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Abstract

The maintenance of bacterial cell shape and integrity is largely attributed to peptidoglycan, a

biopolymer highly cross-linked through D,D–transpeptidation. Peptidoglycan cross-linking is

catalyzed by Penicillin-Binding Proteins (PBPs) that are the essential target of β-lactam

antibiotics. PBPs are functionally replaced by L,D–transpeptidases (Ldts) in ampicillin– resistant

mutants of Enterococcus faecium and in wild-type Mycobacterium tuberculosis. Ldts are inhibited

in vivo by a single class of β-lactams, the carbapenems, which act as a suicide substrate. We

present here the first structure of a carbapenem–acylated L,D–transpeptidase, E. faecium Ldtfm
acylated by ertapenem, which revealed key contacts between the carbapenem core and residues of

the catalytic cavity of the enzyme. Significant reorganization of the antibiotic conformation occurs

upon enzyme acylation. These results, together with the analysis of protein–to–carbapenem proton

transfers, provide new insight into the mechanism of Ldt acylation by carbapenems.
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The peptidoglycan, an essential component of the bacterial cell wall, plays key roles in the

maintenance of bacterial shape, in the resistance to osmotic pressure from the cytoplasm,

and in the formation of daughter cells during cell division. As inhibition of peptidoglycan

synthesis leads to bacterial cell lysis or death, its biosynthesis machinery is the favorite

target of various antibiotics, including β-lactams. The latter drugs irreversibly inactivate D,D–

transpeptidases, also referred to as penicillin-binding proteins (PBPs), that catalyze the last

cross-linking step of peptidoglycan polymerization (1). In Enterococcus faecium, PBPs

catalyze formation of 4→3 cross–links, which connect the carbonyl of D–Ala at the 4th

position of a donor stem peptide to the amine of the D–iAsn side–chain at the 3rd position of

an acceptor stem peptide (D–Ala4→D–iAsn–L–Lys3 cross–links). The transpeptidation

reaction involves an intermediate esterification between the PBP active–site serine and the

D– Ala4 carbonyl after cleavage of the D–Ala4–D–Ala5 peptide bond of the donor stem peptide

and release of D–Ala5. The nucleophilic serine can also be acylated by β–lactams, which act

as suicide substrates, form stable acylenzymes, and thereby irreversibly inactivate the PBPs.

A new class of enzymes, the active–site cysteine L,D–transpeptidases (Ldts), was identified in

β– lactam–resistant mutants of E. faecium selected in vitro (2) and in wild–type strains of

Mycobacterium tuberculosis (3), Mycobacterium abscessus (4), and Clostridium difficile (5).

The L,D–transpeptidation pathway involves an essential D,D–carboxypeptidase that cleaves the

D–Ala4–D–Ala5 bond of peptidoglycan precursors and generates the tetrapeptide stems used

as the acyl donor in the cross–linking reaction (6). In E. faecium, the Ldt forms L–Lys3→D–

iAsn–L–Lys3 cross–links following cleavage of the L–Lys3–D–Ala4 peptide bond of the donor

stem tetrapeptide. Ldts are inactivated by a single β–lactam class, the carbapenems, which

form a thioester bond with the active–site cysteine (7-9). The carbapenem class includes

four approved drugs, imipenem, ertapenem, doripenem, and meropenem, with similar

structure and the same mode of action (10).

The crystal structures of Ldts from E. faecium (Ldtfm) (11), Bacillus subtilis (LdtBs) (12),

and M. tuberculosis (LdtMt2) (13) have been determined but crystallization of β–lactam–

acylated forms of these enzymes has been unsuccessful. Recently, we have reported the

NMR structure of LdtBs and we showed that acylation of this enzyme by imipenem induces

substantial conformational flexibility in large regions of the protein (14). The dynamics of

the acylenzyme prevented the determination of a unique structure and the conformation of

the drug in the active site could not be accurately obtained. To gain insight into the

mechanism of acylation of L,D–transpeptidases by β–lactams, we have solved the NMR

structure of E. faecium Ldtfm acylated by ertapenem. This first high–resolution structure of a

carbapenem– acylated L,D–transpeptidase provides clues on antibiotic accessibility,

antibiotic–enzyme stabilizing interactions, and gives new insights into the mechanism of the

acylation reaction.

The X–ray structure of a fragment of Ldtfm (residues 217 to 466) was solved in the absence

of antibiotic (11). This structure revealed the presence of two domains, an elongated N–

terminal domain with a mixed α–β fold (residues 217 to 338), and a C–terminal catalytic

domain (ErfK_YbiS_YhnG domain; Pfam PF03734). The NMR structural studies presented

here were performed on the catalytic domain (residues 341 to 466), which displayed the

same catalytic properties as the entire protein (Supporting Table S1). Since the X–ray
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structure showed the presence of zinc and sulfate ions from crystallization conditions in the

active site of this enzyme, the NMR solution structure of the catalytic domain of Ldtfm was

solved de novo. To refine the structure of the active site, protonation states of active–site

residues were investigated by pH–titration, using 1H,13C–HSQC and 1H,15N–SOFAST–

HMQC spectra centered on aromatic and histidine imidazole rings, as previously described

for the B. subtilis enzyme (14). These analyses revealed a pKa lower than 4.6 for conserved

His421, which exists as the Nδ1 tautomer in the unprotonated form, and a pKa superior to

9.9 for catalytic Cys442 (Supporting Figure S1). These protonation states are similar to

those found in the B. subtilis enzyme (14) and confirm the participation of Cys442 to a

catalytic triad that comprises His421 and Asp422 (11).

The protonation states were included into the structure calculation protocol. The

superposition of the 10 lowest energy NMR structures of Ldtfm is shown in Figure 1a. The

root–mean–square deviations (RMSDs) for backbone and heavy atoms, as calculated from

the 20 lowest energy structures, are 0.35 and 0.44 Å, respectively (see Supporting Table S2

for further statistical analysis). These values indicate a remarkable convergence towards a

well– defined structure. As expected, the NMR structure and the X–ray structure of the E.

faecium catalytic domain (11) are very similar, with an RMSD of 1.03 Å over all backbone

heavy atoms in common. The NMR structure is also similar (RMSD of 1.36 Å on backbone

heavy atoms) to a recently published X-ray structure (13) of M. tuberculosis, LdtMt2

(Supporting Figure S2), suggesting that the results of the present work extend to the L,D–

transpeptidase of this pathogenic bacterium.

The NMR structure of the E. faecium catalytic domain acylated by ertapenem was solved

after complete assignment of 1H, 13C, and 15N resonances and collection of 3,016 total NOE

distance restraints including 27 drug–protein constraints. The 20 lowest energy NMR

structures of the acylenzyme (see Figure 1b for the superposition of the 10 lowest energy

structures) overlay with an RMSD of 0.23 and 0.59 Å for backbone and heavy atoms,

respectively. A statistical analysis of 20 structures after water refinement is presented in

Supporting Table S2. A comparison of the structures from the apoenzyme (Figure 1a) and

acylenzyme (Figure 1b) does not reveal any significant conformational rearrangement of the

protein backbone (RMSD of 1.24 Å) with the exception of the loop connecting strands β8

and β9 (residues 413 to 418) highlighted in magenta.

As proposed by Biarrotte–Sorin et al. (11), the catalytic cysteine of Ldtfm is accessible from

two sides of the protein. The first accessibility pocket (Pocket 1) is located between strand

β6 and the loop connecting strands β8 and β9 (Figure 1c). The second accessibility pocket

(Pocket 2) is located between strand β7 and a portion of the long loop connecting strands β9

to β10. The NMR structure of the acylenzyme reveals that ertapenem gets access to the

cysteine from Pocket 1. This conclusion can be extended to other carbapenems based on

NMR chemical shift perturbations observed with imipenem, doripenem and meropenem

(Supporting Figure S3). Since carbapenems are thought to be structure analogues of the L–

Lys3–D–Ala4 extremity of the acyl donor (15), Pocket 1 is proposed as the binding site for

the donor stem peptide during the peptidoglycan cross–linking reaction. Pocket 2 is the

proposed binding site for the acceptor stem peptide, in agreement with the detection of a

peptidoglycan fragment in the X–ray structure of M. tuberculosis LdtMt2 (13).
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The structure of Ldtfm acylated by ertapenem reveals a good resolution of the 4-methyl-5-(2-

oxoethyl)-4,5-dihydro-1H-pyrrole-2-carboxylate originating from the carbapenem core of

the drug (Figure 2a) with a RMSD of 0.7 Å on all heavy atoms (Figure 1b). The

hydroxyethyl side chain (R1, Figure 2a), common to all carbapenems, is oriented towards

the buried portion of Pocket 1 and is also very well defined. In contrast, the bulky

pyrrolidine-2-carboxylic acid-(3-carboxyphenyl)-amide R2 side–chain of ertapenem (Figure

2a) is solvent–exposed and adopts multiple orientations in the final structure ensemble. The

absence of detectable interactions between protein residues and the R2 side–chain is in

agreement with previous kinetics analyses that showed little impact of R2 variations on the

rate constants of the acylation reaction (7).

The conformation of ertapenem in the acylenzyme is stabilized by a limited number of

hydrogen bonds connecting the side chains of Tyr403 and His440 to the Δ2-pyrroline ring of

the carbapenem and the backbone amide of Gly441 to the carbonyl of the drug–Ldtfm
thioester group (Figure 2b–d). The ertapenem conformation is further stabilized by multiple

hydrophobic interactions involving Leu393, Trp410, Gly417, Val418, and Gly419. Among

these interactions, hydrophobic contacts between the antibiotic and residues 417–419 may

be responsible for the conformational rearrangement of the loop connecting strands β8 and

β9 upon Ldtfm acylation by ertapenem (Figure 1).

Acylation of Ldtfm by ertapenem leads to rupture of the bond between the nitrogen and the

carbonyl carbon of the β–lactam ring (designated NAJ and CAA in Figure 2b, respectively).

To get further insight into the modifications of the drug conformation associated with the

rupture of the NAJ-CAA bond, we modeled ertapenem with a closed β–lactam ring, referred

to as “closed ertapenem”, in the catalytic cavity of Ldtfm. A structure of “closed ertapenem”

was built using the PRODRG software (16). The atoms of the Δ2-pyrroline ring of the

carbapenem from the “closed ertapenem” molecule were docked onto the corresponding

atoms of the opened ertapenem present in the acylenzyme structure. The structure was

refined with CNS (17) in a molecular dynamics simulation with explicit solvent using a

distance restraint of 1.7 Å between the Sγ of catalytic Cys442 and the CAA carbonyl carbon

of the β– lactam ring. Comparison of the drug conformation in the “closed ertapenem”

model and in the acylenzyme indicated that rupture of the β–lactam CAA–NAJ bond

increases the CAD–CAB– CAA angle by 60° and changes the CAA–NAJ distance from 1.3

to 2.8 Å (Figure 3). This structural rearrangement is required to generate the stabilizing

drug–protein hydrogen–bond interactions in the acylenzyme (Figure 2b), including

interactions between the pyrroline ring of ertapenem and Tyr403 and His440 residues of

Ldtfm, and interactions between the backbone amide of Gly441 and the thioester carbonyl of

the drug–Ldtfm covalent complex. This atomic reorganization disrupts the predicted

hydrogen bond (2.9 Å) between the OAT atom of the carboxylate group of the antibiotic and

the backbone amide of Gly441 (Supporting Figure S4).

The rupture of the CAA–NAJ bond of the β–lactam ring is accompanied by a proton

capture. The origin of this proton is unknown in L,D–transpeptidases. In the case of the B.

subtilis enzyme, the Nε2 of the catalytic histidine was previously proposed to be the proton

donor (14). In the case of Ldtfm, it is unlikely that the catalytic histidine plays this role since

the distance between the β–lactam NAJ nitrogen and the catalytic His421 Nε2 is too large
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(5.9 Å) in the “closed ertapenem” model, and even larger (6.9 ± 0.2 Å) in the acylenzyme

(Figures 4b and 4c, respectively). The structure of the acylenzyme revealed His440 and

Tyr403 as potential proton donors, although a water molecule cannot be excluded. The NAJ

nitrogen of the β–lactam ring may be protonated prior to or after conformational alteration

of ertapenem. In the latter case, the hydroxyl of Tyr403 is an excellent candidate as it is

appropriately located at 2.8 ± 0.1 Å from NAJ in the acylenzyme structure. In this scenario,

acylation of Ldtfm by ertapenem is expected to be, in part, thermodynamically driven by the

hydrogen–bonding interactions generated by the conformational modification of the drug.

In conclusion, the high–resolution experimental and model structures proposed in the

present study for the E. faecium L,D–transpeptidase apoenzyme, oxyanion intermediate and

acylenzyme unravel a sequence of mechanistic events along the acylation reaction. The

position of the carbapenem core has been assigned to one of the two pockets from which the

Ldtfm active site is accessible. This pocket is likely to accommodate the tetrapeptide donor

stem during the cross-linking reaction with natural substrates. Future challenges include

exploiting key features of the inhibition mechanism to assist drug design.

Methods

Production and purification of Ldtfm

A 13C,15N–labeled protein containing the catalytic domain (residues 341 to 466) of E.

faecium Ldt was produced in Escherichia coli BL21 (DE3) cells harboring the

pETTEVΩldtfm plasmid in M9 minimal medium containing 13C–glucose and 15NH4Cl. The

protein was purified by metal–affinity and size–exclusion chromatographies as previously

described (18). The purified protein was cleaved with a 6His–labeled TEV protease leaving

three extra GHM residues at the N-terminal of the catalytic domain. The polyhistidine tag

(MHHHHHHENLYFQ) and the TEV protease were removed using a NiNTA affinity resin.

NMR spectroscopy

NMR samples were prepared in 100 mM sodium phosphate buffer, pH 6.4 containing 300

mM NaCl and 10% D2O. Data for structure determination were collected on 0.9

mM 13C,15N–labeled protein samples for both apo– and acyl–enzymes. To generate the

latter, ertapenem (INVANZ) was incubated with Ldtfm at a drug–to–protein molar ratio of 1.

The NMR data were collected at 25 °C on 600 MHz and 800 MHz Agilent Direct Drive

spectrometers and on a 950 MHz Bruker Avance spectrometer. All spectrometers were

equipped with triple resonance cryogenic probes. Backbone sequential resonances were

assigned using 3D heteronuclear experiments. 3D 15N–NOESY–HSQC (mixing time τm =

150 ms), 3D aliphatic 13C–NOESY–HSQC (τm = 130 ms) in H2O and 3D aromatic 13C–

NOESY–HSQC (τm = 130 ms) in D2O were recorded to extract distance restraints. Proton

assignment of ertapenem when bound to Ldtfm was performed using intramolecular NOEs

measured with the 2D 13C,15N–filtered NOESY experiment (19) recorded in D2O (τm = 180

ms). According to these data (Supporting Figure S5), the Δ2-pyrroline isomer of the

ertapenem was selected and introduced into the structure calculation protocol. This

experiment was also used to obtain NOEs between unlabeled ertapenem and 13C,15N–

labeled Ldtfm in the acylenzyme.
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Structural restraints

Secondary structure elements were identified by analysis of 13C– chemical shifts and phi/psi

dihedral angular restraints were derived with TALOS+ (20). The automatic peak–picking

and NOE assignment of the 15N–NOESY–HSQC, aliphatic and aromatic 13C–NOESY–

HSQC spectra were performed using the iterative procedure of UNIO'10 (21). Peak–picking

and assignment of the 2D 13C,15N–filtered NOESY experiment were performed manually.

Structure calculations

ARIA 2.3 (22) was run with 7 iterations calculating 100 structures, and a last cycle including

1000 structures. The 20 structures with lowest energy were subsequently refined with CNS

(17) using explicit solvent in a molecular dynamics simulation. For the acylenzyme, the

PRODRG web–server (16) was used to create the initial coordinates, topology and

parameter files of the ertapenem–bound–cysteine, which was then introduced in the ARIA

distribution. A similar procedure was used to create the “closed ertapenem” initial files that

were introduced into CNS for energy minimization. No specific hydrogen bond restraint was

introduced during the structure calculation. The CING webserver (23) was used for analysis

of the structural ensembles and quality assessment of the structural data reported in

Supporting Table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NMR structures of Ldtfm apoenzyme and ertapenem–acylenzyme. (a) Ten structures of lowest energy of Ldtfm apoenzyme.

Catalytic residues His421 and Cys442 are shown as sticks. Secondary structure elements are numbered with their order of

appearance in the sequence. (b) Ten structures of lowest energy of Ldtfm acylated by ertapenem. His421 and Cys442–ertapenem

(in green) are shown as sticks. Non–polar hydrogens of ertapenem are omitted for clarity. (c) Surface representation of the

acylenzyme displayed in two orientations. Catalytic cysteine is colored in yellow and is accessible from two pockets highlighted

in the left (Pocket 1) and right (Pocket 2) panels. Ertapenem is represented by a mesh surface in Pocket 1.
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Figure 2.
Stabilizing interactions between Ldtfm and ertapenem in the acylenzyme. (a) Chemical structure of ertapenem comprising the

carbapenem core and two side–chains. The R1 hydroxyethyl side–chain is conserved among carbapenems whereas R2 is variable

(10). (b) Ligplot analysis (24) of ertapenem–Ldtfm interactions. Leu393, Trp410, Gly417, Val418, Gly419, and catalytic His421

are involved in hydrophobic contacts. Tyr403, His440, and Gly441 are involved in hydrogen–bonding interactions with

ertapenem. (c) Surface representation of the active site of Ldtfm acylated by ertapenem. Protein residues in interaction with

ertapenem are shown in light blue. Gly419 and His421 are hidden in this representation. (d) Cartoon representation of the

acylenzyme active site. Residues in interaction with ertapenem are shown as sticks.
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Figure 3.
Carbapenem orientation in the open and closed conformations. (a) Surface representation of the acylenzyme. (b) Model of the

enzyme with a closed β–lactam ring. The model is obtained by energy minimization of a “closed ertapenem” docked into the

acylenzyme structure. A distance restraint between the CAA carbon of the β–lactam ring and the Sγ of Cys442 was used to

obtain a structure in agreement with the intermediate oxyanion state. For clarity, the CAA carbon and the NAJ nitrogen atoms of

the disrupted carbapenem bond are indicated with black and white stars, respectively.
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Figure 4.
Proposed mechanism for the Ldtfm acylation by ertapenem. Different structural states of Ldtfm during the acylation reaction are

schematically presented. (a) The nucleophilic attack of the β–lactam carbonyl by Cys442 requires activation into thiolate. The

average distance (3.5 ± 0.3 Å, 5.6 ± 0.7 Å, 7.6 ± 0.6 Å, and 4.3 ± 0.2 Å) between the catalytic cysteine Sγ and different proton

acceptor candidates (His421 Nε2, His440 Nδ1, His440 Nε2 and Y403 O. respectively) as measured in 20 lowest energy

structures of the apoenzyme are emphasized in red. The short Nε2-Sγ distance and the protonation state of the various residues

lead to select His421 as the proton acceptor. (b) Structure of the oxyanion and putative origin of the proton captured by the NAJ

nitrogen of the β–lactam ring upon rupture of the β-lactam CAA–NAJ bond. Distances in blue were measured in the “closed

ertapenem” model between the NAJ nitrogen of the β–lactam ring and the heteroatom of the proton donor candidates. These

data tend to exclude His421 as a reasonable proton donor. (c) Description of the protonation state of the previous proton donor

candidates (His421 Nε2, His440 Nδ1, His440 Nε2 and Y403 O) as determined by NMR in the acylenzyme. Their distances to

the NAJ atom of the opened ertapenem (6.9 ± 0.2 Å, 4.2 ± 0.1 Å, 4.9 ± 0.2 Å, and 2.8 ± 0.1 Å, respectively) are reported in blue.
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