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Introduction
Staphylococcus epidermidis is classified within the coagulase-

negative staphylococci (CoNS) subset and, under standard physiological 
conditions, functions as a commensal organism ubiquitously present 
within the human cutaneous microbiota [1, 2]. However, it has evolved as 
an opportunistic pathogen and is now unfortunate the etiological agent for 
implant-associated infections. Its inherent capacity for biofilm formation 
on medical prosthetics, including catheters and surgical apparatus, poses 
significant risks to patients with compromised immune systems, such as those 
diagnosed with HIV or those receiving immunosuppressive regimens post-
transplantation [3-10]. Nosocomial infections, coupled with the burgeoning 
resistance to antibiotic regimens, often necessitate the surgical excision of 
medical implants, including artificial cardiac valves, cerebrospinal fluid 
shunts, intravascular catheters, and joint prosthetics [11, 12]. Alarmingly, 
a preponderance of these hospital-acquired Staphylococcus epidermidis 
isolates has manifested multidrug-resistance, further exacerbating the 

Abstract
Staphylococcus epidermidis (Se) is a highly abundant gram-positive 

bacterium predominantly found on human skin. It poses significant threat 
to immunocompromised patients due to its ability to form biofilms on 
medical devices. In this study, we determined and refined the first structure 
of a penicillin-binding protein (PBP) from SePBP3 to a resolution of 2.5 
Å. The apo form analysis revealed a shift in the head sub-domain (HSD) 
relative to the homologous structure in Staphylococcus aureus (Sa). The 
discovery led us to conduct an analysis of SePBP3’s flexibility applying 
also X-ray solution scattering. Additional molecular dynamics simulations 
revealed a rigid transpeptidase domain paired with a flexible pedestal 
domain, displaying an open and closed interface between the N-terminal 
anchor domain and the HSD. Furthermore, we solved and refined the 
structure of SePBP3 in complex with the β-lactam antibiotic cefotaxime 
and the boron-based antibiotic vaborbactam to 2.51 and 2.3 Å resolution, 
respectively. Both ligands demonstrated high binding affinity, as confirmed 
by ITC measurements. Since Staphylococcus epidermidis is a potential 
major contributor to nosocomial infections, the new structural insights 
into a highly affine PBP capable of binding various classes of antibiotics 
provide valuable information for future drug design investigations.
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challenges associated with therapeutic interventions [13-15]. 
Peptidoglycan, ubiquitously present in bacterial cell walls, 
is an indispensable structural component synthesized by 
penicillin-binding proteins (PBPs). Its paramount function 
is to confer cellular stability, safeguarding the bacterial cell 
against external osmotic pressures [16-18]. Exclusively 
prevalent in prokaryotic cells, PBPs, localized within the 
periplasmic space, play a pivotal role in bacterial cell wall 
biosynthesis, making them an optimal target for antimicrobial 
agents [19-20]. PBPs can be taxonomically classified based 
on molecular weight into high-molecular weight (HMW) and 
low-molecular weight (LMW) categories. Notably, HMW 
PBPs are multidomain enzymes tasked with peptidoglycan 
crosslinking. These enzymes can be further stratified into 
Class A and Class B. HMW Class B PBPs are characterized 
by the presence of a transpeptidase domain and an N-terminal 
pedestal, which is postulated to mediate interactions with 
auxiliary proteins. The process of transpeptidation, integral 
to bacterial cell wall integrity, facilitates the crosslinking of 
the peptide stem, composed of D-alanine residues, from an 
emerging peptidoglycan chain to an extant chain integrated 
within the cell wall matrix [16, 21,22]. In both gram-positive 
and gram-negative bacteria, the transpeptidation domains are 
characterized by highly conserved motifs. Motif 1, denoted 
as [S]XX[K], incorporates a catalytic and indispensable 
serine residue, succeeded by two variable amino acids and 
culminating in a lysine residue. This motif is oriented towards 
the catalytic cavity and anchored on a α-helix. The second 
motif, [S/Y]X[N/C], is situated on a loop interlinking two 
α-helices, while motif 3, defined as [K/H][T/S]GT, is located 
on a β-sheet. Both motifs 2 and 3 straddle motif 1 [21]. PBPs 
are inherently multidomain enzymes. For instance, PBP3 
from Staphylococcus aureus (SaPBP3) comprises three 
distinct domains (PDBID: 3vsk). The N-terminal domain, 
colloquially termed the pedestal, integrates a membrane 
anchor, a linker domain, and a functionally enigmatic head 
sub-domain. In contrast, the C-terminus is typified by the 
transpeptidase domain [23]. The N-terminal anchor domain 
is also referred to as the disordered "sugar tong" domain, 
postulated to play a role in PBP polymerization [24,25]. 
While dimerization of PBPs has been evidenced in E. coli, 
no such dimeric form of SaPBP3 has been observed either by 
mass spectrometry or analytical ultracentrifugation analyses 
[23-26]. Previous studies discussed the role of SaPBP3 
in Staphylococcus aureus including its role regarding the 
cell division. Staphylococcus aureus cells with inactivated 
SaPBP3 showed abnormal cell morphology and septa defects 
while treated with sub-minimal inhibitory concentration 
(MIC) of antibiotics. SaPBP3 is not essential for the cell 
under normal conditions, but a loss of this protein activated 
inhibition of the remaining PBPs. It is hypothesized that 
SaPBP3 protects other PBPs by its high affinity against 
β-lactam antibiotics [27]. Methicillin resistance in bacteria 
is normally explained by the MecA gene encoding PBP2a 

with low affinity towards β-lactam antibiotics but clinical 
Staphylococcus epidermidis strains lacking the MecA gene 
with mutated SePBP3 showed an increased methicillin 
resistance [28-29]. β-lactam antibiotics are suicide inhibitors 
of PBPs and divided into five classes, the narrow spectrum 
penicillins, broad spectrum penicillins, cephalosporins, 
monobactams and carbapenems [30]. They all are mimicking 
the peptide stem of the substrate and thereby able to bind 
covalently at the catalytic serine of the transpeptidase domain 
[31]. Nosocomial strains are able to escape the treatment of 
β-lactams antibiotics by expressing β-lactamases which are 
able to hydrolyze the β-lactam ring or by expressing low 
affine PBPs [28,32,33]. An additional and by now proven 
approach of new antibiotic are boron-atom containing 
antibiotics, which are able to covalently bind to the active 
site serine of serine proteases by mimicking the tetrahedral 
transition state of β-lactam acylation and diacylation [34]. 
Vaborbactam, Taniborbactam for instance are known boron-
atom containing β-lactamase inhibitors and a novel study 
reveals also inhibition of β-lactamases by Bortozomib and 
Ixazomib, both know as proteasome inhibitors, in application 
of anti-cancer treatment [35,36]. In this study we presented 
the structure of SePBP3 from Staphylococcus epidermidis 
and explore the question of the role of SePBP3 as a potential 
decoy receptor by demonstrating the affinities towards the 
β-lactam antibiotic cefotaxime and the boron-based antibiotic 
vaborbactam. Furthermore, we revealed the flexibility of the 
different domains in relation to the potential protein-protein-
interface between the anchor domain and the head-subdomain 
(HSD).

Material and Methods
Molecular cloning, protein expression and 
purification

The truncated Δ47Penicillin-binding protein 3 gene 
was molecularly cloned into a pET28a plasmid, a process 
facilitated by BioCat GmbH. For protein expression, this 
recombinant plasmid was introduced into chemically 
competent E. coli BL21 DE3 cells. These transformed cells 
were cultured in LB medium supplemented with 50 µg/
ml kanamycin at 37°C. Upon reaching an optical density 
(OD600) of 0.6, the culture temperature was adjusted to 
30°C, followed by the induction of protein expression via the 
addition of 1 mM IPTG. Expression was allowed to continue 
for an additional 3 hours post-induction. Post-expression, 
cells were harvested by centrifugation at 4,000 x g, then 
resuspended and washed in phosphate-buffered saline (PBS). 
Cell lysis was achieved by sonicating the pellet in a lysate/
equilibration buffer containing 50 mM NaH2PO4, 300 mM 
NaCl, 10 mM imidazole, and set at pH 8.0. The resultant cell 
debris was separated by centrifuging at 20,000 x g, and the 
clarified supernatant was then loaded onto a Ni-NTA affinity 
chromatography column for purification. After a washing 
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step with 20 mM imidazole, the protein of interest was eluted 
using 250 mM imidazole. The eluted protein solution was 
dialyesed overnight in a buffer comprising 20 mM Tris-
HCl, 100 mM NaCl, and adjusted to pH 8.0. Following, the 
protein solution was further purified using size exclusion 
chromatography. Peak fractions corresponding to the desired 
protein were pooled and concentrated using a 50 kDa Amicon 
concentrator, achieving a final concentration of 20 mg/ml.

Protein crystallization
For crystallization experiments a monodisperse solution 

of SePBP3 at a concentration of 20 mg/ml was prepared; 
Dynamic light scattering was applied prior to crystallization 
experiments to analyse the dispersity in solution. X-ray 
suitable crystals were obtained by the hanging drop vapor 
diffusion technique at 20°C. 1 µl of the protein solution was 
mixed with an equal volume of crystallization agent solution 
composed of 2.2 M AmSO4 at pH 8. This combination was 
set against a 1 ml reservoir liquor with identical composition. 
Crystals were observed within 3 days. Prior to data collection, 
these crystals were cryo-protected using a solution of 2.2 
M AmSO4, 12% glycerol, and pH 8. For co-crystallization 
experiments, the aforementioned protocol was followed with 
a slight modification: 0.1 µl of an inhibitor solution (100 mM 
concentration, solubilized in 5% DMSO) was added to the 
drop containing the protein solution.

Diffraction data collection and structure 
determination

X-ray diffraction data were collected applying synchrotron
radiation collected at 100 K at the beam line P13 (PETRA IIII, 
DESY) [46]. This data were subsequently processed with the 
XDS program package [47]. Data collection and refinement 
parameters are summarized in Table 1. The phase problem 
was solved by molecular replacement, using SaPBP3 from 
Staphylococcus aureus (PDID: 3vsk) and using the Phaser-
MR's one-component interface program embedded within 
the Phenix software suite (version 1.19.2-4158) [48,49]. The 
structure refinement was performed with the Phenix.refine 
tool [48][50], while the structure modelling was performed 
with WinCoot 0.9.8.7.1 [51].

SAXS data collection and analyses
SAXS data were collected at the beamline P12 (PETRA 

III, DESY) at a temperature of 293.15 K employing the in-
batch measurement approach. A protein concentration of 
5 mg/ml was applied first, with systematically performing 
serial dilutions to achieve concentrations as low as 1 mg/
ml, using the dialysis buffer as the diluent. The acquired data 
from these experiments were subsequently processed and 
visualized using the BioXTAS RAW software, complemented 
by further analysis with ATSAS GNOM [52,53].

Data collection
SePBP3 SePBP3 - Cefotaxime SePBP3 - Vaborbactam

X-ray source P13, Petra III, DESY P13, Petra III, DESY P13, Petra III, DESY

Detector EIGER 16M EIGER 16M EIGER 16M

Space group P41212 P41212 P41212

Cell dimensions

a,=b, c (Å) 83.67, 305.16 83.21, 305.28 83.15, 306.14

Wavelength (Å) 0.97625 1.033 0.82655

Resolution (Å) 80.69- 9.01 (5.88-2.5) 49.24 - 9.02 (2.512-2.51) 80.24 - 9.20 (2.37-2.3)

Total reflections 71280 (7833) 70884 (7997) 89288 (8349)

Total unique reflections 46353 (2318) 38258 (11304) 48019 (3160)

Wilson B-factor (Å2) 56.24 90.32 36.29

Rmeas 0.014 (0.464) 0.026 (0.227) 0.030 (0.283)

CC1/2 0.999 (0.996) 0.999 (0.956) 0.9642 (0.872)

I/σI 16.8 (3.1) 20.5 (3.0) 25.2 (4.8)

Completeness 99.7 (95.2) 0.999 (0.950) 98.1 (99.3)

Refinement
Reflection used 35596 36231 63242

Rwork 0.22 0.23 0.2

Rfree 0.26 0.25 0.23

No. atoms

Protein 4870 4944 4870

Table 1: X-ray data collections and refinements
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Ligand/ion - 26 20

Water 60 5 338

Average B-factor (Å2)

Protein 71.73 110.21 50.9

Ligand/ion - 81.05 35.97

Water 66.32 119.58 46.34

R.m.s. deviations

Bond lenghts (Å) 0.0082 0.018 0.0079

Bond angles (°) 1.04 1.641 0.995

Ramachandran

favored (%) 93.02 84.34 94.29

allowed (%) 5.55 12.34 3.62

outliers (%) 1.43 3.32 2.09

PDBID 8C5B 8C5W 8C5O

Figure 1: Cartoon and topology plot of SePBP3. a) The secondary structure is indicated in different colours. Loops are depicted 
in blue, sheets in yellow and helices in red. The membrane anchor is indicated by dashed lines. The linker domain is highlighted 
as it contains a 3-dimensional motif. b) The topology plot is depicted in the same colour scheme and highlights the interdomain 
connections. c) A simplified cartoon of SePBP3 includes the position of the membrane anchor.
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Figure 2: Comparative Cα backbone analysis of penicillin-
binding protein structures: Conserved transpeptidase and 
linker domains with varied N-terminal anchor and head sub-
domains. Superimposed crystal structures of penicillin-binding 
proteins from Staphylococcus epidermidis (SePBP3; blue), 
Staphylococcus aureus (SaPBP3/3vsk, dark-green), Pseudomonas 
aeruginosa (PaPBP3/7auh, green), and Streptococcus pneumoniae 
(SpPBP2B/2wad, red).

ITC measurements and analyses
The protein utilized for isothermal titration calorimetry 

(ITC) experiments was prepared following previously detailed 
protocols and was subsequently concentrated to a final 
concentration of 40 µM. ITC measurements were performed 
at a temperature of 293.15 K using the Malvern PEAQ-ITC 
instrument. The ligand intended for titration was prepared at a 
concentration 10 times higher than the protein concentration, 
ensuring comprehensive saturation during titration. The 
experiment commenced with an initial mock injection of 0.4 
µl, serving as a system equilibration step. This was succeeded 
by 13 systematic injections, each dispensing a volume of 3 
µl over 6 seconds, with a 150-second interlude between 
injections to guarantee equilibration and full heat dissipation. 
A consistent stirring speed of 750 rpm was maintained 
throughout the procedure to facilitate rapid mixing and even 
heat distribution. The data accrued from these experiments 
were processed utilizing NITPIC (version: 1.2.7). Further 
thermodynamic analysis and data fitting were executed 
with SEDPHAT (version 15.2b), and data representation 
was accomplished via the Gussi software package (version: 
1.3.0). Each interaction between the protein and a unique 
ligand was assayed individually to ensure distinct binding 
profiles [54-56].

Molecular dynamics simulation
The crystallographic structure of SePBP3 served as 

the starting point for our molecular dynamic simulation 
studies. Prior to simulation, the protein structure underwent 
rigorous preparation using the protein preparation workflow 
embedded within the Schroedinger's Maestro suite [57]. As 
an initial step, missing hydrogen atoms were systematically 
added to the protein structure to ensure its chemical 
completeness. To refine the hydrogen-bonding network, we 
employed PROPKA, optimizing H-bond assignments based 
on predicted pKa values and the protein's local environment. 
Subsequent restrained minimization was performed utilizing 
the OPLS4 force field, with any crystallographic waters 
beyond the first solvation shell being pruned [58]. For the 
molecular dynamics (MD) simulation, the solvated system 
was constructed using the TIP4P water model, encapsulated 
in an orthorhombic periodic boundary box [59]. To ensure no 
direct interaction with its periodic images, a minimum distance 
of 20 Å was maintained between the protein and the box 
edges. Moreover, to closely mimic physiological conditions, 
a salt concentration of 150 mM NaCl was introduced. The 
MD simulations were executed under the NPT ensemble (N: 
constant particle number; P: constant pressure at 1.01325 
bar; T: constant temperature at 300 K). The integration was 
carried out over a 100 ns trajectory with configurations saved 
every 20 ps, yielding a total of 250 frames for subsequent 
analysis [60].

Results and Discussion
Transpeptidase and Pedestal – Linker, Anchor and 
Head-Sub-domain

SePBP3 exhibits structural homology close to the 
canonical domains found in class B PBPs, as previously 
described by Sauvage [22]. The structure can be divided 
into two prominent domains: a transpeptidase domain and a 
pedestal domain consisting of three sub-domains. These sub-
domains include the N-terminal anchor domain, a head sub-
domain, and a linker domain (Figure 1a). The topology plot 
provides a 2-dimensional representation of these domains and 
highlights particular the interdomain linkers (Figure 1b). The 
transpeptidase domain consists of ten β-sheets (β12-17, β20-
23) and twelve α-helices (α8-10), exhibiting the characteristic
structure of the DD-alanine transpeptidase / transpeptidase-
like body. At the core of this domain, a central structural
ladder is formed by five β-sheets (β10, β11, β21, β22,
β23). Several α-helices surrounding this central ß-structure.
Importantly, all three highly conserved fingerprint motifs,
namely the active-site serine (SSVK), SSN motif, and KTGT
motif, are present in close hydrogen-bonding proximity
distance to each other. The active-site serine is located at the
end of helix 13, the SSN motif is located between α-helices
14 and 15, and the KTGT motif is part of β-sheet 21. It is
postulated that the active serine (S392) is deprotonated by
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Figure 3: Sequence alignment of SePBP3 from Staphylococcus epidermidis, SaPBP2a and SaPBP3 from Staphylococcus aureus, 
SpPBP2B from Streptococcus pneumoniae and PaPBP3 from Pseudomonas aeruginosa including secondary structure of SePBP3. 
Identical amino acids are highlighted in red. Secondary structure elements of SePBP3 are placed on top of the sequences. Figure was created 
by ESPript 3.0 [38].
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Figure 4: Superimposed structures of Penicillin-Binding Protein 3 (PBP3) from Staphylococcus 
epidermidis (SePBP3; blue) and Staphylococcus aureus (SaPBP3, green). The head sub-domain (HSD) 
exhibits two distinct states, an extended and a compressed conformation towards the N-terminal anchor domain. 
SaPBP3, with a separation of 70 Å, shows a greater distance than that observed for SePBP3, with 60 Å. The 
distance between the two ends of the head subdomain is 31 Å and the angle between them is approximate 30°. 
The origin of the curved conformation is located in β-sheets 4 and 6. No well-interpretable electron density was 
found in the N-terminal anchor domain of SePBP3, suggesting relative high mobility of this region.

Figure 5: An Analysis of the Dynamic Flexibility of SePBP3, Post 100 ns Molecular Dynamics Simulation.
a) Superimposition of 250 frames extracted over a 100 ns simulation duration. Delineations of flexible and
rigid regions, span between the N-terminal anchor domain and HSD and angular mobility of the HSD are
annotated. b) Root Mean Square Fluctuation (RMSF) and B-factor plots characterizing the fluctuations of Cα,
backbone, side chains, and heavy atoms for each residue. Secondary structure elements are highlighted with
different colours: α-helices are highlighted in blue and β-sheets in pink. Regions of flexibility and rigidity are
annotated in accordance with their corresponding domains. c) Comparative B-factor plot derived from both
diffraction data (average B-factor) and the MD simulation. The surface representation of SePBP3 is color-
coded to emphasize variations in B-factor values, highlighting structural dynamics.
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the nearby located base of the lysine (K395) of the first motif. 
Subsequently, the active form of the serine is able to perform 
a nucleophilic attack of the carbonyl carbon of the peptide 
stem of the peptidoglycan [21]. Within the linker domain, 
there are three β-sheets (β9, β18, β19) and three α-helices 
(α8-10). Notably, Goffin and Ghuysen identified a motif 
unique to class B Penicillin-binding proteins located within 
this linker region [21]. This motif is postulated to serve as a 
stabilization factor and is composed of two arginine residues 
and one glutamine residue. Despite their dispersed positions 
within the protein sequence, these amino acids (R69, R230, 
E277) are in a 3-dimensional arrangement (Figure 1a). In 
SePBP3, the N-terminal domain, which is typically connected 
to the membrane anchor, consists of four antiparallel β-sheets 
(β1, β2, β7, β8). This particular arrangement is also referred 
to a disordered sugar tong domain; however in SePBP3, this 
region does not display a particular disorder but rather exhibits 
lower electron density [23-25]. This observation suggests the 
possibility of this domain being inherently flexible. Yoshida 
et al. reported the observation of dimerization between 
two molecules within the crystal lattice specifically at this 
particular domain. This data suggest that the domain might 
serve as a dimerization domain, however, a dimeric form of 
the protein could not be detected in solution [23]. SePBP3 at 
this domain forms none contact between two molecules in the 
crystal lattice as well as none in solution.

Consistent with the characteristics of PBPs, the 
transpeptidase domain displays a highly conserved backbone. 
This conservation is not limited to HMW and LMW PBPs; 
β-lactamases also manifest this structural feature. Conversely, 
pedestal domains exhibit significant variability, rendering 
them non-alignable. Figure 2 underscores that, even among 
proteins of the same class, the pedestals of distinct class B 
PBPs diverge in terms of position and amino acid length. 
A superposition of the domains and corresponding RMSD 
values (considering the entire protein versus the transpeptidase 
domain exclusively) highlight this observation. For SePBP3 
and SaPBP3, the Cα RMSD value is rather high, 7.6 Å when 
considering the entire protein structure, and it narrows to 0.35 
Å for just the transpeptidase domain. In the case of SePBP3 
and PaPBP3, the RMSD values are 3.6 Å and 1.5 Å for the 
entire protein and the transpeptidase domain, respectively. 
When comparing SePBP3 and SpPBP2B, the corresponding 
RMSD values are 6.8 Å for the entire protein and 0.8 Å for 
the transpeptidase domain. The sequence homology varies 
notably among SePBP3 and its counterparts: SaPBP3, 
PaPBP3, and SpPBP2B. SaPBP3 have 85% homology, 
PaPBP3 22%, and SpPBP2B 35%. These percentages are 
consistent with the RMSD values observed for the entire 
protein. A sequence alignment, emphasizing both the low-
affinity residues and the highly conserved motifs, is illustrated 
in Figure 3.

Rigid Transpeptidase Domain and Flexible Pedestal
The structural flexibility of PBPs has emerged as a 

significant topic of interest due to discussions to identify 
potential interaction partners. Particular the interplay between 
shape, elongation, division, and sporulation (SEDS) proteins 
and class B PBPs has been found to play a crucial role in 
facilitating the entire process of peptidoglycan crosslinking. 
In this process, the membrane anchor and the N-terminal 
anchor domain of PBPs interact with membrane proteins 
such as RodA, which functions as a glycosyltransferase. 
Furthermore, the region between the head sub-domain and 
the N-terminal anchor domain is proposed to serve as an 
interface for proteins associated with RodA, such as MreC 
[18]. Additional variations exist, like the low-affinity PBP2a 
possesses a unique allosteric centre that is located between 
the pedestal domains and has been shown to be involved in 
β-lactam antibiotic resistance [28]. The precise role of the 
HDS in class B PBPs remains uncertain. Besides the potential 
protein-protein interaction function it is suggested that the 
head sub-domain functions as a steric hindrance, preventing 
the transpeptidase from approaching too closely to the cell 
membrane [39]. The pedestal region has been observed 
to exhibit different conformations, like for PBP5 from 
Enterococcus faecium, which has been described in closed and 
open forms [40]. We made a similar observation by comparing 
the crystal structures of SePBP3 and SaPBP3 (PDBID: 3vsk). 
Both structures share a similar structural arrangement in their 
head sub-domains, which comprises seven α-helices (α1-7) 
and three β-sheets (β4-6). While the domains alone align well 
(RMSD = 0.81 Å [37]), the presence of bends in β-sheets 4 
and 6 induces a displacement of the entire domain. The HSD 
undergoes a shift of approximate 30° and shows a distance of 
approximate 30 Å between the two forms. Furthermore, the 
distance from the top of the HSD to the N-terminal anchor 
domain increases by 10 Å from SePBP3 to SaPBP3. In spite 
of, in this analysis, a closed conformation was not observed, 
two distinct conformational states were identified, namely an 
extended and a compressed state (Figure 4). Interestingly, 
AlphaFold predicts confidently (90 > pLDDT > 70) a 
closed conformation for both proteins of this interface area 
(ENTRYID: SePBP3: Q5HNZ7; SaPBP3: A0A389VKU4). 
Not only the HSD, but the entire pedestal appears to be 
flexible, as evidenced by the lack of a clearly interpretable 
electron density for the N-terminal anchor domain. SaPBP3 
displays enhanced electron density at this position, likely due 
to crystal contacts situated at the same location, which might 
restrict flexibility at this domain. Generally, the N-terminal 
anchor domain in PBPs often exhibits weak electron density, 
especially when the crystal packing space permits movement, 
like for EfPBP4 from Enterococcus faecalis [40].

a) Superimposition of 250 frames extracted over a 100
ns simulation duration. Delineations of flexible and rigid 
regions, span between the N-terminal anchor domain and 
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HSD and angular mobility of the HSD are annotated. b) 
Root Mean Square Fluctuation (RMSF) and B-factor plots 
characterizing the fluctuations of Cα, backbone, side chains, 
and heavy atoms for each residue. Secondary structure 
elements are highlighted with different colours: α-helices 
are highlighted in blue and β-sheets in pink. Regions of 
flexibility and rigidity are annotated in accordance with 
their corresponding domains. c) Comparative B-factor plot 
derived from both diffraction data (average B-factor) and 
the MD simulation. The surface representation of SePBP3 
is color-coded to emphasize variations in B-factor values, 
highlighting structural dynamics.

The dynamics of SePBP3 using a 20 ns molecular dynamics 
simulation, was further explored, applying the Schroedinger's 
Maestro suite [57]. As illustrated in Figure 2 for various 
PBPs, the alignment of the α carbons (Cα) of SePBP3 across 
all simulation frames shows a similar phenomenon: a stable 
transpeptidase body accompanied by a robust linker region. 
The N-terminal anchor domain demonstrates only modest 
shifts, since it is situated in a crystal packing region that 
permits such movements, which could explain the observed 
weak electron density in this region for SePBP3. Within the 
crystal lattice, the head sub-domain is close to neighbouring 
proteins, constraining its freedom of movement. Nonetheless, 
after 100 ns of simulation time, SePBP3 exhibits a notable 

displacement of 38° for this domain. The distance between 
the N-terminal anchor domain and the HSD fluctuates from 
38 to 56 Å, yielding both closed and open conformations 
(Figure 5a).

Moreover, the linker domain displays stability, possibly 
owing to the postulated 3-dimensional motif that may act 
as a stabilizing entity. The calculated Root Mean Square 
Fluctuation (RMSF) indicates a flexible N-terminal and 
a rigid C-terminal transpeptidase (Figure 5b), while the 
B-factor values obtained from the simulation calculations
closely mirror those obtained from the diffraction data
refinement, which is underscoring the congruence between
our simulation data and empirical X-ray data (Figure 5c). The
RMSD values oscillate within a range of 5 to 7 Å, suggesting
intrinsic flexibility of the protein structure. Concurrently,
the preservation of secondary structure elements throughout
the 100 ns simulation duration ensures that elevated RMSD
values are not attributed to the loss of these structural
components (Supplementary Figure 1). These observations
are also in line with the previously observed domain shift of
PBP5 from Enterococcus faecium discussed to be resulting
of varied crystal packing [40]. Thereby the interface between
the N-terminal anchor domain and HSD can adopt both 'open'
or 'closed' states. This duality might allow and modulate

Figure 6: SAXS data summary for SePBP3. Scattering profile in a log-line scale (a). Guinier fit (top) and (b) fit residuals (bottom).  
(c) Dimensionless Kratky plot. Dashed line shows where a globular molecule would peak. (d) P(r) function normalized by I(0).
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potential interactions with binding partners, while ensuring 
the transpeptidase body retains its rigidity.

We conducted also small-angle X-ray scattering (SAXS) 
experiments to further validate the flexibility of SePBP3 in 
solution. The dimensionless Kratky plot analysis confirmed a 
non-globular folding of SePBP3, as evidenced by the peak for 
globular proteins being shifted to the right with higher qRg 
values, exceeding the threshold of 1.73 (Figure 6c), fitting 
to the overall shape of class B PBPs [22]. Furthermore, the 
SAXS data indicate an elongated conformation of SePBP3 
in solution, evident from the extended tail observed in the 
distance distribution function curve [P(r)], which challenges 
the largest particle dimension (Dmax) determination (Figure 
6d), making it unfeasible to precisely validate the shift of 
the head sub-domain (HSD) across different conformational 
states (table 2) [41].

Subsequently, we applied the Porod-Debye law to assess 
the compactness and flexibility. According to the law the 
scattering intensity of a compact particle decays as q-4, and 
for some small range of q a plot of q4I(q) vs. q4 will achieve 
a plateau, explained by the scattering particle with a sharp 
homogenous electron density contrast between the particle 
and the solvent (Figure 7b). On the other hand, proteins that 
have considerable flexibility show a slower slope than q−4 and 
therefore do not reach a plateau in the Porod-Debye region, 
instead they show a plateau on the Kratky-Debye plot (q2 I(q) 
versus q2), as observed for the SePBP3 SAXS data analysis 
(Figure 7c), hence validating and confirming the flexibility of 
the protein [42,43].

The complementary observations suggest that SePBP3 
is a protein with inter-domain flexibility. The transpeptidase 
domain demonstrates a rigid body behaviour, as it is 
structurally conserved and aligns well with other class B 
PBPs. Similarly, the linker domain exhibits similar traits with 
structurally conserved motifs such as R69, R230, and E277 in 
SePBP3. In contrast, the pedestal region of different class B 
PBPs crystal structures often exhibits weak electron density 
at the N-terminal anchor domain. Furthermore, the HDS 
displays variable spatial orientations towards the N-terminal 
anchor domain, which enables an open and closed state of the 
interface at the region.

Guinier analysis P(r) function analysis
Rg (Å) 43.41 ± 0.23 44.62 ± 0.37 Rg (Å)

I(0) (arb.) 0.06 ± 1.47e-4 0.06 ± 2.12e-4 I(0) (arb.)

q-range (1/Å) 0.0032-0.02555 0.0098-0.4443 q-range (1/Å)

qRg range 0.139-1.109 unclear Dmax (Å)

R2 0.982 0.968 R2

Table 2: Guinier anylsis and P(r) function analysis of SAXS 
measurements

Figure 7: Exploiting of the Porod power-law relation to analyse the SePBP3 conformation. Experimental SAXS data transformed as  
(a) Porod plot (q4 I(q) vs. q), (b) Porod-Debye plot (q4 I(q) vs. q4), (c) Kratky-Debye plot (q2 I(q) vs. q2) and (d) SIBYLS plot (q3 I(q) vs. q3).
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Open active site facilitates susceptibility of the active 
serine to vaborbactam and cefotaxime

We investigated the SePBP3 complex structures 
of β-lactam and boron-based antibiotics utilizing co-
crystallization assays. The antibiotics were introduced at a 
concentration of 100 mM, applying 5% DMSO as solvent. 
Notably, the crystallization time extended significantly, 
ranging from initial 3 days to 3-4 weeks. Despite this extension, 
the protein crystallized with same cell constants and crystal 
symmetry as observed for the native structure. The SePBP3- 
cefotaxime complex diffracted to 2.51 Å resolution, while 
the SePBP3-vaborbactam complex diffracted to 2.3 Å (Table 
1). An intriguing observation was that the electron density 
map for cefotaxime did not correlate with a closed β-lactam 
ring configuration but suggested an open conformation. This 
observation suggests that SePBP3 catalyzed the antibiotic 
during the co-crystallization process. (Figure 8a, c, e and f)

Elucidating the putative role of SaPBP3 as a decoy 
receptor led us to gauge the affinity of both ligands to it. 

Recent publications reveal that SaPBP3 plays a vital role in 
cell survival and the missing activity of SaPBP3 applying sub-
MIC levels induces an alteration in cellular morphology [27]. 
Intriguingly, SePBP3 exhibited a substantial affinity towards 
both cefotaxime, a third-generation cephalosporin antibiotic 
and vaborbactam, a non-suicidal β-lactamase inhibitor. The 
approximate dissociation constant (KD) for these interactions 
was measured at a proximate value of 10 (nM) (Figure 8b and 
d). This notably low KD intimates a robust affinity of SePBP3 
for not only canonical β-lactam inhibitors, but also for boron-
based inhibitors. All three highly conserved motifs participate 
in the binding process, as they covalently link the catalytic 
serine 329 (motif 1/SSNK), also engaged in hydrogen bonds 
with Serine 446 (motif 2/SSN), and Threonine 619 and 621 
(motif 3/KTGT) (Figure 8g and h).

To characterize the relative high affinity of SePBP3 
towards cefotaxime and vaborbactam we analysed the 
active site cavity in detail. The binding of cefotaxime and 
vaborbactam is not inducing any conformational changes. 
This is normally not the case, as binding of compounds 

Figure 8: Binding Characterization of Cefotaxime and Vaborbactam with SePBP3. Panel (a) illustrates the open-form 
structure of cefotaxime, catalyzed by SePBP3 during co-crystallization, while panel (c) depicts the structure of vaborbactam, 
which is not catalysed. Both ligands bind with high affinity: (b) cefotaxime with a KD- value of 11.4 nM and (d) vaborbactam with 
a KD- value of 7.1 nM. The ligands are embedded into the electron density at sigma levels of e) 2.0 for cefotaxime and f) 1.0 for 
vaborbactam in the omit map, respectively. Dashed lines represent the hydrogen bonds for (g) cefotaxime and for (h) vaborbactam.
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in active site regions are supported by the flexibility of 
distinct loops and sheets. For instance, there are discussions 
regarding the flexibility of the β sheets and the corresponding 
interconnection regional loops. These connection regions are 
found to be flexible in NgPBP2 (PDBID: 6xqv) from Neisseria 
gonorrhoeae and in mutants of SpPBP2B (PDBID: 2wad) 
from Streptococcus pneumonia, as no traceable electron 
density was observed, whereas in drug-sensitive strains those 
regions exhibit suitable electron density [44, 45]. In SePBP3 
the interconnection region is rather short but well defined, the 
main difference is the longer β21 sheet, which bends away 
from the active Serine 392 (Figure 9a). Its position relative 
to the Serine 392 is located much lower than in SaPBP2a 
(PDBID: 1vqq) [28]. This shielding position of the β sheet 
in PBP2a is the main reason for the relative low affinity, 
as the serine must bend up to bind a ligand. In SePBP3 the 
position of β21 sheet maintained at the same location, also 
the active serine is constantly in an exposed position (Figure 
9 b and c), explaining the susceptibility of the active serine to 
vaborbactam and cefotaxime. The overall structure of SePBP3 
has a relative wide-open active site cavity, contributing to 
SePBP3s substrate binding profile. For instance, the lid region 
of the cavity remains unaffected during ligand binding. When 
compared to SaPBP2a, the lid is positioned approximate 2 
Å higher, influencing the accessibility of the cavity (Figure 
9 d). SePBP3 not only displays a rigid active site but also 
maintains a open state of the active cavity, indicating it as a 
highly affine PBP.

Conclusion
We described the structure of the penicillin-binding protein 

PBP3 from Staphylococcus epidermidis and compared it in 
detail with known homologous structures. The data presented 
provide new insights for and about the structure and dynamics 
of SePBP3 from Staphylococcus epidermidis, supporting 
future drug discovery investigations. Our data and results 
show that SePBP3 exhibits a rigid and in part extended active 
site cavity, a structural configuration suggestive of heightened 
susceptibility to antibiotics. The complementary structural 
and biochemical analyses elucidate the notable affinity of 
SePBP3 for both the canonical β-lactam cefotaxime and 
the boron-based antibiotic vaborbactam. Also, the observed 
binding affinities are in the nanomolar range, emphasizing 
that SePBP3's has superior capability to bind inhibitors more 
effectively compared to other known PBPs. Furthermore, 
our study and data obtained highlight the inherent flexibility 
of SePBP3 and precisely mapped the location of the inter-
domain flexibility within the protein structure. While the 
exact functional significance of the pedestal domain in class 
B PBPs, particularly within the head-sub domain, remains 
till now enigmatic, our data highlight a pivotal aspect: the 
rigidity of the transpeptidase domain remains unaltered 

by the mobility of the pedestal domain. This stability is 
potentially conferred by the rigid linker region, which 
provides anchorage and stabilizes the transpeptidase domain. 
Considering these structural attributes, the mobile pedestal 
may provide the interface for potential interacting partners, 
whereas the transpeptidase domain retains its autonomy for 
crosslinking reactions.
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SUPPLEMENTARY FILES

Supplementary Figure 1: Molecular Dynamics Stability Analysis of SePBP3 Over 100 ns. a) Trajectories of RMSD values for Cα 
atoms, the backbone, side chains, and heavy atoms across the 100 ns simulation period. b) Evolution of SePBP3's secondary structure content 
throughout the 100 ns simulation, depicted both in terms of overall percentage and per-residue distribution. Blue sections represent α-helices, 
while red sections denote β-sheets.
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