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ABSTRACT: β-Lactam antibiotics comprise one of the most widely
used therapeutic classes to combat bacterial infections. This general
scaffold has long been known to inhibit bacterial cell wall biosynthesis
by inactivating penicillin-binding proteins (PBPs); however, bacterial
resistance to β-lactams is now widespread, and new strategies are
urgently needed to target PBPs and other proteins involved in bacterial
cell wall formation. A key requirement in the identification of strategies
to overcome resistance is a deeper understanding of the roles of the
PBPs and their associated proteins during cell growth and division,
such as can be obtained with the use of selective chemical probes.
Probe development has typically depended upon known PBP
inhibitors, which have historically been thought to require a negatively
charged moiety that mimics the C-terminus of the PBP natural peptidoglycan substrate, D-Ala-D-Ala. However, we have identified a
new class of β-lactone-containing molecules that interact with PBPs, often in an isoform-specific manner, and do not incorporate this
C-terminal mimetic. Here, we report a series of structural biology experiments and molecular dynamics simulations that we utilized
to evaluate specific binding modes of this novel PBP inhibitor class. In this work, we obtained <2 Å resolution X-ray structures of
four β-lactone probes bound to PBP1b from Streptococcus pneumoniae. Despite their diverging recognition modes beyond the site of
covalent modification, these four probes all efficiently labeled PBP1b, as well as other PBPs from S. pneumoniae. From these
structures, we analyzed protein−ligand interactions and characterized the β-lactone-bound active sites using in silico mutagenesis and
molecular dynamics. Our approach has clarified the dynamic interaction profile in this series of ligands, expanding the understanding
of PBP inhibitor binding.

■ INTRODUCTION
Penicillin-binding proteins (PBPs) are the primary targets of β-
lactam antibiotics and constitute an essential class of enzymes
that are ubiquitously expressed in eubacteria. These proteins
play critical roles in the biosynthesis of peptidoglycan (PG),
the main component of the bacterial cell wall, a polymeric
matrix that provides structural rigidity to the cell wall and
enables protection from osmotic pressure.1 PBP inhibition or
deregulation can lead to defects in cell shape and weakening of
the PG, and may eventually lead to cell lysis and death. Several
PBPs are also involved in the development of resistance to β-
lactam antibiotics.2−7

PBPs are key members of both the divisome and the
elongasome, large protein complexes that are required for
division and cell elongation, respectively. While the PBPs have
been reported to interact with several members of both
complexes,7−10 significant gaps remain in our understanding of
how the PBPs facilitate bacterial cell growth, wall elongation,
and division. Depending on the species, bacteria are known to
encode 4−18 PBPs that fall into three categories. Bifunctional
class A PBPs (aPBPs) possess glycosyltransferase and trans-

peptidase (TP) domains that cross-link glycan strands and
stem peptides, respectively.11 Monofunctional class B PBPs
(bPBPs) possess only TP domains, and work in tandem with
glycosyltransferases of the SEDS (shape, elongation, division,
sporulation) protein family to synthesize PG.12,13 Finally,
monofunctional class C PBPs (cPBPs) are D,D-carboxypepti-
dases (CPs) that possess a TP domain and cleave the terminal
D-Ala residue of the stem-peptide chain, thus regulating PG
cross-linking.14

While PBPs are critical drug targets for the treatment of
bacterial infections, the roles of these proteins in bacterial
growth and division have also been the subjects of intense
investigation.7,8 Our work has chiefly focused on the PBPs
found in Streptococcus pneumoniae, the primary causative agent
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Figure 1. Overview of the apoPBP1b structure in Streptococcus pneumoniae (PBP ID 7ZUH). (A) The GT/TP interdomain “head” region (blue) is
the N-terminal of the catalytic TP “body” region (orange) along with β3 and β4 labeled in red and is followed by the C-terminal region (yellow).
(B) Active-site view of apo PBP1b. The catalytic serine is shown in motif I (SXXK) with motif II (S(Y)XN(C)) highlighted directly below and
motif III (K(H)T(S)G) highlighted on β3. The asterisk marks the active-site mutation of N656G on the β3−β4 loop. (C) Surface view of the
PBP1b active site complexed with a boronic acid inhibitor (PDB: 2Y2K). Pocket I is illustrated, with pocket II indicated by an arrow behind the
surface view.

Figure 2. Bioorthogonal β-lactone-based probes were designed to enable the detailed study of PBP−lactone interactions. (A) The natural substrate
of the PBPs bears a D-Ala-D-Ala group that is mimicked by β-lactam drugs, such as penicillin V. All clinically utilized β-lactams possess a negatively
charged group near the electrophilic carbonyl (highlighted in blue). While the lactone scaffold mimics the stereochemical orientation of these two
molecules, it lacks a negatively charged group. (B) Probe library to explore the PBP labeling in live S. pneumoniae. Colors emphasize PBP binding
similarities between the probes. (C) Gel-based analysis shows PBP selectivity of probes 5Az and 6Az, as well as their competition with penicillin G
(10 mM). Boc-FL (fluorophore conjugated to Pen V, depicted in part A) labels all PBPs in S. pneumoniae, while the lactone-based probes are more
selective. Boc-FL (5 μM) or 100 μM 5Az or 6Az with 50 μM fluorescein-alkyne.
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of community-acquired pneumonia, otitis media, and bacterial
meningitis�diseases that have a significant global burden.15 S.
pneumoniae expresses six PBPs: three class A (PBP1a, 1b, 2a),
two class B (PBP2x, PBP2b), and one type-5 class C (PBP3).16

The effectiveness of β-lactam antibiotics against S. pneumoniae
infections has been challenged by increasing resistance to these
drugs, which underscores the need for new scaffolds that target
these enzymes.17 S. pneumoniae is also an ideal model organism
in which to perform PBP functional analyses and to explore the
utility of potential new chemical probes and inhibitors, as it
possesses a relatively small collection of PBPs and utilizes both
division and elongation machineries during its growth and
division processes.18

PBPs possess three regions, in which the “head” and “neck”
areas correspond approximately to the N-terminal and linker
domains and the “body” region incorporates the C-terminal TP
domain (Figure 1a). The TP domain comprises a central β-
sheet surrounded by α-helices and is highly conserved in
multiple PBP structures (TPs and CPs). The PBP active site
features three highly conserved motifs located within the TP
domain, to which β-lactams bind. Motif I includes a SXXK
sequence, where the conserved serine acts as the active-site
nucleophile that either promotes the transformation of the
native substrate (the C-terminal D-Ala-D-Ala moiety of the PG
stem peptide) or covalently interacts with β-lactam drugs.
Motif II possesses an S(Y)XN(C) sequence, and motif III
includes K(H)T(S)G (Figure 1b). Despite the low sequence
similarities among different PBPs, the overall structural
conservation of these motifs is very high: the position of the
conserved active-site residues often varies by less than 1
Å.4,9,16,19−24 It is also of interest that the PBP active site can be
described as an elongated tunnel, where inhibitor side chains
are positioned in two distinct pockets. Pocket 1 is flat and
located toward the back of the active site, pointing away from
the β3−β4 flexible loop region. Pocket 2 is close to this loop
region and harbors residues that stabilize aromatic rings in
different inhibitors.25

Despite this structural and functional homology, the
expression, spatiotemporal localization, and mechanisms of
the individual PBPs are not fully understood. While the
different functions of several PBPs have long been studied
using methods such as deletion strains or fusion constructs
(e.g., fluorescent or affinity tags), those strategies provide an
incomplete picture, as they cannot specifically report on PBP
catalytic activities. To overcome this limitation, we26−28 and
others29,30 have utilized activity-based probes (ABPs) to
selectively characterize PBPs in an activity-dependent manner.
In general, these ABPs have relied upon modification of
commercially available β-lactam scaffolds, which mimic the
native stem peptide substrate of the PBPs (Figure 2a).
However, our previous work has shown that the utility of
these molecules is limited, as they often simultaneously inhibit
numerous PBPs and/or target some PBPs only rarely, making
the development of tools to explore these isoforms difficult
(e.g., PBP2a and PBP2b in S. pneumoniae).27,28 Thus,
expansion of the chemical space used for the design of PBP-
targeted probe molecules is essential and may also lead to the
identification of new scaffolds for therapeutic development. We
have reported that β-lactones, based on a 3-amino-4-methyl-2-
oxetanone scaffold, can specifically target the PBPs in a full
proteome.25,31 This result was not anticipated, as this scaffold
lacks a negatively charged moiety to mimic the carboxy
terminus of the native substrate (within 3−3.6 Å of carbonyl

carbon) that is thought to be essential for active-site
recognition and is found in all clinically approved PBP
inhibitors (highlighted in blue, Figure 2a).32 This striking
result, together with the fact that alteration of a single
stereocenter in several of the β-lactone analogues drastically
changes their PBP-isoform selectivity, prompted us to further
explore the binding mode(s) of this novel PBP inhibitor class.

Here, we present high-resolution structures of four β-lactone
probes in complex with PBP1b*, a soluble form of S.
pneumoniae PBP1b. Our structural data show that these
molecules bind to the PBP active site in the absence of a
negatively charged functionality and also point to significant
variations in ligand−receptor interactions resulting from
relatively minor changes in probe structure. Next, these
novel structures were subjected to molecular modeling and
dynamics simulations to further elucidate the protein−ligand
interaction profile across this series of probes, as well as
pinpoint key structural features of the PBP1b active site in
ligand-bound and ligand-free states. Our results reveal key
binding modes of non-anionic β-lactone ligands to the PBP
active site and provide a necessary foundation to guide the
structure-based design of novel PBP ligand classes in future
work.

■ RESULTS
Probe Selection and Characterization. We previously

reported that β-lactone-containing molecules selectively target
the PBPs in live S. pneumoniae, providing a new scaffold for
probing this class of enzymes.31,33 Importantly, β-lactones were
found to target several PBPs that are not effectively inhibited
by traditional β-lactam molecules. Using a gel-based assay in
which S. pneumoniae were treated with each probe followed by
a copper-catalyzed azide−alkyne cycloaddition (CuAAC)
reaction with an alkyne-functionalized fluorescein to act as
the reporter group, we determined that β-lactone-based probes
functionalized with a phenylalanine moiety, 7Az (L-Phe) and
8Az (D-Phe), labeled pneumococcal PBP1b and PBP2x, or
PBP1b, PBP2x, and PBP2b, respectively (Figure 2b).31,33 We
were excited to note that one of the stereoisomers labeled
PBP2b (8Az, D-Phe-derived molecule), which is difficult to
target with β-lactams.28,34 Given this significant difference in
the binding profiles of probes 7Az and 8Az, we sought to
evaluate their PBP-binding interactions at the molecular level
through a combination of protein crystallography and
molecular modeling.

To expand our studies, we also included β-lactone-based
probes bearing an alanine group to mimic the C-terminus of
the natural substrate stem peptide [5Az (D-Ala), 6Az (L-Ala)]
(Figure 2b and c). We previously reported that, when directly
appended to a fluorophore, Ala-functionalized scaffolds (5 and
6) labeled similar PBPs to Phe-bearing structures (7 and 8).31

However, we also found that the identity of the appended
fluorophore can drastically affect PBP labeling. This suggested
that a comparison study should instead be performed with a
suite of probes that only bear the much smaller azide.31,33

Indeed, we recently reported major differences in the labeling
profiles of clickable Phe-bearing structures (7 and 8) in
comparison to fluorophore-functionalized molecules,33 and
herein, we found that the PBP labeling profiles of 5Az and 6Az
were substantially different from the fluorophore-conjugated
derivatives (Figure 2b and c; Supporting Information Figures 1
and 2). Probe 5Az (D-Ala) labels PBP1b and PBP2b in a dose-
dependent manner (minor PBP2x labeling at high concen-
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tration; Figure 2c and Supporting Information Figure 2), while
fluorophore-conjugated derivatives of 5 labeled as few as two
PBPs or up to five PBPs, depending on the fluorophore.31 We

also found that 6Az (L-Ala) labeled only PBP1b (Figure 2c and
Supporting Information Figure 2), while the fluorophore-
functionalized analogues labeled PBP1b and/or PBP2x. These

Figure 3. PBP1b* active-site crystal structures obtained for complex 5Az (A, PDB 7ZUI), 6Az (B, PDB 7ZUJ), 7Az (C, PDB 7ZUK), and 8Az (D,
PDB 7ZUL). (left panels) Side chains are shown as ball-and-stick, with ligand carbon atoms in purple and protein carbon atoms in yellow. (right
panels) Ligplot35 analyses of the protein−ligand interactions for the probes within the cleft.
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data provide further evidence that fluorophores can drastically
change the ability of probes to interact with several PBPs, often
in unpredictable ways that are unlikely to be related to discrete
binding interactions in the active site (e.g., hydrophobic
interactions on the protein surface).

With this collection of simplified probes in hand, we could
now evaluate PBP binding to further understand how steric
bulk and spatial orientation of the molecules can affect
interactions within the PBP active site, and provide clues about
why a negatively charged moiety is not required for binding.
Given that all four probes (5Az−8Az) labeled wild-type
PBP1b in S. pneumoniae cells, we used this protein as a model
to provide the first structural information about β-lactone−

PBP binding and to directly compare their binding
interactions. Indeed, while all of the compounds labeled
PBP1b, the change from L-Ala to D-Ala resulted in PBP2b
labeling. Interestingly, the D-Phe-containing probe also labeled
PBP2b, while the L-Phe molecule did not, perhaps indicating
that a D-configuration at this position may contribute to PBP2b
binding. Finally, both Phe-containing probes labeled PBP2x
while the Ala-decorated molecules did not, which could
indicate a larger binding pocket to accommodate this bulk.
Consistent with this, PBP2x was one of the most commonly
inhibited pneumococcal PBPs with a collection of 42 β-
lactams, further suggesting that the active site can accom-
modate a variety of molecular architectures.27,34

Figure 4. Stacked bar plot highlighting ligand IFs for 5Az, 6Az, 7Az, and 8Az per residue throughout the MD simulation, where values over 1.0
indicate multiple interactions are made. Interaction types are labeled by color.
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Crystal Structures of PBP1b* Complexes. To obtain
high-resolution structural data, we crystallized a soluble form of
S. pneumoniae PBP1b, that harbors an Asn656Gly mutation at
the β3−β4 loop to maintain an open active site (PBP1b*).32
All four probes were soaked into PBP1b* crystals, and data
were collected at the ESRF synchrotron in Grenoble, France,
allowing us to obtain structures of 5Az, 6Az, 7Az, and 8Az
covalently bound in the active site of PBP1b* (PDB IDs 7ZUI,
7ZUJ, 7ZUK, and 7ZUL, respectively). In all four structures,
most ligand atoms were easily visualized and traced in the
electron density maps, except for the often highly flexible azide
tails.

The three conserved catalytic motifs in the PBP1b* active
site are Ser460-Thr461-Thr462-X-Lys463, which incorporates
the nucleophilic Ser460, Ser516-X-Asn518, and Lys651-
Thr652-Gly653. In all four complex crystal structures, electron
density corresponding to the probes indicates that, as expected,
Oγ of Ser460 is covalently associated with the ligands. In
addition to this covalent bond, several ligand−receptor
interactions are common to all four structures, including
hydrogen bonding between Asn518 and the secondary alcohol
or the first amide carbonyl on the probe. We also observed
interactions with the backbones of Thr654 and Ser460. These
two residues form part of a conserved pocket known as the
“oxyanion hole” that stabilizes the Michaelis complex prior to
acylation; its formation is a key and obligatory step in ligand
binding.36 In all β-lactone structures, a Cl− atom (indicated as
a gray sphere in Figure 3) is located in close proximity (3.8 Å)
to Thr652 and Lys651 on motif III. Ligplots35 indicate that the
primary interaction with the Cl− atom is via Thr652, although

Lys651 points toward the ion as well. The binding modes of
5Az, 6Az, 7Az, and 8Az within the PBP1b* active site are
broadly similar to that in which previously published boronic
acid inhibitors (Figure 1) bind to pocket I of PBP1b*, where
the hydrophobic regions are located proximally to the β3/β4
loop and the highly flexible azide moieties point to the exterior
of the active site.25 Notably, the phenyl group of 8Az is also
stabilized by a groove formed by the side chains of Met556,
Ile519, and Phe490 (Figure 3d).

Molecular Dynamics Simulations of PBP1b* X-ray
Structures. Next, we utilized molecular dynamics (MD) to
probe PBP1b* active-site conformational flexibility, capturing a
wider variety of dynamic intermolecular interactions between
both β-lactones and PBP1b and identifying short- and long-
time-scale ligand−receptor interactions that may affect
inhibitor potency. In this study, we utilized in silico
mutagenesis to regenerate the wild-type PBP1b active site
and MD simulations to capture dynamic intermolecular
interactions between these compounds and PBP1b. MD was
used not only to corroborate experimentally observed
interactions but also to rule out interactions that, while
observed in crystallographic structures, may not maintain
themselves over a significant time scale. Furthermore, our
approach allowed for the characterization of a flexible protein
active site when bound to a flexible ligand, including the study
of solvent dynamics. To establish the simulation time necessary
for extensive conformational sampling, we first calculated Cα
root-mean-square deviation (RMSD) values, together with the
cosine content of the principal components (PCs),37 for
PBP1b in preliminary dynamics runs. We found that a 30 ns

Figure 5. Protein−ligand interaction diagrams for 5Az, 6Az, 7Az, and 8Az from 30 ns MD simulations. The ligand interaction plots display both
hydrogen bonding and water bridges, where the interaction % indicates the percentage of the simulation in which that interaction is occurring. The
intensity of the purple interaction arrow corresponds to the interaction %.
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simulation time enabled sufficient system sampling, with
protein RMSD values stabilizing between 1 and 2 Å, and the
cosine content of the PCs consistently less than 0.7
(Supporting Information Figure 4); all subsequent dynamics
simulations were therefore carried out for 30 ns.

Molecular dynamics enabled us to prioritize the PBP1b
ligand−receptor interactions that most strongly contribute to
ligand binding, as assessed by calculated interaction fraction
(IF). IF is defined as the simulation time in which an
intermolecular interaction occurs divided by the total dynamics
runtime, as indicated by intermolecular distance and angle
criteria for that interaction type. For example, an IF of 0.5
indicates that an interaction takes place during 50% of the
entire simulation, and a fraction greater than 1 indicates
multiple persistent ligand−receptor interactions. In all of our
protein−ligand dynamics simulations, the carbonyl oxygen in
the acyl−serine bond maintained interaction with the back-
bone of both Ser460 and Thr654, as indicated by IF > 1 for
Thr654 in all ligands (Figure 4). From our X-ray structures, we
observed both 6Az and 7Az (L-configuration) interact with
Asn518 (motif II) via a direct hydrogen bond with the amide
carbonyl (Figure 5). However, dynamics predicted that the
Asn518−7Az interaction is far more persistent than that of
Asn518−6Az, with IF values of 91% and 68%, respectively,
which is likely due to the presence in 7Az of a phenyl ring that
securely occupies pocket I of the receptor. Compound 5Az
maintains a water bridge with Asn518 for 51% of the 30 ns
simulation, along with multiple water bridges to Met556. In
contrast, 8Az (D-configuration) does not significantly engage
with motif II. The orientation of 8Az allows for linker amide
interactions with both Asn656 and Met556 but not with
Asn518 due to the D-Phe group in 8Az occupying the space
between Asn518 and β3. Notably, the modeled Asn656 residue
engaged in H-bonding with all β-lactone probes. The
ubiquitously observed chloride ion (Figure 3) was predicted
to maintain interaction with the ligand via Thr652 from initial
structures. Despite this, its IF of <10% suggests that
interactions involving this Cl− are not significant. Furthermore,
the X-ray structures indicated an interaction between the azide
tail of 8Az and Glu659. This interaction fraction is <10% and is
also predicted as not significant.

In all ligand-bound simulations, we confirmed the
persistence of the experimentally observed chloride ion (Figure

3) occupying a pocket proximal to motif III (KTG) on β3.
This chloride ion is being stabilized by a salt bridge with the
protonated Lys651 (Figure 6a). Study of motif III has
demonstrated it to be vital for catalysis in other PBPs, serving
as an electrostatic anchor for the terminal carboxylate of the D-
Ala natural substrate, or the carboxylate of β-lactams (vide
supra).38,39 We hypothesize that the absence of a carboxylate in
the β-lactone ligands allows for an anion binding site to form in
this pocket, as Lys651 and Thr652 participate in a dense
hydrogen bond network with a water molecule and the
catalytic serine in a previously solved apo-PBP1b* structure
(PDB: 2BG116). In other solved PBP1b* structures with
carboxylate-containing small molecules, this carboxylate
interacts directly with motif III via hydrogen bonding with
Thr652.16 From previous data as well as our own, we
hypothesize that this pocket becomes available for anion
binding upon active-site rearrangement following ligand
binding, enabling the lactone-based probes to effectively bind
the PBPs despite the lack of a negatively charged moiety.
Figure 6b highlights the salt bridge interaction fraction
between Lys651, located on motif III, and the observed
chloride ion occupying the active-site pocket. In all ligand-
bound structures, the IF for this salt bridge was greater than
90%, providing a rationale for the high occupancy of the Cl−
ion across structures.

Analysis of ligand root-mean-square fluctuation (RMSF)
with respect to the protein backbone can be used to compare
the stability of ligands within the same active site. In addition,
ligand RMSF with respect to the initial ligand pose can be used
to compare the movement of the ligand to its initial
experimentally determined binding mode. We observed lower
RMSF values with respect to both protein and ligand for 5Az
when compared to 6Az. This is likely due to the additional
stabilizing water bridges present with 5Az. RMSF values with
respect to protein and ligand were similar for 7Az and 8Az.
However, 7Az exhibited a higher RMSF in its phenyl side
chain and bioorthogonal handle. The phenyl ring of 8Az was
observed in both X-ray crystallography and molecular
dynamics results to be stabilized by Met556 (Supporting
Information Figures 5 and 6) with RMSF values for the
covalently bound region remaining relatively low (<2 Å) across
the probes. As expected, the bioorthogonal handle and flexible
linker region of the ligands exhibited the highest RMSF values,

Figure 6. (A) Trajectory snapshots of the protein-bound chloride ion in 7Az−PBP1b, taken every 6 ns, emphasizing its proximity to the conserved
KTG motif, as well as persistent salt bridges in all structures. (B) Bar plot of chloride ion and the Lys651 salt bridge interaction fractions in each
protein−ligand complex. The red dashed line indicates a 100% interaction fraction.
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as they are the most dynamic portion of the molecules. Overall,
our MD simulations reliably reproduced many of the protein−
ligand interactions observed via X-ray crystallography,
indicating the suitability of these calculations for the
PBP1b−ligand systems studied here, and were also able to
capture key interactions with Asn656. The MD calculations
also successfully probed solvent dynamics within the PBP1b
active site, including stable ligand water bridges.

■ DISCUSSION
β-Lactones represent a novel class of PBP inhibitors and a
valuable tool for the study of PBPs in an activity-dependent
manner�something that is not possible with traditional
biochemical methods that have been applied to PBPs. Labeling
experiments with these ABPs have revealed unique selectivity
profiles among 5/6/7/8Az despite their chemical similarity,
illustrating key features that can be exploited to optimize ligand
binding. For example, PBP1b appears to be fairly promiscuous
in the lactones that it will bind. In addition, PBP2x may require
a relatively large and/or hydrophobic group for binding, as it
was only labeled with Phe-containing probes and not with the
Ala-functionalized derivatives. Finally, PBP2b appears to favor
probes with a D-configuration in the diversity element, as it was
only inhibited by 5Az and 8Az.

Previous structural analyses of the PBP1b* transpeptidase
domain revealed distinct conformations for the β3/β4 loop
that lies at the entrance of the active site.16 Our structural
biology and dynamics results confirm the acylation by these β-
lactone probes within the PBP1b active site and call attention
to the conservation of participating active-site residues in the
natural peptide substrate, β-lactams, and now β-lactones. It has
been noted previously that in β-lactams, along with the natural
D-Ala peptide substrate, there are three conserved binding
features.36 First, the substrate’s amide group sits between Asn
from the second conserved motif and the β3 loop (Asn518 in
PBP1b). Second, the terminal peptide carboxylate or the β-
lactam carboxylate interacts via hydrogen bonding with the
KTG motif. Third, the carbonyl oxygen sits within the
oxyanion hole. Here, our results further highlight these
conserved binding events, now seen with β-lactones. While
X-ray crystallography captured many of the direct interactions
made with the more stable portion of the probe, molecular
dynamics was needed to capture the interactions between
flexible portions of the ligand with both the protein and solvent
molecules. In lieu of a carboxylate group in the lactone-based
probes, motif III appears to participate in the formation of an
anion binding site. It has previously been noted that the
conserved lysine of motif III in other PBPs serves as an
“electrostatic anchor” to facilitate pre-covalent binding in
carboxylate-containing ligands.30 Strikingly, our data indicate
that not all PBP inhibitors require this interaction for binding.

Our analyses via X-ray crystallography and molecular
dynamics characterized the binding mode of β-lactones, as
well as the active site of PBP1b in the presence of covalently
bound β-lactones. We demonstrated conservation in protein−
ligand interactions between this series of probes, as well as
chemically distinct ligands observed previously. These results
shed light on the “canonical” binding profiles between β-
lactams, the D-Ala substrate, and now β-lactones. In character-
izing the protein−ligand interactions and active site of a
flexible system like PBP1b, a static perspective is insufficient to
fully capture the relevant intermolecular interactions. In
particular, we quantified the persistence of many solvent

interactions and ligand interactions with Asn656 and identified
empirically observed interactions that did not maintain for a
significant time scale. Molecular dynamics simulations from
crystallographic structures serve as a guide for the structural
basis of β-lactone binding within PBP1b, as well as the
optimization of these probes in future studies. Additionally,
insight into these key interactions within a novel PBP binding
chemotype provides foundational knowledge for the structure-
based design and development of PBP inhibitors and probes in
the future.

■ MATERIALS AND METHODS
Details of probe synthesis and gel-based characterization are found in
the Supporting Information.

Molecular Modeling. Simulations in this study were performed
with Maestro v.2021-3 (Schrodinger, Inc., New York). Complexes of
PBP1b* crystallized with 5Az, 6Az, 7Az, and 8Az were first mutated
from G656 to N656, with the lowest energy rotamer chosen. The
azide handles present in all ligands were manually edited using the
“3D Builder” to assign correct bond types and charges, followed by
minimization of the modified atoms. Solvent atoms were kept in
place. All structures were then prepared via the “Protein Preparation
Tool” using default settings with termini capped.40 Hydrogens were
minimized via the OPLS4 force field.

Molecular Dynamics. Molecular dynamics simulations were
performed using the Desmond software within Maestro (D.E. Shaw
Research, New York).41 The protein−ligand complexes were solvated
in an orthogonal box of PCM water with a 10 Å buffer. The
complexes were neutralized with Na+ counterions in addition to 0.15
M NaCl. The solvated complexes were then relaxed and equilibrated
using the default Desmond relaxation protocol. First, an NVT
simulation with Brownian dynamics was performed at 10 K with small
time steps and solute heavy atom restraints. A 12 ps NVT simulation
was then performed at 10 K with solute heavy atom restraints. Next, a
12 ps NPT simulation at 10 K and 1 atm with solute heavy atom
restraints was performed, followed by a 12 ps NPT simulation at 300
K and 1 atm with solute heavy atom restraints. Finally, a 24 ps NPT
simulation at 300 K and 1 atm was performed with no atom restraints.
Following this protocol, a 30 ns NPT simulation at 300 K and 1 atm
was carried out with a 300 ps recording interval. Simulations were
analyzed via the “Simulation Interaction Diagram” tool and trajectory
analysis tools provided in the Maestro workspace. RMSD and RMSF
figures were generated with Python 3.8.12 using matplotlib and
seaborn libraries. The cosine content of the trajectory PCs was
calculated with Python 3.8.12 using MDAnalysis and matplotlib
libraries.42

PBP1b* Purification and Crystallization. PBP1b* was purified
mostly as previously described.32 PBP1b* crystals were grown by the
vapor diffusion method at 20 °C using a hanging-drop setup. PBP1b*
was crystallized by mixing 1 μL of protein sample (5.0−7.0 mg mL−1,
20 mM HEPES pH 7.0, 100 mM NaCl, 1.0 mM EDTA) and 1 μL of
reservoir solution (0.7−0.8 ammonium sulfate, 50 mM HEPES pH
7.2). Crystal soaks were performed by slowly adding saturated ligand
solutions prepared in DMSO (to a final concentration of 5%) directly
to the crystallization drop. Crystals were mounted in cryoloops and
flash-frozen under liquid nitrogen.

Data Collection and Structure Solution. All data (four
complexes and an apo PBP1b* data set) were collected under a
cold nitrogen stream at 100 K at the European Synchrotron Radiation
Facility (Grenoble) on beamline MASSIF-1 (ID30A-1) and were
indexed and scaled using XDS.43 ADVX (https://www.scripps.edu/
tainer/arvai/adxv.html) and XDSGUI (https://strucbio.biologie.uni-
konstanz.de/xdswiki/index.php/XDSGUI) were used to perform data
quality, and STARANISO (https://staraniso.globalphasing.org/cgi-
bin/staraniso.cgi) was used for resolution cutoff verification. The
reduced X-ray diffraction data were imported into the CCP4-7.1
program suite.44 Structures were solved by molecular replacement
using PHASER45 and employing the coordinates of PBP1b (PDB:
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2BG416) lacking residues 460, 516−518, and 650−661 as a search
model. The models were then rebuilt de novo to remove bias, as
implemented in ARP/wARP 7.1.1.46 The structures were completed
by cycles of manual model building with COOT 0.8.9.2.47 Water
molecules were added to the residual electron density map as
implemented in ARP/wARP and COOT. Crystallographic macro-
molecular refinement was performed with REFMAC 5.5.48 Several
cycles of manual model building and refinement were performed until
Rwork and Rfree converged.49,50 At this point, the TLS definition was
determined and validated using the TLSMD and PARVATI
servers.51,52 The stereochemical quality of the refined models was
verified with MOLPROBITY, as implemented in COOT, and
PROCHECK.53,54 Due to the high concentration of NaCl employed
in crystallization as well as optimal H-bonding parameters, a Cl− ion
was modeled into a sphere of high electron density within the active
site.55 The secondary structure assignment was performed by DSSP
and STRIDE.56,57 Data collection and refinement statistics are
included in Supporting Information Table 1. All solved structures
displayed between 99.5 and 100% of the non-glycine residues in the
most favored and allowed regions of the Ramachandran plot. Figures
containing protein structures were generated with PYMOL (http://
www.pymol.org). Final refined model coordinates and structure
factors were deposited in the Protein Data Bank (PDB, http://www.
rcsb.org), PDB codes: 7ZUH, 7ZUI, 7ZUJ, 7ZUK, 7ZUL.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschembio.2c00503.

Synthesis schemes, gel-band analyses, molecular dynam-
ics RMSF/RMSD plots, crystallographic data collection
and refinement statistics, and procedures for cell culture,
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