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PBPA from Mycobacterium tuberculosis is a class B-like penicillin-binding
protein (PBP) that is not essential for cell growth in M. tuberculosis, but is
important for proper cell division in Mycobacterium smegmatis. We have
determined the crystal structure of PBPA at 2.05 Å resolution, the first
published structure of a PBP from this important pathogen. Compared to
other PBPs, PBPA has a relatively small N-terminal domain, and
conservation of a cluster of charged residues within this domain suggests
that PBPA is more related to class B PBPs than previously inferred from
sequence analysis. The C-terminal domain is a typical transpeptidase fold
and contains the three conserved active-site motifs characterisitic of
penicillin-interacting enzymes. Whilst the arrangement of the SxxK and
KTG motifs is similar to that observed in other PBPs, the SxN motif is
markedly displaced away from the active site, such that its serine (Ser281) is
not involved in hydrogen bonding with residues of the other two motifs. A
disulfide bridge between Cys282 (the “x” of the SxN motif) and Cys266,
which resides on an adjacent loop, may be responsible for this unusual
conformation. Another interesting feature of the structure is a relatively long
connection between β5 and α11, which restricts the space available in the
active site of PBPA and suggests that conformational changes would be
required to accommodate peptide substrate or β-lactam antibiotics during
acylation. Finally, the structure shows that one of the two threonines
postulated to be targets for phosphorylation is inaccessible (Thr362), whereas
the other (Thr437) is well placed on a surface loop near the active site.
© 2010 Elsevier Ltd. All rights reserved.
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Introduction

Penicillin-binding proteins (PBPs) are transpepti-
dases (TPases) responsible for the final stages of cell-
wall synthesis in bacteria and the molecular targets
forβ-lactamantibiotics (for reviews, see Refs. 1 and 2).
Penicillin and other β-lactam antibiotics inhibit
TPases by forming a long-lived covalent complex
that blocks the active site from reaction with the
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natural peptide substrate. Although β-lactams have
been remarkably successful for treating many
bacterial diseases, historically they have been
considered ineffective against tuberculosis. One
reason for this natural resistance is that Mycobacte-
rium tuberculosis (Mtb) expresses a β-lactamase
called BlaC3 that hydrolyzes the β-lactam before it
can reach its killing target. Another is that the
complicated cell envelope of Mtb, comprised of
layers of complex lipids outside the peptidoglycan
layer,4 is believed to create a permeability barrier
against β-lactam and other compounds.5 Neverthe-
less, when combined with β-lactamase inhibitors, β-
lactams show good antimycobacterial activity in
vitro6–11 and have been used for the treatment of
patients with tuberculosis.12–14 Thus, PBPs remain
potential clinical targets in Mtb and are therefore
important to study.
d.
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Table 1.Data collection statistics for diffraction data used
to determine the crystal structure of PBPA from M.
tuberculosis by multiwavelength anomalous dispersion

Data set Peak Inflection Remote

Wavelength (Å) 0.97932 0.97946 0.97180
Resolution range (Å) 48.11–2.4

(2.49–2.4)
48.06–2.2
(2.28–2.2)

48.11–2.4
(2.49–2.4)

No. of observations 357,544 463,056 357,499
No. of unique reflections 31,689 41,092 31,716
Rmerge (%)a 9.7 (39.4) 10.7 (38.7) 9.8 (44.0)
Completeness (%) 100 (100) 100 (100) 100 (100)
Redundancy 11.2 (11.0) 11.18 (10.9) 11.2 (11.0)
〈I〉/〈σI〉 11.6 (4.3) 10.2 (4.3) 11.0 (3.6)

Datawere collected in threewavelengths around the absorption edge
of selenium. Numbers in parentheses are for the outer shell of data.

a Rmerge=∑|Ii− Im|/∑Ii, where Ii is the intensity of the
measured reflections and Im is the mean intensity of all
symmetry-related reflections. Numbers within brackets are for
the outer-resolution shells.

Table 2. X-ray diffraction data and model refinement
statistics for the crystal structure of PBPA

Data collection
Wavelength (Å) 1.0
Space group P61
Cell dimensions (Å) a=b=120.6, c=92.2
Resolution range (Å) 36.3–2.05 (2.12–2.05)
Rmerge (%)a 7.6 (54.8)
Completeness (%) 99.6 (99.9)
Redundancy 11.2 (9.8)
〈I〉/〈σI〉 45.9 (2.6)

Refinement
Resolution range (Å) 36.30–2.05
No. of unique reflections 47,630
No. reflections used to calculate Rfree 2,388
No. of nonhydrogen protein atoms 5908
No. of water molecules 76
Rcryst (%) 21.7
Rfree (%) 25.2
RMSDs from ideal stereochemistry
Bond lengths (Å) 0.011
Bond angles (°) 1.30

B-factors:
Mean B-factor (main chain) (Å2) 50.3
RMSD in main-chain B-factors (Å2) 1.22
Mean B-factor (side chains and
water molecules) (Å2)

53.3

RMSD in side chain B-factors (Å2) 1.75
Ramachandran plot
Residues in most favored region (%) 90.6
Residues in disallowed region (%) 8.4
Residues in generously allowed regions 0.8
Residues in disallowed regions 0.2

PDB code 3LO7
a Rmerge=∑|Ii− Im|/∑Ii, where Ii is the intensity of the

measured reflections and Im is the mean intensity of all
symmetry-related reflections. Numbers within brackets are for
the outer-resolution shells.
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Mtb strainH37Ra expresses at least four PBPswith
apparent molecular masses of 94, 82, 52, and
37 kDa.15 The three high-molecular-mass (HMM)
PBPs were shown to bind most β-lactam antibiotics
with high affinity and this binding was associated
with antibacterial activity,15 suggesting these are the
in vivo targets for β-lactams. The 94- and 82-kDa
PBPs have been tentatively assigned as PBP1
(Rv0050) and PBP3 (Rv2163), respectively,16 the
latter based on its homologywith PBP3 of Escherichia
coli, a class B PBP that localizes to the septum and
may be involved in protein–protein interactions
associated with the so-called “divisome.”17,18

The 52-kDa protein is encoded by the pbpA gene
(Rv0016c) and has been classified as a class B-like
PBP.16 Although PBPA does not appear to be
essential for growth of M. tuberculosis,19 deletion of
the pbpA gene in Mycobacterium smegmatis leads to
reduced cell growth and defective cell septation,
suggesting it has an important role in cell
division.20 Interestingly, pbpA is part of a cluster
of genes that also encode two serine/threonine
protein kinases (PknA and PknB), and a phospha-
tase (PstP). This, apparently, is not a coincidence,
because PBPA can be phosphorylated by PknB at
threonines 362 and 437,20 suggesting that the
activity and/or cellular localization of PBPA may
be controlled by a two-component signaling
system. Together, these data suggest that PBPA
serves an important biological function in Mtb.
As a step toward understanding the biological

function of PBPA in M. tuberculosis, we have
determined its crystal structure from Mtb strain
H37Rv, the first published structure of a PBP from
this organism.Although the protein contains a typical
TPase fold, it manifests some interesting structural
features that may relate to its specific function inMtb.
These include a relatively small N-terminal domain
(NTD), a displaced SxN motif, and a long connecting
loop that appears to restrict access to the active site in
the unacylated enzyme. Finally, the structure is used
to assess the likelihoodof two threonines as targets for
phosphorylation by a protein kinase.
Results and Discussion

Structure determination

The crystal structure of a soluble construct of
PBPA fromM. tuberculosisH37Rv was solved at 2.05
Ǻ resolution and refined to an R-factor of 21.7%
(Rfree=25.2%) with excellent stereochemistry (Tables
1 and 2). This construct comprises residues 35–491 of
the protein and lacks 34 residues at the N terminus
that are predicted to encode the non-cleavable signal
sequence/membrane anchor. Initial attempts at
phasing were hampered by the presence of pseu-
do-translational symmetry and merohedral twin-
ning, which was overcome by collecting data from
small crystals that had been excised from larger
crystals. There are two molecules in the asymmetric
unit and these are structurally very similar, with a
root-mean-square deviation (RMSD) of 0.47 Å be-
tween all common main-chain atoms. There is no
evidence of a biological dimer, and the protein elutes
as a monomer by size-exclusion chromatography
(data not shown). For both molecules, weak electron
density occurs in four regions: the N terminus, the
connecting loop between α3n and β6n, β2c and its
connecting loops, and the C terminus (Fig. 1 and
Supplementary Table 1) Additional regions of weak



Fig. 1. The structure of PBPA from M. tuberculosis. (a) Ribbon representation of the molecule in which the structure is
color-ramped blue-to-red in the N-terminal to C-terminal direction. Elements of secondary structure are labeled
according to Pares et al.21 and Lobkovsky et al.22 Accordingly, some elements of secondary structure are absent, that is,
α3, α7, and α10. In this view, the TPase domain is at the top and the N-terminal domain, comprising the interdomain
linker, is at the bottom. In the native protein, the membrane anchor is at the N-terminal end of the protein (at the
bottom). (b) The amino acid sequence and secondary structure of PBPA. Regions that could not be modeled due to
apparent disorder (in molecule A of the asymmetric unit) are shown as dashed lines. The three conserved motifs of the
active site are highlighted by grey boxes. The cysteines involved in disulfide bridges and the threonines that are reported
to be phosphorylated in vivo20 are shown in red and blue, respectively. Figure produced in part by SecSeq (D. E.
Brodersen, unpublished software).
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57Unusual Conformation of the SxN Motif in Mtb PBPA
or absent density occur in molecule B for residues
371–385 (β2h–β2i–β2j) and 411–418 (α9–β3 loop). In
all cases, these residues were not included in the
final model. Since molecule A exhibits more order
than molecule B and has a lower mean B-factor
(45.5 Å2 for all protein atoms compared to 59.3 Å2

for molecule B), it will be the focus of the following
description.

N-terminal domain

PBPA contains two domains: an N-terminal
(mostly β) domain (NTD) and a C-terminal trans-
peptidase (TPase or penicillin-binding) domain that
is found in all nonmetallo PBPs (Fig. 1). Compared
to the NTDs of other class B HMM PBPs of known
structure, the NTD of PBPA is relatively small
because it contains only the so-called interdomain
linker region1 and lacks any other domains that are
found in other PBPs. Except for three conserved
motifs at the heart of the interdomain linker region
(described below), there is no detectable sequence
similarity with the NTDs of class B PBPs of known
structure, such as PBP2x, PBP1a, and PBP1b of
Streptococcus pneumoniae or with PBP2 of Neisseria
gonorrhoeae. The core of the NTD in PBPA is a six-
stranded antiparallel β-sheet in which two of the
strands (β2h and β2i) are contributed by the TPase
domain via an extension of the connecting loop
between β2g and β2j. A similar addition is also
observed in the S. pneumoniae PBPs: PBP2X, PBP1a,
and PBP1b.1 The NTD β sheet of PBPA is exposed to
solvent on one side, but is packed on the other by the
connection between β3n and β6n, which comprises
three short helices and β hairpin in the order α1n,
β4n, β5n, α2n, and α3n.
The size and domain structures of the NTDs of

HMM PBPs vary considerably, and these differences
may be related to their functional roles in the
respective organisms. One possible function as-
cribed to these domains is to mediate protein–
protein interactions that may be involved in the
assembly of multiprotein complexes.23 The best
example of this is the divisome in E. coli, which is
a complex of ∼12 proteins that localizes to the
septum during cell division.24 One important player
in this complex is E. coli PBP3,25 a class B PBP. The
classification of PBPA as a class B-like PBP16 and its
apparent requirement for cell separation in M.
smegmatis20 suggest that PBPA is also required for
cell division in M. tuberculosis. It is interesting to
note, however, that the relatively small size of the
NTD presents fewer opportunities for protein–
protein interactions compared to other PBPs.
A more likely function for the NTD of PBPA is to

project the TPase away from the membrane and
toward its peptidoglycan substrate in the periplasm.
If so, given the relatively small size of the NTD and
even allowing for the ∼10 residues absent at the N
terminus due to disorder, the peptidoglycan in M.
tuberculosis (at the least in the vicinity of this
particular PBP) may be relatively closer to the
cytoplasmic membrane than in other bacteria.
The interdomain linker region of PBPA

The functional importance of the NTD of PBPA is
reinforced by the presence of three conserved
motifs at the heart of the interdomain linker
region.16 For class B PBPs, these are defined as
follows: motif 1, RGx3DRN/SG; motif 2, RxYPxG,
and motif 3, Gx2GxEx3D (where bold residues are
invariant and x is any residue)16 (Fig. 2a). As
observed in the crystal structure of PBP2X from S.
pneumoniae, the first Arg of motifs 1 and 2, as well
as the Glu of motif 3, cluster together three-
dimensionally to form a dense electrostatic net-
work that probably stabilizes the interdomain
linker region of the molecule (Fig. 2b).1 According
to the existing classification by Goffin and Ghuy-
sen, class B-like PBPs are a subclass of class B PBPs
that lack motif 1 and contain a different motif 3
(Lx2AxDx3T).

16 Examination of this same region in
PBPA, which is classified by this scheme as a class
B-like PBP, however, shows that two arginines and
a Glu are also present in equivalent positions as
those observed in PBP2X and form similar interac-
tions (Fig. 2c). The primary difference is that PBPA
contains an Asp at position 105 instead of Asn224
in PBP2X. Hence, the presence of Arg52 indicates
that PBPA does contain a motif 1 that is similar to
that of class B PBPs but, aside from the Arg and
Gly at the N-terminal end, lacks its conserved
residues. Furthermore, the observation of Glu101
within the cluster and not an Asp also suggests
that motif 3 belongs to the consensus for class B
PBPs rather than the one defined by Goffin and
Ghuysen for class B-like PBPs. With the benefit of
structural alignment afforded by the crystal struc-
ture of PBPA, it is clear that motif 3 of class B-like
PBPs, as defined, is simply misaligned by four
residues (Fig. 2a). The presence of a motif 1 and a
motif 3 that aligns with that of class B PBPs
suggests that, at the structural level, PBPA is more
related to class B PBPs than could be inferred from
sequence analysis alone, and the same could be
true for other PBPs within this subclass.

TPase domain

The TPase domain of PBPA shares the same fold as
other (nonmetallo) penicillin-interacting enzymes,
including PBPs and most classes of β-lactamase, and
contains the active site. It can be considered as two
subdomains, one α/β and the other predominantly
α helical. The α/β subdomain comprises a five-
stranded antiparallel sheet (β1-β5) packed on one
side by α helices α1 and α11, and on the other by α8,
whereas α9 lies across the top of the sheet (the
nomenclature adopted for the TPase domain (Fig.
1b) follows that of Pares et al.,21 which itself is
adapted from Lobkovsky et al.22 As viewed in Fig.
1a, the α domain lies above the α/β subdomain and
contains the helices α2, α4–α6, and α6a. A β-hairpin
extension between α2 and α4, composed of four
short β strands β2a-β2d, is located at the top of the
molecule above the active site. This region exhibits



Fig. 2. A comparison of the interdomain linker regions of PBPA, N. gonorrhoeae PBP2, and S. pneumoniae PBP2X. (a)
The three consensus sequence regions of the interdomain region, as defined by Goffin and Ghuysen,16 including those for
motif 3 in class B and class B-like PBPs. Aligned with these are the sequences from PBPA, S. pneumoniae PBP2X (“2X”), and
N. gonorrhoeae PBP2 (“NG2”). Note that motif 1 is present in PBPA and that motif 3 of PBPA aligns with the consensus
sequence for motif 3 of a class B PBPA, whereas the class B-like motif 3 is simply four residues downstream. (b) The
structure of PBP2X in the interdomain linker region showing the clustering of four conserved residues contributed by the
three motifs, which form an electrostatic network at the core of the domain and are colored red in (a). (c) The same view in
M. tuberculosis PBPA showing a similar cluster. Both structures are shown in ribbon format, where the three motifs that
comprise the interdomain linker are colored light blue, green, and red, respectively, for motifs 1 to 3. The secondary
structure for PBP2X is labeled according to Macheboeuf et al.1 Dashed lines represent potential hydrogen bonds.
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apparent disorder in both molecules of the asym-
metric unit as judged by weak electron density.
Within the residue range 251–264, only residues 258–
261 can bemodeled inmolecule A (and residues 259–
260 for molecule B), comprising β2c. Just these
residues are visible because of the interactions
between this strand and β2b, whereas its connecting
loops appear to be flexible. An interesting feature of
the TPase domain is the presence of two disulfide
bridges: one between Cys282 of the SxN motif (i.e.,
SCN) and Cys266 of the β2c–β2d loop (described
below), and the other between Cys154 at the C-
terminal end of α1 and Cys158 in the following loop
that connects with β1 (Fig. 3). All of these cysteines
are conserved in PBPA orthologues in different
mycobacterial species.20

Active site

The active site of PBPA contains the three
conserved sequence motifs that are the hallmark of
most penicillin-interacting enzymes (Fig. 4).26 The
SxxK motif is located at the N-terminal end of the
helix α2 and contains two residues known to be
important for catalysis in PBPs: Ser222, the serine
nucleophile that is acylated by the peptide substrate
and β-lactam antibiotics, and Lys225, whose equiv-
alent in other PBPs is believed to enhance the
nucleophilicity of the serine.27 The SxN motif is
situated on the loop connecting α4 and α5, and
comprises Ser281, Cys282, and Asn283. Lastly, the
KTG motif, comprising Lys424, Thr425, and Gly426,
lies in the middle of β3.
In keeping with its function as a nucleophile,

Ser222 occupies a central location in the active site.
The rotamer position of its side chain varies in
known structures of unacylated PBPs, and in PBPA
it is hydrogen-bonded to Thr427, which immediate-
ly follows the KTG motif. For this reason, Lys225 is
not hydrogen-bonded to Ser222, as observed in
many PBP structures, but is within hydrogen-
bonding distance of Asn283. In contrast to other



Fig. 4. Active site of M. tuberculosis PBPA. Shown are
the three conservedmotifs, where the SxxKmotif is yellow,
the SxN motif is green, and the KTG motif is orange.
Residues are shown in bond format. Potential hydrogen
bonds are shown as dashed lines and distances are given in
angstroms. The fourth loop, colored purple, is the
connecting loop between β2c and β2d that is tethered to
the SxN motif by a disulfide bridge between Cys282 and
Cys266.

Fig. 3. Location of two disulfide bridges, and two
threonines proposed to be targets of phosphorylation by
PknB,20 in PBPA. Set against the fold of PBPA (displayed
in grey ribbon) are the cysteines that form disulfide
bridges and threonines 362 and 437. In both cases, carbon
bonds are colored purple. Nearby elements of secondary
structure to each site are marked by arrows. The active site
is indicated by the cluster of conserved motifs, with the
ribbon colored yellow for the SxxK motif, green for the
SxN motif, and orange for the KTG motif.
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PBP structures, Lys225 is not hydrogen-bonded to
Ser281 due to the unusual conformation of the SxN
motif (see below); in fact, the Oγ atom of Ser281 and
Nζ atom of Lys225 are separated by 5.6 Å. Finally,
Lys424 of the KTG motif is hydrogen-bonded with
the main-chain carbonyl of Phe278 at the C-terminal
end of α4 (not shown), whereas in some PBPs, such
as E. coli PBP528 and N. gonorrhoeae PBP2,29 this
residue forms hydrogen bonds with the equivalent
of Ser281 in the SxN motif.

Comparison with structures of other class B
PBPs

The TPase domain of PBPAwas comparedwith that
of two other class B HMM PBPs: PBP2x from S.
pneumoniae30 and PBP2 from N. gonorrhoeae
(NgPBP2).29 Structure-based sequence alignment
reveals very low levels of sequence identity between
the TPase domain of PBPA and those from the other
class B PBPs (23 and 28%, respectively). The structures
were superimposed using 11 residues of the three
conserved motifs (i.e., residues 222–225, 281–283, and
424–427 of PBPA) with an RMSD of 1.3 Å for PBP2X
and 1.4 Å for NgPBP2.
At the broad level, the three structures are very

similar, but there are interesting differences in the
interconnecting loops, some of which may affect the
shape and accessibility of the active site. One notable
difference is the connection between β2 and α2, a
region that forms a protrusion that lies away from
the base of the TPase domain (see Fig. 1a). PBPA is
marked by a long α helix within this region (α1b),
whereas in both PBP2X and NgPBP2, this loop is
shorter and there is proportionally more irregular
structure present. Interestingly, α1a, which is a short
segment of α helix that precedes α1b, is relatively
more conserved than α1b, and this may be because it
interacts with β3n and β4n of the interdomain linker
region. One key interaction is made by Asn184,
whose side chain forms hydrogen bonds with both
the carbonyl and the amide nitrogen of Tyr78.
Several significant differences between the three

enzymes occur near the active site involving the
connecting loops β3–β4, α9–β3 and β5–α11 (Fig.
5a). The β3–β4 loop in PBPA lies relatively closer
to the active site and is significantly shorter than
its equivalent in PBP2X. Interestingly, the same
loop in NgPBP2 is disordered and contains
mutations associated with penicillin resistance of
N. gonorrhoeae.29

Compared to both PBP2x and NgPBP2, there is a
muchmore direct route between α9 and β3 in PBPA,
which means this loop is relatively further away
from the active site compared to the equivalent loop
in PBP2X and NgPBP2, which in these PBPs lies near
the SxN motif. By contrast, the β5–α11 loop, which
is adjacent to the α9–β3 loop, is longer and is
significantly nearer the active site in PBPA than its
respective counterpart in PBP2X and NgPBP2. This
restricts the space available in the active site of PBPA
and may affect its recognition of β-lactams. This is
illustrated by a superimposition of PBPA with that
of PBP2X in complex with cefuroxime (Fig. 5b) in
which the β5–α11 loop of PBPA lies very close to the



Fig. 5. Varying lengths and conformations of connecting loops in the active-site region of class B PBPs. (a) In this stereo
view of the superimposition, PBPA is colored yellow, PBP2X is grey, and NgPBP2 is blue. Each structure is shown in
ribbon format and the active-site residues of PBPA are shown as orange bonds. Elements of secondary structure are
labeled, as is the serine nucleophile. (b) A close-up stereo view showing PBPA and PBP2X only, the latter in complex with
cefuroxime, displayed with green bonds.30 This shows the close proximity of the β5–α11 loop of PBPA with the
carboxylate of the cephalosporin in acylated PBP2X.
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carboxylate of the cephalosporin and suggests that
conformational changes in this loop are required for
the binding of substrate or β-lactams to PBPA. It is
interesting to note that the latter two differences
near the active site may be correlated. A shorter and
more direct α9–β3 loop in PBPA is coupled with a
longer β5–α11 loop, whereas the opposite occurs in
PBP2X and NgPBP2. Overall, these differences in
connecting loops in the immediate vicinity of the
active site may relate to the respective substrate
specificities of the three enzymes, which, in turn, is
probably dictated by the specific peptidoglycan
structures present in these organisms.
Unusual conformation of the SxN motif

The superimposition with class B PBPs also shows
that the SxN motif of PBPA occupies a position that
is farther from the core of the active site than is
observed in other PBPs (Fig. 6), which places Ser281
beyond hydrogen-bonding distance with residues of
the SxxK and KTG motifs. This difference is slightly
more pronounced in molecule B of the asymmetric
unit compared to molecule A. One possible reason
for the unusual conformation of the SxN motif in
PBPA may be the disulfide bridge between Cys282
and Cys266 of the β2c–β2d loop. The latter belongs



Fig. 6. The unusual conformation of the SxN motif in PBPA. Superimposition of the SxN motifs of PBPA (yellow) and
PBP2X (grey) shows the relative displacement of this motif away from the active site in PBPA. Residues of PBPA are
colored orange and labeled in black, whereas those of PBP2X are displayed and labeled in grey.
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to the β-hairpin extension that lies across the top of
the molecule (as viewed in Fig. 1). This region
appears to be important for function in PBPs
because, in some PBPs, for example, NgPBP2,29

Enterococcus faecium PBP5fm31,32 and PBP2X,33 the
β-hairpin extension harbors mutations associated
with penicillin resistance. In NgPBP2, insertion of an
aspartate in the β-hairpin extension is believed to
disrupt the interaction between this region and the
SxN motif.29
Fig. 7. Two Thr residues in PBPA reported to be targets fo
β2g and appears too buried for phosphorylation. (b) Thr437 r
sufficiently exposed for phosphorylation. In both cases, th
surrounding residues are colored yellow. The backbone of the
Interestingly, flexibility in the SxN motif of PBPA
is suggested by the absence of clear electron density
for the side chain of Ser281 (in both molecules) and
the presence of some positive peaks of electron
density (in molecule A of the asymmetric unit)
corresponding to a position for Ser281 that is closer
toward the active site. This is important because the
SxN motif appears to play a central role in the
mechanism of deacylation of PBPs.34,35 Different
positions of the SxN motif have been observed in
r phosphorylation.20 (a) Thr362 lies on the inward face of
esides on the β3–β4 loop near the active site and appears
e threonines are colored with purple bonds, whereas
surrounding structure is displayed in ribbon format.
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crystal structures of PBP5 as a result of covalent
modification of a nearby cysteine by a mercurial
compound,36 and disordering of the region imme-
diately prior to the SxN motif has been observed in
PBP2X derived from penicillin-resistant strains of S.
pneumoniae.33 Given that flexibility apparently
occurs in both the β-hairpin extension (near β2c)
and the SxN motif, one function of the disulfide
bridge in PBPA may be to tether these regions
together.

Phosphorylation sites

Another intriguing feature of PBPA is evidence
that suggests it is phosphorylated in vivo.20 In
mycobacteria, the gene encoding PBPA resides
within an operon that also includes two Ser/Thr
protein kinases (PknA and PknB) and a Ser/Thr
phosphatase (PstP). Coexpression of PknB with
PBPA (in E. coli) leads to phosphorylation of PBPA
at two threonines, Thr362 and Thr437.20 Moreover,
T437A mutants of PBPA fail to localize to the
septum during cell division inM. tuberculosis, which
suggests that phosphorylation may regulate the
cellular localization of PBPA.20 With the crystal
structure of PBPA, the likelihood of these two
residues being targets for phosphorylation can be
examined. Thr362 is located on β2g and its side
chain points toward the interior of the protein,
where it forms a putative hydrogen bond with
Thr355 (Fig. 7a). Without a conformational change
in this region, this residue does not appear to be
sufficiently exposed for phosphorylation by the
PknB kinase.
By contrast, Thr437, which is part of the connecting

loopbetweenβ3 andβ4 that protrudes away from the
main body of the TPase domain, appears well placed
for phosphorylation (Fig. 7b). The electron density
indicates the loop iswell ordered in bothmolecules of
the asymmetric unit, with the exception of the side
chains of Lys435 andHis436. Interestingly, this loop is
located sufficiently close to the active site of the
enzyme such that phosphorylation of Thr437 could
influence enzymatic activity. In agreement with this
idea, the equivalent loop in S. pneumoniae PBP1a and
NgPBP2 contains mutations that are associated with
resistance to β-lactams.29,37,38
Conclusion

The crystal structure of PBPA from Mtb shows an
unusual architecture in the active-site region in
which in the SxN motif lies in a position where it
appears to be less than optimal for catalysis. In
addition, the active site appears partially blocked to
peptide substrate and β-lactams by a relatively long
connection between β5 and α11. Both observations
suggest that conformational changes in the active-
site region are likely to occur prior to or during
acylation to allow access to the active site and for the
SxN motif to perform its presumed role in deacyla-
tion. Apparent flexibility in the SxN motif and in the
adjacent β-hairpin extension is consistent with
conformational changes in the active-site region.
Structures of PBPA in acylated form will show
whether this is indeed the case. Another goal is to
examine the effect of phosphorylation of Thr437 on
both the structure of PBPA and its acylation rate to
determine whether this modification is of biological
relevance for the function of the enzyme. Of equal
interest is the nature of the putative interaction
between PknB and PBPA.
Materials and Methods

Cloning

The gene encoding PBPA, but excluding codons 1–34 (the
putative signal sequence and membrane anchor), was
amplified from the genomic DNA of M. tuberculosis strain
H37Rv using the following primers: forward, 5′-AGAG-
GATCCCGTGCCGATCCCCGCAAC-3′ (BamHI restriction
site underlined), and reverse, 5′-AGAGAATTCT-
CATGGTTCCCCCTGCAGTG-3′ (EcoRI site underlined
and stop codon in boldface). The PCR product was cloned
into the pT7HTb vector, which incorporates a hexahistidine
tag and an intervening cleavage site for tobacco etch virus
protease at the N terminus of the protein, and transformed
into E. coli BL21(DE3) cells.

Protein expression and recovery of inclusion bodies

One liter of E. coli BL21(DE3) cells in Luria–Bertani
broth containing kanamycin (50 mg/L) was grown at
37 °C until the OD600 nm reached 0.6–0.8, at which point
protein expression was induced by addition of 0.5 mM
IPTG, followed by overnight incubation at 20 °C. After
centrifugation at 4500g for 15 min, the cells were
resuspended in 10 ml of lysis buffer [20 mM Tris–HCl
(pH 8), 500 mM NaCl, 2 mM EDTA (ethylenediaminete-
traacetic acid), 10% glycerol, and 1 mM PMSF]. Cells were
lysed by three freeze–thaw cycles, followed by incubation
with lysozyme (20 μg/ml) at 4 °C for 30 min, and then 90 s
of sonication (3×30 s with 60-s interval between each
cycle). Inclusion bodies were recovered by centrifugation
at 10,000g at 4 °C. The pellet was washed twice with
10 mM Tris–HCl, 1 mM EDTA (pH 8), first with, and then
without, 1% Triton X-100. The pellet was then dissolved in
10 ml of 8 M urea, and remaining particulates were
removed by centrifugation at 15,000g for 30 min.

Protein refolding and purification

Solubilized and clarified inclusion bodies were diluted
slowly into 200 ml of ice-cold refolding buffer [50 mM
KH2PO4 (pH 10.7), 500mMNaCl, and 10% glycerol]. After
stirring the mixture for 2 h at 4 °C, the pH was reduced to
8 with HCl, and the mixture was stirred overnight at 4 °C.
After centrifugation at 10,000 g for 10 min to remove
particulates, the volume of the refolded protein was
increased by 30% through the addition of buffer A [20 mM
Tris–HCl (pH 8), 0.5 M NaCl, 10% glycerol, and 20 mM
imidazole] and the solution was passed over a 10-ml Ni2+-
affinity resin (Chelating Sepharose Fast Flow, GE Health-
care) equilibrated with buffer A. The column was washed
with 10 column volumes of buffer A and then 10 column
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volumes of buffer A containing 100 mM imidazole, and
PBPA was eluted with buffer A containing 500 mM
imidazole. Purified His-tagged PBPA was concentrated to
11 mg/ml in buffer A with 500 mM imidazole and stored
at −80 °C. In the absence of imidazole, the protein showed
a tendency to precipitate.
Site-directed mutagenesis and incorporation of
selenomethionine

There are fivemethionine residues in the PBPA construct,
but initial attempts to solve the structure by the multi-
wavelength anomalous diffraction method using seleno-
methionine (SeMet) were unsuccessful. An additional
methionine was introduced by site-directed mutagenesis
of Leu141, which was predicted to lie within a hydrophobic
core region of the protein, using the QuikChange protocol
(Stratagene, Inc). The SeMet derivative of this mutant
(SeMet-PBPA-L141M) was prepared by growing trans-
formed BL21 (DE3) cells under conditions where methio-
nine biosynthesis is inhibited by high concentrations of
hydrophobic amino acids.39 Cells were grown at 37 °C in
1 L of LB medium containing kanamycin (50 mg/L) until
the OD600 nm reached 0.4. Cells were then harvested by
centrifugation for 15 min at 4000 rpm and resuspended in
1 L of M9 minimal medium containing glucose (4 g/L) and
kanamycin (50 mg/L). After further incubation to an
OD600 nm of 0.6, lysine, phenylalanine, and threonine
(100 mg/L each), isoleucine and valine (50 mg/L), and
SeMet (60 mg/L) were added. The culture was then shaken
for an additional 15 min at 37 °C, cooled to 20 °C, and
protein expression was induced by addition of 0.5 mM
IPTG. SeMet-PBPA-L141M was then purified as described
for the wild-type protein except that 2 mM β-mercap-
toethanol was included in all buffers.
In contrast to wild-type PBPA, the hexahistidine tag

was then removed from the purified fusion protein.
SeMet-PBPA-L141M was digested with tobacco etch
virus protease (50:1 weight ratio), followed by dialysis
against buffer A with 10 mM β-mercaptoethanol over-
night at 4 °C. The cleaved product was separated from the
digestion mixture by second passage over a Ni2+-affinity
column (HiTrap HP, GE Healthcare) preequilibrated with
buffer A containing 10 mM β-mercaptoethanol. SeMet-
PBPA-L141M passed straight through the column, where-
upon it was concentrated to 8.4 mg/ml (in the same
buffer). Successful incorporation of SeMet was measured
by mass spectrometry (data not shown).
Crystallization and data collection

Wild-type PBPA was subjected to a search for crystalli-
zation conditions, initially beginning with Crystal Screens 1
and 2 (Hampton Research, Aliso Viejo, CA) and the JCSG+

Suite (Qiagen, Inc.). Crystal trays were set up using a
hanging-drop vapor-diffusion method in which 1 μl of
protein was mixed with 1 μl of well solution. After
optimization, the best crystals of PBPA were obtained at
18 °C with a protein solution (9 mg/ml) over wells
containing 35% PEG (polyethylene glycol) 1000, 0.2 M
ammonium acetate, and 0.1 M sodium acetate (pH 4.6). By
a similar approach, crystals of SeMet-PBPA-L141M were
obtained over wells containing 22–25% PEG 3350 and 0.1M
Bis-Tris (pH 5.5). Both wild-type and L141M mutant
crystals were cryoprotected by passage through a solution
containing 35% PEG 8000, 16% PEG 1000, 0.2 M ammoni-
um acetate, and 0.1M sodium acetate (pH 4.6).
X-ray diffraction data extending to 2.05 Å resolutionwere
collected at the Southeast Regional Collaborative Access
Team (SER-CAT) ID-22 beamline of the Advanced Photon
Source (Argonne National Laboratory, Chicago, IL) from
crystals of wild-type PBPA. The crystals belong to space
group P61 orP65 with cell dimensions a=120.5 and c=92.2 Å.
There are two molecules in the asymmetric unit. For
crystals of the SeMet-PBPA-L141M mutant of PBPA, data
extending to 2.2 Å resolution were collected at three
wavelengths corresponding to the peak, high-energy
remote and inflection points of the K absorption edge of
selenium (Table 1). All data were processed with
HKL2000.40 The structure was solved in space group P61
by SOLVE and RESOLVE41 using all three data sets.
Electron density maps were displayed in O42 and used to
construct an initial model. This was refined by automated
refinement using REFMAC543 and manual adjustments
using O. After several such rounds, higher-resolution data
collected from the wild-type crystals were introduced for
refinement (containing the same assignments for calcula-
tion ofRfree).

44 In later rounds, water molecules were added
to the model using Phenix.45 The stereochemistry of the
model was monitored by PROCHECK.46 The numbering of
themodel corresponds to the gene sequence for PBPA, such
that the first molecule of the construct is Arg35.

Protein Data Bank accession code

The coordinates and structure factors have been
depositedwith the ProteinData Bank (PDB)with accession
code 3LO7.
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