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Penicillin binding proteins (PBPs) catalyze essential steps in the biosynthesis of peptidoglycan, the main
component of the bacterial cell wall. PBPs can harbor two catalytic domains, namely the glycosyltrans-
ferase (GT) and transpeptidase (TP) activities, the latter being the target for b-lactam antibiotics. Despite
the availability of structural information regarding bi-functional PBPs, little is known regarding the inter-
action and flexibility between the TP and GT domains. Here, we describe the structural characterization in
solution by small angle X-ray scattering (SAXS) of PBP1b, a bi-functional PBP from Streptococcus pneumo-
niae. The molecule is present in solution as an elongated monomer. Refinement of internal coordinates
starting from a homology model yields models in which the two domains are in an extended conforma-
tion without any mutual contact compatible with the existence of restricted mobility.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The bacterial peptidoglycan is a net-like structure formed by
polymerized N-acetyl muramic acid and N-acetyl glucosamine
units, linked together via pentapeptides. It is involved in the main-
tenance of bacterial shape and the control of internal pressure and
must be resynthesized during cell division and elongation pro-
cesses. Notably, a weakened peptidoglycan can lead to cell lysis
and death [1,2]. The last steps of peptidoglycan biosynthesis in-
volve the polymerization of sugar units by glycosyltransfer (GT)
and the cross-linking of sugar chains via peptide bonds by trans-
peptidation (TP) activities [3]. Both enzymatic activities are carried
by high molecular mass (HMM) Penicillin binding proteins (PBPs)
that are classified as class A molecules (containing both GT and
TP activities) and class B (carrying only the TP activity) [1,4].

Since the TP domains from HMM and low molecular mass
(LMM) PBPs are the targets of b-lactam antibiotics, their structures
have been extensively studied [5–13]. The rapid emergence of
resistance to antibiotics employed in clinical settings has led to
the intensive search for new potential drug targets, including the
GT domains of PBPs. The glycosyltransferase activity of PBPs is a
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target of choice since, like the transpeptidases, it has an essential
function in peptidoglycan biosynthesis; in addition, PBPs are lo-
cated on the periplasmic side of the cell membrane, making the
GT domain accessible to small molecules. Moreover, one well char-
acterized inhibitor of the GT activity, the Streptomyces natural
product moenomycin, is not employed for human use due to its
poor absorption properties [14].

Unlike the TP regions of PBPs, the GT domains are difficult to
isolate and to study from a biochemical and structural point of
view due to their hydrophobic character. Considerable efforts have
been undertaken to purify stable forms of class A PBPs (or their iso-
lated GT domains) in order to perform enzymatic, screening, and
structural assays [15–19]. Up to now, two isolated GT domain
structures [20,21] and two full-length PBP structures [22,23], the
latter including the transmembrane region, have been crystallized
and their structures have been solved in the presence of the anti-
biotic moenomycin. These structures have provided important in-
sights regarding these novel antibiotic development targets.
Nevertheless, the interaction and flexibility between the two cata-
lytic domains is not easily understood from the crystallographic
structures and still constitute an obstacle in understanding the
mechanism of substrate recognition.

In this article we report the structural characterization in solu-
tion of PBP1b, a class A PBP from Streptococcus pneumoniae, using
the combination of SAXS and X-ray crystallography techniques.
PBP1b is a bi-functional enzyme that contains a N-terminal GT do-
main followed by a short linker and a C-terminal TP region. The
crystal structure of a truncated form of PBP1b (hereafter desig-
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Fig. 1. SAXS pattern of full-length PBP1b: (A) SAXS pattern of PBP1b with associated error bars; inset: Guinier plot. (B) Pair distribution function p(r). Inset: diagram of full-
length PBP1b: PBP1b⁄ is shown in ribbon representation with the b-hairpin highlighted in orange and the two linkers in green. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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nated as PBP1b⁄), which lacks most of the GT domain due to the
trypsinization protocol employed to generate a soluble form of
the enzyme, still harbors a short GT peptide that remained associ-
ated to the rest of the molecule even after purification [10]. This
peptide lies in close proximity to a hydrophobic funnel near the
linker that was previously interpreted as a recognition site for
the N-terminal GT domain. It is structured as a b hairpin that ex-
tends a three-strand b-sheet from the TP domain. This peptide is
followed by a short linker leading to the GT domain, which there-
fore appears to be connected to PBP1b⁄ through two linkers (see
protein diagram in Fig. 1).

Using existing crystal structures of homologue GT domains and
full-length enzymes we produced a homology model of S. pneumo-
niae PBP1b. We then determined the arrangement of GT and TP do-
mains by modifying u–w angles in selected regions of the
molecule as implemented in a homemade program based on a genet-
ic algorithm. In all resulting conformations the GT domain appears to
be located on top of the previously identified surface hydrophobic
patch with no other contact between the two domains than the
two linkers. This suggests that GT and TP domains may display some
relative flexibility although any such motion would be of restricted
amplitude due to the twofold connection between them. This result
comforts the hypothesis that the modifications in relative position-
ing of PBP domains could play notable roles in the peptidoglycan for-
mation, including partner recognition or ligand binding.

2. Materials and methods

2.1. Protein purification

The soluble full-length PBP1b containing residues Gly 74 to Pro
791 was expressed and purified as described previously [10]. The
GST-PBP1b fusion protein was treated with Tev protease at a
1:100 ratio, dialyzed into glutathione-free buffer and reloaded onto
a glutathione column in order to remove the contaminating tag. The
protein sample was next dialyzed into 50 mM Tris–HCl, pH 8.0,
20 mM NaCl, 1 mM EDTA and loaded onto an anion exchange col-
umn (GE Healthcare). The sample was then loaded onto a size exclu-
sion column in 20 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM EDTA.

2.2. Small angle X-ray scattering (SAXS) measurements and data
analysis

SAXS patterns were recorded on the undulator beamline ID02 at
the ESRF (Grenoble, France), using a CCD detector coupled to an X-
ray image intensifier [24]. Scattering intensities were recorded over
the angular range Qmin = 0.013 Å�1, Qmax = 0.5 Å�1, where Q =
4p(sinh)/k is the momentum transfer, and k = 0.995 Å is the wave-
length of the X-rays. Ten frames (20 for buffers) of 0.3 s exposure each
separated by a 5 s pause were recorded for each protein solution and
buffer alike. Between successive frames, fresh solution was pushed
into the beam using an automated syringe connected to a quartz cap-
illary of �2 mm diameter under vacuum containing the solution. All
frames were checked for radiation damage (none was found).

Protein solutions in 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM
EDTA were studied over the concentration range 1.7–12.7 mg/ml.
Smaller angle data at 1.7 mg/ml were merged with larger angle
data at 12.7 mg/ml to yield a final composite curve that was used
in subsequent analysis. Scattering from a 2 mg/ml lysozyme solu-
tion was recorded and used for molecular mass calibration.

The radius of gyration and the intensity at the origin were cal-
culated using Guinier law

ln½IðQÞ� ¼ ln½Ið0Þ� � ðR2
g=3ÞQ 2 ð1Þ

over the angular range QRg < 1.3 [25]. The pair distribution function
was determined using the indirect Fourier transform approach as
implemented in the Gnom program [26]. Alternative estimates of
the radius of gyration and the intensity at the origin were derived
from the calculated p(r).

2.3. GT domain ab initio modeling

The program BUNCH implements a combination of ab initio and
rigid body modeling using the high-resolution structures of rigid
domains of the protein when available [27]. It was used to model
ab initio the conformation and position of both the N-ter end and
the missing GT domain with respect to the known PBP1b⁄ struc-
ture. The program describes the missing parts as chains of dummy
residues (DR) attached to the N-terminus of the b-hairpin and to
both the C-terminus of the b-hairpin and the N-terminus of the
TP domain, respectively. Regarding the GT domain, it imposes that
the missing part adopts a compact, globular, conformation by con-
straining the radius of gyration of the DR chain to be close to that of
a typical globular protein containing the same number N of resi-
dues approximated by the expression 33 ffiffiffiffi

N
p

[27].

2.4. PBP1b modeling using homology model and SAXS data

2.4.1. Homology modeling
The program Modeller [28] was used to derive a model for the

full-length molecule using the structure of Aquifex aeolicus PBP1a
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(PDB code 2oqo) and a composite structure containing the GT do-
main of Staphylococcus aureus PBP2 (PDB code 2olu) linked to the
structure of PBP1b⁄ (PDB code 2BG3); this hybrid structure con-
tains the 15 residue long GT peptide from PBP1b⁄. The 2 PDB struc-
tures and the sequence alignment of the chimera, PBP1a and the
full-length PBP1b were used to create a model that satisfied re-
straints from the known related structures and was optimized by
molecular dynamics and simulated annealing. The sequence align-
ment between the composite structure and PBP1b or PBP1a shows
35% and 46% similarity, respectively, taking into account their GT
domains. The scattering intensity curve of the resulting model
was calculated from atomic coordinates using Crysol [29]. The var-
ious models were displayed using the program Pymol (http://
www.pymol.org).

2.4.2. Data fitting using u, w angles
We originally designed a modeling program, to determine the

global structure of modular proteins from homology models of
their domains in the presence of SAXS and/or NMR data using a ge-
netic algorithm [30]. Most modular or multi-domain proteins exhi-
bit a linear succession of domains connected by linkers that are
amenable to study using this approach [31]. As already mentioned,
the glycosyltransferase domain is connected via two linkers to the
transpeptidase domain. To handle this specific configuration we
introduced a new operator (the extended local mutation) that
made possible the displacement of GT domain with respect to TP
domain without breaking the linkers. A residue of the first linker
was randomly chosen and a small rotation around its N-Ca (u
dihedral angle) or Ca-C (w dihedral angle) bond was applied to
all residues of the GT domain. The geometry of the second linker
was then adjusted by minimization thereby resealing the polypep-
tide chain.

PBP1b was divided into five regions: PBP1b⁄ comprising the TP
domain together with the attached b-hairpin (residues 101–119
and 336–791), GT domain (residues 128–322), the first (residues
120–127) and second (residues 323–335) linkers, and the N-termi-
nal segment (residues 74–100). The two domains were not altered
in any way; no mutation operator was directly applied to them.
The glycosyltransferase domain was displaced as a rigid body with
respect to the transpeptidase domain through the application of
the extended local mutation operator between the two linkers.

A set of initial structures was generated and randomly dis-
patched into 43 families of 25 models each. Each family was sub-
mitted to 50 expansion-selection cycles and the selection
pressure was gradually increased during the process. The agree-
ment between the structures and the SAXS curve was measured
by a v2 calculated in the Q-range [0.018 Å�1, 0.35 Å�1].

The calculated curves were obtained using Crysol with a maxi-
mal number of 25 harmonics and a Fibonacci order of 18 while
keeping the density contrast of the solvation shell fixed at
0.03 e� Å�3. Calculated values were scaled to experimental data
using the sum of intensities over the fitting Q-range. An entirely
rewritten version of the modeling program, which includes new
algorithms and a user-friendly graphical interface, will soon be re-
leased (Evrard et al., in preparation).

2.4.3. SAXS models clustering
Models were clustered according to different criteria making

use of scripts written in Python for use in Pymol. Prior to cluster-
ing, all models were superimposed via their TP domain left un-
changed during the refinement process. The first criterion used
was the distance between centers of mass of GT domains with a
cut-off value at 12 Å. We also used the fraction of main-chain
atoms of a GT model within 5 Å of at least one main-chain atom
of another GT model as a crude approximation of volume overlap.
Clustering was performed using a cut-off value of 50%. Finally,
models were clustered according to the rmsd between Ca atoms
of GT domains using a cut-off distance of 12 Å.
3. Results and discussion

3.1. Global structural parameters

The scattering pattern obtained after splicing of smaller (dilute
solution) and larger angle data (more concentrated solution) is
shown in Fig. 1A (dots) while the corresponding distance distribu-
tion function p(r) is shown in Fig. 1B and the Guinier plot in Fig. 1A
inset. The values of the radius of gyration Rg derived from Guinier
law is 34.8 ± 0.3 Å, in good agreement with that derived from the
p(r) function (35.4 ± 0.3 Å). Using lysozyme as a reference sample,
the molecular mass for the full-length PBP1b derived from the
intensity at the origin was estimated to be about 72 kDa, in agree-
ment with the known molecular mass derived from the amino
acids sequence (78.4 kDa), thereby ruling out any significant aggre-
gation. The value of the maximal diameter Dmax of the molecule is
115 ± 5 Å. The asymmetric shape of the p(r) function with a maxi-
mum at r = 29 Å, much smaller than Dmax/2, is typical of an elon-
gated particle.

3.2. Ab initio GT models

Missing residues were modeled as chains of dummy residues
(DR) as implemented in the program Bunch. The b-hairpin (resi-
dues 105–119) seen anchored in the crystal structure of PBP1b⁄

was preserved and two parts were modeled as DR chains: the
unconstrained 33 N-ter residues and the GT domain comprising
217 residues assumed to adopt a globular conformation. A series
of models were obtained, whose scattering pattern nicely fitted
experimental data with v values close to 1. Two models are pre-
sented in Fig. 2 in which each DR is represented by a sphere of ra-
dius 3.2 Å whose volume is equal to the average volume of an
amino-acid residue, i.e. about 140 Å3. The N-terminal stretch is
seen exposed to the solvent with a highly variable orientation with
respect to the rest of the molecule. In contrast, the GT domain ap-
pears close to the TP domain, with no direct contact with the TP
domain other than the two linkers. Although not uniquely deter-
mined, the domains are not widely distributed with distances be-
tween centers of mass of about 15 Å reaching 30 Å for the two
most distant models.

3.3. u and w angles model refinement

Recently, crystal structures of two isolated GT domains [20,21]
and of two full-length PBP proteins [22,23] were determined. This
prompted us to produce a homology model for the full-length mol-
ecule by Modeller using a hybrid structure containing the GT do-
main of S. aureus PBP2 and the TP domain from PBP1b⁄, the
structure of A. aeolicus PBP1a and the sequence alignment of
PBP1b, PBP1a and the chimera. The presence in our crystal struc-
ture of the short GT peptide bound to the TP domain brought in
very useful constraints that helped Modeller to converge toward
a quasi ‘‘unique’’ solution (blue in Fig. 3).

The calculated scattering curve from the homology model,
although similar to the experimental data, exhibited significant
differences with a v value of 4.3 over the Q-range [0.013 Å�1,
0.35 Å�1] (blue in Fig. 4). Runs from our modeling program were
performed leading to resulting models whose scattering patterns
exhibited a variable degree of agreement with experimental data,
with v values ranging from 0.8 to 1.8, a marked improvement with
respect to the initial Modeller model. Twelve models (ca. 30%) with
a v value lower or equal to 1 were further considered and superim-

http://www.pymol.org
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Fig. 2. Bunch modeling of the missing N-ter end and GT domain. The crystal
structure of the TP domain is shown in cartoon representation deep teal while two
Bunch models for the GT domain and associated N-ter are shown in light orange
and salmon. The dummy residues are represented as spheres of radius 3.2 Å (see
text for details). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Models derived from the Modeller homology domain using our modeling
program along two orthogonal views. Grey: TP domain common to all models; GT
domain and N-ter end are shown in different colors; blue: original model from
Modeller; red: best fitting model; green: second best fit model close to the center of
the cluster. The b-hairpin is highlighted in orange. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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posed using the transpeptidase domain. Two models are shown in
Fig. 3 together with the original Modeller model. Their scattering
patterns are shown in Fig. 4 panel A while the reduced residuals
with respect to experimental data are shown in panel B.

Clustering analysis using distances between centers of mass of
GT domains (see Section 2 for details) allowed us to partition our
12 models into one major cluster comprising 10 models and 2 out-
liers. Clustering using the volume overlap criterion yielded identi-
cal results, showing that 80% of all models exhibited more than
50% volume overlap in a position close to that predicted by Bunch.
Finally rmsd clustering of all members of the previously defined
cluster selected 8 of them with an rmsd smaller or equal to 12 Å
with the remaining two displaying much larger values in the range
[15 Å, 35 Å] and [25 Å, 50 Å], respectively. These last two, although
having a large volume overlap with other models, were in mark-
edly different orientations around the long axis of the molecule.

The fact that different models could be found is no proof of
mobility, it simply reflects the finite amount of structural informa-
tion in our data that are compatible with a manifold of models.
However, all models share some common features such as the
location of the GT domain at one end of the molecule and the ab-
sence of contacts between GT and TP domains besides the linker
regions. This observation opens up the possibility that the two do-
mains present some relative mobility. This seems to be in line with
observations of large amplitude flexibility of GT and TP domains in
crystal structures of S. aureus PBP2 reported in [22,32]. The differ-
ences between the various conformers can be described in terms of
rigid-body movements of domains. Using the domain motion anal-
ysis program DynDom [33], the authors report a relative domain
movement in the order of 100� and 3–4 Å between chains from
PBP2D and the apoenzyme form. Could PBP1b also exhibit large
amplitude movements of domains in solution? Our data and the
resulting models provide us with some information in that respect.
Indeed, all conformations appear to be more extended than the
conformation of PBP2 complexed with moenomycin (2OLV pdb
file), the most axial conformation exhibited by PBP2 (see Fig. 2a
in [32]). It follows that if PBP1b explored a large conformational
space comparable to that sampled by PBP2 in the various crystal
structures, sharply bent conformations could only represent a very
minor fraction of the ensemble for the global distribution to ac-
count for the experimental data. In conclusion, although the mole-
cule most likely exhibits interdomain mobility around the two
linkers between GT and TP domains, our experimental data suggest
that its amplitude is restricted, at least in the absence of any part-
ner or ligand, to a conformational space not much broader than the



Fig. 4. Scattering patterns of models derived from the Modeller homology model
using our modeling program. (A) Calculated scattering patterns of models are
shown as continuous lines superimposed on the experimental scattering intensities
shown with associated error bars. Black dots: experimental data; grey line:
homology model from Modeller; red line: best fit to SAXS data; blue line: pattern of
the second best fit model close to the cluster center; (B) reduced residuals of the
least-squares fits ((Iexp � Icalc)/rexp) shown on a linear scale. Same color code as in
panel A. The vertical bar at Q = 0.35 Å�1 shows the outer boundary of the data
included in the fit. Two horizontal lines define the ±2r range. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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solution space sampled by our models. The latter, which all ac-
count individually for the scattering data, are therefore likely to
provide a good picture of the unliganded molecule in solution. This
is a direct consequence of the presence of the b-hairpin anchored
in the TP domain that appears to play a significant role in the pro-
tein structure by allowing GT and TP domains to undergo limited
movements that could be advantageous for the activity of a bi-
functional enzyme in a crowded environment.
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