the desired compound, compound 2a (1.1 g; 49%),
along with the mixture of two isomers, 2b and 2c (0.5g, 22%). Compound 2a: 1H NMR (CDCl3, 400 MHz)
� 1.25 (s, 3H), 1.53 (s, 3H), 1.92 to 2.10 (m, 2H), 2.97 to 3.18 (m, 2H), 4.04 to 4.07 (m, 1H), 4.58 (s, 1H), 5.63
(s, 1H), 6.87 (d, 1H), 6.93 to 6.97 (m, 2H), 7.14 to 7.15 (m, 1H), 7.31 to 7.40 (m, 10H); 13C NMR (CDCl3, 400
MHz) � 25.3, 25.6, 33.4, 34.3, 64.7, 68.1, 69.7, 70.8, 74.8, 78.6, 123.3, 125.0, 126.7, 127.1, 127.4, 128.3, 128.4,
128.6, 138.9, 139.0, 143.6, 165.9, 168.9; ESI-MS calculated for C28H28BrNO4S2 ([M�Na]�), 609.5; found,
609.5. Mixture of 2b and 2c: 1H NMR (CDCl3, 400 MHz) � 1.28 (s, 3H), 1.67 (s, 3H), 1.96 to 2.27 (m, 2H), 2.97
to 3.18 (m, 2H), 4.01 to 4.15 (m, 1H), 4.61 (s, 1H), 5.49 (s, 0.65H), 5.52 (s, 0.35H), 6.84 to 6.86 (m, 1H), 6.92
to 6.96 (m, 2H), 7.13 to 7.16 (m, 1H), 7.28 to 7.39 (m, 10H); 13C NMR (CDCl3, 400 MHz) � 25.8, 26.0, 26.1,
32.8, 33.0, 34.9, 35.9, 64.8, 70.0, 70.1, 71.0, 72.3, 72.6, 73.0, 77.2, 78.5, 123.5, 123.6, 124.8, 124.9, 126.9,
127.0, 127.0, 127.5, 128.2, 128.4, 139.0, 139.1, 143.3, 166.3, 168.4.

Diphenylmethyl 6�-(1R-hydroxy-3-(thiophen-2-yl)propyl) penicillanate (compound 3). Tri-n-
butylphosphine (0.59 ml, 2.35 mmol) was added to a solution of compound 2 (0.92 g, 1.57 mmol) in
methanol (40 ml) at 0 � 5°C and the reaction mixture was stirred for 1 h at the same temperature. The
reaction mixture was then concentrated under reduced temperature, and the residual oil was purified by
silica gel column chromatography to afford the desired product (0.47 g; 59%).1H NMR (CDCl3, 400 MHz)
� 1.26 (s, 3H), 1.63 (s, 3H), 1.93 to 2.02 (m, 2H), 3.00 to 3.07 (m, 2H), 3.40 to 3.42 (m, 1H), 4.12 to 4.17 (m,
1H), 4.58 (s, 1H), 5.34 (d, J 	 1.48 Hz, 1H), 6.84 to 6.85 (d, 1H), 6.93 to 6.96 (m, 2H), 7.15 to 7.16 (m, 1H),
7.30 to 7.38 (m, 10H); 13C NMR (CDCl3, 400 MHz) � 25.7, 26.1, 32.8, 37.1, 63.5, 65.6, 67.5, 67.8, 69.8, 78.3,
123.4, 124.7, 126.9, 127.0, 127.5, 128.1, 128.3, 128.5, 128.6, 139.2, 139.3, 143.7, 166.9, 172.0; ESI-MS
calculated for C28H29NO4S2 ([M�Na]�), 530.6; found, 530.5.

6�-(1R-Hydroxy-3-(thiophen-2-yl)propyl) penicillanate (compound 4). A solution of compound 3
(200 mg, 0.39 mmol) in m-cresol (3 ml) was heated at 50°C for 3 h under N2. The mixture was then cooled
to room temperature and concentrated in vacuo, and the residue oil was purified by silica gel column
chromatography to afford the desired product (60 mg, 46%).1H NMR (CDCl3, 400 MHz) � 1.55 (s, 3H), 1.68
(s, 3H), 1.86 to 1.98 (m, 2H), 2.91 to 3.05 (m, 2H), 3.33 (d, 1H), 4.15 to 4.18 (m, 1H), 4.39 (s, 1H), 5.32 (s,
1H), 6.83 (d, 1H), 6.91 to 6.94 (m, 1H), 7.12 to 7.14 (d, 1H); 13C NMR (CDCl3, 400 MHz) � 25.9, 26.8, 30.6,
37.1, 61.5, 65.5, 65.6, 66.5, 70.9, 123.4, 124.6, 126.9, 143.8, 172.4, 174.0; ESI-MS calculated for C15H19NO4S2

([M-H]�), 340.5; found, 340.3.
All materials, data, and associated protocols will be made promptly available to readers after

publication, without undue qualifications in material transfer agreements.
Protein expression and purification. The DNA encoding P99 �-lactamase was subcloned into a

modified pET 30a vector containing an N-terminal His6 tag and the human rhinovirus (HRV) 3C protease
cleavage site. Protein expression for the wild-type and substitution constructs was done using E. coli
strain BL21(DE3) following a standard procedure. Briefly, inoculated bacterial culture was grown at 37°C
until the optical density at 600 nm (OD600) reached 0.6 to 0.8; then protein expression was induced by
adding isopropyl-�-D-thiogalactopyranoside (IPTG) at a final concentration of 500 �M, and the bacteria
were grown at 30°C for an additional 5 h and collected by centrifugation. The His6-tagged P99 proteins
were purified by HisTrap affinity column (GE Healthcare) and then protease 3C was used to cleave the
tag. The target proteins were further purified by gel filtration chromatography (Superdex 75; GE
Healthcare) in a buffer of 20 mM Tris (pH 7.5) and 50 mM NaCl. The desired fractions were collected and
concentrated by Amicon Ultra-15 centrifugal filter devices (Millipore; nominal molecular weight limit
[NMWL] 	 10,000).

Determination of MIC. MPC-1 was dissolved in dimethyl sulfoxide (DMSO) first and then diluted in
water to prepare a stock solution at a concentration of 2.048 mg/ml. MPC-1 stock was then treated with
a series of 2-fold dilutions in lysogeny broth (LB) to prepare MPC-1-containing media at concentrations
ranging from 0.5 to 512 �g/ml. Simultaneously, the bacterial strain E. coli BL21(DE3) was inoculated in
LB medium and grown overnight; then the overnight culture was diluted to an OD600 of 0.08 to 0.1, 5
�l was added into previously prepared MPC-1-containing media, and the resulting solution was incu-
bated at 37°C overnight. MIC was determined by observation to evaluate the potency at which MPC-1
enhanced the activity of antibiotics against �-lactamase-producing bacteria. The MICs for antibiotics
alone or combined with MPC-1 were also determined. A stock solution was prepared by mixing different
ratios of MPC-1 and each antibiotic, and E. coli BL21(DE3) was replaced with P99-transformed BL21(DE3)
as constructed before. The corresponding MIC was then measured using the method described above.

Measurement of inhibitory activity. To evaluate the inhibitory effect of MPC-1, the enzymatic
activities of P99 and PenP were determined with nitrocefin as the reporter substrate. First of all, the Km

of nitrocefin was measured by following the standard spectrophotometric method. Specifically, different
concentrations ([S]) of nitrocefin were hydrolyzed by optimal concentration of �-lactamases within 200
s, the hydrolytic velocity was calculated based on the absorbance change readout at 500 nm, values for
v (see below) versus [S] values were fitted into the Michaelis-Menten equation, and the Km of nitrocefin
was determined.

Next, various concentrations ([I]) of MPC-1 were mixed with PenP or P99 in the assay buffer (50 mM
potassium phosphate, pH 7.0) and the mixture was incubated at 25°C for 10 min. Nitrocefin at a
concentration equal to the value of Km was added to each enzyme-inhibitor mixture, the absorbance
change was monitored at 500 nm over 100 s by UV-visible spectrophotometer to determine the initial
velocity, and each measurement was repeated three times to calculate standard deviation. By fitting v
versus log[I] into equation 1, IC50 can be determined. Two clinically available �-lactamase inhibitors—
clavulanate and sulbactam—were also tested as references.
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v 	 Vmin 
 �Vmax � Vmin � ⁄ �1 
 10�log �I� � log �IC50��� (1)

Ki was then determined as IC50/2 based on the competitive-inhibition model (34).
Determination of ka. The kinetics studies of P99 with MPC-1 as an inhibitor are based on a simple

model (Fig. 9). The ESI-MS method as previously described (35, 36) was adopted to determine the kinetic
parameters ka, k2/Kd, and k3.

Specifically, the enzyme-inhibitor binding interaction was initiated by mixing 35 �l of 5 �M enzyme
in 20 mM ammonium acetate (pH 7.0) with 35 �l of seven different MPC-1 concentrations ranging from
10 �M to 400 �M in the same buffer. At the desired intervals, the reactions were quenched by addition
of 70 �l of 1% (vol/vol) formic acid in acetonitrile. The resulting solutions were characterized by
electrospray ionization mass spectrometry (ESI-MS). Normally, there are two major peaks in the mass
spectrum, one for the enzyme itself (E) and the other for the acyl adduct (EI*). The relative concentration
of free enzyme ([E]) and the acyl adduct ([EI*]) can be determined by the integration of the area under
the measurement of the intensity of these two peaks, while the total amount of enzyme ([Etotal]) can be
calculated from the sum of [E] and [EI*]. The obtained values for [EI*]/[Etotal] were plotted as a function
of the duration time (t) with equation 2 to give the apparent first-order constant ka:

�EI*� ⁄ �Etotal� 	 B�1 � exp ��kat�� (2)

In this equation, B represents the relative concentration of EI* at steady state.
Determination of k2/Kd and k3. According to the model in Fig. 9, ka is related to k2 and Kd according

to equation 3:

ka 	 k3 
 k2
�I�

Kd 
 �I� (3)

A linear variation of ka plotted versus [I] indicated that Kd is ��[I]; thus, k2/Kd could be obtained from
the slope of the line, while k3 is determined by extrapolation to [I] 	 0.

Crystallization and structure determination. The crystals of P99 were grown at 16°C by the
hanging-drop vapor diffusion method. One microliter of protein solution in a buffer of 20 mM Tris–50
mM NaCl (pH 7.5) was mixed with 1 �l of reservoir buffer, which was composed of 0.1 M bis-Tris (pH 6.5)
and 25% polyethylene glycol 3350 (PEG 3350). Crystals appeared in 14 days and were harvested after
they had grown to �100 �m. MPC-1 was soaked into the crystals by incubating P99 crystals in reservoir
buffer containing saturated MPC-1 for 1 h. Initial crystals were screened with an in-house Rigaku X-ray
diffraction system using both a RAXIS image plate and PILATUS 200K hybrid pixel array detector. Crystals
with MPC-1 soaked into active site were then taken to Shanghai Synchrotron Beamline 17U1 for data
collection. Diffraction data were collected at 100 K, integrated by Mosflm (37), and scaled by the SCALA
module (38) in CCP4. All the structures were solved by molecular replacement using the Phaser module
in the CCP4i suite of programs with the P99 wild-type structure (PDB code 1XX2) as a search model (39).
The subsequent structural refinement was conducted using the REFMAC module in CCP4 (40). Manual
structure rebuilding was done using WINCOOT (41). The structure figures were prepared using the CCP4
mg package (42) in CCP4.

Accession number(s). The structure determined in this study has been deposited in the Protein Data
Bank with PDB code 5XHR.
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