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The penicillin-binding proteins are the enzyme catalysts of the critical transpeptidation crosslinking
polymerization reaction of bacterial peptidoglycan synthesis and the molecular targets of the penicillin
antibiotics. Here, we report a combined crystallographic, small-angle X-ray scattering (SAXS) in-
solution structure, computational and biophysical analysis of PBP1 of Staphylococcus aureus (saPBP1),
providing mechanistic clues about its function and regulation during cell division. The structure reveals
the pedestal domain, the transpeptidase domain, and most of the linker connecting to the “penicillin-
binding protein and serine/threonine kinase associated” (PASTA) domains, but not its two PASTA
domains, despite their presence in the construct. To address this absence, the structure of the PASTA
domains was determined at 1.5 A resolution. Extensive molecular-dynamics simulations interpret the
PASTA domains of saPBP1 as conformationally mobile and separated from the transpeptidase domain.
SAXS in-solution structure This conclusion was confirmed by SAXS experiments on the full-length protein in solution. A series of
Molecular dynamics simulations crystallographic complexes with B-lactam antibiotics (as inhibitors) and penta-Gly (as a substrate
PBP1 mimetic) allowed the molecular characterization of both inhibition by antibiotics and binding for the
PASTA domains donor and acceptor peptidoglycan strands. Mass-spectrometry experiments with synthetic peptidogly-
Antibiotics inhibition can fragments revealed binding by PASTA domains in coordination with the remaining domains. The
Peptidoglycan binding observed mobility of the PASTA domain in saPBP1 could play a crucial role for in vivo interaction with
its glycosyltransferase partner in the membrane or with other components of the divisome machinery,
as well as for coordination of transpeptidation and polymerization processes in the bacterial divisome.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bacteria are resilient. Their ability to adapt to diverse ecological
niches is due in large part to the robustness of their cell envelope.
This envelope is a tightly integrated network of membranes,
lipoproteins, and glycolipids organized around a structural pepti-
doglycan polymer [1,2]. In Gram-positive bacteria, such as the
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highly pathogenic Staphylococcus aureus [3], this polymer com-
prises its cell surface [4-G]. The importance to the bacterium of
preserving the integrity of this peptidoglycan polymer is reflected
by the structural diversity of antibiotic entities developed—includ-
ing penicillin, fosfomycin, vancomycin, and polymyxin—that func-
tion by disrupting peptidoglycan biosynthesis [7]. The mechanism
of the penicillins is irreversible acylation, by its f-lactam substruc-
ture, of the peptidoglycan crosslinking enzymes (historically,
called penicillin-binding proteins, or PBPs) [8]. A major focus in
the current study of PBP function is discernment of the precise
molecular function of each PBP within the bacterial family [9]. S.
aureus creates its complex and nearly spherical peptidoglycan with
a spare ensemble of only four PBPs, of which two (saPBP1 and
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saPBP2) are essential [10-12]. Addition of a fifth PBP (PBP2a) is a
clinically significant antibiotic-resistance mechanism in
methicillin-resistant S. aureus [13-16].

The growth and separation processes used by bacteria correlate
with their cell shape. As a nearly spherical (coccus-shaped) bac-
terium, growth of the cell envelope of S. aureus is primarily the cre-
ation of a mid-cell septum, that ultimately fractures to release the
parent and daughter cells as (transiently) hemisphere-shaped cells
[16-18]. Peptidoglycan biosynthesis occurs by glycan-strand for-
mation (tranglycosylase activity), followed by crosslinking
(transpeptidase activity). Creation of the peptidoglycan of this sep-
tum is tasked to its two critical S. aureus PBPs, PBP1 (saPBP1) and
PBP2 (saPBP2). These two PBPs function cooperatively within a
multi-protein and multi-enzyme complex, termed the “divisome”
[19,20]. Multiple divisome complexes organize against the inner
membrane surface at mid-cell. A ring of new peptidoglycan is inte-
grated into the existing peptidoglycan (a process facilitated by
saPBP3) at this circumference. A subsequent concentric and
inwardly spiraling motion of multiple divisome complexes com-
plete the septum [21]. saPBP1 constructs the leading-edge septal
peptidoglycan, possibly to create a substrate template for saPBP2
[16,22]. The majority of the septal peptidoglycan mass arises
through PBP2 catalysis.

Peptidoglycan is a polymer of glycan strands crosslinked
through peptide stems and the peptide stems of the nascent pepti-
doglycan terminate with an -L-Lys(e-Glys)-p-Ala-p-Ala sequence.
Both saPBP1 and saPBP2 recognize the terminal -p-Ala-p-Ala motif,
catalyze acyl-transfer of the penultimate p-Ala to the nucleophilic
serine of their active site to form an acyl-enzyme (with the atten-
dant release of the terminal p-Ala), and complete catalysis and
crosslink formation by transfer of the p-Ala acyl moiety to a nucle-
ophilic amine on an adjacent glycan strand. In S. aureus this amine
is provided by the terminal glycine of the 1-Lys(e-Gly)s bridge pep-
tide. saPBP1 and saPBP2 are differentiated in two key aspects.
Firstly, saPBP2 is a bifunctional class A PBP (aPBP), having both
transglycosylase and transpeptidase active sites [23], while saPBP1
is a monofunctional class B PBP (bPBP) having only transpeptidase
activity. As a consequence, saPBP1 must partner with a transglyco-
sylase, a role played by the “shape, elongation, division and sporu-
lation” (SEDS) protein FtsW. The substrate for saPBP1 is the nascent
glycan strand produced from Lipid II polymerization by FtsW [24].
There is a strong association of FtsW to saPBP1 [25]. The FtsW:
saPBP1 complex functions as a key structural edifice of the divi-
some (Scheffers and Pinho, 2005). Fig. 1 shows this partnership.
Second, saPBP1 and saPBP2 are distinguished by the presence of
two PASTA domains in saPBP1 (predicted from sequence analysis),
while saPBP2 does not contain those domains [26,27]. “PASTA” is
an acronym for a “Penicillin-binding protein And Serine/Threonine
kinase Associated” protein domain. PASTA domains are recognized
as broadly encountered, as single or multiple repeats, among bac-
terial proteins [28,29]. Each PASTA domain comprises 65-70 amino
acids organized as an N-terminal a-helix packed against a three-
strands antiparallel B-sheet [30-34]. A key function of many PASTA
domains is in protein-protein recognition [35], and as sensors of
the cell-envelope status or stress by recognition of peptidoglycan
structure [36,37]. We proposed recently that the PASTA domain
of PBP2x of Streptococcus pneumoniae (spPBP2x) could form an
allosteric pocket that anchors nascent peptidoglycan and promotes
catalysis [38]. Molecular-dynamic simulations of spPBP2x demon-
strated a stable intramolecular interaction between its PASTA
domain repeat and its transpeptidase domain. The PASTA domain
of the S. pneumoniae protein kinase StkP sequesters the proteins
LytB and MapZ to facilitate cell constriction and separation [39].
PASTA domains in PBP2b from Bacillus subtilis strengthen its
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interaction with DivIB (in other organisms, FtsQ) protein to enable
successful cell division [35].

The crystal structures of four of the PBPs of S. aureus (those of
saPBP2, PBP2a, saPBP3, and saPBP4) are solved [23,40-43]. Here,
we report a structural, computational and biophysical analysis of
the last remaining PBP of S. aureus, saPBP1, with particular atten-
tion to the transpeptidation process and the intramolecular rela-
tionship of its PASTA domains to the other domains of this
protein as an essential step toward dissecting the structure-func-
tion relationship of this fundamental PBP from S. aureus.

2. Materials and methods
2.1. Construction of pET24-PBP1 and purification of saPBP1

A soluble S. aureus PBP1 for overexpression in E. coli was
designed using sequence alignment with spPBP2x. Based on the
sequence alignment, the first 64 amino acids and the 33 amino
acids from the C-terminus were removed. The gene for this variant
was amplified by PCR with primers ORB001 and ORB005 from S.
aureus N315 genomic DNA and was ligated into the plasmid
pET24a(+) using the restriction enzymes Ndel and Xhol (Primer
sequences in Table S1). A stop codon was included at the 3’-end
of the PCR product in order to express the enzyme without a
His-tag. E. coli BL21 DE3 was transformed by the plasmid for over-
expression of the protein. An overnight culture of E. coli BL21 DE3
(10 mL) inoculated 1 L of LB containing 30 pg mL™! of kanamycin.
The culture was grown at 37 °C with shaking (190 rpm) to an ODggg
of 0.6 (approximately 3 h). Protein expression was induced (final
concentration of 0.5 mM IPTG) by overnight culture at 16 °C. Cells
were harvested by centrifuging at 6,000 g (15 min at 4 °C). The pel-
let was resuspended in 30 mL of Buffer A (25 mM HEPES, 150 mM
NaCl pH 7.4) supplemented with 1 x Protease Inhibitor Cocktail
(APExBio). The cells were disrupted with 10 cycles of sonification
on ice (1-min pulse—40% duty cycle and output control 4—and 2-
min rest with a Branson 450 Sonifier), followed by centrifugation
at 18,000g (45 min at 4 °C). The supernatant was loaded onto a
High S-Sepharose cation-exchange column (2.5 cm x 15 cm) equi-
librated with Buffer A at 3 mL min~'. Proteins were eluted with a
linear gradient of 0.15-1.0 M NaCl using Buffer B (25 mM HEPES,
1 M NaCl pH 7.4) at 1.5 mL min~' (total volume of 0.3 L). The frac-
tions containing the saPBP1 (as determined by SDS-PAGE) were
combined and concentrated to a final volume of 3 mL using a
10 kDa-cutoff centrifugal filter. The concentrate was loaded onto
a Sephacryl S200 size-exclusion column (1.5 cm x 90 cm). Proteins
were eluted at 0.4 mL min~! with 160 mL Buffer A. The fractions
containing pure PBP1 were combined and concentrated using a
10 kDa-cutoff centrifugal filter.

2.2. Construction of pET41ST-PASTApgp; and purification of PASTApgp;

The commercial vector pET41b(+) was modified by putting a
Strep-tag and a tobacco etch virus (TEV) protease cleavage site at
the downstream of the enterokinase cleavage site to make the
recombinant proteins susceptible to processing by the TEV pro-
tease. Double-stranded DNA fragments synthesized with a set of
oligomers (CK171/CK172) were ligated with Ncol/Xhol-digested
pET41b(+). The resulting vector was named pET41ST. The DNA
fragment encoding the PASTA domain (Ala597 to Ser713) of
S. aureus PBP1 was cloned following a restriction-enzyme-
independent method (the fast-cloning approach). Two sets of pri-
mers containing overlapped sequences (~17 nucleotides) were
used to amplify the vector pET41ST (primers CK2645 and CK266)
and the PASTA domain (primers CK173 and CK174) from pET24-
PBP1 described above (Primer sequences in Table S1). Dpnl
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Fig. 1. Schematic representation of saFtsW:saPBP1 complex. The FtsW:PBP1 complex is involved in polymerization of Lipid II and crosslinking of the nascent peptidoglycan
into the growing edge of the cell wall. Polymerization is performed by the SEDS protein FtsW. The transpeptidase reaction of saPBP1 involves acyl-enzyme formation at S314

from the terminal -p-Ala-p-Ala motif of the peptide stem.

(1 pL) was added to each PCR product, and two PCR products were
mixed at 1:1 or 1:2 ratios (vector:insert), followed by incubation
for 1 h at 37 °C to degrade the template DNAs. E. coli DH5a was
transformed with each mixture. The two DNA fragments in the
mixture would be ligated spontaneously in the cell. The resulting
plasmid pET41ST- PASTApgp; Was confirmed by DNA sequencing
covering from the T7 promoter to the stop codon of the gene.
The plasmid was inserted into BL21Star (DE3) to overexpress
PASTApgp; with a 6 x His-tag, a GST-tag, a Strep-tag and a TEV
cleavage site at the N-terminus. The protein was produced by
induction with 0.4 mM IPTG at ODggo of 0.6 and incubation for
4 h at 30 °C.

Cells were harvested and disrupted in lysis buffer (50 mM Tris-
HCI, 50 mM NacCl pH 7.5, with 5% glycerol, 10 mM MgSO,4, 2 mM
ATP, 1 mM DTT, 50 ug mL~' lysozyme, 50 pg mL~! DNase I, 1 x pro-
tease inhibitor cocktail), as described above. The supernatant was
applied to a Glutathione Sepharose™ 4 Fast Flow column (Cytiva)
equilibrated with washing buffer I (50 mM Tris-HCI, 100 mM NacCl
pH 7.5), to purify the recombinant protein via the GST-tag, follow-
ing the manufacturer’s instruction. The fractions containing His-
GST-Strep-tagged PASTApgp; Were pooled and concentrated to a
total volume of 5 mL. The protein was run through a Ni-NTA resin
(Protino) with stepwise elution of 20 mM, 200 mM, 500 mM and
800 mM imidazole in 50 mM Tris-Cl, 150 mM NaCl pH 8.0 buffer.
The fractions eluting at 500 mM and 800 mM imidazole were com-
bined. Repeated filtration with an Amicon Ultra 10 kDa-cutoff filter
removed imidazole. The concentrated protein (3 mg mL™!) was
incubated with His-tagged TEV protease (purchased from MCLAB)
as a 1:100 TEV protease:target protein ratio at 4 °C for 24 h to
remove all tags. The PASTApgp; protein was separated from the
tags, His-tagged TEV protease, and non-cleaved tagged-PASTApgp;
using a Ni-NTA column. The flow-through fraction and the
20 mM imidazole-washing fraction were collected. The PASTApgp;
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purity was determined with SDS-PAGE and its yield was deter-
mined by BCA assay.

2.3. Synthetic compounds

Synthetic peptidoglycans 1-3 were prepared for this study by
multi-step syntheses reported previously [44-46].

2.4. Non-denaturing mass spectrometry

Prior to non-denaturing mass spectrometry, the active site of
10 uM saPBP1 was covalently labelled by incubating the protein
with 300 pM penicillin G (penG) for 10 min at room temperature.
The penG-labelled PBP1 (PBP1-penG) was separated from unbound
PenG with Zeba Desalting Column (Thermo Fisher Scientific).
PASTApgp;, PBP1 and PBP1-penG were buffer-exchanged to 1 M
ammonium acetate, pH 6.6, with Zeba Desalting Columns. Mass
spectrometry was performed as described [47,48]. Prior to injec-
tion of the samples into the mass spectrometer, the proteins were
preincubated as follows: 1 puM of PASTApgp; with 50 uM of the
compounds for 1 h at room temperature and 10 pM of PBP1 with
200 puM of the compounds for 2 h at room temperature.

2.5. Crystallization of saPBP1

Crystallization screenings were performed using high-
throughput crystallization techniques in a NanoDrop robot using
Innovadyne SD-2-microplates (Innovadyne Technologies, Inc.)
and screening using JBScreen PACT", ]BScreen Classic 1 to 4,
JBScreen JCSG*™ 1 to 4 (Jena Bioscience), Crystal Screen, Crystal
Screen 2, SaltRx HT, Index HT (Hampton Research), and Wizard
Cryo (Rigaku) protocols. The conditions that produced crystals
were optimized by sitting-drop vapor diffusion method at 290 K
by mixing 1 pL of protein solution and 1 pL of precipitant solution,
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equilibrated against 150 puL of precipitant solution in the reservoir
chamber. Crystals of PBP1 were obtained in 2.1 M pr-malic acid pH
7.0 at a concentration of 10 mg mL™!. Crystals of PBP1-penicillin G
complex were obtained by co-crystallization in 1.6 M sodium
citrate at a concentration of 11 mg mL~'. The complex with
piperacillin was obtained by soaking the PBP1 crystals in the
crystallization solution containing 2 mM of piperacillin for
30 min. The complex with pentaglycine was obtained by soaking
the PBP1 crystals overnight in the crystal solution containing
0.45 mM of pentaglycine.

2.6. Crystallization of PASTApgp;

Crystallization screenings were performed using high-
throughput crystallization techniques in a NanoDrop robot with
Innovadyne SD-2-microplates (Innovadyne Technologies, Inc.).
Crystals of PBP1-PASTA domain (amino acids 597-713) were
obtained in different crystallization conditions by the sitting-
drop method at 291 K at 7.2 mg mL~! of protein. The best crystals
were obtained in a precipitant solution consisting of 30% (v/v) PEG
400, 0.1 M HEPES free acid/Sodium hydroxide pH 7.5, 5% (w/v) PEG
3000, and 10% glycerol.

2.7. Data collection, structure solution, model building and refinement
of saPBP1

Diffraction data were collected in the XALOC beamline at the
ALBA synchrotron (Barcelona, Spain) using a Pilatus 6 M. The data
sets were processed with XDS and Amviess [49,50]. PBP1 diffraction
patterns presented anisotropy that was corrected by using the
STARANISO server |[51] (http://staraniso.globalphasing.org/cgi-
bin/staraniso.cgi) with a surface threshold of 0.6 ,,CC;;, and/or
the Local mean I/c(I) of 1.2, implemented through the autoProc
pipeline [52]. The structures were solved by the molecular-
replacement method with Motrep [53], using the saPBP1 structure
(PDB code 5TRO) as template. The coordinates were refined using
PHENIX [54]; Rermac from CCP4 [55]; and modelled using Coor [56].
Data refinements are given in Tablel.

2.8. Data collection, structure solution, model building and refinement
Of PASTApgp;

X-ray data sets were collected from frozen crystals at 100 K
with PILATUS detector at beamline XALOC (ALBA Synchrotron,
Barcelona, Spain). Data processing and scaling used XDS [49] and
Aimiess from the CCP4 program suite [57]. The structure was solved
by molecular replacement as implemented by the program PHaser
[58]. The search model was based on the two PASTA domains from
PBP2x of S. pneumoniae (PDB code 50AU). The model was subjected
to iterative cycles of model building and refinement with Coor and
PHENIX, respectively. Statistics for the crystallographic data and the
structure solution are in Tablel.

2.9. MALDI-TOF experiment

saPBP1 crystals were washed repeatedly with the crystalliza-
tion solution and then dissolved in water. Samples were diluted
at a 1:1 ratio (v/v) with matrix solution (50% saturated sinapinic
acid in 70% (v/v) aqueous acetonitrile and 0.1% trifluoroacetic acid).
A 1.0 pL aliquot of this mixture was manually deposited onto a
386-well OptiTOF™ Plate (ABSciex, Foster City, CA) and allowed
to dry at room temperature. The spectrum was acquired on an
Abi 4800 MALDI TOF/TOF mass spectrometer (SCIEX, Foster City,
CA) in positive ion linear mode (ion acceleration voltage of
25 kV) using AB Sciex 4000 Series Data Explorer control and
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processing software. The detection mass range was m/z 20,000-
150,000.

2.10. Protein-protein docking

The protein-protein docking was computed with the ZDOCK
program implemented on the online server [59,60].

2.10.1. Protein modeling and molecular-dynamics simulations

The three-dimensional coordinates of the missing stretch of the
loop spanning residues 582-633 were modeled computationally
based on secondary-structure prediction with the program MAEsTrRO

(https://www.schrodinger.com/products/maestro). The X-ray
structure of the transpeptidase (TP) and PASTA domains were
linked to each other with the modeled sequence. This full-length
model was immersed in a rectangular box of TIP3P water mole-
cules, energy-minimized, and subjected to MD simulation using
PMEMD module of AmBer18 [61], following a reported protocol
[42]. AmBer ff14SB provided forcefield parameters. Various confor-
mations of the loops were generated with the program PriME
(Schrodinger Suite 2019-4) using the spPBP2x crystal structure
as template.

2.10.2. Model of FtzW-PBP1-Peptidoglycan ternary complex in S.
aureus

The model used the coordinates of the T. thermophiles
PBP2-RodA complex (PDB code: 6PL6) [62]. The final snapshot from
the 1-us MD trajectory of saPBP1 (this study) was extracted and
superimposed on the ttPBP2. The single predicted transmembrane
helix of saPBP1 was modeled using ttPBP2 helix as template. FtzW
was modeled using RodA as template (23% identity and 41% simi-
larity). The membrane model (POPC: 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) was constructed with the DesmonD Sys-
TEM BuiLber program (Version 6.1, D. E. Shaw Research, NY). The con-
formation of the cross-linked peptidoglycan from the previous
study [42] was modeled to the active site of saPBP1 after superim-
position of the active site of saPBP2a-peptidoglycan complex to the
saPBP1.

2.10.3. Small-Angle X-ray Scattering (SAXS) data collection, processing
and modelling of full-length saPBP1

Experiments were performed at the beamline B21 of the Dia-
mond Light Source (Didcot, UK) [63]. A sample of 40 puL of PBP1
at concentration of 4 mg/ml were delivered at 20 °C via an in-
line Agilent 1200 HPLC system in a Superdex 200 Increase 3.2 col-
umn, using 25 mM HEPES pH 7.4 and 150 mM Na(l as the running
buffer. The continuously eluting samples were exposed for 300 s in
10 s acquisition blocks using an X-ray wavelength of 1 A, and a
sample to detector (Eiger 4 M) distance of 3.7 m. The data covered
a momentum transfer range of 0.0032 < q < 0.34 A-1. The frames
recorded immediately before elution of the sample were sub-
tracted from the protein-scattering profiles. The Scdtter software
package (www.bioisis.net) was used to analyse data, buffer-
subtraction, scaling, merging and checking possible radiation dam-
age of the samples. The Rg value was calculated with the Guinier
approximation, assuming that at very small angles q < 1.3/Rg.
The particle distance distribution, Dmax, was calculated from the
scattering pattern with GNOM, and shape estimation was carried
out with DAMMIF/DAMMIN, all these programs are included in
the ATSAS package [64]. The proteins molecular mass was esti-
mated with GNOM. Interactively generated PDB-based homology
models were made using the program COOT from the CCP4
Program suit [57] using as templates the crystal structures of the
proteins obtained from this work, and placed into the SAXS enve-
lope. The real-space scattering profile of the homology model
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Table 1
X-ray Data collection and refinement statistics.
PBP1 PBP1:piperacillin PBP1:penicillin G PBP1:pentaglycine PBP1-PASTA
complex complex complex
Data collection statistics
Wavelength (A) 0.97926 0.97925 0.97918 0.97926 0.97918
Space group P2,2,2 P6s22 P6s422 P2,2,2 P222

Unit cell dimensions

a, b, c(A) 311.86, 197.15,221.6  178.69, 178.69, 223.65
o, B,y (°) 90,90,90
Resolution range (A) 49.00-3.32 47.40-3.24 (3.25-3.24)
(3.33-3.32)
No. of unique reflections 185,164 (1,852) 34,090 (336)
Completeness (%) 92.0 (93.3) 99.9 (100)
Multiplicity 8.4 (6.5) 29.7 (16.3)
CC1/2 0.996 (0.331) 0.997 (0.313)
Rpim 0.074 (1.083) 0.072 (2.314)
Avg. /o (1) 9.9 (0.8) 11.6 (0.4)
Data with anisotropic correction
(STARANISO server)
Anisotropic resolution (A) 3.598 (a%) 3.843 (0.894 a* —
(direction) 0.447b%)
4.269 (b*) 3.843 (b*)
3.005 (c¥) 2.863 (c¥)

Resolution after correction

No of unique reflection

49.01-3.03 (3.42-
3.03)
145,321 (7266)

47.40-3.03 (3.31-3.03)

26,360 (1318)

(ellipsoidal)
Completeness ellipsoidal (%) 89.9 (73.1) 95.1(81.4)
Completeness spherical (%) 55.3 (9.3) 63.4 (13.9)
Multiplicity 8.9(9.8) 32.1 (39.5)
Avg. I/c (1) 11.0 (2.2) 14.3 (1.8)
Rpim 0.058 (0.401) 0.058 (0.468)
CC1/2 0.997 (0.735) 0.998 (0.744)

Refinement Statistics

Resolution range (A) 48.89-3.03 46.84-3.03
Ruwork/Reree 0.211/0.246 0.211/0.278
No. of atoms

Protein 48,489 7756
Water 50 -

Ligand 168 84

RMS deviations

Bond length (A) 0.014 0.013
Bond angles (°) 1.92 1.91
Ramachandran plot

Favored/outlier (%) 87.17/1.21 88.45/0.82
Monomers per AU 12 2

PDB code 7049 704A

180.65, 180.65, 223.47
90,90,120
47.51-2.74 (2.75-2.74)

57,176 (570)
100 (100)
245 (22.3)
0.999 (0.361)
0.039 (1.756)
17.8 (0.4)

3.170 (0.894 a* —
0.447b*)

3.170 (b%)

2,507 (c*)

47.51-2.59 (2.85-2.59)

45,182 (2,260)

96.3 (83.2)
67.5 (14.1)
247 (27.3)
22.1 (2.0)
0.030 (0.420)
0.999 (0.706)

47.26-2.59
0.205/0.241

7697
39
152

0.014
1.91

90.98/0.52
2
704B

313.99, 198.19, 220.90
90,90,90
49.32-3.94 (3.96-3.94)

121,463 (1,211)
99.8 (99.5)
13.0 (13.6)
0.964 (0.313)
0.332 (2.380)
5.7 (1.0)

5.448 (a*)

4.663 (b%)
3.110 (c¥)
49.32-3.36 (3.76-3.36)

86,448 (4,322)

89.1 (64.6)
74.2 (17.4)
44.0 (7.8)

7.5 (1.9)
0.195 (0.785)
0.982 (0.408)

49.27-3.37
0.199/0.245

47,732
6
179

0.014
1.68

90.92/1.05
12
70K9

39.97, 80.56, 90.42
90,90,90
4521-1.51
(1.54-1.51)

46,753 (2,309)
100.0 (100.0)

13.0 (13.3)

1.000 (0.948)
0.012 (0.193)

30.8 (4.0)

40.28-1.51
0.167/0.197

1873
166
1

0.014
1.74

99.13/0.00
2
704C

aStatistics are for data that were truncated by STARANISO to remove poorly measured reflections affected by anisotropy.

Numbers in parentheses correspond to the outer resolution shell.

was computed with the program FoXS [65]. The overall parameters
and the SAXS modelling results are summarized in Table 2.

3. Results
3.1. Three-dimensional structure of PBP1 from S. aureus

saPBP1 is a multi-domain protein containing 744 amino-acid
protein and shows a total of four segments and four domains. This
total includes a predicted short N-terminal cytosolic segment (resi-
dues 1-11), a transmembrane segment (amino acids 12-38), the
pedestal domain (PD, amino acids 39-244), the transpeptidase
domain (TP, amino acids 245-585), a linker segment (amino acids
586-596) connecting the two PASTA domains (amino acids 597-
713), and a C-terminal tail segment (amino acids 714-744)
(Fig. 2A). The gene for the saPBP1 protein construct spanning
amino acids 65-713 (excising the cytoplasmic and transmembrane
segments and the C-terminal disordered tail located after the
PASTA domains) was cloned, expressed, and purified (Figure S1).
Crystals of the protein (10 mg mL™!) were obtained from 2.1 M
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pr-malic acid pH 7.0 and diffracted to 3.0-A resolution. The three-
dimensional structure of saPBP1 was solved by molecular replace-
ment using a partial previous model (that of the pedestal and TP
domains of saPBP1; PDB code 5TRO) provided by the Center for
Structural Genomics of Infectious Diseases (see Methods and
Tablel). Our crystals presented a large unit cell with 12 indepen-
dent molecules in its asymmetric unit. The 12 protein monomers
in the asymmetric unit have similar structures (root-mean-
square deviation (RMSD) values of 0.08-0.11 A for Co atom super-
imposition (Figure S2). The overlap of the previous partial struc-
ture for saPBP1 with our structure shows good similarity (rmsd
of 0.32 A for 380 Co atoms superimposition).

The electron-density maps from our saPBP1 crystals allowed us
to unambiguously build a final model containing the pedestal
domain, the transpeptidase domain, and most of the linker con-
necting the PASTA domains, but not the PASTA domains them-
selves (Fig. 2B). MALDI-TOF experiments using dissolved saPBP1
crystals indicated that they contained the full construct (Figure S3),
confirming that the PASTA domains were present (not proteolyzed
during handling) and therefore, PASTA domains in the crystallized
protein were either mobile or disordered. The pedestal domain of
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Table 2
SAXS Data Collection and derived parameters.

Data collection parameters

Instrument Diamond Light Source beamline B21 (Harwell
Campus, UK)

Wavelength (A) 1

g-range (A1) 0.0032-0.38

Exposure time (s) 300

Concentration (mg ml~) 4

Temperature (K) 293

Structural parameters
Protein PBP1

Rg (A) (from Guinier) 34.88 + 0.03
Rg (A) (from P(r)) 34.90 + 0.03
Dmax (A) 128 +0.2
Molecular mass determination
MM (kDa) from Porod 74
volume
Calculated MM (kDa) from 72.12
sequence

Software employed
Data processing Scatter/PRIMUS/ GNOM
Ab initio analysis | Averaging DAMMIF, DAMMIN/DAMAVER
Computation of model FoXS
intensities

3D graphics representations PyMOL

saPBP1 is formed by two subdomains—the anchor and the head—as
observed in other bPBPs (Fig. 2B) [62]. The main differences with
respect to Co. atom superimposition are in the pedestal domain,
where variations are observed in the disposition of the head subdo-

>

Transpeptidase

Pedestal

244 245
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main and in the loop 209-237 (L209-237) from the anchor subdo-
main. While in all our cases this loop is oriented towards the TP
domain, two distinct conformations are observed among the inde-
pendent monomers. In one monomer set the backbone of the loop
runs in an anti-parallel manner (chains A, C, G, H, |, and ], Figure S2)
while in the other monomer set the loop backbone is crossed
(chains B, D, E, F, K, and L).

The closest structural homologues of saPBP1 are the PBP2x pro-
teins from S. pneumoniae (spPBP2x; PDB code 50AU; rmsd of
1.359 A for 353 Cot superimpositions) and from Streptococcus ther-
mophilus (stPBP2x; PDB code 5U47; rmsd of 0.70 A for 461 Co
superimpositions). Comparison of saPBP1 with spPBP2x (Figs. S4
and S5) indicated differences in both the PD and the TP domains
(Fig. 2C, D and S4), notwithstanding a 95% sequence identity for
the shorter stretches. The most relevant difference in the pedestal
domain is the profoundly different conformation and disposition of
Loop 209-237 (L209-237). In both spPBP2x (residues 229-258)
and stPBP2x (residues 234-263) this loop has an extended confor-
mation. In contrast, the loop conformation in saPBP1 shows an
angular rotation of >140° and folds onto the TP domain (Fig. 2C).
The tip of the L209-237 loop in saPBP1 (amino acids 215-225)
occupies the position observed for the linker and the first PASTA
domain (P1) in the crystal structures of spPBP2x and stPBP2x
(Fig. 2C and S4). In this conformation the L209-237 loop does
not preserve the interactions with the TP domain that were
observed for the PASTA domains with TP domain in spPBP2X (Fig-
ure S6). Differences are also observed between the active sites of
saPBP1 and spPBP2x (Fig. 2D). The different structural elements
in saPBP1 (the a12 helical turn N6, and the conformation of the

597 PASTA
e C

saPBP1 *h
spPBP2X {8 (2
P = > P

Fig. 2. Three-dimensional structure of saPBP1. (A) The saPBP1 modular organization. (B) Molecular surface and ribbon representation of the crystal structure of saPBP1 with
domains colored according to panel A. The HEPES buffer molecule (EPE), bound close to the active site, is shown in capped sticks colored by atom types (carbons in yellow).
The catalytic S314 is labeled and is depicted as blue spheres. The position for Loop 209-237 is indicated by an arrow (at 7o’clock). (C) Structural superimposition of saPBP1
(colored as in panel B) and spPBP2x (colored uniformly in gray) highlights similarities and differences. The two extremes of the spatial dispositions of L209-237 (saPBP1
numbering) are highlighted by the curved arrow. The position of the C-terminal linker in saPBP1 is indicated by a blue asterisk (at 100’clock of the right image). PASTA
domains of spPBP2X are labeled P1 and P2. (D) Differences in the active sites of saPBP1 (blue) and spPBP2x (gray) are depicted. The EPE molecule is displayed as yellow sticks.
A different orientation of the linker connecting the TP domain with PASTA domains in saPBP1 (C-term labeled) versus spPBP2x (highlighted with an arrow) is observed. (E)
Three-dimensional structure of the PASTA domains of saPBP1. (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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loop connecting a11 with p14) (Figure S5) give a narrower active-
site cavity compared to the cavity of spPBP2x. This difference is
especially relevant to the acceptor-strand site (Figures S7A and
S7B). The linker connecting the TP and the PASTA domains in
saPBP1 is disposed differently compared to spPBP2x (Fig. 2D).

3.2. High-resolution crystal structure of PASTA domains of saPBP1

The absence of structural information about the two PASTA
domains prompted further effort. Thus, we cloned DNA for expres-
sion of the two saPBP1 PASTA domains by themselves (correspond-
ing to amino acids 597-713). The gene was expressed and the
protein was purified to homogeneity (Figure S1). High-
throughput crystallization assays gave a single crystallization hit.
After several rounds of optimization, crystals diffracting at 1.5-A
resolution were obtained (Table 1). The two PASTA domains (P1,
amino acids 597-655 and P2, amino acids 656-713) showed the
precedented PASTA folding of one a-helix facing a three-stranded
B-sheet (Fig. 2E). P1 and P2 interact with each other through polar
interactions (notably, a salt-bridge between K649 and D670) and
through a core of hydrophobic residues linking the exposed side
of the B-sheet from P1 with the o-helix from P2 (Figure S8A). Com-
parison of these PASTA domains with that of spPBP2x reveals small
differences in the disposition of the regions connecting the
secondary-structure elements (rmsd of 1.68 A for 98 Co atoms:
Figure S8B). The hydrophobic core that links P1 and P2 is conserved
in spPBP2x (Figure S8B). However, comparison to the PASTA
domains of S. aureus Ser/Thr kinase PrkC (PDB code 3PY9) shows
that the hydrophobic residues that glue the two PASTA domains
in saPBP1 are replaced by charged residues in the three PASTA
domains of saPrkC. These substitutions preclude formation of the
compact fold observed in saPBP1 and accounts for the extended
and labile conformation seen for the PASTA domains of saPrkC
(Figure S8C).

3.3. Computational modeling of the saPBP1 construct

The unification of the two crystallographic structures was done
by computational analyses. The tandem PASTA domains of spPBP2x
show close interaction with its TP domain. The crevice found at the
interface of these domains in spPBP2x is an allosteric site (con-
firmed by kinetic studies) that binds an intact B-lactam antibiotic
as a surrogate for the terminal section of the peptide stem (seen
by X-ray crystallography) [66,67]. X-ray-guided computational
modeling suggested the p-Ala terminus of the full-length stem
peptide of the nascent peptidoglycan as the endogenous ligand
for this site [38]. We investigated computationally whether the
free-standing PASTA domain repeats of saPBP1 could occupy the
TP domain surface as was seen for the spPBP2x. The X-ray structure
for the tandem repeat of the saPASTA (amino acids 597-713) was
evaluated as a “ligand” for binding to the apo saPBP1 surface using
the protein-protein docking program Zpock [59,60]. The extensive
protein-protein surface complementarity between TP and PASTA
domains of spPBP2x was the control for this docking analysis.
Indeed, the docking analysis reproduced the TP-PASTA interaction
of spPBP2x seen in the X-ray structure (not shown). In contrast,
none of the top-scoring poses for docking the saPASTA to saPBP1
simulated the PASTA-TP interaction of spPBP2x. Thus, we examined
a complementary computational approach. A saPBP1 model was
generated by linking the TP domain of saPBP1 and that of the
PASTA-domain repeat and the linker residues (13 amino acids;
Leu586-Glu598) to simulate the X-ray structure conformation of
spPBP2x (Movie S1). Although manual placement of the PASTA
domains onto the TP domain in saPBP1 achieved a conformation
similar to that of spPBP2x, the model did not reproduce the fit
between the TP and PASTA domains of spPBP2x. This failure was
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the consequence of steric hindrance of L209-237 as observed in
the saPBP1 crystal (Fig. 2). We generated 10 different conforma-
tional models. Each of the 10 protein models was immersed in a
rectangular box of water, energy-minimized, and simulated for
20 ns. Each simulation showed displacement of the PASTA domains
from its initial position, further arguing that close contact of the
saPASTA with the TP domain is not a stable interaction (Movie
S2). We also investigated whether an extended conformation of
L209-237 could favor this interaction by simulating the dynamics
of 10 models of saPBP1 with the extended conformation of Loop
209-237 (based on spPBP2x: Fig. 2C) (protocol as described above).
Once again, a stable interaction of the PASTA domains with the TP
domain was not seen (Movie S3). Then, one of these starting con-
formations was evaluated using a 1 us accelerated MD analysis
[68]. The overall conformational landscape showed the PASTA
domains keeping their compact fold, but exploring a variety of
poses adjacent to the TP domain (Movie S4). Consequently, compu-
tational analyses agree with the crystallographic results, indicating
a radically different positioning of PASTA domains in saPBP1 com-
pared with that observed for spPBP2x.

3.4. SAXS studies on saPBP1 in solution

SAXS (Small Angle X-ray Scattering) data were collected and
analyzed for saPBP1 in solution (Table 2) to obtain low-
resolution shape conformation. The protein behaved well during
the SAXS measurement, and the Guinier regions were linear, in
line with a monodisperse monomeric sample. The SAXS scattering
curve and distance distribution are depicted in Fig. 3A and 3B.
The result revealed the organization of saPBP1 protein in solution,
providing information on disposition of PD, TP and PASTA
domains. The envelope clearly shows how the TP domain acts
as a central core from which protrudes the PD and PASTA
domains (Fig. 3C). To ease the visualization of the protein distri-
bution inside the SAXS envelope, a full-length model of soluble
saPBP1 was created based on our crystallographic structures
(see section before) and fitted into the SAXS envelope. The main
modification from the computational model was displacing the
position of the loop that joins the PASTA domains to the TP
domain, to match the SAXS envelope. The PASTA domains in
the model are ~25 A from the TP domain in a disposition dramat-
ically distinct from that observed for spPBP2x (Fig. 3D). Interest-
ingly, the compact structure of the PASTA domains observed by
X-ray crystallography is preserved in solution. Even the crevice
formed at the interface between P1 and P2 domains was clearly
seen in SAXS envelope (Fig. 3C). It is noteworthy that superimpo-
sition of SAXS model onto the 12 independent molecules of our
saPBP1 crystal places the PASTA domains along the large cavities
observed in the crystal packing, but with some clashes among the
PASTA domains from different molecules. This fact could explain
the lack of structural information for the PASTA domains in the
saPBP1 crystal structure.

In summary, crystallographic, computational and solution stud-
ies strongly support a distinct arrangement for the PASTA domains
in saPBP1 compared with previous examples observed in PBP2x
(from S. pneumoniae or S. thermophilus). In saPBP1 the PASTA
domains would not be located close to the TP, but separated,
thanks to the flexible linker connecting both regions.

3.5. Peptidoglycan binding to saPBP1

The PASTA domains of the bacterial protein kinases of Bacillus
subtilis and S. pneumoniae bind weakly peptidoglycan fragments
[69,70]. While the very different composition of the kinase PASTA
domains compared to the PBP PASTA domains suggests different
functions for the two types of PASTA domains, we assessed the
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Fig. 3. Analysis by SAXS of saPBP1 in solution. (A) Fit of the experimental scattering curve (gray dots) and theoretical scattering (blue line) computed for the model of saPBP1
at 4 mgml~"'. (B) Plot showing the normalized pair-distance distribution function P(r) for saPBP1 (blue graph) reflecting the distance distribution. (C) Superimposition on the
ab initio-determined SAXS envelope (pale gray) for saPBP1 with its crystal structure-based model (domains colored as in Fig. 2). (D) Structural comparison of the saPBP1
composite model onto the spPBP2x crystal structure (PDB code 50AU), where saPBP1 is represented by its molecular surface for TP and PD domains and by ribbon for the
linker and PASTA domains (colors as in panel C). spPBP2x is represented a gray ribbon. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

ability of the synthetic peptidoglycan fragments 1, 2, and 3
(Fig. 4A) to bind to saPBP1. Since peptidoglycan binding may occur
to the PASTA domains and/or the active site, a series of experi-
ments was required. Native mass-spectrometry experiments were
set up using the purified PASTA domains and soluble saPBP1 with
its active site modified by penicillin G (so as to exclude peptidogly-
can binding at the active site). The experimental masses of the tan-
dem PASTA domains, saPBP1, and saPBP1 modified by penicillin G
were 12,687 Da (calcd 12,687 Da), 72,254 Da (calcd 72,255 Da),
and 72,589 Da (calcd 72,590 Da), respectively (Fig. 4). Weak bind-
ing (3-4%) of the synthetic peptidoglycans 1-3 occurred to the
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PASTA domains (Fig. 4B-E). Acylation of the active site of PBP1
by penicillin G was stoichiometric (Fig. 4F and G). Binding of the
peptidoglycan fragments to saPBP1 modified by penicillin G was
higher than to PASTA domains by themselves (5-12%: Fig. 4G-]).
The natural nascent peptidoglycan, in contrast to the minimalist
synthetic samples, is a polymeric entity. That observed binding is
significant, notwithstanding the weak nature of binding to the
synthetic peptidoglycan. The binding of the polymeric peptidogly-
can with the surface of PBP1 is undoubtedly multivalent. The data
provided herein argue that the multivalent binding involves the
PASTA and the TP domains.
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Fig. 4. Binding of synthetic peptidoglycans to the PASTA domains alone and to saPBP1 with a blocked active site as a result of acylation by penicillin G (saPBP1-penG) using
non-denaturing mass spectrometry. (A) Chemical structures of synthetic peptidoglycans 1, 2, and 3 and their respective masses (blue text) are given. (B-E) The representative
deconvoluted mass spectra of the PASTA domains alone (B), and in complex with 1 (C), 2 (D), and 3 (E). (F-]) The deconvoluted mass spectra of the saPBP1 construct (F),
saPBP1-penG alone (G), and saPBP1-PenG in complex with 1 (H), 2 (I), and 3 (J). The zoomed-in mass spectra are given as insets in panels C, D, E, H, I, and J. The mass spectra of
proteins before PG binding are colored in dark gray (panels B, F, and G). The mass spectra of proteins in complexed with PGs are color coded per a specific PG — 1 in magenta, 2
in blue, and 3 in green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.6. The saPBP1 structure inhibited by p-lactam acylation

The crystal structures of saPBP1 in complex with piperacillin
and penicillin G were solved at 3.03-A and 2.59-A resolution,
respectively (Table 1). Both crystals have a different space group
than the apo structure (two monomers in the asymmetric unit,
Table 1). Overall, the two structures are not significantly different
from the apo protein. Again, the PASTA domains were not visual-
ized. The primary contrast was a poorly defined Loop 209-237 in
the electron-density map (only some remnants of its density are
seen at its saPBP1 position). These structures underscore the
mobility of the loop within the two extremes that are observed
in the crystallographic apo structures. The most relevant main-
chain alteration is the displacement (1.1 A Co atom of W351) of
the B10 towards B11 (LB10-B11) connecting loop, in order to
accommodate the acyl moiety attached to S314 by the antibiotics
(Fig. 5A and 5B). Piperacillin acylation of S314 (Fig. 5A) is stabilized
by van der Waals (W351, F423, 1348, Y566, Y354) and polar inter-
actions (S368, N370, T514, T516, Q425). Similar interactions are

observed for penicillin G (Fig. 5B, but without contributions from
N370 and T516). The carboxylate of the penicillin G acyl moiety
ion pairs with the side chain of H499 (which reorients to establish
this interaction: Figure S9). Small variations are also observed in
the conformation of Q518 and N370 superimposing the saPBP1-
penicillin complex structures (Figure S9).

3.7. Substrate-binding cavities for the donor and acceptor
peptidoglycan strands of saPBP1

The segment connecting o11 to 14 (in which H499 is found)
and the helix o12 (in which Y566 residue is found) together gen-
erate strong differences in the expected trenches for the donor
and acceptor strands (Figure S7C). For the transpeptidation reac-
tion the saPBP1 active site must accommodate two peptidoglycan
strands. The donor strand acylates S314 to give an acyl-enzyme.
Subsequent transfer of this acyl moiety to the acceptor strand
crosslinks the peptidoglycan [71-73]. The donor-strand site of
saPBP1 is a large cavity, while the acceptor-strand site is a smal-
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Fig. 5. Inhibition by p-lactams and the substrate occupancy at the acceptor site. (A) Structural superimposition of apo saPBP1 (light gray ribbon) with the saPBP1-piperacillin
complex (blue ribbon) and (B) with the saPBP1-penicillin G complex (brown ribbon). Boxed areas show stereo views of the relevant interactions between the protein and the
antibiotics. (C) Three-dimensional structure of the saPBP1:(Gly)s complex. Left, molecular surface of saPBP1 at the active site with the pentaglycine strand represented as
capped sticks colored by atom types (carbon in green). Right, stereo view of relevant interactions between acceptor peptide and saPBP1. Polar interactions are represented as
dotted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ler cavity (Figure S7A). This spatial arrangement conforms with
the larger structure of the donor peptide compared to the nar-
rower pentaglycyl structure (extending from the central lysine)
of the acceptor strand (Fig. 1). The donor-strand site is occupied
by the covalently-bound antibiotics in our saPBP1:B-lactam com-
plexes (Figure S7C). The acceptor-strand site was occupied by a
molecule of HEPES buffer in our apo saPBP1 (Fig. 2 and Fig-
ure S7C). Soaking the crystals with pentaglycine displaced the
HEPES molecule and gave the crystal structure of the saPBP1:
(Gly)s complex, solved at 3.36-A resolution (see methods and
Tablel). The pentaglycine is stabilized by polar and by van der
Waals interactions (Fig. 5C). The carbonyl oxygen of the N-
terminal Gly1l has hydrogen-bonding interactions with Thr514
and Thr516. Its terminal nitrogen atom points to the catalytic ser-
ine. Gly2 is hydrogen-bonded to the phenolic hydroxyl of Tyr566
(Fig. 5C). Besides these polar interactions with Gly1 and Gly2, the
Gly1, Gly2, and Gly3 residues lining this narrow cavity have van
der Waals interactions especially with Trp351, Tyr566, and
His499. Interactions only with the first three Gly residues are
observed (Fig. 5C).

Structural confirmation of a specific cavity for guiding the
acceptor strand prompted comparison of PBP1 to the other S.
aureus PBPs (the class A PBP2, PDB code 20LU; the PBP2a-cef-
taroline complex, PDB code 3ZFZ; and the PBP3:cefotaxime
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complex, PDB code 3VSL). Not surprisingly, the S. aureus PBPs
show similarity for acceptor-strand recognition (Figure S10).

Whereas all PBPs from S. aureus show an acidic patch at the
entrance of the acceptor-strand cavity, PBP1 shows the smallest
one (Figure S10). The presence of this patch could be rationalized
by the catalytic need for selection of the pentaglycyl moiety (with
the cationic N-terminus of Gly1), to the exclusion of the carboxy-
late of the -p-Ala-p-Ala terminus of the donor-stem peptide. With
this structural insight, we explored computationally the accommo-
dation of two peptidoglycan strands on the PBP1 surface (Fig. 6A
and Movie S5). Our model reveals a deep groove for the donor pep-
tidoglycan (PG1 in Fig. 6A) and a shallow groove for the acceptor
peptidoglycan (PG2 in Fig. 6A). The electrostatic surface potential
for these grooves has acidic character for the recognition of glycan
chains and basic character for the peptide stems of the peptidogly-
can (Figure S11), as also observed with other peptidoglycan-
binding proteins [45,74-76].

3.8. Computational modeling of PBP1:FtsW complex

Partnership of PBP1 and FtsW is essential to divisome function.
The crystal structure of the homologous PBP2:RodA complex
involved in elongation in the rod-shaped Thermus thermophilus
led to the proposal that the PBP pedestal domain acts as an allos-
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Pedestal

Fig. 6. Model for peptidoglycan binding to saPBP1 and for the saFtsW:saPBP1 complex. (A) Model of donor and acceptor peptidoglycan strands attached to saPBP1. Molecular-
surface representation of saPBP1 (green) in complex with pentaglycine (depicted with C atoms in green sticks). Modeled donor and acceptor strands are drawn as ball-and-
sticks and colored in blue and pink, respectively. (B) Model of saPBP1:saFtsW complex based on PBP2:RodA complex (PDB code 6PL6). Molecular-surface representation of
composite full-length saPBP1 model (colored as in Fig. 2) and saFtsW represented as transparent surface in magenta. Position of the active site of saPBP1 is indicated by an

arrow.

teric hub regulating and coordinating peptidoglycan biosynthesis
[62]. The PBP2:RodA complex adopts an extended conformation
(represented in the reported crystal structure) for Lipid II transgly-
cosylase polymerization and a compact conformation for transpep-
tidase crosslinking of the peptidoglycan strands [62]. In the
extended conformation interaction between the anchor subdo-
main (part of the pedestal domain) of PBP2 and the extracellular
loop 4 (ECL4) of RodA (Figure S12A) would be responsible for acti-
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vation of RodA. The equilibrium between the conformations was
suggested to be regulated by MreC (or other proteins) of the elon-
gasome complex [62]. This same regulation was proposed recently
for the bPBP:SEDS complex of the divisome, despite the very differ-
ent regulatory proteins of the divisome compared to the elonga-
some [77]. We explored this hypothesis by modeling the saPBP1:
saFtsW complex of S. aureus, using the crystal structure of the T.
thermophilus PBP2:RodA (PDB code 6PL6) as the template, in a lipid
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bilayer membrane (Fig. 6B and S12B). saFtsW has 10 transmem-
brane helices per secondary-structure prediction, and matches to
ttRodA. In this model, the transmembrane anchor helix of saPBP1
(not present in our crystal structure and thus modeled) interacts
with saFtsW (Figure S12B).

The conformation of L209-237 loop within the saPBP1:saFtsW
complex is different from that of the cognate loop (L180-207) as
observed in the ttPBP2:ttRodA complex (Figure S12). In the folded
conformation (observed in our crystal structures, which also
remained in a folded conformation during our 1-us simulation;
Movie S3), L209-237 could interact with other regions of saFtsW
or even with the membrane but the interaction with the ECL4
region of saFtsW is unlikely to be enough to activate the SEDS pro-
tein (Fig. 6B and S12). Interestingly, the extended conformation
that was observed in the ttPBP2:ttRodA complex would not permit
the spatial location of the PASTA domains as observed in the
spPBP2x structure (if this conformation were to happen, the PASTA
would insert into the membrane (Figure S12C). Therefore, the
extended conformation for the saPBP1:saFtsW complex would
imply movement of PASTA domains and detachment of the TP
domain, in agreement with what we observed in saPBP1 by X-ray
crystallography, dynamics simulation and SAXS. The conformation
of saPBP1 with the folded L209-237 loop would then fit better with
the compact conformation of the bPBP:SEDS complex in which the
TP domain of PBP moves away from membrane to perform
crosslinking of the newly synthetized peptidoglycan in proximity
of the existing cell wall. Our structural complexes suggest how
the peptidoglycan-donor and -acceptor strands are accommodated
by saPBP1 (Fig. 6A and Movie S5). In this report we have identified
the spatial location of the PASTA domains in the saPBP1 structure,
demonstrated their mobility, and advanced the possibility of their
involvement in cooperative recognition of peptidoglycan. These
features suggest that the PASTA domains may have a role in direct-
ing the acceptor strand of peptidoglycan to the active site of PBP1.
Further structural information is required to clarify the role of
PASTA domains in regulation of cell-wall biosynthesis by the
bPBP:SEDS complex during bacterial division.

4. Discussion

Our structural and modelling studies of saPBP1 (65-713)
allowed us, for the first time, to decipher the structural features
and differences between saPBP1 and other PBPs, in particular with
its close structural homologue PBP2x. A relevant characteristic in
saPBP1 is the high mobility and flexibility of pedestal and PASTA
domains, which was reflected in the absence of electronic density
assignable for the PASTA domains from our X-ray data. We can
conclude that the L209-237 loop in saPBP1 is dynamic (as
observed in the crystal structures) and that the PASTA domains
preserve their compact fold, but are conformationally mobile and
separated from the TP domain in contrast with the structures for
its homologues PBP2x from S. pneumoniae and S. thermophillus.
This motion is consistent with a role for the PASTA domains in
the recognition of peptidoglycan and/or partner proteins within
the divisome machinery. Our binding assays results suggest the
participation of PASTA domains and the surface of saPBP1 outside
the active site for the recognition of peptidoglycan. While our
structural (SAXS and X-ray crystallography) and molecular-
dynamics results do not find evidence for a similar arrangement
of PASTA and TP domains to that observed in spPBP2x, our model
of donor and acceptor peptidoglycan strands bound to saPBP1 pro-
vide a plausible accommodation of the peptidoglycan near the
active site (Fig. 5A). The binding is still observed although the
interpretive limitation with respect to the weak binding towards
saPBP1 by the minimalist structure of the synthetic peptidogly-
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cans. This occurs in contrast to the greater structural complexity
of either the nascent or the mature peptidoglycan polymer, and
the possibility of the other divisome proteins facilitating non-
active-site peptidoglycan recognition by saPBP1.

The momentous significance of the B-lactam antibiotics in the
treatment of bacterial infection has driven decades of investigation
addressing the structure and mechanism of the PBPs. The informa-
tion in this report on saPBP1 implements the information given by
the known structures of the other four S. aureus PBPs. Not inconse-
quentially, saPBP1 was the last of S. aureus PBPs for which struc-
tural knowledge was lacking. The exceptional clarity (1.51 A
resolution) of the structure of its PASTA domains will assist further
study of their functional role. Reichmann et al. (2019) made the
plausible suggestion that the PASTA domains are used to recognize
a unique peptidoglycan structure created at mid-cell in the course
of the early organization of the divisome [12]. Such a role is consis-
tent with their mobility as suggested by molecular dynamics and
seen by our crystallographic and SAXS analysis.

Regulation of the divisome machinery is complex and requires
intervention of many different proteins in the process. Information
about this question is of crucial relevance. Our results provide new
insights into the complexity of this regulation and pave the way for
the development of new compounds that can aid to prevent the
expansion of the disease produced by this lethal human pathogen.
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