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Penicillin-binding proteins (PBPs), which catalyze the biosynthesis of the peptidoglycan chain of the bacterial cell wall, are the
major molecular target of bacterial antibiotics. Here, we present the crystal structures of the bifunctional peptidoglycan glyco-
syltransferase (GT)/transpeptidase (TP) PBP4 from Listeria monocytogenes in the apo-form and covalently linked to two (3-lac-
tam antibiotics, ampicillin and carbenicillin. The orientation of the TP domain with respect to the GT domain is distinct from

that observed in the previously reported structures of bifunctional PBPs, suggesting interdomain flexibility. In this structure,
the active site of the GT domain is occluded by the close apposition of the linker domain, which supports the hypothesis that
interdomain flexibility is related to the regulation of GT activity. The acylated structures reveal the mode of action of B-lactam
antibiotics toward the class A PBP4 from the human pathogen L. monocytogenes. Ampicillin and carbenicillin can access the
active site and be acylated without requiring a structural rearrangement. In addition, the active site of the TP domain in the apo-
form is occupied by the tartrate molecule via extensive hydrogen bond interactions with the catalytically important residues;
thus, derivatives of the tartrate molecule may be useful in the search for new antibiotics to inhibit PBPs.

he bacterial cell wall peptidoglycan is essential for normal cell

survival and for proper maintenance of cellular morphology
(1). The cell wall consists of glycan chains of alternating N-acetyl-
glucosamine (NAG) and N-acetylmuramic acid (NAM) cross-
linked by short stem peptides attached to the adjacent NAM. The
biosynthesis of peptidoglycan is mediated by penicillin-binding
proteins (PBPs) through two enzymatic reactions: transglycosyla-
tion, which uses glycosyltransferase (GT) to form the glycan back-
bone by polymerizing disaccharides, and transpeptidation, which
uses transpeptidase (TP) to catalyze cross-linking between adja-
cent glycan chains to create a mesh-like structure (2). As indicated
by their name, PBPs are the primary targets of B-lactam antibiot-
ics, including penicillin, which act as mechanism-based inhibitors
to mimic the p-alanyl-p-alanine moiety of peptidoglycan precur-
sors (3-5). B-Lactams block the catalytic activity of the TP domain
by forming a covalent bond with the catalytic serine residue of the
enzyme (6). Based on sequence similarities, the enzymes can be
classified into three main classes: A, B, and C (7). Although class A
and B PBPs commonly contain C-terminal TP domains, class A
PBPs are distinguished from class B PBPs by the structure and
catalytic activity of their N-terminal domains. In class A PBPs, the
N-terminal domain contains GT, whereas the N-terminal domain
of class B PBPs is usually involved in interactions with other pro-
teins related to cell division (8). Class C PBPs are monofunctional
enzymes with low-molecular-mass PBPs and have been proposed
to play a role in peptidoglycan maturation (9).

Class A PBPs contain both GT and TP domains on the same
polypeptide (8) and thus are optimally evolved to synthesize the
peptidoglycan bacterial cell wall. In addition, the bifunctional en-
zymes have garnered attention due to potential applications in
drug development. The GT domain has been proposed as an at-
tractive target for new antibacterial agents as a result of the in-
creasing threat of multidrug-resistant bacteria (10). Furthermore,
some class A PBPs are involved in the development of B-lactam
antibiotic resistance due to mutations in the TP domain (11, 12).
Therefore, structural information regarding class A PBPs is im-
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portant for understanding the two enzymatic activities, as well as
for drug development. However, only a few crystal structures of
class A PBPs containing both the GT and TP domains have been
reported from the Gram-positive Staphylococcus aureus PBP2
(SaPBP2) (13, 14) and the Gram-negative Escherichia coli PBP1b
(EcPBP1b) (15), both in complex with moenomycin in the GT
domain.

The food-borne pathogen Listeria monocytogenes contains five
PBPs, including two class A enzymes (PBP1 and PBP4), two class
B enzymes (PBP2 and PBP3), and one class C enzyme (PBP5)
(Table 1), which were identified by their ability to bind to radio-
labeled B-lactams (16, 17). Among the PBPs of L. monocytogenes,
asoluble form of PBP4 (residues 71 to 714) from L. monocytogenes
(LmPBP4) contributes most significantly to virulence potential
and increased sensitivity to (B-lactams (18), indicating that
LmPBP4 may be an important target in the treatment of listeriosis.
To better understand the function of class A PBPs, we determined
the crystal structures of PBP4 in apo-form and in acyl-enzyme
complexes with two B-lactams, ampicillin and carbenicillin. Un-
expectedly, the active site of apo-form PBP4 is occupied by a tar-
trate molecule; the binding mode of tartrate is compared with the
acylated B-lactams. Our findings will assist in the development of
new antibiotics, as well as the understanding of the structural
mechanism for the recognition of PBP4 by antibiotics.
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TABLE 1 Reported PBPs of L. monocytogenes

Mass

PBP Gene (kDa) Class  Putative function

PBP1  Imol892 90.8 A Carboxypeptidase Glycosyltransferase
Transpeptidase

PBP2  Imo2039 81.8 B Transpeptidase FtsI

PBP3  Imol438 79.9 B Transpeptidase FtsI

PBP4  Imo2229 779 A Carboxypeptidase Glycosyltransferase
Transpeptidase

PBP5  Imo2754 48.1 C Carboxypeptidase Transpeptidase

MATERIALS AND METHODS

Purification of PBP4. The truncated version of LmPBP4 (residues 73 to
714) was expressed in the Escherichia coli BL21(DE3) RIL strain and pu-
rified as described previously (19). In brief, LinPBP4 was expressed as a
6His-tagged fusion protein and obtained after cleavage by Tev protease.
Purification of LmPBP4 required the use of an Ni-nitrilotriacetic acid
(NTA) column (Qiagen), a Hitrap Q anion-exchange column (GE
Healthcare), and a Superdex 200 column (GE Healthcare). Selenomethio-
nine-substituted protein was prepared by transforming E. coli B834(DE3)
RIL methionine auxotroph cells (Novagen) with the pProExHTb vector
containing the /02229 gene and growing the cells in selenomethionine-
containing minimal medium. Purification of selenomethionyl LnPBP4
was performed as described above.

Crystallization and structure determination. Native crystals were
obtained by the sitting-drop vapor diffusion method at 22°C by mixing
and equilibrating 2 .l each of the protein solution and a precipitant solu-
tion containing 0.2 M ammonium tartrate dibasic, 22% (wt/vol) polyeth-
ylene glycol (PEG) 3350, and 100 mM Tris-HCI (pH 8.0), as described
previously (19). Acyl complexes were obtained by soaking native crystals
in the crystallization solution containing 10 mM B-lactam antibiotics
(ampicillin or carbenicillin, all obtained from Sigma-Aldrich Co.). For
data collection, the crystals were briefly immersed in the same precipitant
containing an additional 15% (wt/vol) glycerol and immediately placed in
a 100 K nitrogen gas stream. The single-wavelength anomalous-disper-
sion data set (SAD) was collected using a native crystal of the selenome-
thionine-substituted protein on beamline 5C of the Pohang Light Source
(PLS) (Republic of Korea). Phenix.autosol was used to locate Se sites and
produce a solvent-flattened map (20). Model building and refinement
were performed using Coot (21) and CNS (22), respectively. The X-ray
diffraction and structure refinement statistics are summarized in Table S1
in the supplemental material.

Protein structure accession numbers. The atomic coordinates and
structure factors for apo-LmPBP4, the LmPBP4-ampicillin complex, and
the LmPBP4-carbenicillin complex have been deposited in the Protein
Data Bank (PDB) under accession codes 3zg7, 3zg8, and 3zga, respec-
tively.

RESULTS AND DISCUSSION

Overall structure of penicillin-binding protein 4. The crystal
structure of a soluble form of PBP4 (residues 71 to 714) from L.
monocytogenes (LmPBP4) was determined to 2.0 A by the single-
wavelength anomalous-dispersion method using selenomethio-
nyl-substituted protein. The asymmetric unit of the crystal con-
tains one PBP4 molecule, and crystal-packing interactions exhibit
no sign of oligomer formation of PBP4. Therefore, LmPBP4
would likely function as a monomer physiologically, consistent
with previously reported class A PBPs (23, 24). In the refined
LmPBP4 structure, electron density is visible for residues 77 to 117
and 186 to 641, which contain three distinct domains: an N-ter-
minal GT domain (residues 92 to 288), a linker domain (residues
77 t0 91, 289 to 323, and 518 to 534), and a C-terminal TP domain
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(residues 324 to 517 and 535 to 641) (Fig. 1A). The overall archi-
tecture of LmPBP4 shares the general fold of class A PBPs (Fig. 1B)
(14, 23).

The GT domain is usually composed of nine a-helices orga-
nized into large and small lobes that are separated by a deep cleft
forming the active site in which the glycan chain binds (23). There
was no electron density for the small-lobe region, which consists
of residues 118 to 185 and contains the catalytic glutamate resi-
dues. In the crystal, the solvent channel around the GT domain
does not provide enough space where the small lobe could have
moved around as a rigid body. Therefore, we speculated that
LmPBP4 was cleaved by contaminated proteases during crystalli-
zation and/or protein purification. SDS-PAGE analysis and N-ter-
minal amino acid sequencing of dissolved LmPBP4 crystals clearly
revealed the cleavages of LmPBP4 (data not shown). The suscep-
tibility of the small lobe to proteolytic cleavage indicates that there
is conformational flexibility of the active-site cleft, likely involving
movement of the small lobe toward the other part of the GT do-
main. However, the N-terminal segment (residues 77 to 117) has
remained bound to the main body of the protein as the essential
parts of two domains: the GT domain and the linker domain. The
association of a short peptide segment after proteolytic cleavages
was also observed in the crystal structure (PDB code 2C5W) of
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FIG 1 Structure of PBP4 from L. monocytogenes. (A) Schematic representa-
tion of the organization of LmPBP4 domains. The transmembrane helix (TM),
GT, linker, and TP domains of LmPBP4 are sky blue, magenta, yellow, and
green, respectively. The regions presented in the crystal structures are boxed.
(B) Ribbon representation of the apo-LmPBP4 structure. The secondary struc-
tural elements are colored as in panel A. A tartrate molecule bound to the
active site is presented as a stick model. In this orientation, the TP domain is at
the top, and the GT domain is at the bottom.
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FIG 2 Interdomain flexibility of LmPBP4. (A) TP domain movement. The GT domains of LmPBP4 and those of SaPBP2 (PDB codes 20LV and 3DWK) were
superimposed. The structures of SaPBP2 are in gray for chain B of 20LV and in cyan for chain A of 3SDWK. The dotted arrows indicate the rotational movements
of the TP domain. In this superposition, only two conformations of SaPBP2 are shown for clarity. (B) Blocking of the GT active site by the linker domain. The
GT domain of the SaPBP2-moenomycin complex (PDB code 20LV) overlaid on that of LmPBP4 is shown as a surface model, and the moenomycin is shown as
a stick model with C atoms colored yellow. The catalytic glutamate residues are in blue. The linker domain of LmPBP4is presented as a ribbon model. The short
oLl helix (residues 310 to 316) of the linker domain occludes the GT active-site cleft, where the growing NAG-NAM polyglycan chain binds.

bifunctional PBP1a from Streptococcus pneumoniae (25). On the
other hand, the large lobe of the GT domain shows well-defined
electron density in the structure, with a root mean square devia-
tion (RMSD) of 1.2 A over 116 C-a carbon atoms from the cor-
responding domains of SaPBP2 (PDB code 3DWK), indicative of
the rigidity of the remaining GT domain.

As observed in other class A PBPs, the linker domain connect-
ing the GT domain to the TP domain is composed of a five-
stranded B-sheet and a perpendicular helix (14, 25). The following
TP domain, composed of the a-helical subdomain and the «/B-
subdomain, shares its overall fold with other PBPs and the serine
B-lactamases (Fig. 1B) (26). The a-helical subdomain comprises
helices a2, a4 to a6, and 9 and an additional two-stranded an-
tiparallel B-sheet (32a-B2b). The a/B-subdomain can be de-
scribed by a central five-stranded antiparallel B-sheet (B3-B34-5-
B1-B2), which is sandwiched between three helices: a1 and a11
on one side and a8 on the opposite side of the sheet. Superposition
of the LmPBP4 TP domain with the corresponding domains of
SaPBP2 (PDB code 20LV) (23) and EcPBP1b (PDB code 3FWM)
(24) reveals high structural homology, with RMSDs of 1.5 A and
1.6 A over 274 C-a carbon atoms, respectively.

Interdomain flexibility of bifunctional PBPs. The overall
conformation of LmPBP4 appears significantly different from the
previously reported crystal structures of class A PBPs. This finding
may explain why previous attempts using molecular replacement
failed when used with existing conformations of the bifunctional
PBP folds. When the GT domain of LmPBP4 is superimposed on
that of SaPBP2 (PDB codes 20LV and 3DWK), the LmPBP4 TP
domain exhibits rotational movements between 16° and 65° from
the SaPBP2 polypeptide structures, and the catalytic Ser394 resi-
due of LmPBP4 is between 14 A and 55 A from the corresponding
residues of SaPBP2 (Fig. 2A). As observed in the crystal structure
of SaPBP2 (PDB code 3DWK, chain A), the aL2 helix (residues
310 to 317) of the LmPBP4 linker domain occludes the active-site
cleft of the GT domain (Fig. 2B), where the two sugar rings of the
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elongating glycan chain bind for the polymerization of the bacte-
rial cell wall (23). Therefore, the GT domain in this LmPBP4 con-
formation could not access the glycan chain substrate without
movement of the TP domain, indicating that the TP domain
movement could regulate GT domain activity. As expected from a
previous study (14), our crystal structure further supports the
hypothesis that interdomain flexibility is a common feature
among class A PBPs and is likely involved in the regulation of GT
activity.

Tartrate in the active site of the TP domain. The active site of
the TP domain is located in the deep cleft between the a-helical
subdomain and the a/B-subdomain, as observed in other PBPs
and B-lactamases (Fig. 1B). Three conserved motifs, SXXK, SXN,
and KTG, constitute the active site (8). The SXXK motif (Ser394-
Thr395-Met396-Lys397) is located at the N-terminal end of a2
and forms the floor of the cleft; Ser394 is the nucleophile that is
acylated by the peptide substrate and B-lactam antibiotics, and
Lys398 is believed to enhance the nucleophilicity of the catalytic
serine by hydrogen bond formation (27). The SXN motif (Ser449-
Ile450-Asn451) is found on the loop connecting a4 and a5 and
forms one side of the cleft. The third motif (Lys575-Thr576-
Gly577) is positioned on strand 33 and forms the opposite side of
the active-site cleft.

After several rounds of refinement and before any reconstruc-
tion, the F_; — F_,. electron density map calculated with phases
from the refined model without ligands showed a clear density in
the active-site cleft, where the tartrate molecule used in the crys-
tallization solution was nicely fitted (Fig. 3A). The tartrate anion
in the catalytic cleft forms hydrogen bonds with the residues
Ser394, Ser449, Asn451, Thr576, and Ser578 from the three con-
served motifs of PBPs and two water molecules. The oxygen atom
of the tartrate carboxylate group occupies the oxyanion hole by
forming hydrogen bonds with the main-chain nitrogen atoms of
Ser394 and Ser578. In general, the oxyanion hole is occupied by
the B-lactam carbonyl oxygen in the acylated PBPs (28, 29). Inter-
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FIG 3 Interaction of LmPBP4 with B-lactam antibiotics or the tartrate molecule. Protein residues interacting with the ligands are shown as a stick model. Water
molecules are shown as red spheres, and hydrogen bonds are shown as black dashed lines. The electron density maps (2Fo-Fc) covering the ligands, which are
computed with phases from the refined model, are shown at 1 o contour level. All three structures are shown in stereoview. (A) Tartrate molecule (pink) and
interacting residues in the apo-enzyme structure. (B) Ampicillin in the acyl-enzyme complex. (C) Carbenicillin in the acyl-enzyme complex.

estingly, polycarboxylates, such as citrate or tartrate, have been
observed in the active sites of other B-lactamases, such as the class
A carbapenemase KPC-2 (30), the plasmid-encoded class C 3-lac-
tamase CMY-2 (PDB code 1ZC2), a metallo-B-lactamase (PDB
code IMQO) for citrate, and the class D B-lactamase OXA-46 (31)
for tartrate. These structural observations support the hypothesis
that tartrate or citrate could function as a competitive inhibitor for
PBPs or B-lactamases.

Comparison of apo-enzyme and acyl-enzyme complexes. To
understand the structural basis of the action of B-lactam antibiot-
ics, the acylated LmPBP4 was derived by soaking native crystals in
mother liquor containing the antibiotic ampicillin or carbenicil-
lin. The crystal structures of the acyl-enzymes were determined:
an ampicillin complex structure at 2.1-A resolution and a carben-
icillin complex structure at 2.0-A resolution. The TP domain of
the apo-form structure superimposed on that of the LmPBP4-
ampicillin complex and the LmPBP4-carbenicillin complex had
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RMSDs of 0.20 A and 0.21 A over 301 C-a carbon atoms, respec-
tively. This finding shows that the overall conformation of the TP
domain was not affected by the acylation. In addition, the active
sites of the two acyl complexes shows no substantial conforma-
tional changes from the unacylated structure in complex with tar-
trate. The only difference among the three structures is observed
in the residue GIn580, which is hydrogen bonded to the carbonyl
group of tartrate in the apo-structure; the benzyl group of ampi-
cillin makes van der Waals contacts with the surrounding residues
Val432, Thr589, GIn580, and Thr621 (Fig. 3B), causing the side
chain of GIn580 to be shifted to avoid steric hindrance. In the
carbenicillin complex, the R1 carboxylate group forms a hydrogen
bond with the main-chain amide of GIn580. However, the elec-
tron density of the R1 benzyl group of carbenicillin is less clearly
defined than that of ampicillin (Fig. 3B and C). These structural
differences suggest that the binding affinity of ampicillin to
LmPBP4 is higher than that of carbenicillin.
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FIG 4 Comparison of B-lactam recognition between LmPBP4 and EcPBP1b (PDB code 3FWM). The two structures are superimposed and shown in stereoview.
Atoms of LmPBP4 are colored as described in the legend to Fig. 1. ECPBP1b is colored gray, and the secondary structure is presented as a ribbon model. The bound

ampicillin is shown as a stick model.

Although the position of the antibiotics covalently bound to
Ser394 is similar to that observed in many acyl-PBP complexes,
the carboxylate group of the B-lactam antibiotic moiety forms a
distinct hydrogen bond with Ser623 on the loop B5-a11 (Fig. 4).
In general, the carboxylate group hydrogen bonds with a serine or
threonine residue immediately following the KTG motif of the 33
strand, and the interaction probably contributes to recovering the
antiparallel nature of B3 and B4 in the acylated form (29, 32).
Interestingly, the conformation of 33 in the apo-form of LmPBP4
is stably positioned in antiparallel fashion to $4, and the loop
connecting the two strands is located in the open conformation of
the active-site groove. These differences explain why the confor-
mation of the B3 strand of LmPBP4 is not changed by acylation.
Therefore, the antibiotics can easily access the active site to form
the Michaelis complex and transit to the acyl-LmPBP4 complex;
this transition can be accomplished without structural rearrange-
ment of the active site, which incurs an energy cost. By lowering
the transition state energy barrier, the acylation rate will be accel-
erated. These implications might explain the observation that the
acylation rate of LmPBP4 by ampicillin was 6-fold higher than that
of EcPBP1b (17, 24), because the absence of the residue corre-
sponding to Ser623 in EcCPBP1b might require the structural rear-
rangement of the 33 strand for ampicillin binding (Fig. 4).

Comparison of the two acyl-complexes and the tartrate-bound
form reveals that many of the key residues involved in B-lactam
antibiotic recognition also form hydrogen bonds with the tartrate
molecule in the same conformation (Fig. 3). The residues involved
in the noncovalent interactions with tartrate in the LmPBP4 en-
zyme are highly conserved in other PBPs; thus, tartrate may inter-
act similarly with other PBPs. For example, the interacting resi-
dues of LmPBP4 are well superimposed on the corresponding
residues of class A PBP2 (PDB code 3DWK) from S. aureus and
also on the residues of class B PBP3 (PDB code 30CL) from Pseu-
domonas aeruginosa, with RMSDs of 0.45 A and 0.46 A, respec-
tively, for the overlapped main-chain atoms (see Fig. S1 in the
supplemental material). Based on the conserved interactions and
the shape complementarity of tartrate for the narrow active-site
groove of the TP domain, the tartrate molecule could be a starting
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point for the design of noncovalent inhibitors of PBPs. Noncova-
lent, non-B-lactam compounds would function as effective inhib-
itors when bound tightly to the active site without acylation (33).
Beck et al. also identified derivatives of citrate or isocitrate as novel
inhibitors of the class D B-lactamase OXA-10 (34). Therefore, the
tartrate binding mode may provide valuable information for the
development of novel antibiotics.

Conclusions. We determined the crystal structure of bifunc-
tional class A PBP4 from L. monocytogenes, the first published PBP
structure from the pathogen. The structure comprises three dis-
tinct domains: a GT domain, a linker domain, and a TP domain.
However, the overall conformation is distinct from those of the
previously reported class A PBPs, indicating that interdomain
flexibility is an intrinsic property of class A PBPs. In this confor-
mation, the linker domain occupies the active-site cleft of the GT
domain; this finding supports the hypothesis that interdomain
flexibility is related to the regulation of GT domain activity. An-
other finding is that the tartrate molecule was observed in the
active site of the TP domain in the apo-form structure. All of the
residues involved in tartrate binding belong to the three conserved
motifs, which play a role in the recognition of B-lactam. In addi-
tion, the residues involved in tartrate binding are not reoriented
upon acylation of PBP4 by (-lactams. These structural observa-
tions indicate that the interaction mode of the tartrate molecule in
the active site resembles the core of the B-lactam antibiotics, and
the LmPBP4-tartrate structure might provide a foundation for the
design of a new type of antibiotic.
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