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ABSTRACT �-Lactam antibiotics that inhibit penicillin-binding proteins (PBPs)
have been widely used in the treatment of bacterial infections. However, the
molecular basis underlying the different inhibitory potencies of �-lactams against
specific PBPs is not fully understood. Here, we present the crystal structures of
penicillin-binding protein D2 (PBPD2) from Listeria monocytogenes, a Gram-positive
foodborne bacterial pathogen that causes listeriosis in humans. The acylated struc-
tures in complex with four antibiotics (penicillin G, ampicillin, cefotaxime, and cefu-
roxime) revealed that the �-lactam core structures were recognized by a common
set of residues; however, the R1 side chains of each antibiotic participate in different
interactions with PBPD2. In addition, the structural complementarities between the
side chains of �-lactams and the enzyme were found to be highly correlated with
the relative reactivities of penam or cephem antibiotics against PBPD2. Our study
provides the structural basis for the inhibition of PBPD2 by clinically important
�-lactam antibiotics that are commonly used in listeriosis treatment. Our findings
imply that the modification of �-lactam side chains based on structural complemen-
tarity could be useful for the development of potent inhibitors against �-lactam-
resistant PBPs.
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Peptidoglycan is a major component of the bacterial cell wall and plays critical roles
in maintaining cellular morphology and protecting cells against osmotic pressure.

The peptidoglycan layer of the cell wall is comprised of a polymeric repeating disac-
charide unit of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), cross-
linked by short stem peptides (1, 2). Peptidoglycan biosynthesis is mediated by the
following two essential enzymatic reactions: transglycosylation, which polymerizes
disaccharides to form the glycan chain, and transpeptidation, which leads to peptide
cross-linking between two adjacent glycan chains to generate a mesh-like structure (3).
Both transglycosylation and transpeptidation are catalyzed by penicillin-binding pro-
teins (PBPs). PBPs can be divided into two classes based on molecular weight, namely,
high-molecular-weight (HMW) PBPs and low-molecular-weight (LMW) PBPs. The HMW
PBPs can be further divided into class A and class B PBPs. Class A HMW PBPs are
bifunctional enzymes that catalyze both transglycosylation and transpeptidation reac-
tions via an N-terminal glycosyltransferase domain and a C-terminal transpeptidase (TP)
domain, respectively. Class B HMW PBPs exhibit only TP activity. LMW PBPs exhibit both
DD-carboxypeptidase and/or DD-endopeptidase activities to modulate the degree of
cross-linking of peptidoglycan (4) and are dispensable for bacterial growth in culture
media (2, 5, 6). PBPs are responsible for peptidoglycan synthesis, repair, and hydrolysis,
and for maintenance of the stability of the cell wall while allowing bacterial growth.
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PBPs are the molecular targets for the widely used �-lactam antibiotics, which
resemble the D-alanyl-D-alanine moiety of stem peptide substrates of the PBPs (7). The
reaction kinetics of PBPs with �-lactams or substrates is a second-order reaction that
proceeds in the following three steps (7). First, the enzyme (E) and �-lactam (I) form the
reversible noncovalent complex (EI), which has a dissociation constant of KD. Second,
the four-membered �-lactam ring is opened by the nucleophilic attack of the catalytic
serine of PBP, which proceeds at a rate constant of k2, to produce a covalent acyl-
enzyme complex (EI*). Third, the acyl-enzyme complex (EI*) is hydrolyzed at the rate
constant of k3 to regenerate the enzyme (E) and an inactivated product (P). In the case
of �-lactam, the acyl-enzyme complex is stably maintained because k3 has a relatively
low value, resulting in bacterial cell death. The molecular basis underlying the observed
differences in the potencies of various �-lactams against specific PBPs is not well
understood. Previous studies have reported that the efficacies of �-lactams are primar-
ily determined by the acylation rate rather than by the formation of the preacylation
complex (8). However, �-lactam efficacy can be improved by modifying the structure of
the side chain(s), thereby implying the critical role of noncovalent complex formation.
This hypothesis is further supported by the fact that improved efficacies of several
cephalosporins against PBP2a of methicillin-resistant Staphylococcus aureus (MRSA) are
highly correlated with the lower dissociation constant but not with higher acylation
rate (9). Therefore, understanding the molecular mechanisms responsible for the
inhibitory potencies of �-lactams is important for the design of novel antibiotics against
�-lactam-resistant pathogens.

Listeria monocytogenes is a Gram-positive foodborne bacterial pathogen that causes
a serious infection called listeriosis, which is associated with mortality rates that range
from 20% to 30% in humans and domestic animals (10, 11). The first-line treatment for
listeriosis is penicillin G or ampicillin, alone or in combination with aminoglycosides,
such as gentamicin, which have been demonstrated to enhance the bactericidal effect
of therapy (12). Notably, cephalosporins are not generally used to treat listeriosis
because L. monocytogenes strains are naturally resistant to these compounds, which
have high MIC values (13). L. monocytogenes is known to produce nine PBPs, which
were identified using the fluorescent antibiotic Bocillin FL and by genomic analysis (14).
Of these PBPs, penicillin-binding protein D2 (PBPD2) has been reported to be strongly
induced by the presence of antibiotics that target the cell wall, such as cefuroxime and
ampicillin, via two signaling pathways mediated by CesRK proteins (15, 16), which
suggests the possible engagement of this protein in antibiotic resistance of L. mono-
cytogenes. However, the mutant strains lacking the PBPD2 gene exert weak effects on
sensitivity to some antibiotics such as ampicillin (14). Although PBPD2 is classified
under the LMW PBPs and is dispensable for cell survival, mutant cells were observed
to have longer lengths with altered morphology because of the reduced DD-carboxy-
peptidase activity (14). Despite the clinical importance of L. monocytogenes, among the
L. monocytogenes PBPs, only PBP4 structures have been reported to date (17). Further
structural and biochemical analyses of other L. monocytogenes PBPs will be necessary
to provide a detailed knowledge of the therapeutic targets for the treatment of
listeriosis and to elucidate the mechanisms underlying the intrinsic cephalosporin
resistance of L. monocytogenes.

In the present study, we report the high-resolution crystal structures of PBPD2 from
L. monocytogenes (here LmPBPD2) in the apo form and the acylated form, in complex
with the following four antibiotics: penicillin G, ampicillin, cefotaxime, and cefuroxime.
We performed structural analysis of the acylated structures and binding assays for six
�-lactams against LmPBPD2, including the above four target antibiotics. The results
revealed that differences in the inhibitory potencies of the six �-lactam antibiotics were
correlated with the structural complementarity between �-lactam side chains and the
active-site groove. Our data provide a framework for understanding the role of PBPD2
in L. monocytogenes and elucidating the mechanisms underlying the observed differ-
ences in the reactivities of �-lactams against PBPD2.

Jeong et al. Antimicrobial Agents and Chemotherapy

September 2018 Volume 62 Issue 9 e00796-18 aac.asm.org 2

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
19

 M
ay

 2
02

3 
by

 1
3.

52
.1

79
.3

5.

http://aac.asm.org


RESULTS AND DISCUSSION
Relative reactivities of �-lactams against LmPBPD2. The relative reactivities of

�-lactams against an N-terminally truncated form of LmPBPD2 (residues 21 to 272) were
evaluated. Three penam antibiotics (penicillin G, ampicillin, and carbenicillin) and three
cephem antibiotics (cefotaxime, cefuroxime, and ceftazidime) were selected for analysis.
The penams differ only in the composition of the R1 side chain, while the cephems differ
in the structures of both the R1 and R2 side chains (Fig. 1). The half maximal inhibitory
concentration (IC50) of each �-lactam antibiotic was determined via SDS-PAGE-based
competition assays using the fluorescent penicillin Bocillin FL (Fig. 1). Among the penams
and cephems, penicillin G (IC50, 7.3 �M) and cefotaxime (IC50, 8.2 �M) showed the highest
reactivities against LmPBPD2, respectively. Notably, carbenicillin (IC50, 723 �M) and cefta-
zidime (IC50, 1,075 �M) showed extremely weak reactivity relative to that of the other
antibiotics. Concerning the relative reactivities of the penams, the sizes of the chemical
groups in the �-carbon of the R1 side chain were found to be inversely related to the
reactivity against LmPBPD2. The carboxylate group at the �-carbon of carbenicillin is
relatively larger than the amine group of ampicillin and the hydrogen of penicillin G at the
same position. Interestingly, similar observations were found in cephems. Ceftazidime
differs from the other two cephems by the structure of the R1 side chain containing the
dimethyl/carboxylate moiety, which is considerably larger than the corresponding side
chains in cefotaxime or cefuroxime. In addition, the R2 side chain of cephems could also
affect antibiotic reactivity. The above findings indicated that the interactions of the
�-lactams side chain(s) with the enzyme could be one of the primary factors influencing the
reactivity of �-lactams against LmPBPD2.

Overall structure. To examine the interactions between the antibiotics and
LmPBPD2, we crystallized LmPBPD2 in the apo form and four acylated forms in complex
with the following different antibiotics: penicillin G, ampicillin, cefotaxime, and cefu-
roxime (Table 1). All of our trials using the soaking method did not generate suitable
acylated structures, even with prolonged incubation in high concentrations of antibi-
otics. Therefore, the crystals of all the acylated forms were obtained by the cocrystal-
lization method. The asymmetric unit of apo-LmPBPD2 contained one molecule, while
the asymmetric units of acylated LmPBPD2 interacting with penams and cephems
contained four and eight molecules, respectively. Analysis of crystal packing and
protein interfaces does not support the formation of oligomers, which is consistent

FIG 1 Inhibition of LmPBPD2 with three penams (A) and three cephems (B). The y axis represents the relative intensity of the Bocillin FL
fluorescence, while the x axis represents the logarithmic concentration of the antibiotic. The IC50 values were determined via SDS-PAGE-
based Bocillin FL competition assays. Error bars indicate standard deviations based on three independent experiments. IC50 values
represent the concentration of unlabeled antibiotics required to reduce the binding of Bocillin FL by 50%. The chemical structures of the
�-lactam antibiotics that were used in the present study are shown above the graphs.
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with the result of size exclusion chromatography, in which the purified enzyme was
found to be monomeric in solution (data not shown). The refined LmPBPD2 structures
represented the entire LmPBPD2 molecule (residues 24 to 270), and the quality of the
final models was verified using MolProbity software (18).

Homology searches in the Dali server revealed that LmPBPD2 shares the highest
similarities with the TP domains of the LMW PBPs Escherichia coli PBP6 (EcPBP6) (PDB
ID 3IT9) and EcPBP5 (PDB ID 1NZO), with root mean square deviation (RMSD) values of
2.0 Å and 1.9 Å for 240 residues, respectively (19, 20). LmPBPD2 folds into a compact
single-domain structure comprising two subdomains, an �/�-subdomain and an
�-helical subdomain (Fig. 2A). The �/�-subdomain is formed by a central core of a
five-stranded antiparallel �-sheet (�3-�4-�5-�1-�2), which is sandwiched between two
helices, �8 on one side and �11 on the opposite side of the sheet. The �-helical
subdomain consists of a central helix, �2, surrounded by �4 to �6, �9, and two
additional �-hairpins (�2a-�2b and �2c-�2d).

Active site. The active site of apo-LmPBPD2 shows a canonical conformation that is
observed in other LMW PBPs, suggesting that the enzyme is catalytically competent.
The three conserved SXXK, SXN, and KTG motifs characterizing the active site form an
extensive hydrogen-bonding network (Fig. 2B). The nucleophilic Ser58 in the SXXK
motif (S58-L59-S60-K61) is positioned favorably for acylation reaction to form an ester
bond with the peptide substrate or with �-lactam antibiotics. The general base Lys61N�

forms a hydrogen bond with Ser58O� at a distance of 2.6 Å, and their conformations
are nearly identical to those of EcPBP6 and EcPBP5 (19, 20). Lys61 also forms two
additional hydrogen bonds with Asn120O�1 (2.9 Å) in the SXN motif (S118-A119-N120),
which is located in the loop connecting �4 and �5, and with the backbone carbonyl
oxygen atom of Ser158 (3.0 Å). Based on the three hydrogen-bonding interactions and
the crystallization conditions at pH 8.0, the terminal amine group of Lys61 is likely to
exist in a protonation state, which is necessary for deprotonation of the catalytic Ser58
residue for initiating the acylation reaction. The other conserved Lys222 residue, which
is located at the third KTG motif (K222-T223-G224), also participates in three hydrogen

TABLE 1 Data collection and refinement statistics

Parameter LmPBPD2 (apo)

LmPBPD2 (acylated) in complex with:

Penicillin G Ampicillin Cefotaxime Cefuroxime

Data collection
Space group P212121 P21 P21 P21 P21

Cell dimensions
a, b, c (Å) 37.7, 74.6, 75.0 74.7, 98.9, 77.5 74.9, 98.9, 77.4 74.9, 98.7, 154.6 75.0, 99.3, 155.1
�, �, � (°) 90, 90, 90 90, 104.3, 90 90, 104.2, 90 90, 103.9, 90 90, 103.9, 90

Resolution (Å) 40–1.6 30–1.9 30–1.7 30–1.9 30–2.0
Rsym

b (%) 8.8 (33.1)a 14.6 (47.2) 10.3 (29.3) 14.6 (43.9) 12.7 (47.5)
I/� (I) 34.3 (4.3) 19.8 (4.6) 17.7 (2.2) 6.6 (1.8) 11.7 (2.7)
Completeness (%) 98.2 (79) 98.4 (97.4) 92.8 (85.2) 97.4 (96.4) 99.8 (99.7)
Redundancy 5.8 (3.4) 6.5 (6.5) 3.9 (2.5) 3.3 (3.4) 6.1 (5.9)

Structure refinement
Resolution (Å) 37.3–1.6 30.0–1.9 30.0–1.7 30–2.0 30.0–2.0
No. of reflections 30,732 84,570 110,752 170,471 136,600
Rwork/Rfree

c 16.5/18.9 21.6/24.9 22.9/25.9 21.7/24.0 20.0/23.5
RMSD (bond lengths [Å]/angles [°]) 0.006/1.01 0.007/0.88 0.006/0.86 0.007/0.83 0.007/0.85
Average B-factor (Å2) 14.8 21.6 23.6 19.2 16.1

MolProbity statistics
Ramachandran favored/outlier (%) 98.8/0 98.4/0 98.1/0 97.13/0 97.4/0
Rotamer outlier (%) 0 1.47 0.97 0.06 0
Clashscored 1.32 8.29 3.75 2.93 5.23
Overall scored 0.86 1.58 1.16 1.24 1.41

aThe numbers in parentheses are statistics from the highest-resolution shell.
bRsym � � |Iobs � Iavg|/Iobs, where Iobs is the observed intensity of individual reflection and Iavg is the average over symmetry equivalents.
cRwork � � ||Fo| � |Fc||/� |Fo|, where |Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively. Rfree was calculated with 5% of the data.
dScores are ranked according to structures of similar resolution as formulated in MolProbity software.
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bonds, one with Ser118O� (2.9 Å) in the SXN motif, one with the backbone carbonyl of
Thr223 (2.9 Å), and one with a water molecule that mediates hydrogen-bonding
interactions with Thr208 and the backbone carbonyl of Leu115 (2.8 Å). As demon-
strated with other PBPs the hydrogen-bonding network of the conserved residues
could contribute to proton transfer during catalysis by LmPBPD2 (21, 22).

Active site flexibility associated with acylation. To determine the effects of
acylation on LmPBPD2, the acylated structures were superimposed on the apo struc-

FIG 2 Structure of PBPD2 from L. monocytogenes. (A) Ribbon representation of the apo-LmPBPD2 structure. The secondary
structural elements are labeled according to Pares et al. (34) and Lobkovsky et al. (35). The catalytic Ser58 residue is represented
as a purple sphere. (B) Stereo view of 2Fo-Fc electron density (1.0 �) of active-site residues, including the three conserved motifs.
Water molecules are shown as red spheres, and hydrogen bonds are shown as black dashed lines. (C) Multiple-sequence
alignment and secondary structure assignment of LmPBPD2 and its representative structural homologs, LmPBPD2 (Uniprot
accession number Q8Y3M3), EcPBP5 (accession number P0AEB3), and EcPBP6 (accession number P08506). Red characters
indicate the amino acids that are conserved among the three proteins. The three conserved motifs of the active site and the
flexible loops that participate in substrate access are highlighted by red rectangular boxes and a dashed line box, respectively.
Residues interacting with �-lactams are designated with black triangles.
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ture. The pairwise RMSD ranged from 0.35 to 0.47 Å between the C� atoms of the apo
structure and those of the acylated structures, indicating that acylation does not alter
the overall conformation of the LmPBPD2 structure. However, a local conformational
change was observed around the active-site groove with movement of the �2a-�2b
loop region (residues 88 to 94), which was also observed to be a flexible region based
on pairwise comparisons between the acylated structures. For example, the C� atom of
Ala93 in the loop moves by approximately 7.3 Å toward the outward direction in the
cefotaxime-bound structure (molecule F) compared to that of the apo structure (Fig. 3).
This way, the steric clash between Val94 and the bound cefotaxime could be avoided.
Although the degree of movement of the �2a-�2b loop by acylation varies for each of
the acylated structures, all �-lactam-bound structures showed the same direction of
loop movement, which increases the volume of the active site pocket. The correspond-
ing �2a-�2b loop in the apo-form crystal is involved in the crystallographic packing
interaction. Therefore, the entrance to the active-site pocket cannot be widened to
allow access to the antibiotics. The above observations explain why acylated structures
were not successfully obtained via the soaking experiments, and also suggest that the
flexibility of the �2a-�2b loop could play a critical role in substrate access to the active
site. Indeed, the corresponding loop region of the LMW PBPs, including EcPBP5 or
EcPBP6, has also been suggested to be involved in substrate recognition and product
release during the catalytic process (19, 21).

Molecular basis of the penams binding. The hydrogen-bonding interactions be-
tween LmPBPD2 and the two penams are almost identical (Fig. 4A and B). In both acylated
structures, the carbonyl oxygen of the �-lactam, which forms an oxyanion during the
acylation reaction, is located in the oxyanion hole formed by the backbone NH groups of
Ser58 and Phe225. The C3 carboxylate group of �-lactam forms a salt bridge with the side
chain of Arg257 and forms a hydrogen bond with the side chain of Thr223. The amide
groups of penams form two hydrogen bonds with the backbone carbonyl group of Phe225
and the side chain of Asn120, mimicking the anti-parallel �-sheet.

The bound forms of penicillin G and ampicillin differ based on the conformation of
the benzyl group in the R1 side chain (Fig. 4A and B). The benzyl group of penicillin G
forms van der Waals interactions with Ser92 and Ala93 in the �2a-�2b loop region,
while that of ampicillin has little contact with the same loop region. Indeed, the loop
regions of the penicillin G-bound structures were found to be considerably more
ordered relative to those of the ampicillin-bound structures, in which the electron
density is almost absent. Therefore, we speculated that the conformation of the benzyl
group could be related to the reactivity difference between penicillin G and ampicillin
toward LmPBPD2. To verify our hypothesis, we conducted a modeling experiment to
determine whether the benzyl group of ampicillin can adopt the same conformation as
that of penicillin G in the acylated complex. In the model, the R1 amine group of
ampicillin, which is the only chemical difference between penicillin G and ampicillin,
causes steric hindrance with the side chain of Thr226 in the �3-�4 loop. This finding
indicated that, unlike penicillin G, ampicillin cannot be accommodated in the active-site
groove under the energetically favorable conformation. The above structural observa-
tions could explain why penicillin G reactivity is higher than that of ampicillin, as shown
by the results of the SDS-PAGE competition assay. Although the acylated structures
cannot provide relevant information on the interactions of the �-lactam side chain
during the preacylation complex formation as discussed in previous studies (23), the
narrow active-site groove of LmPBPD2 could also restrict the accessible conformation
of antibiotic molecules prior to the acylation step.

Among the three penams tested, carbenicillin exhibited almost 100-fold lower
reactivity against LmPBPD2 than did penicillin G (Fig. 1A). Although the acylated
structure with carbenicillin was not obtained, carbenicillin-bound models could be built
by superposing the carbenicillin onto the penicillin G-bound and ampicillin-bound
structures. The two models show steric clashes between the R1 carboxylate group of
carbenicillin and Thr226 or Phe225, when the R1 benzyl group of carbenicillin has the
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same conformation as that of ampicillin or penicillin G, respectively (Fig. 4C). Therefore,
steric hindrance caused by the carboxylate group of carbenicillin could limit the
accessibility of antibiotics into the narrow active-site groove of LmPBPD2, thereby
weakening the inhibitory potency of carbenicillin.

FIG 3 Conformational flexibility of the �2a-�2b loop. The apo form is superposed on the acylated
LmPBPD2 (cefotaxime bound; molecule F). The apo form is colored in gray, and the acylated structure is
colored in cyan; both structures are shown as a ribbon model. The cefotaxime molecule is shown as a
stick model with green C atoms. The loop residue Val94, which causes a steric hindrance with cefotaxime,
is presented as a stick model.

FIG 4 Interactions of LmPBPD2 with �-lactam antibiotics. Protein residues interacting with �-lactams are
shown as a stick model in cyan. The Ser58 residues are shown in yellow, and the antibiotics are shown
in green. Water molecules and hydrogen bonds are shown as red spheres and black dashed lines,
respectively. Electron density maps (2Fo-Fc) covering acylated lactams are shown at a 1-� contour level
(A to D). (A) Penicillin G in the acyl-enzyme complex (molecule A). (B) Ampicillin in the acyl-enzyme
complex (molecule A). (C) Steric hindrance of carbenicillin to the active site of LmPBPD2. The R1 side
chain of carbenicillin is modeled based on the structure of the ampicillin-bound form and is shown as
a stick model. The molecular surface corresponds to the volume of the �-lactam. The residues causing
steric clashes are shown as a stick model. (D) Cefotaxime in the acyl-enzyme complex (molecule A). (E)
Cefuroxime in the acyl-enzyme complex (molecule A). (F) Steric hindrance of ceftazidime to the active site
of LmPBPD2. The bulky R1 side chain of ceftazidime is modeled based on the structure of the
cefotaxime-acylated form. Molecules are presented as described in the legend of Fig. 4C.

Crystal Structures of Listeria PBPD2 Antimicrobial Agents and Chemotherapy

September 2018 Volume 62 Issue 9 e00796-18 aac.asm.org 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
19

 M
ay

 2
02

3 
by

 1
3.

52
.1

79
.3

5.

http://aac.asm.org


Molecular basis of the cephems binding. The electron density maps of cefotaxime
and cefuroxime are well resolved for all molecules, except for the R2 side chain (Fig. 4D
and E). The R2 side chain appears to be released during the catalytic opening of the
�-lactam ring, by which a methylene group is formed on the end of the thiazine ring,
as observed in other cephalosporin-acylated forms (24). Superposition of all of the
acylated structures revealed that the conformations of the residues that participate in
hydrogen-bonding interactions with penicillin G or ampicillin were unchanged in the
complex structures of the cefotaxime and cefuroxime, and most of the hydrogen-
bonding interactions were conserved, except for that formed by Arg257 (Fig. 4D and E).
The carboxylate group of the dihydrothiazine in the cephems forms a bidentate
interaction with the side chain of Arg257, while those of the penams form one
hydrogen bond with Arg257. In addition, the R1 side chain of the two cephems
participates in hydrophobic interactions with Phe225 in a face-to-edge manner. The
only apparent difference between the two cephems is that the amine group of the
thiazolidine ring of cefotaxime forms a water-mediated hydrogen bond with the side
chain of Tyr231, which is not observed in cefuroxime. Therefore, we speculated that this
hydrogen bond is responsible for the stronger reactivity of cefotaxime against
LmPBPD2 than that of cefuroxime.

To confirm our speculation, a Y231F mutant was used to measure the relative
reactivities of cefotaxime and cefuroxime under the same experimental conditions. The
Y231F mutation increased the IC50 of cefotaxime by 1.5-fold, but not that of cefuroxime
(Fig. 1B). These observations indicated that the water-mediated hydrogen bond par-
tially contributes to the reactivity of cefotaxime. The IC50 of cefotaxime against the
Y231F mutant was 5-fold lower than that of cefuroxime, indicating that the different
inhibitory potencies of the two cephems cannot be fully explained by the acylated
structures as mentioned above (23). The differences in inhibitory potencies between
cefotaxime and cefuroxime could also be attributed to the structural complementarity
between the R2 side chain of the cephem and the enzyme during the formation of the
preacylation complex.

Ceftazidime, a third-generation cephalosporin, is clinically effective and safe for the
treatment of many nosocomial bacterial infections, including Pseudomonas infection (25).
However, the inhibitory activity of ceftazidime against LmPBPD2 was observed to be 130
times lower than that of cefotaxime (Fig. 1B). As mentioned above, the major structural
difference between ceftazidime and cefotaxime is the presence of the bulky dimethyl/
carboxylate moiety of the R1 side chain in ceftazidime, which is replaced by the small
methyl group in cefotaxime. Although the acylated structure with ceftazidime was not
obtained, a model for the bulky dimethyl/carboxylate moiety could be built by substituting
the methyl group of the oxime of the cefotaxime-bound structures, which can be used to
understand the molecule bases of the observed difference in inhibitory potencies. In our
ceftazidime-bound model, the dimethyl/carboxylate moiety caused steric hindrance with
the Leu160, Asp161, and Thr226 residues located in the active-site groove in any rotameric
conformation, which explains the extremely low reactivity against LmPBPD2 (Fig. 4F).
Therefore, ceftazidime could not access the active site without the large structural rear-
rangement of the active site groove, which requires energy, as shown in the case of
carbenicillin. Meanwhile, the differences in inhibitory potencies between penams and
cephems cannot be rationalized based on the analysis of the acylated structures because
of the differences in the �-lactam core structures, which can induce distinct conformational
changes in the side chain(s) during cleavage of the �-lactam ring (26).

Conclusion. In the present study, the crystal structure of DD-carboxypeptidase PBPD2
from L. monocytogenes was determined, and it represents the second published PBP
structure from this important pathogen. The relative reactivities of three penams (penicillin
G, ampicillin, and carbenicillin) and three cephems (cefotaxime, cefuroxime, and ceftazi-
dime) were measured via SDS-PAGE-based competition assays using Bocillin FL, and the
binding modes of four antibiotics (penicillin G, ampicillin, cefotaxime, and cefuroxime) were
determined based on the obtained acylated crystal structures. In the acylated structures,
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the �-lactam core structures, including the four-membered cyclic amide and the thiazoli-
dine ring for penams or the dihydrothiazine ring for cephems, are recognized by a common
set of residues in LmPBPD2. However, the R1 side chain of each antibiotic adopts different
conformations in the active-site groove, leading to different interactions with the enzyme.
Interestingly, the degree of structural complementarity between the R1 side chains of
antibiotics and the active-site groove of LmPBPD2 is highly correlated with the relative
reactivity, at least within the same �-lactam class sharing the core structure. In particular,
the significantly lower inhibitory potencies of both ceftazidime and carbenicillin against
LmPBPD2 can be explained by the steric hindrance caused by the bulky R1 side chains of
these antibiotics. Our current findings suggested that the structural complementarity
between the side chain(s) of �-lactam and the enzyme is a primary factor that contributes
to the reactivity of �-lactams against LmPBPD2. Therefore, modifications of the interactions
between specific side chains of �-lactams and their target enzymes can significantly
improve the inhibitory potencies of the inhibitors against pathogens, including �-lactam-
resistant pathogens.

MATERIALS AND METHODS
Protein expression and purification. LmPBPD2 was expressed and purified as previously described

(27). Briefly, LmPBPD2 was expressed as an N-terminal His6-tagged fusion protein in the Escherichia coli
BL21(DE3)RIL strain. The protein sample was purified using a Ni-nitrilotriacetic acid (NTA) resin-based
chromatography column and treated with tobacco etch virus (TEV) protease to remove the hexahistidine
tag. The protein was further purified on a HiTrap Q anion exchange column followed by that on a
Superdex 200 column equilibrated with 10 mM Tris-HCl (pH 8.0) and 100 mM NaCl. The fractions
containing LmPBPD2 were pooled and concentrated to 20 mg · ml�1. Aliquots were flash frozen in liquid
nitrogen and stored at 200 K for later use in crystallization and biochemical experiments. Site-directed
mutagenesis was performed using the QuikChange kit (Stratagene) according to the manufacturer’s
instructions. The Y231F mutation was confirmed by sequencing, and the mutant protein was expressed
and purified by the same method described above.

Crystallization and structure determination. Apo-LmPBPD2 crystals were obtained via the sitting-
drop vapor-diffusion method, as previously described (27). The crystallization conditions for the apo form
were 20% (wt/vol) polyethylene glycol (PEG) 3350 and 0.2 M potassium chloride. The acylated forms were
obtained by cocrystallization experiments. Crystals of ampicillin-bound or penicillin G-bound complexes
were grown at 22°C via the sitting-drop vapor-diffusion method by mixing and equilibrating 2 �l of each
protein solution and a precipitant solution containing 0.2 M sodium formate, 20% (wt/vol) PEG 3350, and
5 mM (each) of the target �-lactam antibiotics. Crystals of cefotaxime or cefuroxime-bound complexes
were grown in solution containing 0.1 M Tris-HCl (pH 8.0), 25% (wt/vol) PEG 3350, 0.2 M sodium chloride,
and 5 mM (each) the target �-lactam antibiotics. For data collection, the crystals were briefly immersed
in the same precipitant containing an additional 15% glycerol and immediately placed in a 100-K
nitrogen gas stream. X-ray diffraction data were collected for the apo form on beamline BL-1A of the
Photon Factory (Japan), and data sets for the acylated forms were collected on beamline BL-5C of Pohang
Light Source-II (Republic of Korea). All data were processed with HKL2000 (28). The apo-LmPBPD2
structure was determined by molecular replacement using Phaser (29). The TP domain structure of PBP6
from E. coli (PDB code 3IT9) was used as a search model. Model building and refinement were performed
using Coot (30) and the Phenix package (31), respectively. The acylated structures were determined by
molecular replacement using Phaser with the apo-LmPBPD2 structure as the starting model. The
structures were rebuilt and refined in the same manner. The X-ray diffraction and structure refinement
statistics are summarized in Table 1.

SDS-PAGE-based competition assays. To assess the reactivity of �-lactams against LmPBPD2,
SDS-PAGE-based competition assays using the fluorescent penicillin Bocillin FL were performed as
previously described (32). Briefly, all reagents were diluted in reaction buffer (50 mM Tris-HCl [pH 8.0] and
100 mM NaCl) prior to use. The competition experiments were carried out by incubating 1 �M LmPBPD2
with various concentrations (0.05 to 10,000 �M) of unlabeled antibiotics (penicillin G, ampicillin,
carbenicillin, cefotaxime, cefuroxime, and ceftazidime) in the presence of 10 �M Bocillin FL for 10 min at
22°C. Reactions were performed in aliquots and quenched by mixing with SDS-PAGE loading buffer.
Samples were then separated by SDS-PAGE. The fluorescent-labeled proteins were visualized using a
ChemiDoc X-ray spectrometry (XRS) imager (Bio-Rad) using a fluorescence emission filter (520 nm).
Densitometry analysis was performed using ImageJ (33). The data points were normalized to the
maximum value of the fluorescence intensity representing the complete saturation of LmPBPD2 by
Bocillin FL. The half maximal inhibitory concentration (IC50), which is defined as the drug concentration
at which 50% of the binding of Bocillin FL to LmPBPD2 is blocked, was calculated using Prism software
(GraphPad Software, Inc.). At least three independent measurements were performed for each �-lactam
concentration. In addition, the reactivity of cefotaxime or cefuroxime against the Y231F mutant was
measured as described above.

Accession number(s). The atomic coordinates and structure factors described here were deposited
in the Protein Data Bank under PDB IDs 5ZQA (apo form), 5ZQB (penicillin G bound), 5ZQC (ampicillin
bound), 5ZQD (cefotaxime bound), and 5ZQE (cefuroxime bound).
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