
In Vitro Cross-Linking of Mycobacterium tuberculosis Peptidoglycan
by L,D-Transpeptidases and Inactivation of These Enzymes by
Carbapenems

Mathilde Cordillot,a,b,c Vincent Dubée,a,b,c Sébastien Triboulet,a,b,c Lionel Dubost,d,e Arul Marie,d,e Jean-Emmanuel Hugonnet,a,b,c

Michel Arthur,a,b,c Jean-Luc Mainardia,b,c,f

Centre de Recherche des Cordeliers, LRMA, Equipe 12, Université Pierre et Marie Curie-Paris 6, UMR S 872, Paris, Francea; INSERM, U872, Paris, Franceb; Université Paris
Descartes, Sorbonne Paris Cité, UMR S 872, Paris, Francec; Muséum National d’Histoire Naturelle, USM0502, Plateforme de Spectrométrie de Masse et de Protéomique du
Muséum, Paris, Franced; CNRS, UMR8041, Paris, Francee; Assistance Publique-Hôpitaux de Paris, Hôpital Européen Georges Pompidou, Paris, Francef

The Mycobacterium tuberculosis peptidoglycan is cross-linked mainly by L,D-transpeptidases (LDTs), which are efficiently inac-
tivated by a single �-lactam class, the carbapenems. Development of carbapenems for tuberculosis treatment has recently raised
considerable interest since these drugs, in association with the �-lactamase inhibitor clavulanic acid, are uniformly active
against extensively drug-resistant M. tuberculosis and kill both exponentially growing and dormant forms of the bacilli. We have
purified the five L,D-transpeptidase paralogues of M. tuberculosis (Mt1 to -5) and compared their activities with those of pepti-
doglycan fragments and carbapenems. The five LDTs were functional in vitro since they were active in assays of peptidoglycan
cross-linking (Mt5), �-lactam acylation (Mt3), or both (Mt1, Mt2, and Mt4). Mt3 was the only LDT that was inactive in the cross-
linking assay, suggesting that this enzyme might be involved in other cellular functions such as the anchoring of proteins to pep-
tidoglycan, as shown in Escherichia coli. Inactivation of LDTs by carbapenems is a two-step reaction comprising reversible for-
mation of a tetrahedral intermediate, the oxyanion, followed by irreversible rupture of the �-lactam ring that leads to formation
of a stable acyl enzyme. Determination of the rate constants for these two steps revealed important differences (up to 460-fold)
between carbapenems, which affected the velocity of oxyanion and acyl enzyme formation. Imipenem inactivated LDTs more
rapidly than ertapenem, and both drugs were more efficient than meropenem and doripenem, indicating that modification of
the carbapenem side chain could be used to optimize their antimycobacterial activity.

Tuberculosis (TB) remains the second-leading infectious dis-
ease causing mortality, after AIDS, and it is estimated that

one-third of the world’s population is infected with Mycobacte-
rium tuberculosis. According to the 2012 WHO report, there were
8.7 million new TB cases and 1.4 million deaths due to the disease
in 2011 (1). TB treatment requires at least 6 months of chemother-
apy with multiple drugs due to the poor efficacy of available anti-
biotics against particular forms of the M. tuberculosis bacilli that
do not replicate (2, 3). Inappropriate use of the two first-line an-
ti-TB drugs, isoniazid and rifampin, leads to the emergence of
bacilli that are resistant to these drugs (multidrug-resistant M.
tuberculosis [MDR-TB]), and widespread dissemination of these
bacilli represents an obstacle to tuberculosis control (1). In 2011,
the WHO estimated that there were 630,000 MDR-TB cases. The
extensive use of second-line drugs has led to emergence of exten-
sively drug-resistant M. tuberculosis (XDR-TB), which shows a
very poor prognosis with an increasing mortality rate (4).

Except for bedaquiline, all drugs used to treat tuberculosis were
approved more than 45 years ago, illustrating the complexity of
TB drug development. �-Lactams are not used for TB treatment
since M. tuberculosis produces a broad spectrum �-lactamase,
BlaC, which inactivates all �-lactams with various efficiencies (5).
However, BlaC is irreversibly inactivated by clavulanic acid, and
the combination of this �-lactamase inhibitor with �-lactams of
the carbapenem class has been reported to be bactericidal in vitro
(6, 7). The combination is active against both exponentially grow-
ing M. tuberculosis and nonreplicating forms of the bacilli (7).
Furthermore, the combination is uniformly active against XDR
strains (7).

Antibiotics of the �-lactam family inhibit the last step of pep-
tidoglycan polymerization. In most bacteria, the drugs inactivate
the essential D,D-transpeptidase activity of classical penicillin-
binding proteins (PBPs) (8, 9). These enzymes cross-link glycan
chains by forming 4¡3 peptide bonds connecting residues at the
fourth and third positions of stem peptides (Fig. 1). Only 20% of
the peptidoglycan cross-links are of the 4¡3 type in mycobacte-
ria, indicating that classical PBPs may only have a minor role in
peptidoglycan polymerization (10). The majority of the cross-
links are of the 3¡3 type and are formed by L,D-transpeptidases
(LDTs) (Fig. 1). PBPs and LDTs are structurally unrelated (11),
contain active-site serine and cysteine residues (12), and use stem
pentapeptide and tetrapeptide as the acyl donor substrate (12),
respectively. Since pentapeptide is assembled in the cytoplasm,
formation of the tetrapeptide donor substrate of LDTs requires a
D,D-carboxypeptidase activity for cleaving the terminal D-Ala res-
idue of peptidoglycan precursors (13, 14).

�-Lactam antibiotics inactivate peptidoglycan transpeptidases
by forming a covalent adduct with the enzyme active-site residue.

Received 30 July 2013 Returned for modification 24 August 2013
Accepted 7 September 2013

Published ahead of print 16 September 2013

Address correspondence to Jean-Luc Mainardi, jean-luc.mainardi@crc.jussieu.fr, or
Michel Arthur, michel.arthur@crc.jussieu.fr.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.01663-13

5940 aac.asm.org Antimicrobial Agents and Chemotherapy p. 5940 –5945 December 2013 Volume 57 Number 12

http://dx.doi.org/10.1128/AAC.01663-13
http://aac.asm.org


The reaction is analogous to the first step of the transpeptidation
reaction that leads to enzyme acylation by the donor stem peptide
(15). LDTs are efficiently inactivated by a single class of �-lactams,
the carbapenems, such as imipenem, meropenem, ertapenem,
and doripenem (16) (Fig. 2). LDTs are likely to be the essential

targets of carbapenems in M. tuberculosis, since these enzymes are
responsible for formation of a substantial majority of the cross-
links in both the exponential and stationary phases of growth (10,
17). However, the D,D-carboxypeptidase activity of PBPs is an ad-
ditional target, since tetrapeptide production is essential to gener-

FIG 1 Reactions catalyzed by Mycobacterium tuberculosis D,D-transpeptidases (PBPs) and L,D-transpeptidases (LDTs).

FIG 2 Reaction schemes for LDT inactivation by carbapenems. E, free enzyme form; EIox, oxyanion; EI*, acyl enzyme. SH, sulfhydryl of the catalytic cysteine.
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ate the tetrapeptide donor substrate of LDTs (12, 14, 17). Classical
D,D-transpeptidases may also be essential, although these enzymes
have a minor contribution to peptidoglycan cross-linking.

The chromosome of M. tuberculosis strain H37Rv encodes five
LDTs paralogues. LdtMt1 and LdtMt2 are functional in an in vitro
peptidoglycan cross-linking assay and are thought to have distinct
functions in vivo (10, 18). LdtMt2 is essential for virulence in a
mouse model of acute infection (18), whereas LdtMt1 may have a
role in adaptation to the nonreplicative state of the bacilli (10).
The roles of the three remaining LDTs have not been investigated.
To further characterize the targets of carbapenems in M. tubercu-
losis, we have purified the five L,D-transpeptidase paralogues and
compared the in vitro activities of the enzymes with respect to
peptidoglycan dimer formation and acylation by carbapenems.

MATERIALS AND METHODS
Production and purification of L,D-transpeptidases. Recombinant plas-
mids for production of the soluble form of LdtMt1 (Rv0116c) containing
an N-terminal hexahistidine tag have been previously described (19). For
production of LdtMt2, LdtMt3, LdtMt4, andLdtMt5, portions of the genes
from M. tuberculosis H37Rv were amplified by PCR using oligonucleo-
tides described in Table 1. Heteroduplexes containing cohesive ends were
ligated with vector pET-TEV digested with NdeI plus XhoI as previously
described (19). Escherichia coli BL21(DE3) harboring recombinant plas-
mids was grown at 37°C with vigorous shaking in 2 liters of brain heart
infusion broth (Difco) containing kanamycin (50 �g/ml) to an optical
density at 600 nm of 0.9. Isopropyl-�-D-thiogalactopyranoside was added
(0.5 mM), and incubation was continued for 18 h at 16°C. LDTs were
purified from clarified lysates by affinity chromatography on Ni2�-nitri-
lotriacetate-agarose resin (Sigma) and by size exclusion chromatography
(Superdex 75 HL26/60 column; GE HealthCare) in 100 mM sodium
phosphate buffer (pH 6.4) containing 300 mM NaCl. L,D-Transpeptidases
were concentrated by ultrafiltration (Amicon Ultra-4 centrifugal filter
devices; Millipore) to a final concentration of ca. 1.5 mg/ml and stored at
�65°C in the same buffer.

Mass spectrometry analyses of L,D-transpeptidase acylation by car-
bapenems. The formation of drug-enzyme adducts was tested by incubat-
ing L,D-transpeptidases (20 �M) with carbapenems (100 �M) at 20°C in
100 mM sodium phosphate buffer (pH 6.0). Five microliters of acetoni-
trile and 1 �l of 1% formic acid were added, and the reaction mixture was

directly injected into the mass spectrometer (Qstar Pulsar I; Applied Bio-
systems) at a flow rate of 0.05 ml/min (acetonitrile, 50%; water, 49.5%;
formic acid, 0.5% [by volume]). Spectra were acquired in the positive
mode as previously described (16).

Kinetics of L,D-transpeptidase inactivation by carbapenems. Fluo-
rescence kinetic data were acquired with a stopped-flow apparatus (RX-
2000; Applied Biophysics) coupled to a spectrofluorometer (Cary Eclipse;
Varian) in 100 mM sodium phosphate (pH 6.0) at 10°C. Kinetic constants
for LDT acylation by carbapenems were calculated as previously described
(19, 20). The rates of hydrolysis of acyl enzymes were determined by
spectrophotometry in sodium phosphate buffer (100 mM; pH 6.0) at
20°C in a Cary 100 spectrophotometer (Cary 100-Bio; Varian) as previ-
ously described (19).

Mass spectrometry analyses of transpeptidation reaction products.
The disaccharide tetrapeptide containing amidated meso-diaminopimelic
acid (GlcNAc–MurNGlyc–L-Ala1–D-iGln2–meso-DapNH2

3–D-Ala4) was
purified from Mycobacterium abscessus strain CIP104536T, and the con-
centration was determined by amino acid analysis after acid hydrolysis
(21). In vitro formation of muropeptide dimers by LDTs (10 �M) was
tested in 10 �l of 20 mM sodium phosphate buffer (pH 6.4) containing 60
mM NaCl and 4 mM disaccharide tetrapeptide. The reaction mixture was
incubated for 2 h at 37°C and analyzed by electrospray mass spectrometry
in the positive mode (Qstar Pulsar I; Applied Biosystems) as previously
described (22). D-Met (1 mM) was added to the reaction mixture to assay
the exchange of D-Ala4 by D-Met. The transpeptidases assayed were also
tested with disaccharide pentapeptide GlcNAc–MurNGlyc–L-Ala1–D-
iGln2–meso-DapNH2

3–D-Ala4–D-Ala5 (440 �M), which was purified from
M. abscessus strain CIP104536T.

RESULTS
Covalent inactivation of L,D-transpeptidases by carbapenems.
LDTs were independently incubated with four carbapenems (imi-
penem, meropenem, ertapenem, and doripenem), and formation
of covalent adducts was assayed by electrospray mass spectrome-
try (Table 2). Mass increments corresponding to the masses of the
antibiotics were detected, indicating that adducts were generated
by formation of a thioester bond between the sulfhydryl group of
the L,D-transpeptidase active-site cysteine and the carbonyl group
of the carbapenem �-lactam ring (Fig. 2) (16). Formation of co-
valent adducts was not detected for LdtMt5, whereas the four re-
maining L,D-transpeptidases were acylated by each of the four car-
bapenems (Table 2). Thus, only four of the five M. tuberculosis
L,D-transpeptidases are inactivated by carbapenems.

Kinetics of enzyme acylation. We have previously shown that
L,D-transpeptidase inactivation by carbapenems is a two-step re-
action (Fig. 2) (20, 23). The first step is reversible and leads to
formation of a tetrahedral intermediate, the oxyanion (EIox). The
second step is irreversible and leads to formation of the acyl en-
zyme (EI*). Fluorescence kinetics indicated that LdtMt1, LdtMt2,
LdtMt3, and LdtMt4, but not LdtMt5, were inactivated by carbapen-
ems (Table 3), in agreement with mass spectrometry analyses (Ta-
ble 2). The rate constants k1 and k2 for formation of the oxyanion
and acyl enzyme, respectively, were determined by spectrofluo-
rometry according to previously described procedures (20, 23).
The k2/Kapp ratio provides an evaluation of the overall efficacy of
the reaction based on estimates of the disappearance of free en-
zyme. Important variations in the velocity of the acylation reac-
tion were detected between LDTs (Table 3). The dynamic range of
k2/Kapp ratios reached 375 for inactivation of LdtMt1 and LdtMt2 by
ertapenem. For imipenem, LdtMt3 was the most rapidly inacti-
vated L,D-transpeptidase (k2/Kapp � 1.16 � 0.03 �M�1 min�1),
due to high rate constants for both oxyanion formation (k1 �

TABLE 1 Oligonucleotides used for amplification and cloning of
L,D-transpeptidase genes

L,D-Transpeptidase (strain;
accession no.) and amplicona Oligonucleotideb

Mt2 (Rv2518c; CAA16014.1)
C 5=AACATATGGCCGATCTGCTGGTGCC (for)
D 5=TTCTCGAGTTACGCCTTGGCGTTACCGG (rev)

Mt3 (Rv1433; CAB09251.1)
A 5=TATGCAGTCTTACGGGTTCGCCGT (for)

5=GTTATTCCTGCACAATGACCGGGT (rev)
B 5=TGCAGTCTTACGGGTTCGCCGT (for)

5=TCGAGTTATTCCTGCACAATGACCGGGT (rev)

Mt4 (Rv0192; CAB09732.1)
C 5=CATATGCCACACTGGGCTGAAGAACG (for)
D 5=CTCGAGTTAGATCTGCCAGTCCTGGGCACC (rev)

Mt5 (Rv0483; CAB00944.1)
A 5=TATGGCCGGCAAAGTGACCAAGCT (for)

5=GTTACCCACCCGGTCCGTTAGTAG (rev)
B 5=TGGCCGGCAAAGTGACCAAGCTGG (for)

5=TCGAGTTACCCACCCGGTCCGTTAGTAG (rev)

a For cloning, amplicons A and B were mixed, denatured, and renatured to generate
heteroduplexes with cohesive ends.
b Initiation and stop codons are in italic. For Mt2 and Mt4, oligonucleotides C and D
contained NdeI and XhoI sites (underlined). for, forward; rev, reverse.
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0.92 � 0.03 �M�1 min�1) and acylation (k2 � 10.1 � 0.2 min�1).
LdtMt1 and LdtMt4 were also efficiently inactivated by imipenem
(k2/Kapp � 0.61 � 0.02 and 0.31 � 0.01 �M�1 min�1, respec-
tively). Inactivation of LdtMt2 by this antibiotic was less efficient
(k2/Kapp � 0.081 � 0.002 �M�1 min�1) due to slow formation of
the oxyanion (k1 � 0.00067 � 0.00002 �M�1 min�1). For the
three remaining carbapenems, LdtMt1 was more efficiently inacti-
vated than LdtMt2, LdtMt3, and LdtMt4. Among these three en-
zymes, LdtMt3 was acylated more efficiently by meropenem than
LdtMt4, but similar values were observed for ertapenem and dorip-
enem. For all carbapenems, the efficiency of acylation was the
lowest for LdtMt2.

Important variations in the velocity of the acylation reaction
were also detected between carbapenems. The dynamic range of
k2/Kapp ratios reached 460 for inactivation of LdtMt4 by imipenem
and meropenem. Based on the k2/Kapp ratios (Table 3), the overall
efficacies of the four carbapenems could be ranked as imipenem �
ertapenem � meropenem � doripenem.

In vitro cross-linking of purified peptidoglycan fragments.
Substrates of the L,D-transpeptidases were prepared by isolation of
M. abscessus sacculi, treatment with muramidases, and purifica-
tion of the resulting disaccharide peptide fragments by reverse-
phase high-pressure liquid chromatography (rpHPLC). Incuba-
tion of LdtMt1, LdtMt2, LdtMt4, and LdtMt5 with a disaccharide
tetrapeptide resulted in formation of peptidoglycan dimers con-
taining a 3¡3 cross-link (Fig. 1 and Table 4). Formation of disac-
charide tripeptide by cleavage of the meso-DAPNH2

3–D-Ala4

peptide bond was not detected, indicating that the four L,D-trans-
peptidases did not display L,D-carboxypeptidase activity (data not
shown). The four enzymes are specific for a donor containing a
stem tetrapeptide, since formation of dimers was not observed
with disaccharide pentapeptide GlcNAc–MurNGlyc–L-Ala–D-

TABLE 2 Masses of acyl enzymes

L,D-Transpeptidase
(residuesa) Carbapenem (mass, Da)

Avg mass (Da)b

Calculated Observed

Mt1 (32–251) None 26,092.3 26,092.6
Imipenem (299.3) 26,391.6 26,391.8
Meropenem (383.5) 26,475.8 26,475.4
Ertapenem (475.5) 26,567.8 26,567.5
Doripenem (420.1) 26,512.4 26,512.6

Mt2 (55–408) None 40,236.8 40,236.7
Imipenem 40,536.1 40,538.0
Meropenem 40,620.3 40,622.4
Ertapenem 40,712.3 40,714.8
Doripenem 40,656.9 40,657.3

Mt3 (32–271) None 28,160.6 28,161.1
Imipenem 28,459.9 28,460.9
Meropenem 28,544.1 28,544.5
Ertapenem 28,636.1 28,637.4
Doripenem 28,580.7 28,581.5

Mt4 (1–366) None 41,178.2 41,178.9
Imipenem 41,477.5 41,478.0
Meropenem 41,561.7 41,561.8
Ertapenem 41,653.7 41,653.3
Doripenem 41,598.3 41,597.7

Mt5 (50–451) None 45,140.3 45,140.2
Imipenem 45,439.6 ND
Meropenem 45,523.8 ND
Ertapenem 45,615.8 ND
Doripenem 45,560.4 ND

a Portion of the M. tuberculosis H37Rv L,D-transpeptidase present in recombinant
proteins produced in E. coli. Each L,D-transpeptidase contained an additional N-
terminal 6	 His tag (MHHHHHHENLYFQGHM). The N-terminal methionine was
not present in the purified proteins.
b Mass of enzyme or acyl enzyme. ND, not detected.

TABLE 3 Kinetic constants for M. tuberculosis L,D-transpeptidase inactivation by carbapenems

L,D-Transpeptidase and kinetic constant

Value (mean �SD) for:

Imipenem Meropenem Ertapenem Doripenem

Mt1
k1 	 103 (�M�1 min�1) 460 � 20 64 � 2 930 � 60 130 � 10
k2 	 103 (min�1) 1,810 � 20 3,600 � 80 2,660 � 50 470 � 20
k2/Kapp 	 103 (�M�1 min�1) 610 � 20 75 � 2 1,350 � 50 89 � 4
k3 	 103 (min�1) �0.12 1.04 � 0.09 1.01 � 0.12 0.58 � 0.09

Mt2
k1 	 103 (�M�1 min�1) 67 � 5 0.67 � 0.02 4.0 � 0.1 0.85 � 0.04
k2 	 103 (min�1) 11,200 � 700 660 � 40 1,010 � 30 580 � 30
k2/Kapp 	 103 (�M�1 min�1) 81 � 2 0.48 � 0.01 3.6 � 0.1 0.56 � 0.02
k3 	 103 (min�1) �0.06 0.72 � 0.03 0.48 � 0.08 0.34 � 0.05

Mt3
k1 	 103 (�M�1 min�1) 920 � 30 17 � 1 87 � 3 10.2 � 0.5
k2 	 103 (min�1) 10,100 � 200 6,800 � 700 6,500 � 600 4,500 � 300
k2/Kapp 	 103 (�M�1 min�1) 1,160 � 30 21 � 1 80 � 2 12 � 1
k3 	 103 (min�1) �0.12 1.42 � 0.26 1.02 � 0.06 0.38 � 0.01

Mt4
k1 	 103 (�M�1 min�1) 250 � 10 5.0 � 0.3 31 � 3 NAa

k2 	 103 (min�1) 9,900 � 300 80 � 20 18,000 � 1,000 NA
k2/Kapp 	 103 (�M�1 min�1) 310 � 10 0.67 � 0.024 37 � 1 9.7 � 1.7
k3 	 103 (min�1) �0.06 5.6 � 0.6 3.9 � 0.7 0.61 � 0.27

a NA, not applicable (constants k1 and k2 could not be determined since fluorescence kinetics were monophasic).
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iGln–mesoDAPNH2–D-Ala–D-Ala (data not shown). Incubation of
the four enzymes with disaccharide tetrapeptide and D-methio-
nine resulted in the exchange of D-Ala4 by D-Met (Fig. 1 and Table
4). Formation of peptidoglycan dimers and exchange of D-Ala4 by
D-Met were not observed with LdtMt3.

DISCUSSION

The increasing incidence of MDR and XDR tuberculosis indicates
that there is an urgent need for new anti-TB drugs (24). In this
context, LDTs are attractive targets, since the M. tuberculosis pep-
tidoglycan contains a majority of 3¡3 cross-links formed by these
enzymes (10, 17). To investigate peptidoglycan inhibition by
�-lactams, we have characterized five M. tuberculosis L,D-trans-
peptidase paralogues with respect to peptidoglycan dimer forma-
tion and acylation by carbapenems. We have obtained functional
forms of the five L,D-transpeptidases, since each enzyme was active
in the cross-linking assay (Mt5), the �-lactam acylation assay
(Mt3), or both (Mt1, Mt2, and Mt4).

LdtMt3 was not active in the peptidoglycan cross-linking assay.
In E. coli, two L,D-transpeptidases catalyze peptidoglycan cross-
linking, whereas three additional paralogues anchor the Braun
lipoprotein to peptidoglycan (25, 26). This observation suggests
that LdtMt3 may perform as-yet-unknown cross-linking reactions
in M. tuberculosis.

LdtMt5 was not inactivated by carbapenems but was active in
the peptidoglycan cross-linking assay. The antibacterial activity of
carbapenems suggests that LdtMt5 cannot compensate for the ac-
tivity of the other L,D-transpeptidases. In Streptococcus pneu-
moniae and E. coli, it has been established that multiple D,D-trans-
peptidases are essential for peptidoglycan polymerization (9).

Carbapenems also inactivate D,D-carboxypeptidase DacB and
prevent formation of tetrapeptide stems in the M. tuberculosis
peptidoglycan (17). Although D,D-carboxypeptidases are consid-
ered unessential in E. coli (27), these enzymes may be required for
peptidoglycan polymerization in M. tuberculosis, since they gen-
erate the tetrapeptide donor stem for formation of 3¡3 cross-
links by LDTs (17). In agreement, we have shown here that the
four LDTs that are active in the cross-linking assay are specific for
donor substrates containing a stem tetrapeptide. Ldtfs from En-
terococcus faecalis is the only known L,D-transpeptidase that uses
both tetrapeptide and pentapeptide stems as acyl donors (22). In
Enterococcus faecium, stem tetrapeptides are produced in the cy-
toplasm by metallo-D,D-carboxypeptidase DdcY, which cleaves
the C-terminal D-Ala residue of UDP-MurNAc pentapeptide (14).

The genome of M. tuberculosis does not code for a DdcY homo-
logue, indicating that tetrapeptide stems are produced only by
D,D-carboxypeptidases belonging to the PBP family in this species.

We have previously shown that ertapenem and imipenem are
the most efficient �-lactams for in vitro inactivation of LdtMt1,
with high rate constants for formation of the oxyanion (k1) and
acylation (k2) (19). The meropenem side chain moderately im-
paired drug binding (lower k1), whereas that of doripenem had an
additional unfavorable impact on the acylation step (lower k2)
(19). The analyses of LdtMt2, LdtMt3, and LdtMt4 reported in the
present study revealed greater differences between carbapenems.
For these enzymes, inactivation was more rapid with imipenem
than with ertapenem, whereas acylation by meropenem and
doripenem was very slow. These results indicate that modification
of the side chains of carbapenems could be used to optimize the
antibacterial activity of these drugs. Detection of multiple LDTs
with highly diverse inactivation kinetics also suggests that combi-
nation therapy including two �-lactams may lead to synergism.
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