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In this review, we summarize the current “state of the art” of carbapenem antibiotics and their role in our
antimicrobial armamentarium. Among the ␤-lactams currently available, carbapenems are unique because
they are relatively resistant to hydrolysis by most ␤-lactamases, in some cases act as “slow substrates” or
inhibitors of ␤-lactamases, and still target penicillin binding proteins. This “value-added feature” of inhibiting
␤-lactamases serves as a major rationale for expansion of this class of ␤-lactams. We describe the initial
discovery and development of the carbapenem family of ␤-lactams. Of the early carbapenems evaluated,
thienamycin demonstrated the greatest antimicrobial activity and became the parent compound for all subsequent
carbapenems. To date, more than 80 compounds with mostly improved antimicrobial properties, compared to those
of thienamycin, are described in the literature. We also highlight important features of the carbapenems that are
presently in clinical use: imipenem-cilastatin, meropenem, ertapenem, doripenem, panipenem-betamipron, and
biapenem. In closing, we emphasize some major challenges and urge the medicinal chemist to continue development
of these versatile and potent compounds, as they have served us well for more than 3 decades.
Gram-positive bacterium Streptomyces clavuligerus. Olivanic
acids possess a “carbapenem backbone” (a carbon at the 1
position, substituents at C-2, a C-6 ethoxy, and sp2-hybridized
C-3) and act as broad-spectrum ␤-lactams (25, 27, 199). Due to
chemical instability and poor penetration into the bacterial
cell, the olivanic acids were not further pursued (192). Shortly
thereafter, two superior ␤-lactamase inhibitors were discovered: (i) clavulanic acid (compound 2) from S. clavuligerus, the
first clinically available ␤-lactamase inhibitor (25), and (ii)
thienamycin (compound 3) from Streptomyces cattleya (Fig.
1A) (3, 112). Thienamycin was the first “carbapenem” and
would eventually serve as the parent or model compound for
all carbapenems. A series of other carbapenems were also
identified (30, 92, 107, 147, 149, 162, 163, 172, 233); however,
the discovery of thienamycin was paramount.
The term “carbapenem” is defined as the 4:5 fused ring
lactam of penicillins with a double bond between C-2 and C-3
but with the substitution of carbon for sulfur at C-1. The
hydroxyethyl side chain of thienamycin is a radical departure
from the structure of conventional penicillins and cephalosporins, all of which have an acylamino substituent on the
␤-lactam ring; the stereochemistry of this hydroxyethyl side
chain is a key attribute of carbapenems and is important for
activity (95). Remarkably, thienamycin demonstrated potent
broad-spectrum antibacterial and ␤-lactamase inhibitory activity (112, 113). This notable discovery was first reported at
the 16th Interscience Conference on Antimicrobial Agents
and Chemotherapy (ICAAC) meeting in 1976 (3, 112). Although thienamycin is a “natural product” and the biosynthetic pathway was determined (160), yields from the
purification process were low. With time, the synthetic preparation of thienamycin assumed greater importance, espe-

Carbapenems play a critically important role in our antibiotic armamentarium. Of the many hundreds of different ␤-lactams, carbapenems possess the broadest spectrum of activity
and greatest potency against Gram-positive and Gram-negative bacteria. As a result, they are often used as “last-line
agents” or “antibiotics of last resort” when patients with infections become gravely ill or are suspected of harboring resistant
bacteria (23, 174–176, 229). Unfortunately, the recent emergence of multidrug-resistant (MDR) pathogens seriously
threatens this class of lifesaving drugs (189). Several recent
studies clearly show that resistance to carbapenems is increasing throughout the world (35, 64, 73, 123, 151, 155, 173, 200).
Despite this menacing trend, our understanding of how to best
use these agents is undergoing a renaissance, especially concerning their role with regard to ␤-lactamase inhibition. In this
context, we view the number, type, and diversity of carbapenems as compelling reasons to explore these compounds for new
insights into drug development.
IN THE BEGINNING…
In the late 1960s, as bacterial ␤-lactamases emerged and
threatened the use of penicillin, the search for ␤-lactamase
inhibitors began in earnest (38, 199). By 1976, the first ␤-lactamase inhibitors were discovered; these olivanic acids (compound 1 in Fig. 1) were natural products produced by the
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pound grew rapidly, since thienamycin displayed inhibitory
microbiological activity against Gram-negative bacteria, including isolates of Pseudomonas aeruginosa, as well as anaerobes, like Bacteroides fragilis, and Gram-positive bacteria, such
as methicillin- or oxacillin-susceptible Staphylococcus aureus
and streptococci (55, 225, 246).
Unfortunately, thienamycin was found to be unstable in
aqueous solution, sensitive to mild base hydrolysis (above pH
8.0), and highly reactive to nucleophiles, such as hydroxylamine, cysteine, and even thienamycin’s own primary amine
(95). The chemical instability of thienamycin stimulated the
search for analogous derivatives with increased stability. Due
to the continued evolution of cephalosporin-resistant Gramnegative and Gram-positive pathogens, compounds derived
from thienamycin were anticipated to have even greater value
with time (8).
The first developed was the N-formimidoyl derivative, imipenem (141). Imipenem and a closely related carbapenem,
panipenem (compound 5), identified later, were more-stable
derivatives of thienamycin and less sensitive to base hydrolysis
in solution (Fig. 1B). In 1985, imipenem (originally called
MK0787) became the first carbapenem available for the treatment of complex microbial infections. Imipenem, like its parent, thienamycin, demonstrated high affinity for PBPs and stability against ␤-lactamases (81). However, both imipenem and
panipenem were susceptible to deactivation by dehydropeptidase I (DHP-I), found in the human renal brush border (74,
83, 114). Therefore, coadministration with an inhibitor, cilastatin (compound 6) or betamipron (compound 7), was necessary (Fig. 1B) (157).
Along the journey to the discovery of more-stable carbapenems with a broader spectrum, the other currently available
compounds, meropenem, biapenem, ertapenem, and doripenem (compounds 8 to 11) (Fig. 1B), were developed, and
several novel carbapenems were also identified (24, 79, 80, 98,
99, 102, 117, 118, 133, 207, 221, 236). A major advance in this
“synthetic journey” was the addition of a methyl group to the
1-␤ position (Fig. 2A). This modification was found to be
protective against DHP-I hydrolysis (62). Several carbapenems
were identified with this modification in the subsequent 2 decades; many were similar to the currently available carbapenems, having a 1-␤-methyl and a pyrrolidine ring at C-2 (Fig.
2B). These novel carbapenems included antipseudomonal carbapenems, anti-methicillin-resistant S. aureus (MRSA) carbapenems (i.e., cationic and dithiocarbamate carbapenems), orally
available carbapenems, trinem carbapenems, a dual quinolonyl-carbapenem, and others.
CARBAPENEMS: CHEMISTRY AND BIOLOGY

FIG. 1. (A) Chemical structures of olivanic acid, clavulanic acid,
and thienamycin. (B) Clinically available carbapenems, as well as cilastatin and betamipron. Previous identifiers of compounds are listed
below each name.

cially as a key derivative, imipenem (compound 4), was
discovered (Fig. 1B).
Like other ␤-lactams, thienamycin bound to penicillin binding proteins (PBPs) (216). With time, enthusiasm for this com-

Chemistry. From the studies conducted on the early carbapenems, the carbon atom at the C-1 position was found to play
a major role in the potency and spectrum of carbapenems and
in their stability against ␤-lactamases (Fig. 2C). We have also
since learned that a strategically positioned hydroxyethyl R2
side chain aids in resistance to hydrolysis by ␤-lactamases (Fig.
2D) (144). In addition, carbapenems with an R configuration at
C-8 are also very potent (Fig. 2E). The trans configuration of
the ␤-lactam ring at C-5 and C-6 results in stability against
␤-lactamases (Fig. 2F) (10). Like thienamycin, the clinically
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FIG. 2. (A) A 1-␤-methyl (red) increases resistance to DHP-I. (B) The pyrrolidine ring (red) increases stability and spectrum. (C) Penicillin,
cephalosporin, and carbapenem backbones. Carbapenem has a five-membered ring, as does penicillin, but it has a carbon at C-1 instead of sulfur.
(D) Most carbapenems have a hydroxyethyl off C-7. (E) The R configuration of the hydroxyethyl increases the ␤-lactam’s potency. (F) The trans
configuration of carbapenems at the C-5OC-6 bond increases their potency compared to penicillins and cephalosporins.

available carbapenems are R at C-8 and trans about the
C-5OC-6 bond. Carbapenems with a pyrrolidine moiety (panipenem, meropenem, ertapenem, and doripenem) among
various cyclic amines as a side chain have a broader antimicrobial spectrum (219).
Synthesis. As mentioned above, several chemical approaches were developed for the synthesis of carbapenems
since fermentation was not an efficient method for production
(9, 28, 86, 142, 183, 201). Natural products (L-Cys, L-Val, L-␣amino adipic acid, and S-adenosyl-Met) were often used as
starting material for production of carbapenems, and the synthetic approach was largely influenced by the desired stereochemistry of the final compound. In addition, once a carbapenem is developed which has an R configuration at C-8, is trans

about the C-5OC-6 bond, and has a methyl at C-1 and a
hydroxyethyl at C-6, most modifications are at the R1 side
chain (at position C-2). Thus, carbapenems are unique compared to other ␤-lactams, which tend differ in both R1 and R2
side chains. The reader is referred to R. B. Woodward’s classical discourse on this matter (249).
Mechanism of action. As a class of ␤-lactams, carbapenems
are not easily diffusible through the bacterial cell wall (131).
Generally speaking, carbapenems enter Gram-negative bacteria through outer membrane proteins (OMPs), also known as
porins. After transversing the periplasmic space, carbapenems
“permanently” acylate the PBPs (for the mechanism, see Fig.
3A) (81, 228). PBPs are enzymes (i.e., transglycolases, transpeptidases, and carboxypeptidases) that catalyze the formation
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FIG. 3. (A) Enzymatic scheme for ␤-lactam inhibition of PBPs. In
this reaction scheme, E1 corresponds to the PBP, S to the carbapenem,
E1:S to the Michaelis complex, E1-S to the inactivated PBP, and P to
the inactivated ␤-lactam product; k1, k⫺1, k2, and k3 represent the on,
off, acylation, and deacylation rate constants, respectively. (B) Enzymatic scheme for carbapenem inhibition and hydrolysis by class A, C,
and D ␤-lactamases. In this reaction scheme, E2 corresponds to the
␤-lactamase, S to the carbapenem, E2:S to the Michaelis complex, E2-S
(⌬2) to the acyl-enzyme, E2-T (⌬1) to the tautomerized carbapenem,
and P to the inactivated ␤-lactam product; k1, k⫺1, k2, and k3 represent
the on, off, acylation, and deacylation rate constants, respectively. The
conversion of E2-S to E2-T represents the biphasic nature of carbapenem hydrolysis, potentially due to tautomerization of the pyrroline
double bond, which may or may not play a role in carbapenemase
activity.

of peptidoglycan in the cell wall of bacteria. Current insights
into this process suggest that the glycan backbone forms a
right-handed helix with a periodicity of three per turn of the
helix (137). Carbapenems act as mechanism-based inhibitors of
the peptidase domain of PBPs and can inhibit peptide crosslinking as well as other peptidase reactions. A key factor of the
efficacy of carbapenems is their ability to bind to multiple
different PBPs (81). Since cell wall formation is a dynamic
“three-dimensional process” with formation and autolysis occurring at the same time, when PBPs are inhibited, autolysis
continues (237). Eventually the peptidoglycan weakens, and
the cell bursts due to osmotic pressure.
Microbiological activity. Carbapenems demonstrate an
overall broader antimicrobial spectrum in vitro than the available penicillins, cephalosporins, and ␤-lactam/␤-lactamase inhibitor combinations (11). In general, imipenem, panipenem,
and doripenem are potent antibiotics against Gram-positive
bacteria (11, 72, 190, 194). Meropenem, biapenem, ertapenem,
and doripenem are slightly more effective against Gram-negative organisms (11, 153, 181). Important considerations here
are the following: (i) ertapenem has a more limited spectrum,
because it is not as active as imipenem or meropenem against
P. aeruginosa (164); (ii) meropenem is not as potent as imipenem or doripenem against Acinetobacter baumannii (164);
(iii) doripenem has lower MICs than do imipenem and meropenem versus P. aeruginosa and A. baumannii (130). In addition, doripenem is the carbapenem least susceptible to hydrolysis by carbapenemases; hydrolysis of doripenem is 2- to
150-fold slower than that of imipenem (190); (iv) a unique
application of meropenem is that when combined with clavulanic acid, it is potent at killing MDR Mycobacterium tuberculosis, a bacterium that typically is not susceptible to ␤-lactams
due to a chromosomally expressed ␤-lactamase (90). This abil-
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ity to inhibit or kill M. tuberculosis is likely to be a property of
other carbapenems as research in this area grows.
Carbapenems can also be combined with other antimicrobials to treat serious infections. Combination therapy is a subject
of intense interest, since the emergence of MDR pathogens
often requires us to treat patients with more than one antibiotic (7, 32, 49, 53, 54, 108, 146, 169, 226). A list of the antibiotic
combinations which have been tested in vitro against common
MDR organisms and their effects is presented in Table 1. Some
combinations demonstrate positive effects, such as extending
the spectrum or working additively or synergistically. Adverse
effects include increased resistance to one of the drugs used in
the combination, as well as a lack of synergy or additivity and
strain dependence. A full debate on the benefits and drawbacks of combination therapy with carbapenems is beyond the
scope of this review.
Pharmacology and clinical use. Several detailed reviews of
the pharmacology of clinically available carbapenems exist
(255). Briefly, all clinically available carbapenems have low
oral bioavailability and thus do not cross gastrointestinal membranes readily and must be administered intravenously; imipenem-cilastatin and ertapenem can also be delivered intramuscularly (11, 72, 101, 153, 181, 194, 255). As with other
␤-lactams, all of these carbapenems are eliminated predominately by renal excretion. Carbapenems exhibit unique pharmacological properties and are typically used to treat complicated bacterial infections. A carbapenem is often combined
with an antibiotic that targets Gram-positive bacteria when
used for the empirical treatment of patients with serious nosocomial infections of unidentified origin.
Safety and tolerability. Nephrotoxicity, neurotoxicity, and
immunomodulation have been reported with the use of carbapenems, and thus predisposing factors should be considered
when administering any carbapenem (45, 78, 96, 156, 212, 220,
234, 235). In addition, the use of carbapenems can alter the
intestinal microflora and select for carbapenem-resistant isolates (119, 120, 136, 166, 232).
MECHANISMS OF RESISTANCE
AGAINST CARBAPENEMS
Many nonfermenting Gram-negative bacteria (e.g., Pseudomonas spp., Acinetobacter spp., and Stenotrophomonas spp.),
as well as the Enterobacteriaceae (e.g., Klebsiella spp., Escherichia coli, and Enterobacter spp.) and Gram-positive bacteria
(e.g., Staphylococcus spp., Streptococcus spp., Enterococcus
spp., and Nocardia spp.), are or are becoming resistant to most
clinically available carbapenems. This distressing pattern poses
a major public health threat.
Mechanisms of resistance to carbapenems include production of ␤-lactamases, efflux pumps, and mutations that alter the
expression and/or function of porins and PBPs (Fig. 4). Combinations of these mechanisms can cause high levels of resistance to carbapenems in certain bacterial species, such as Klebsiella pneumoniae, P. aeruginosa, and A. baumannii (121, 136,
197).
A distinction exists between resistance to carbapenems in
Gram-positive cocci and Gram-negative rods. In Gram-positive cocci, carbapenem resistance is typically the result of substitutions in amino acid sequences of PBPs or acquisition/
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TABLE 1. In vitro-tested carbapenem combination therapiesa
Drug 1

Drug 2

Bacterium (reference关s兴)b

Effect

Doripenem or imipenem
Doripenem
Imipenem
Imipenem
Meropenem
Meropenem
Imipenem or meropenem
Meropenem
Meropenem
Imipenem or meropenem
Meropenem
Imipenem
Imipenem
Imipenem
Imipenem
Carbapenem
Imipenem
Meropenem or imipenem
Carbapenem
Meropenem
Imipenem or meropenem
Imipenem or meropenem
Imipenem
Imipenem
Imipenem

Vancomycin
Teicoplanin
Linezolid
Teicoplanin
Levofloxacin
Rifampin
Clavulanic acid
Clavulanic acid
Ciprofloxacin
Colistin (and sulbactam)
Sulbactam
Azithromycin
Rifampin
Polymyxin B
Amikacin
Fluoroquinolone
Tachyplesin
Colistin
Aminoglycoside
Polymyxin B
Tobramycin-rifampin
Ciprofloxacin
Colistin
Tigecycline
Gentamicin

MRSA (108, 139)
MRSA (108)
MRSA (94)
VRSA (76)
S. pneumoniae (41)
S. pneumoniae (60)
Nocardia brasiliensis (238)
Mycobacterium tuberculosis (90)
A. baumannii (54, 169)
A. baumannii (54, 169, 188, 198)
A. baumannii (104)
A. baumannii (58)
A. baumannii (213)
A. baumannii (245)
A. baumannii (195)
P. aeruginosa (41, 54, 104, 124, 169, 241)
P. aeruginosa (37)
P. aeruginosa (37, 54, 169)
P. aeruginosa (7, 49, 50, 53, 226)
P. aeruginosa (75)
B. cepacia (19)
B. cepacia (19)
MBL K. pneumoniae (215)
ESBL K. pneumoniae and E. coli (32)
ESBL K. pneumoniae and E. coli (32)

⫹
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹
⫹/⫺
⫺
⫺
⫹
⫹
⫹
⫺
⫺

a
Some combinations demonstrate positive effects (⫹), such as extending spectrum or working additively or synergistically. Adverse effects (⫺) include increased
resistance to one of the drugs used in the combination, as well as lack of synergy or additivity and strain dependence.
b
VRSA, vancomycin-resistant S. aureus; ESBL, extended-spectrum ␤-lactamase producing; MBL, metallo-␤-lactamase producing.

production of a new carbapenem-resistant PBP (100, 109, 134).
Expression of ␤-lactamases and efflux pumps, as well as porin
loss and alterations in PBP, are all associated with carbapenem
resistance in Gram-negative rods (155, 178, 245). The mechanism that has been investigated in the most detail is the production of ␤-lactamases, and thus it is discussed in greater
detail here than the other mechanisms of resistance.
␤-Lactamases. ␤-Lactamases are a major antibiotic resistance mechanism employed by bacteria; these periplasmic enzymes hydrolyze ␤-lactam antibiotics, preventing the drug from
reaching the PBP target. Presently, ␤-lactamases are classified
into four distinct classes based on structural similarities
(classes A, B, C, and D) or four groups based on hydrolytic and
inhibitor profiles (1 to 4) (4, 26). Class B ␤-lactamases use
Zn2⫹ to inactivate ␤-lactams, and all are carbapenemases.
Class A, C, and D ␤-lactamases use a serine as a nucleophile to
hydrolyze the ␤-lactam bond.
Carbapenemases are specific ␤-lactamases with the ability to
hydrolyze carbapenems. Production of ␤-lactamases appears
to be the most widespread cause of carbapenem resistance,
since the documentation of their distribution in different bacterial species is extensive (189, 242, 243). An increasing number of class A carbapenemases (e.g., KPC and GES enzymes),
class B metallo-␤-lactamases (e.g., VIM, IMP, and NDM
␤-lactamases), and class D carbapenemases (e.g., OXA-23,
⫺24/40, ⫺48, ⫺51, ⫺55, ⫺58, and ⫺143) have recently
emerged (187, 189, 242, 243, 253). In addition, overproduction
of class C ␤-lactamases, such as CMY-10 and PDC ␤-lactamases, which are not robust carbapenemases, can lead to carbapenem resistance, especially when combined with other resis-

tance mechanisms (e.g., porin loss) (65, 116, 126, 128, 197,
217).
Structure-function: considerations among carbapenemases.
Several class A carbapenemase ␤-lactamases (i.e., KPC-2,
SME-1, and NmcA) have been crystallized (103, 182, 214, 222).
These enzymes possess a distinctive set of active-site residues
that are suspected to be involved in the hydrolysis of carbapenems. We will review here their important features.
A unique attribute of class A carbapenemases (i.e., KPC,
SME, and NmcA) is the presence of a disulfide bond between
Cys69 and Cys238 (Ambler numbering system [4]); this bond
changes the overall shape of the active site by altering the
distance between active-site residues. The distance between
Ser70 and Thr237 is less, the length of the active site is decreased as indicated by the distance between Glu166 and
Thr237, and the space between Asn132 and Asn170 is increased in comparison to SHV-1 and TEM-1. In addition,
several active-site residues have different amino acids in comparison to SHV-1 and TEM-1 (e.g., Thr/Ser237, His/Trp105,
Arg220, and Glu276). These significant structural changes decrease the steric hindrance caused by the C-6 hydroxyethyl side
chain of carbapenems, which is a key determinant in inhibition
of noncarbapenemase class A ␤-lactamases and allows class A
carbapenemases to hydrolyze imipenem with kcat values (turnover rates) from 10 to 1,000 s⫺1. Mutagenesis studies of the
SME-1 and KPC-2 ␤-lactamases have revealed several sites
that may be necessary for carbapenem resistance (127, 170,
171). However, the finding of a single residue responsible for
carbapenem resistance remains elusive.
GES-2 is unique to the class A carbapenemase family be-
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FIG. 4. Crystal structures of the carbapenemase, KPC-2 (Protein Data Bank [PDB] identifier 2OV5), present in the periplasm, P. aeruginosa
porin, OprD (substrate binding loops highlighted in yellow) (PDB identifier 2ODJ) present in the outer membrane, P. aeruginosa efflux pump
components, MexA, MexB, and OprM (PDB identifiers 1VF7, 2V50, and 3D5K), spanning the inner membrane and periplasmic and outer
membranes, and P. aeruginosa PBP3 (PDB identifier 3PBN), anchored to the inner membrane.

cause a single amino acid substitution (Gly170Asn) changes
GES-1, which is an extended-spectrum ␤-lactamase (ESBL),
into a carbapenemase. GES-2 has a very low kcat for imipenem
of ⬃0.01 s⫺1. The Gly170Asn substitution is found in the ⍀
loop of GES-2. Molecular modeling studies with imipenem
and the in silico-generated GES-2 suggest that the shape of the
active site accommodates the hydroxyethyl moiety (211). In
addition, Asn170 interacts with the predicted hydrolytic water
molecule. Another mutation at Gly170 to Ser (mimicking
GES-5) results in increased carbapenemase activity in comparison to that of GES-2; GES-5 exhibits a kcat for imipenem of
0.5 s⫺1 (61). Initial molecular modeling studies suggest that
imipenem is bound in a similar manner in GES-5 and GES-1,
not explaining the increase in kcat (211). Examining the microscopic rate constants for imipenem with GES-1, -2, and -5
reveals that the rate-limiting step for GES-1 and GES-2 is
acylation (61). The rate of acylation for imipenem is enhanced
by 5,000-fold for GES-5 and is no longer rate limiting. Deacylation is also enhanced in GES-5 but becomes the rate-limiting
step in imipenem hydrolysis. Further molecular modeling studies with GES ␤-lactamases have disclosed the importance of
the movement of Trp105 to the interior of the active site, which
may alter the acylation rates (111).
Class B ␤-lactamases require one or two Zn2⫹ cations for
activity and are subdivided into three groups, B1, B2, and B3,
based on sequence alignments and structural analysis (14). All
three groups hydrolyze carbapenems (kcat for imipenem of 2 to
1,000 s⫺1), but ␤-lactamases in group B2 are strictly carbapenemases. B1 and B3 enzymes typically exhibit maximum
activity when bound by two Zn2⫹ ions. Conversely, B2 ␤-lac-

tamases function as mono-Zn2⫹ enzymes, and binding of another Zn2⫹ decreases activity.
The CphA ␤-lactamase is a strict carbapenemase of subclass
B2. CphA has been crystallized with one Zn2⫹ ion, two Zn2⫹
ions, and a biapenem intermediate trapped in the active site
(15, 16, 40, 67, 208, 209, 250–252). Previously, the second
inhibitory Zn2⫹ binding site was postulated to be remote from
the active site (40, 42). However, the dizinc crystal structure of
CphA reveals that this Zn2⫹ sits in the second Zn2⫹ binding
site, similar to the case with subclass B1 and B3 metallo-␤lactamases (21, 22, 47, 77, 253, 254). Quantum mechanics and
molecular mechanics have been used to dissect the mechanism
of carbapenem turnover by CphA. A mechanism is presented
in Fig. 5A and is predicted to occur in a single step (67, 208,
250). In this mechanism, His118 is the general base that coordinates a water molecule with Asp120; this water serves as the
nucleophile for ␤-lactam bond cleavage. Asp120, Cys221, and
His263 coordinate Zn2⫹ along with a water molecule, which
also hydrogen bonds to the carboxylate of carbapenems. This
second water molecule donates a proton to ␤-lactam nitrogen
to complete the hydrolysis event. Zn2⫹ anchors the critical
deacylation water molecule and stabilizes the complex.
In contrast, with subclass B1 and B3 di-Zn2⫹ metallo-␤lactamases, one Zn2⫹ atom decreases the pKa of the water
molecule to generate a hydroxyl nucleophile for the attack of
the ␤-lactam, while the other Zn2⫹ stabilizes the tetrahedral
intermediate (Fig. 5B) (14). A recent study reveals a common
catalytic feature of mono-Zn2⫹ and di-Zn2⫹ metallo-␤-lactamases using GOB-18, a member of the B3 metallo-␤-lactamases (122). This enzyme is fully active with only one Zn2⫹

FIG. 5. (A) Mechanism of carbapenem hydrolysis by CphA. (B) Subclass B1 and B3 metallo-␤-lactamase active sites. (C) Stabilization of the
anionic intermediate in GOB-18.
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bound. Studies to date indicate that only one Zn2⫹ is essential
for GOB-18 and its role is to anchor the substrate and stabilize
the anionic intermediate and not for nucleophile activation
(Fig. 5C) (59). A critical feature of the mono-Zn2⫹ mechanism
in GOB-18 is the positioning of the Zn2⫹ atom in the active
site.
Class C ␤-lactamases are not generally classified as carbapenemases. Most enzymes in this class have weak activity toward
carbapenems (kcat ⬍ 4 s⫺1) if any activity at all (128). So when
an AmpC enzyme is found in a strain with other resistance
mechanisms, resistance toward carbapenems may be enhanced
(129). Curiously, rare class C enzymes that can confer resistance to imipenem are described (106, 187, 196, 197). The
preeminent candidate enzyme with this altered substrate profile is CMY-10 (106). Here, a three-amino-acid deletion in the
R2 loop (near residue 303) significantly widens part of the
active site, which accommodates the R2 side chains of carbapenems. The same deletion in P99 results in an enzyme with a
similar phenotype. Consequently, the opening of the R2 loop
of the active site by the deletion of some residues in the R2
loop can be considered an operative molecular strategy of class
C ␤-lactamases to extend their substrate spectrum.
Hydrolysis of ␤-lactams by class D ␤-lactamases differs from
that of class A and C enzymes. OXA enzymes are a very
heterogeneous population of ␤-lactamases that have evolved
through multiple mechanisms; their kcats for imipenem are ⬍5
s⫺1. The structures of two OXA ␤-lactamases reveal two different enzyme architectures; in addition, the two enzymes have
different substrate specificities for carbapenems.
The mechanism of carbapenem resistance mediated by
OXA-24/40 was investigated first; a novel conformation of
Tyr112 and Met223, which form a hydrophobic “tunnel” near
the active site, was found and is believed to be the central
mechanism by which these carbapenems are turned over by
OXA-24/40 (203). The presence of the “tunnel” shrinks the
active site of OXA-24/40. Consistent with the kinetic observations, the active site is hypothesized to accommodate smaller
carbapenems as opposed to the larger oxacillin. On the other
hand, OXA-48 is reminiscent of OXA-10, with subtle activesite differences (47). Changes in residues His109, Thr213,
Arg214, and Arg244 appear to play a major role in the functional differences between OXA-48 and OXA-10. Interestingly, the orientations and sizes of the ␤5-␤6 loop are similar in
the OXA-24/40 and OXA-48 structures; this observation implies that the loop may be important for carbapenem turnover.
However, the substrate specificity of the two enzymes differs;
OXA-48 hydrolyzes imipenem, while OXA-24/40 displays a
preference for meropenem.
The crystal structures of two deacylation-deficient variants
(Lys84Asp and Val130Asp) of the carbapenemase OXA-24/40
in complex with doripenem were recently determined (205).
The goal of this work was to investigate if the tautomeric state
of the pyrroline ring contributes to the different carbapenem
hydrolysis rates of OXA-1 and OXA-24/40. In these structures,
doripenem’s conformation in the active site differs significantly
from that in the OXA-1/doripenem complex. In the doripenem
structures of OXA-24/40, the hydroxyl side chain of the hydroxyethyl group is directed away from the general base carboxy-Lys84 (different numbering from that of OXA-1). The
“tunnel” formed by the Tyr112/Met223 bridges in the apoen-
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zyme form of OXA-24/40 is largely unchanged by the binding
of doripenem. The presence of this bridge causes the pyrrolidine/sulfonamide group to bind in a conformation different
from that of doripenem bound to OXA-1. This change in
conformation is due to the different tautomeric state of doripenem in the active site and may correlate with why carbapenems are turned over by OXA-24/40 but not OXA-1.
Carbapenems and inhibition of ␤-lactamases. Carbapenems
can behave as “slow substrates” or inhibitors of noncarbapenemase (serine) ␤-lactamases (18, 29, 44, 145). This fortuitous
observation serves as a major point of interest in these compounds and adds to their “dual function” (i.e., inhibits PBPs
and ␤-lactamases). Many class A ␤-lactamases are susceptible
to inhibition by clavulanic acid (26). In contrast, all class C and
most class D ␤-lactamases are not inhibited by clavulanic acid.
However, class A and C and certain class D enzymes are
inhibited by carbapenems. This unique attribute serves as a
starting point to consider for novel drug development.
The initial characterization of the mechanism of carbapenem inhibition of ␤-lactamases was conducted with the olivanic acids (see above) and the class A ␤-lactamase, TEM-1,
by Knowles’s group in the early 1980s (34, 51). These landmark
studies revealed that the kinetics of hydrolysis of olivanic acid
were biphasic and that there is tautomerization of the pyrroline
double bond from C-2OC-3 to C-3OC-4 (⌬2 3 ⌬1), resulting
in two isoforms (Fig. 6A). The insightful observation was made
that deacylation of the carbapenem from TEM-1 proceeded
more rapidly with the ⌬2 form; the ⌬1 isoform deacylated
slowly (Fig. 3B). Knowles and colleagues (34, 51) concluded
here that inhibition of ␤-lactamases depends on the rate of the
formation of the ⌬1 tautomer. Studies by Monks and Waley
later examined the reaction of imipenem with the class A
␤-lactamase from Bacillus cereus and the chromosomal class C
␤-lactamase from P. aeruginosa. They found that imipenem
behaved as a “slow substrate” against both ␤-lactamases and
followed a “branched pathway” (145).
Zafaralla et al. explored the analysis of Knowles and studied
the hydrolysis of imipenem by TEM-1 (254). This group found
that the arginine residue at 244 in TEM-1 coordinates a water
molecule that is the source of the proton for this ⌬2 3 ⌬1
tautomerization (the crystal structure of TEM-1 inhibited by
imipenem, ⌬2 form, is discussed subsequently). In contrast to
TEM-1, the Arg244Ser variant of TEM-1 displayed monophasic kinetics with imipenem, suggesting a loss of tautomerization
(and coordination) with water. Molecular modeling of the ⌬2
and ⌬1 isoforms of imipenem in TEM-1 showed that for both
tautomers the carbonyl is localized in the oxyanion hole without distortion of the deacylating water molecule (224). This
observation led the authors to propose that conformational
changes may occur in TEM-1 that may account for different
orientations of the two tautomers (224).
At the same time, mass spectrometry also revealed that
secondary changes to the carbapenem molecules may occur
when they are reacted with a ␤-lactamase (48, 90, 230). Elimination of the C-6 hydroxyethyl group of carbapenems through
a proposed retro-aldol reaction is suspected to occur with class
A ␤-lactamase (BlaC) and class C ␤-lactamases (ADC-7 and
CMY-2 and -32) (Fig. 7B) (48, 52, 90). The loss of the hydroxyethyl group was assessed through molecular modeling
studies, and a different acyl-enzyme conformation compared to
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FIG. 6. (A) The mechanism of carbapenem tautomerization. (B) The proposed mechanism for hydroxyethyl elimination in class A and C
␤-lactamases.

that of the intact carbapenem is noted (48). The “fragmented”
carbapenem may also be hydrolyzed. The loss of a hydroxyethyl group may be a very minor reaction, since crystallographic studies of ␤-lactamases with carbapenems do not seem
to support this observation.
Several crystal structures of ␤-lactamases complexed with

different carbapenems are now known; these structures complement the above studies and significantly enhance our understanding of inhibition by carbapenems.
The first crystal structure of a carbapenem with a ␤-lactamases was TEM-1 with imipenem (Fig. 7A) (135). TEM-1
complexed with imipenem (1BT5) revealed that the electro-

FIG. 7. (A) TEM-1 and imipenem (PDB identifier 1BT5). (B) TEM-1 Asn132Ala and imipenem (PDB identifier 1JVJ).
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FIG. 8. (A) BlaC with ertapenem preisomerization (PDB identifier 3M6B). (B) BlaC with ertapenem postisomerization (PDB identifier
3M6H).

static and steric hindrance caused by the bulky hydroxyethyl R2
side chain of imipenem at C-6 and Asn132 is one of the main
driving forces behind the slow deacylation and inhibition of
TEM-1 (135). This subsequent observation was confirmed in a
another atomic structure of TEM-1, where the replacement of
Asn132 with Ala (N132A) resulted in “space” for the hydroxylethyl (Fig. 7B) (244). In the TEM-1 imipenem complex analyzed by Maveyraud et al., the deacylation water molecule
forms a hydrogen bond with the hydroxyethyl side chain at C-6,
decreasing its nucleophilicity (135). Furthermore, the ␤-lactam
carbonyl of imipenem is observed outside the electrophilic
center (i.e., “oxyanion hole”), which is made up of the backbone amides of Ser70 and Ala237 in TEM-1. This was not
predicted by earlier molecular modeling studies and was an
unexpected observation since the ⌬2 isoform of imipenem is
predicted to be turned over rapidly (244). In the TEM-1
Asn132-imipenem complex, the carbonyl is located in the oxyanion hole (244). In both structures, a water molecule is positioned between Arg244 and the C-3 carboxylate; this water is
postulated by Zafarella and Mobashery to play a key role in
⌬2 3 ⌬1 tautomerization (254). Molecular dynamics further
added to this understanding by suggesting that in the TEM-1
imipenem acyl enzyme complex, the ␤-lactam carbonyl can
move from “outside” the electrophilic center to “inside” during
the course of the simulation. The insights from the crystal
structure of the E. coli class C ␤-lactamase AmpC and imipenem was very similar to those for TEM-1 with imipenem
(carbonyl “outside” the oxyanion hole and ⌬2 isoform). However, the tautomeric water molecule is missing, and the pre-

dicted deacylation water molecule is positioned between Ser64
and N4 of imipenem (13).
Subsequent studies were performed to investigate whether
SHV-1, a ␤-lactamase with only 67% amino acid sequence
similarity with TEM-1, was inactivated in the same manner as
TEM-1. Surprisingly, in the SHV-1 and meropenem crystal
structure, two conformers for meropenem exist: the ␤-lactam
carbonyl rests both inside and outside the electrophilic center
in the complex (159). The two conformers may coincide with
the suspected presence of the two tautomers found during
carbapenem hydrolysis; however, the double bond was not
resolved in either structure (224, 254). In both SHV-1 meropenem complexes, the deacylation water interacts with the
hydroxyethyl group of meropenem, and Glu166 is predicted to
be protonated; these occurrences are anticipated to contribute
to prolonged deacylation. At about the same time, Kalp and
Carey observed the inactivation of SHV-1 with meropenem,
ertapenem, and imipenem using Raman spectroscopy and
identified ”long-lived“ ⌬1 and”short-lived“ ⌬2 isoforms (97).
The M. tuberculosis BlaC class A ␤-lactamase was crystallized with meropenem, ertapenem, and doripenem (90, 230).
Crystal structures with ertapenem revealed that ertapenem
isomerizes from a ⌬2-pyrroline to a ⌬1-pyrroline (Fig. 8A and
B). In the other BlaC structures, meropenem and doripenem
are in the ⌬1-pyrroline isoform. Interestingly, the ␤-lactam
carbonyl is oriented toward the oxyanion hole in all four structures; this orientation is speculated to occur because of a lack
of an “Arg244 equivalent” in BlaC. Instead, a less-flexible Thr
holds the tautomerization water molecule with the carboxylate
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in the preisomerization crystal, and this water molecule is
absent in the postisomerization crystal. After isomerization,
the hydroxylethyl of ertapenem reorients, preventing deacylation by disturbing the basicity of an active-site residue (i.e.,
Glu166) and the activation of the hydrolytic water molecule.
Noncarbapenemase class D ␤-lactamases have been crystallized with carbapenems. These achievements are notable because class D ␤-lactamases are usually resistant to inhibitors.
The two structures for these distinct enzymes (OXA-13 and
OXA-1) reveal different findings. In both structures, the carbonyl of the carbapenem is inside the oxyanion hole. In the
crystal structure of OXA-13 (a close variant of OXA-10) and
meropenem, the water molecule necessary for deacylation is
too far from the acyl-enzyme complex due to movement of the
general base residue Lys70 (179). Examining the OXA-10 crystal structure, this hydrolytic water molecule is hydrogen
bonded to Lys70 and Trp154 and is predicted to attack the
acyl-enzyme intermediate upon activation by the general base
Lys70 (167). In contrast to the OXA-13–meropenem complex,
in the structure of OXA-1 with doripenem, the hydroxyethyl of
doripenem forms a hydrogen bond with Lys70, thus preventing
recruitment of a water molecule for deacylation (204). Additionally, doripenem appears to tautomerize to the ⌬1-pyrroline
isoform after acylation.
In summary, the key determinants in the inhibition of serine
␤-lactamases by carbapenems revealed from these studies are
the hydroxyethyl side chain present on all carbapenems and the
isomerization potential of the pyrroline ring. The hydroxyethyl
side chain provides steric hindrance for the approach of the
deacylating water molecule, while tautomerization can result in
conformation changes of the enzyme-carbapenem complex.
The factors that contribute to rapid deacylation of the ⌬2
isoform remain to be determined. Interactions indicative of
slow deacylation or inhibition revealed from these studies lead
us to an important question: is carbonyl positioning and tautomerization a dynamic process in carbapenem turnover and
does it contribute in a significant way to why these compounds
are slow substrates?
By combining the knowledge obtained from studies conducted with carbapenemases and noncarbapenemase ␤-lactamase, we may identify rationale approaches for novel carbapenem compounds that will inhibit all ␤-lactamases. For
example with class A, C, and D ␤-lactamases, tautomerization
is a key factor for inhibition, and thus the carbapenem scaffold
is ideal. The hydroxyethyl side chain is an important factor in
the mechanism of stabilization of the acyl-enzyme complex.
Further modifications of this side chain by keeping the R configuration at C-8 and trans configuration of the ␤-lactam ring at
C-5 and C-6 may lead to novel carbapenems that are not
hydrolyzed by carbapenemases.
Outer membrane proteins. Outer membrane proteins
(OMPs) are grouped into four large families: general/nonspecific
porins, substrate-specific porins, gated porins, and efflux porins
(77, 131). Porins allow the passage of molecules of ⱕ1,500 Da
(77). General/nonspecific, substrate-specific, and efflux porins
are the main families mediating resistance to carbapenems.
Not all carbapenems interact with OMPs the same way; some
OMPs are affected by certain carbapenems more than others
(193).
(i) Porins. Substitutions in, or decreased expression of, non-
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efflux porins resulting in decreased entry of carbapenems into
the periplasm exists in P. aeruginosa (89), K. pneumoniae (22,
247), Enterobacter aerogenes (36), E. coli (166), Serratia marcescens (132), Proteus mirabilis (240), Citrobacter freundii (126),
A. baumannii (21, 210), Enterobacter cloacae (191), Proteus
rettgeri (191), Shigella dysenteriae (69), and Salmonella enterica
(5). Here we briefly describe resistance to clinically available
carbapenems due to alterations in OprD of P. aeruginosa (77).
The physiological role of OprD is the transport of basic
amino acids (i.e., amino acids with pKas in the range of 9)
(227). OprD is the main porin used by carbapenems for diffusion into P. aeruginosa (63, 231). OprD is part of a larger family
of 19 other porins in P. aeruginosa with 46 to 57% similarity.
Eight of the 19 are even more closely related to OprD; however, only OprD participates in antibiotic uptake. OprD belongs to the substrate-specific family of porins and was first
identified because loss of this porin resulted in imipenem resistance (89). This loss has been attributed to mutations and
negative regulation of transcription of the oprD gene, which is
present on the bacterial chromosome (161, 180). Since imipenem and all ␤-lactams are dipeptide mimics, cross-resistance
to imipenem upon OprD loss occurs. Substitutions in loops 5,
7, and 8 of OprD, which bind dipeptides as well as carbapenems, also result in resistance to imipenem (87, 88).
(ii) Efflux pumps. Carbapenem resistance due to overexpression of efflux porins, which are a part of a tripartite protein
complex, is reported mostly for P. aeruginosa (71, 110), E.
aerogenes (20), and A. baumannii (70). These pumps can extrude some carbapenems but not others. Efflux pumps are
grouped into several superfamilies: the small multidrug resistance (SMR) superfamily, the resistance-nodulation-division
(RND) superfamily, the major facilitator superfamily (MFS),
the ATP-binding cassette (ABC) superfamily, and the multidrug and toxic compound extrusion (MATE) superfamily
(140).
Efflux pumps that eliminate carbapenems in P. aeruginosa
belong to the RND superfamily and are a complex of proteins
connecting the cytoplasm to the outside of the cell. These
complex protein machines have three major components: a
cytoplasmic membrane pump, a peripheral cytoplasmic membrane linker, and an outer membrane-periplasmic channel or
efflux porin (2, 77, 140, 152, 223). Ligands can enter the efflux
system either at the cytoplasm-membrane interface or the
periplasm-membrane interface, and a proton motive force can
actively extrude the ligand. OprM and OprJ are two efflux
porins involved in carbapenem resistance in P. aeruginosa.
These efflux porins assemble with MexA, MexC, or MexX, a
peripheral cytoplasmic membrane linker, and either MexB,
MexD, or MexY, a cytoplasmic membrane pump, to form a
complete efflux complex. Resistance to carbapenems is mediated by overexpression of efflux pumps due to mutations in
transcriptional regulatory proteins (168, 257). The true ligands
of these efflux pumps are not known; however, they may be
involved in the efflux of quorum sensing autoinducers or their
metabolic precursors (178).
PBPs. Mutations in the PBP protein and/or decreases in
PBP transcription also result in carbapenem-resistant phenotypes. Expression of PBPs in P. aeruginosa, A. baumannii, P.
mirabilis, and Rhodococcus equi is decreased, resulting in carbapenem resistance (57, 68, 71, 150, 154). In addition, amino
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FIG. 9. Novel carbapenems.

acid substitutions in PBPs or acquisition of a novel PBP can
cause carbapenem resistance in Haemophilus influenzae, B.
fragilis, S. aureus, Enterococcus faecium, P. mirabilis, E. coli,
Listeria monocytogenes, S. pneumoniae, and P. aeruginosa (6,
17, 31, 56, 100, 109, 134, 150, 158, 165, 184, 185, 218).
NOVEL CARBAPENEMS: ANYTHING IN THE PIPELINE?
Antipseudomonal and/or anti-MRSA carbapenems. The discovery of “antipseudomonal” and/or “anti-MRSA” antibiotics
is critical and is a major focus of many contemporary research
groups. As reviewed herein, resistance in P. aeruginosa to
␤-lactams is more complex and involves the production of
␤-lactamases and poor membrane permeability (e.g., efflux
pumps and porins). MRSA’s resistance to ␤-lactams is mainly due
to the low affinity of MRSA PBP2a for ␤-lactams (33). A significant research effort has been dedicated to using carbapenems to
target these pathogens (2, 3, 8, 10–12, 71, 78, 79, 92, 93, 106–109,
119, 122, 125, 128, 179, 183, 197, 246). Of these compounds, only
tomopenem (compound 12) made it to clinical trials (12), but
development has since been discontinued (Fig. 9) (1).
Specific anti-MRSA carbapenems. Several carbapenems
were designed to target MRSA while maintaining activity
against most Gram-negatives. The anti-MRSA activity is related to the high affinity of these compounds for PBP2a of
MRSA. The R2 side chains present on these compounds are
important affinity determinants for interactions with PBP2a of

MRSA. Of these compounds, 15i (compound 13) and CP5484
(compound 14) may offer interesting possibilities (Fig. 9),
while the rest are no longer being studied (33, 94, 120, 144, 145,
162, 206, 215, 236, 254).
Oral carbapenems. Oral carbapenems are given as prodrugs
to increase intestinal absorption (63, 101, 126–129, 209, 237,
248, 249). These prodrugs get activated by host enzymes in the
intestinal wall or liver. An advantage for these compounds is
the ability to treat patients in a nonhospital setting and to avoid
the disadvantages of intravenous (i.v.) administration (i.e., inability of patients to self-administer, need for strict asepsis, and
inconvenience).
Tebipenem-pivoxil (compound 15) is the world’s first oral
carbapenem in development in Japan (Fig. 9). Tebipenempivoxil is active against MDR S. pneumoniae (MIC ⫽ 0.06
mg/liter) and other Gram-positives, as well as the Enterobacteriaceae (82, 93, 143, 148). Tebipenem-pivoxil’s spectrum does
not include MRSA and P. aeruginosa. It is absorbed well in the
intestine (93), with a half-life of 0.3 to 0.5 h in humans with
otolaryngological infections (105). Tebipenem is also useful in
treating pneumonia in children (115).
Trinem carbapenems. A new class of ␤-lactams, known as
the trinems or tribactams, includes tricyclic ␤-lactams that have
a penicillin, cephalosporin, or carbapenem backbone. The
most successful have been tricyclic ␤-lactams with a carbapenem backbone, and these compounds are described below.
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The first carbapenem trinem to be explored was sanfetrinem
(compound 16); it can enter phagocytes and thus has the potential to kill intracellular pathogens (Fig. 9) (43). But in 2009,
sanfetrinem-cilexetil development ended after phase II clinical
trials.
A rational drug design approach was used to combine the
antimicrobial activity of the trinem sanfetrinem with the ␤-lactamase inhibitory activity of BRL 42715 (compound 17)
(Fig. 9) (39). LK-157 (compound 18) differs from sanfetrinem
in its BRL-42715-derived ethylidene R1 side chain (Fig. 9) (46,
239). It is speculated that the introduction of an ethylidene
bond at C-6 was designed to stabilize the ␤-lactamase inhibitor–␤-lactamase complex. In addition, the hydrophobic ring at
the C-3–C-4 position was hypothesized to block the water
molecule from accessing the acyl-enzyme complex, thus preventing deacylation (39). Additionally, LK-157 is a mechanismbased inactivator of class A and C ␤-lactamases (39, 186, 239)
but lacks antibacterial activity on its own (177). LK-157 is
poorly absorbed and thus must be used as an ester prodrug
(91). LK-157 was in clinical trials but is no longer being pursued (206).
CONCLUSIONS
We believe that the discovery of a ␤-lactam (e.g., carbapenem) with PBP and ␤-lactamase inhibitory properties was a
major breakthrough in infectious disease therapeutics. The
carbapenems are often agents of “last resort” for many complicated bacterial infections. As MDR pathogens continue to
emerge, the sustained study of the development of novel carbapenems is an essential undertaking.
What are the important lessons learned from the studies
conducted with carbapenems? From the early years, the carbapenems isolated from Streptomyces were found to be chemically unstable and susceptible to hydrolysis by host enzymes
(i.e., DHP-I). The region of the compound that results in this
instability was identified, leading to modification of the carbapenems as a class (e.g., decreasing the basicity of R1 and
adding 1-␤-methyl). Additional work revealed the importance
of the R2 side and stereochemistry of carbapenems; these
factors aid in resistance to hydrolysis by ␤-lactamases, as well
as increasing the spectrum of activity.
Work with ␤-lactamases and carbapenems revealed important features, which will directly aid in the future optimization
of carbapenems. The different classes of ␤-lactamases are inhibited by carbapenems due to similar overall principles. Tautomerization of the pyrroline double bond of carbapenem is
important for inhibition, since the ⌬1 isoform deacylates at a
much lower rate (224). The steric hindrance created by the R2
hydroxyethyl side chain plays a role in inhibition by preventing
the deacylating water molecule from getting activated, as well
as altering the reactivity of the general base (135, 159). Elimination of the hydroxyethyl group of carbapenems, seen with
class A and C ␤-lactamases, is an intriguing preliminary observation, which may facilitate the hydrolysis of the carbapenem
(48, 52, 90). The relative safety of these compounds is a real
advantage; the primary concern is selection of carbapenemresistant isolates, which is also the reason to continue development.
Future prospects include understanding the role of resis-
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tance determinants (e.g., carbapenemases, porins, PBPs, and
efflux pumps), since overcoming resistance is essential in order
to preserve longevity. Therefore, the modification of carbapenems so that they are not inactivated by ␤-lactamases is an
important goal. The biggest challenges are the metallo-␤-lactamases. However, some progress has been made in identifying
potential inhibitors (cephalosporin-derived reverse hydroxamates and oximes, phthalic acid derivatives, mitoxantrone,
4-chloromercuribenzoic acid, sulfonyl-triazole analogs, and
NH-1,2,3-triazole-based compounds) (66, 84, 138, 202, 248).
Alternative inhibitors can include carbapenems with different
stereochemistries. Quantum and molecular mechanics may
hold the key to identifying a scaffold for competitive inhibitors
of metallo-␤-lactamases.
Generating carbapenems with increased permeability
through the bacterial outer membrane is another avenue to
explore, thus out-maneuvering the loss of porins. Several oral
carbapenems with increased permeability through the host gastrointestinal membrane have been developed; notably, sanfetrinem-cilexetil also gets into phagocytes. Bypassing the continued evolution of PBPs with new carbapenems is attainable,
as evidenced by the new anti-MRSA and antipseudomonal
carbapenems. Yet structures of clinically relevant PBPs with
carbapenems are needed if we are to understand the enhanced
activity. Studies have shown that efflux pump inhibitors can
restore the activity of antibiotics (85, 125, 256). Designing
carbapenems that bypass efflux is another option, since efflux
by bacteria needs to be studied in greater detail. The increasing
number and type/diversity of carbapenems should compel us to
revisit these compounds for new leads in the face of expanding
resistance.
We conclude with a recollection of R. B. Woodward’s essay
in the Philosophical Transactions of the Royal Society. He
noted, “Clearly, antibacterial activity is inherent in the bicyclic
nuclear structures of the penems and the carbapenems. In
constructing thienamycin, has Nature utilized the millions of
years available to her, to endow the carbapenem nucleus with
substituents which modulate the inherent activity of the nucleus in a manner upon which we cannot improve? We may
doubt it. But we may not doubt that the chemist will accept the
challenge provided by these fascinating new nuclei, and explore the opportunity to prepare new and perhaps superior
antibiotics” (249).
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