
Active site restructuring regulates ligand recognition
in class A penicillin-binding proteins
Pauline Macheboeuf†, Anne Marie Di Guilmi‡, Viviana Job†, Thierry Vernet‡, Otto Dideberg†, and Andréa Dessen†§
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Bacterial cell division is a complex, multimolecular process that
requires biosynthesis of new peptidoglycan by penicillin-binding
proteins (PBPs) during cell wall elongation and septum formation
steps. Streptococcus pneumoniae has three bifunctional (class A)
PBPs that catalyze both polymerization of glycan chains (glycosyl-
transfer) and cross-linking of pentapeptidic bridges (transpeptida-
tion) during the peptidoglycan biosynthetic process. In addition to
playing important roles in cell division, PBPs are also the targets for
�-lactam antibiotics and thus play key roles in drug-resistance
mechanisms. The crystal structure of a soluble form of pneumo-
coccal PBP1b (PBP1b*) has been solved to 1.9 Å, thus providing
previously undescribed structural information regarding a class A
PBP from any organism. PBP1b* is a three-domain molecule har-
boring a short peptide from the glycosyltransferase domain bound
to an interdomain linker region, the transpeptidase domain, and a
C-terminal region. The structure of PBP1b* complexed with �-lac-
tam antibiotics reveals that ligand recognition requires a confor-
mational modification involving conserved elements within the
cleft. The open and closed structures of PBP1b* suggest how class
A PBPs may become activated as novel peptidoglycan synthesis
becomes necessary during the cell division process. In addition, this
structure provides an initial framework for the understanding of
the role of class A PBPs in the development of antibiotic resistance.

antibiotic � cell wall � transpeptidase � glycosyltransferase

S treptococcus pneumoniae is a major human pathogen, being the
causative agent of pneumonia and meningitis, which victimize

�1 million individuals yearly, especially in developing countries.
Treatment of such infections has, for �60 years, depended on
�-lactam antibiotics, which perturb the cell wall biosynthetic ma-
chinery by targeting penicillin-binding proteins (PBPs). PBPs cat-
alyze the last steps in the synthesis of the peptidoglycan, a 3D
cross-linked mesh composed of repeating disaccharide units linked
to peptidic bridges (1); stability of the peptidoglycan not only is
necessary for bacterial shape and morphology, but its synthesis is an
absolute requirement for normal cell division and growth processes.
Thus, targeting of the peptidoglycan biosynthetic machinery by
�-lactams often leads to cell lysis and death.

The dissection of the functions of PBPs within growth and
division processes has proven to be challenging in microorganisms
such as Escherichia coli, which has 12 PBPs, and Bacillus subtilis,
whose 7 PBPs also participate in sporulation. S. pneumoniae has six
PBPs, three of which catalyze both glycosyltransfer and transpep-
tidation of the peptidoglycan (PBPs 1a, 1b, and 2a; class A), two of
which catalyze uniquely the transpeptidation reaction (PBPs 2x and
2b; class B), and PBP3, which acts as a D,D-carboxypeptidase (2).

In the bacterial cell cycle, peptidoglycan synthesis occurs during
two major stages: wall elongation and cell division, or septation.
Septation starts once FtsZ, the bacterial homolog of tubulin,
polymerizes in the form of a contractile ring at the future division
site, and �12 proteins are recruited subsequently in a defined order
at the site of the constricting ring (3). Each of the two processes has
been shown to specifically require one class A and one class B PBP:
The elongation process involves PBP2a and PBP2b in S. pneu-
moniae, whereas division involves PBP1a and PBP2x. In S. pneu-

moniae, PBP1b, the third class A molecule, was shown to participate
both in elongation and septation but never in the same cell (4); in
addition, inactivation of PBP1b together with either of the two
other class A enzymes yielded viable strains with defects in septum
positioning (5) or that displayed slower growth than the wild-type
(WT) strain (6). These observations suggest that there is a precise,
but not yet fully understood, role for class A PBPs in the cell-
division process.

Class A PBPs are membrane-associated enzymes that harbor
both glycosyltransferase (GT) and transpeptidase (TP) activities on
the same polypeptide in the form of distinct domains identifiable by
classic motifs. Thus, these enzymes are optimally constructed to
catalyze the concerted polymerization of N-acetylmuramic acid-�-
1,4-GlcNAc moieties and cross-linking of stem peptides by employ-
ing the periplasmically located lipid II as substrate (2). The GT
domain is of particular interest because it may harbor a yet-
uncharacterized fold and thus could be a novel potential antibac-
terial development target (7). In addition, certain class A PBPs are
involved in the development of antibiotic resistance (8–10). Despite
their importance in cell division and antibiotic-resistance processes,
as well as their potential application in the drug-development
industry, structural information regarding class A PBPs has to date
remained elusive. In this work, we report the crystal structure of a
class A PBP, that of a soluble form of PBP1b (PBP1b*) from S.
pneumoniae. PBP1b* harbors a short peptide from the N terminus
of the GT domain, the entire interdomain junction region, and the
TP domain, followed by a small C-terminal region. Interestingly,
PBP1b* displays a closed, inaccessible active cleft in the absence of
ligand, whereas a large conformational modification, involving loop
movement and repositioning of key catalytic elements, is observed
in the active site in the presence of antibiotics. These observations
suggest that PBPs may exist in inactive conformations during phases
of the cell-division cycle in which they do not participate, becoming
activated only as needed. In addition, the structure also provides
insight into drug-resistance mechanisms generated by mutant class
A PBPs.

Materials and Methods
Sample Preparation. PBP1b* was purified as described in ref. 11.
This procedure generated a protein product with three proteolytic
sites (following Arg-336, -686, and -687). These sites were mutated
into glutamines (QuikChange, Stratagene), and mutant protein was
purified by employing the same strategy as described for the WT
enzyme. This preparation, henceforth called PBP1b*, contained
peptides Asp-101–Arg-125 and Gly-306–Pro-791 (verified by N-
terminal sequencing and native mass spectrometry) and was used
for crystallization trials.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: PBP, penicillin binding protein; GT, glycosyltransferase; TP, transpeptidase;
S2d, N-benzoyl-D-alanylmercaptoacetic acid.
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Crystallization and Data Collection. Crystals of PBP1b* were ob-
tained by the hanging-drop vapor-diffusion method by mixing 1 �l
of the protein sample (6.4 mg�ml in 20 mM Hepes, pH 7.0�100 mM
NaCl�1 mM EDTA) with 1 �l of 50 mM Hepes, pH 7.0�0.8 M
(NH4)2SO4�2.8 M NaCl at 15°C. Before data collection, each
crystal was briefly immersed in a cryoprotectant solution contain-
ing 20% ethylene glycol and flash-cooled in liquid nitrogen. A
native data set was collected to 1.9 Å at the European Synchrotron
Radiation Facility BM30 beamline (Grenoble); crystals belonged to
space group C2221.

Selenomethionine-derivatized PBP1b* crystals were grown in
conditions similar to those used for the native protein. No antibi-
otic-complexed crystals were obtained by either (i) incubating
native crystals in the presence of high amounts of antibiotics, or (ii)
attempting to cocrystallize PBP1b* with different antibiotics. Ni-
trocefin- and cefotaxime-soaked crystals were obtained only after
washing native crystals that had been complexed previously to
N-benzoyl-D-alanylmercaptoacetic acid (S2d) in ligand-free mother
liquor and subsequently incubating them with 3 �l of 633 �M
nitrocefin or 320 �M cefotaxime for 3 h. S2d-complexed crystals

Fig. 1. Sequence alignment of class A PBPs from S. pneumoniae, strain R6. The secondary structure elements of PBP1b* are shown over the sequences. Conserved
motifs are shown inside red boxes. The three mutations introduced into PBP1b are identified with red ‘‘X’’ marks. The beginning and ends of the full-length clone
are shown with #. Residues mutated in a PBP1a from streptococcal clinical resistant strain 8303 (described in ref. 9) are surrounded by green boxes; mutations
are shown underneath.
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were obtained by mixing 16 �l of PBP1b* (12.7 mg�ml in 20 mM
Hepes, pH 7.0�100 mM NaCl�1 mM EDTA) with 8 �l of 15 mM
S2d and allowing a 5-min reaction time. Subsequently, 1 �l of the
protein�S2d mixture was mixed with 1 �l of 50 mM Hepes (pH 7.0),
0.8 M (NH4)2SO4, and 2.8 M NaCl at 15°C, and crystals were
obtained by the hanging-drop vapor-diffusion method using the
latter solution as mother liquor. Cryoprotection was performed in
12% ethylene glycol. Data were collected at European Synchrotron
Radiation Facility beamlines BM30 (S2d, nitrocefin) and ID14-
EH2 (cefotaxime). All data were processed with the programs
DENZO and SCALEPACK (12).

Determination of Native and Complex Structures. The structure of
PBP1b* was solved by multiple anomalous dispersion by using data
collected on the Se edge. We located 16 Se sites in the asymmetric
unit and used them for phase determination at 2.4 Å with the
program SOLVE (13); phases were subsequently improved, and
solvent flattening was performed with the program RESOLVE (14).
A model constructed into this electron density map was used in a
molecular replacement experiment with the 1.9-Å data set (AMORE;
ref. 15). Energy minimization, temperature factor refinement, and
simulated annealing steps were performed with the program CNS
(16), and manual model improvement was achieved with the
program QUANTA (Molecular Simulations, Waltham, MA). Struc-
tures of S2d- and antibiotic-complexed crystals were solved by
employing the 1.9-Å-data-derived model that lacked the active site
gorge, including �3, �4, �4, �5, and the N-terminal region of �2
(15). The S2d complex structure showed poor ligand density and
thus is not further discussed. However, these crystals were useful for

the preparation of complexes with antibiotics, because direct soak-
ing or cocrystallization attempts of PBP1b* with �-lactams were
unsuccessful. The native, nitrocefin, and cefotaxime structures
displayed 99.4%, 99.3%, and 98% of the nonglycine residues,
respectively, in the most favored and allowed regions of the
Ramachandran plot (PROCHECK; ref. 17). Molecule B in the
PBP1b*-cefotaxime structure lacks 20 residues at the N termini of
Ha and Hb. Statistics for data collection and structure refinement
are included in Supporting Text and Tables 2 and 3, which are
published as supporting information on the PNAS web site.

Results
Overall Structure. PBP1b from S. pneumoniae contains a short
cytoplasmic region and an N-terminal membrane anchor, followed
by a 25-kDa GT joined to a 50-kDa TP domain through a long
linker region (Fig. 1). In the absence of diffracting crystals of the
full-length, soluble form of PBP1b, attempts were made to produce
a stable form through trypsinolysis of the molecule. This procedure
generated a soluble fragment with three internal cleavage sites (11),
which yielded only microcrystalline precipitate. Mutagenesis of
these sites yielded a stable form of PBP1b (PBP1b*) that produced
high-quality crystals that were used for structure determination by
multiple anomalous dispersion using selenomethionyl-substituted
protein. The crystallized PBP1b* is composed of two associated
polypeptides: Gly-306–Pro-791, which encompasses the GT�TP
junction region (residues 306–396), the TP domain (residues 397–
710), and a small C-terminal region (residues 711–791); and Asp-
101–Arg-125, a peptide derived from the N terminus of the GT
domain that remained bound to the rest of the molecule after
tryptic cleavage and purification.

PBP1b* is a three-domain molecule: the N-terminal domain
contains the GT peptide and the GT�TP interdomain region (red
in Figs. 1 and 2); the central region harbors the TP domain (blue
in Figs. 1 and 2); and at the C terminus there is small, �-strand-rich
terminal region (green in Figs. 1 and 2) with no structural similarity
in searched databases. At the N terminus, the GT peptide (of which
only residues 105–119 are traceable) folds into two short � strands
(�a and �b; orange in Fig. 2), which are part of a five-stranded �
sheet, with other strands being contributed by the TP domain. The

Fig. 2. Tertiary fold of PBP1b*. The TP domain (center, blue) is flanked by the
GT�TP interdomain region (red) and a peptide from the GT domain (top,
orange) as well as the C-terminal domain (bottom, green). From this point of
view, the active site is located between �3 and �4. The residues that are not
visible in the electron density map are represented as dotted lines.

Fig. 3. Surface representation of PBP1b*, with the GT�TP interdomain linker
region shown as a red C�. Hydrophobic residues are shown in green.
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GT�TP interdomain region is composed of two perpendicular
helices (Ha�Hb) separated by a turn. Interestingly, Ha�Hb is
stabilized by a hydrophobic funnel (green in Fig. 3) generated by
residues Leu-426, Phe-452, Ile-586, Val-597, and Tyr-598, among
others, which are positioned laterally on the TP domain, as well as
Ile-108, Val-115, Ile-116, and Ile-119, which are contributed by the
GT peptide on the five-stranded �-sheet. In Fig. 3, dotted lines
represent sequences within the GT domain that are missing from
the structure. Notably, Ha, which immediately follows the C
terminus of the missing GT domain, is packed snugly within the
hydrophobic funnel, whereas Hb is more solvent-exposed. It is of
note that binding of the interdomain region on the funnel does not
completely cover the hydrophobic patch, and a variety of hydro-
phobic residues, contributed by the five-stranded �-sheet and the N
terminus of Ha, remain solvent-exposed. This organization may
provide a hydrophobic recognition patch for the full-length GT
domain (see below).

The central region of the molecule harbors the TP domain, which
carries the classical signature of the penicilloyl serine transferase
superfamily. This domain can be described by a central, antiparallel
�-sheet composed of five strands (�3��4��5��1��2) sandwiched
between three � helices [�1 and �11 on one side and �8 on the
opposite side of the sheet (blue in Fig. 2)]; the numbering scheme
follows that used for class A �-lactamases (18). This fold is found
in other �-lactam and peptidoglycan-recognizing enzymes, such as
class A �-lactamases (18), the Streptomyces K15 transpeptidase
(19), and class B PBPs (20–22), albeit with low sequence identities.

Superposition of the C� trace of the TP domain of PBP1b* with that
of PBP2x (287 C� pairs), K15 (182 C� pairs), and TEM-1 �-lacta-
mase (233 C� pairs) yielded rms deviation values of 2.9, 3.0, and 3.4
Å, respectively, revealing significant structural differences.

Active Site Flexibility Regulates Antibiotic Binding. The TP active site
of PBP1b* harbors three conserved structural motifs: SXXK (Ser-
460–Thr-461–Thr-462–Lys-463), which includes the nucleophilic
Ser-460 residue and is located at the N-terminal end of helix �2;
SXN (Ser-516–Trp-517–Asn-518), which forms the turn between
helices �4 and �5 on the left side of the cavity; and KTG
(Lys-651–Thr-652–Gly-653), which lines strand �3 (Fig. 4A). Sur-
prisingly, the active site cavity of PBP1b* contains a major differ-
ence from any other of the above-mentioned enzymes in that it is
unequivocally unavailable for ligand binding. The interactions
between the C terminus of �3 (Thr-654) and the N-terminal region
of �4 are disrupted by movement of the intervening loop into the
active site region. The stability of this form is such that the C
terminus of �3 is ‘‘pulled’’ away from �4, disrupting the local
antiparallel nature of the two strands. As a consequence, the side
chain of Asn-656 blocks entry into the catalytic cleft and forms a
hydrogen bond with the backbone nitrogen of Ala-499, located on
the facing loop. Moreover, the O� atom of the active site serine
(Ser-460) contacts backbone atoms of �3 and does not interact with
any of the canonical catalytic residues.

To biochemically characterize the unusual active site of PBP1b*,
acylation of the enzyme by �-lactam antibiotics was measured by

Fig. 4. The PBP1b* active site. (A) In the native structure, �3 moves away from �4, and their interconnecting loop closes the active site gorge. (B)
PBP1b*-acyl-nitrocefin complex. An Fo � Fc omit map contoured at 2.3 � is shown. (C) The chemical structure of nitrocefin. (D) PBP1b*-acyl-cefotaxime complex.
(E) The chemical structure of cefotaxime before acylation.
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stopped-flow techniques. k2�K acylation constants are comparable
to those obtained for other PBPs (23, 24) and are shown in Table
1. Stabilities of the antibiotic–enzyme complexes were assayed by
electrospray ionization-MS, which yielded approximate k3 values of
1.5 h�1 and �24 h�1 for nitrocefin and cefotaxime, respectively.
These studies clearly indicated that PBP1b* is catalytically active,
and thus the catalytic TP domain gorge should be amenable to
modification by the presence of a ligand.

To test this hypothesis, crystals of PBP1b* were prepared in the
presence of antibiotics nitrocefin and cefotaxime. Cocrystals were
obtained in two different space groups (C2221 and P212121) by
employing the same crystallization solution. The nitrocefin-acyl-
PBP1b* and cefotaxime-acyl-PBP1b* structures reveal that the
products are covalently associated to the O� atom of Ser-460, which
then points into the active site (Fig. 4 B–E). In both structures, the
backbone nitrogen atoms of Ser-460 and Thr-654 form the con-
served oxyanion hole. The carboxylate group of nitrocefin (Fig. 4B)
is stabilized by the O� atom of Thr-652 as well as by a stably
positioned water molecule. The O� atom of Ser-516 forms a
hydrogen bond with the leaving group nitrogen. In addition, the R1
moiety of nitrocefin is wedged between Asn-656 and -518 and
makes van der Waals contacts with the loop composed of residues
496–500 (thus stabilizing the left side of the cavity).

Although cefotaxime only has an exomethylene (CH2) group as
R2 moiety after acylation, its carboxylate group on the �-lactam
ring is hydrogen-bonded to the O� atoms of both Thr-652 and -654;
in addition, the carbonyl group is stabilized by Asn-518 (Fig. 4D).
Thus, both antibiotics are capable of accessing the active site serine,
suggesting that the closed PBP1b* active site is only a transient form
of the enzyme. Importantly, in both ligand-bound structures, the
conformation of �3 is reestablished, in that it is stably positioned in
antiparallel fashion to �4 in its entirety, and the loop that connects
the two strands moves away from the gorge, generating an ‘‘open,’’
or activated, active site cleft (Fig. 4 B and D). Active site opening
thus reveals an elongated recognition cleft that could accommodate
one or two arms of a peptidoglycan stem peptide (compare A and
B in Fig. 5).

Figure Preparation. Figures were prepared with the programs
MOLSCRIPT (30), BOBSCRIPT (31), GRASP (32), and ESPRIPT 2.2 (33).

Discussion
Class A PBPs are membrane-associated enzymes ubiquitous to all
peptidoglycan-producing bacteria and are responsible for both the
polymerization of glycan chains and transpeptidation of stem
peptides, the last steps of peptidoglycan biosynthesis. Because novel
peptidoglycan production is an essential phase of cell division and
growth, class A PBPs play important roles in both processes. S.
pneumoniae has three class A PBPs, which have proven to be
challenging for both biochemical and structural studies. In this
paper, we describe the crystal structure of a soluble form of a
pneumococcal class A PBP (PBP1b*) that folds as three intimately
interacting domains but lacks most of the GT region, except for a
N-terminal, 25-residue peptide that remained associated to the
body of the molecule after proteolysis and whose central region
(residues 105–119) interacts with the GT�TP interdomain region

through hydrophobic contacts (see Fig. 3). The proximity of the
peptide to the GT�TP interdomain region, as well as the presence
of a number of solvent-exposed hydrophobic residues in both areas
(blue in Fig. 5), allow us to propose that the small, full-length GT
domain may interact with the hydrophobic patch formed by these
two regions. Thus, in the full-length PBP, the GT domain could be
accommodated on the same side of the molecule as the TP active
site.

The high similarity in k2�K values measured for PBP1b* and for
the full-length form of the mutated enzyme (FL PBP1b*; Table 1)
suggests that the affinity of the molecule for antibiotics is not
dependent on the presence of the GT domain, a behavior shared by
pneumococcal PBP1a (23). Interestingly, however, the WT, full-
length enzyme (FL PBP1b) displays second-order rate constants
that range between 2.8- and 6.3-fold higher than for PBP1b* and FL
PBP1b* and which harbor Arg3 Gln mutations at positions 336,
686, and 687. All three mutant residues are located �20 Å from the
active site serine; however, Arg-686 and -687 are located on the loop
between �5 and �11 on the TP domain (red asterisks in Fig. 2). In
the WT enzyme, their surface exposure could enable their side
chains to stabilize the negative charge present on incoming antibi-
otics, which would not be possible once they are mutated into
glutamines. This factor could explain the small observed difference
between kinetic constants. Notably, circular dichroism experiments
performed on WT and mutant PBP1b molecules did not identify
any significant structural differences, even in the presence of
antibiotic (data not shown).

In Streptococci, low �-lactam-affinity PBPs are present as highly
mosaic molecules; PBP1a, -2x, and -2b are primary resistance
determinants, and the presence of mutations throughout their
entire TP domains is essential for the development of high-level
resistance (10). Although PBP1b has not been linked to the
development of resistance, the structure presented here can be used
as a first framework for understanding how streptococci can
develop resistance through mutation of PBP1a, with which PBP1b
shares 45% sequence similarity within the TP domain. Mapping of
mutations of a PBP1a from a highly penicillin-resistant streptococ-
cal strain (9) onto the PBP1b* TP domain (Fig. 1) reveals three
areas of particular interest. At the N terminus of �2, the SXXK
motif (STTK) harbors the active site serine; mutation of the first
threonine in the motif to alanine�serine may cause disruption of the
hydrogen-bonding pattern within the cleft, as has been described for
the identical mutation in PBP2x molecules from highly resistant

Table 1. Acylation constants (k2�K) for binding of different
antibiotics to PBP1b* and PBP1b

Antibiotic
PBP1b*

(101–125; 306–791)
FL PBP1b*
(74–791)

FL PBP1b WT
(74–791)

Cephalothin 90.8 � 3.2 85.3 � 3.9 253.8 � 20.0
Cefotaxime 7.8 � 0.4 7.0 � 0.2 44.2 � 1.9
Penicillin G 6.5 � 0.3 5.0 � 0.2 19.1 � 1.8
Nitrocefin 99.7 � 10.0 ND ND

Values are �103 m�1�s�1 (means � SD). ND, not determined.

Fig. 5. Surface representation of PBP1b* in closed and open conformations.
(A) In the closed conformation, the active site is blocked and unavailable for
binding. (B) Opening of the catalytic gorge reveals an elongated binding cleft
with the active site (shown in red) at the bottom. A surface-exposed hydro-
phobic patch could stabilize the GT domain and position it axially with respect
to the TP active site.
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strains (24). In addition, the N terminus of �5, which immediately
follows the SXN motif, displays a mutation of a highly conserved
proline residue, which could affect stability of the �-helical chain.
Lastly, a number of mutations are found within �4 and �5, which
form the core of the conserved central �-sheet. High-resolution
structures of PBP1a molecules from sensitive and resistant pneu-
mococcal strains will be required to shed further light on this
mechanism.

Analysis of the TP domain of PBP1b* reveals the most outstand-
ing characteristic of the molecule: an activation phenomenon
reflected in the existence of the active site gorge in closed and open
conformations, the latter only possible in the presence of ligands.
The two forms of PBP1b* were identified in two different space
groups, which crystallized in the same solution and often in the
same drop; no interactions generated by symmetry-related ele-
ments were observed in the active site regions. The opening and
closing of the PBP1b* active site involve a substantial conforma-
tional modification, with substrate accessibility being blocked in the
closed form. Ligand recognition requires that strands �3 and �4 be
antiparallel in the active site area and that their interconnecting
loop move away from the entrance of the cleft. This phenomenon
was observed for both a large antibiotic molecule with a bulky, very
hydrophilic R2 substitutent (nitrocefin) as well as for one with a
minor R2 group (cefotaxime). Notably, in structures of �-lactama-
ses and transpeptidases (including drug-resistant PBPs) reported to
date, the antiparallel nature between �3 and �4 is always main-
tained in the presence or absence of ligands, and there is no

dramatic blocking of the entrance of the cleft as seen here (compare
the catalytic clefts in Fig. 5 A (closed) and B (open).

PBPs have been shown to play carefully orchestrated roles in cell
division (4, 25–28). Recently, it has been reported that E. coli PBP3
(FtsI) becomes acylated at a faster rate in dividing cells than in
nondividing cells, and the authors suggested that the enzyme’s TP
activity may become activated during septation (29). Based on
those observations and our results reported here, we propose a
model where PBPs could exist in nondividing cells in inactive
(‘‘closed’’) states. As their participation becomes essential within
the cell-division cycle, PBPs would become active, either by rec-
ognizing substrate or by interacting with other members of a
potential cell division or peptidoglycan elongation macromolecular
complex. It is also possible that PBPs may exist in both closed and
open conformations in the cell, the former switching into the latter
depending on substrate availability or localization. Either way, the
two forms of PBPs could provide the cell with a distinct handle on
cell wall biosynthesis regulation.
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