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binding protein, PBP2a, an enzyme that provides its transpeptidase activity to allow cell wall biosyn-
thesis. PBP2a’s low affinity to most B-lactams, confers resistance to MRSA against numerous members of
this class of antibiotics. An Achilles’ heel of MRSA, PBP2a represents a substantial target to design novel
antibiotics to tackle MRSA threat via inhibition of the bacterial cell wall biosynthesis.

In this review we bring into focus the PBP2a enzyme and examine the various aspects related to its

ii}?i/::irg'st;bial resistance role in conferring resistance to MRSA strains. Moreover, we discuss several antibiotics and antimicrobial
Anti-MRSA agents designed to target PBP2a and their therapeutic potential to meet such a grave threat. In
Penicillin binding protein 2a conclusion, we consider future perspectives for targeting MRSA infections.

B-lactams © 2020 Published by Elsevier Masson SAS.

Enzyme inhibitor
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Contents
1. Introduction . .2
2. Bacterial cell- wall blosynthe51s and the role of pemc111m bmdmg protems .4
2.1.  Cell wall biosynthesis .. .4
2.2. Pen1c1llmbmdmgprotems thel<eyplayersmbacterlalcellwallsynthe51s........................................................,,..4
2.2 0. TYPES Of PBPS ...ttt ettt ettt et e e e e e e e i A
2.2.2.  PBPs physiological functlon ............................................................................................. 4
3. Understanding PBP2a resistance . .. 5
3.1 Structu1almformat10nonPBPZa .5
3.2.  Structural and kinetic resistance to 8- lactam antlblotlcs by PBPZa ................................................................... 5
3.3.  Allosteric control of PBP2a physiological fUNCHON ... ........c.iuiiuiuti ittt it ittt ettt eiiaeeiiineennan... B
4, Targeting PBP2a ............ P 4
41. BlactamantlblotlcsactlveagamstPBPZa.........................................................................................7
5 T O 1= - o) PP 4
s 0 € o] o)1) o] PRSP |
4.2, 0Xadiazoles AeTIVALIVES . .. ...ttt ettt et e ettt et e et e e e e e e e e e e e e e e e e e e, 10

* Corresponding author. Pharmaceutical Chemistry Department, Faculty of
Pharmacy, Ain Shams University, Abbassia, 11566, Cairo, Egypt.
** Corresponding author.
E-mail addresses: emanelawady@pharma.asu.edu.eg (E.M.E. Dokla), khaled.
abouzid@pharma.asu.edu.eg (K.A.M. Abouzid).
! Both authors have equal contributions.

https://doi.org/10.1016/j.ejmech.2020.112312
0223-5234/© 2020 Published by Elsevier Masson SAS.


mailto:emanelawady@pharma.asu.edu.eg
mailto:khaled.abouzid@pharma.asu.edu.eg
mailto:khaled.abouzid@pharma.asu.edu.eg
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2020.112312&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2020.112312
https://doi.org/10.1016/j.ejmech.2020.112312

2 M.W. Shalaby et al. / European Journal of Medicinal Chemistry 199 (2020) 112312

4.2.1. Development of oxadiazoles and their antimicrobial aCtiVity ............veiuiiiiiiii it it it iii ... 10

42,2, SAR . e
423. Resistance .............ciiiiiiiin.
4.3. Quinazolinone derivatives

431. Development and antimicrobial aCtiVILY .. ........ouunininitir it ettt e ettt e e e

12
433, QuinazolinonebindingmodewithintheallostericsiteofPBPZa e e e 14

44. Non-covalent inhibitors .

44.1. Anthranilic acid derlvatlves
4.5, Aspermerodione ................ceiiiiniinnn..
4.6. Indole-nitroimidazole conjugates ............

4.7.  AlKyl boronic acid deriVatiVeS . ... ...ttt ettt ettt e et e e e et e et e e e e e e e e e e

4.8. Quercetin 3-O-rutinoside ............coiiiiiiiiiiiii

49. Thioxanthones ........
410. Metronidazole-triazole hybrlds

411.  Polycyclic indole alkaloids ..................

412. Peptide-penicillin conjugates ...............
4.13.  Chitosan-ferulic acid conjugate (CFA)
4.14. Polyphenols . ..
415.  Bis-2- oxoazetldmyl macrocycles

5. Future perspectives . R
Declaration of competmg mterest

Acknowledgment . ........ ...t e
] (5] (=) 3 e PP

.. 16
... 16
.17
................................................................. 17

18

1. Introduction

Antimicrobial resistance is currently considered one of the major
health threats worldwide with an alarming increase in infection-
related morbidity and mortality rates [1]. One of the major causes
of hospital- and community-acquired infections is the methicillin-
resistant Staphylococcus aureus (MRSA) [2—4]. According to the
Centers for Disease Control and Prevention (CDC), MRSA is ranked as
a serious threat with more than 80,461 infections and 11,285 deaths
per year in USA alone as stated in the antibiotic resistance threats
report in 2013 [5]. Several B-lactams — S. aureus standard treatment
option — have limited use as the microorganism developed various
resistance mechanisms rendering these agents ineffective against
many S. aureus strains including MRSA [6—9]. Production of peni-
cillin binding protein 2a is the major mechanism developed by
MRSA to exhibit a broad clinical resistance to the f-lactam antibi-
otics [10]. MRSA’s resistance is mediated through the acquisition of a
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gene cassette containing mecA, which encodes the altered, low-
affinity transpeptidase, PBP2a [11]. Consequently, there is an ur-
gent need to develop effective antibiotics to meet the emerging
threats of MRSA resistance.

S. aureus is a Gram-positive organism, considered as a serious
threat to human health, since it is capable of causing a wide spectrum
of infections [12,13]. Patients with severe staphylococcal infections
usually had very poor outcomes until the introduction of penicillin in
the early 1940s. However, few years later, the first penicillin-resistant
strain of S. aureus was reported [14]. The first discovered resistance
mechanism of S. aureus to B-lactams was due to the production of a 3-
lactamase (penicillinase), an inducible extracellular enzyme released
in response to B-lactams exposure, which hydrolyzes the p-lactam
ring, yielding inactive derivatives [15]. B-lactamases are encoded by
the structural gene blaZ, which is controlled by two regulatory genes,
blal and blaR1. In the presence of penicillin, the sensor protein BlaR1
triggers a signaling cascade leading to the cleavage of the
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Fig. 1. B-lactamase and PBP2a expression regulation. In absence of -lactams (left), the transcriptional repressors Blal and Mecl exist as dimers and block the transcription of blaz
and mecA. In the presence of B-lactams (right), BlaR1 and MecR1 are acylated by the antibiotics, leading to the activation of a zinc protease that cleaves Blal and Mecl, leading to the
transcription of blaz and mecA and the production of B-lactamase (encoded by blaZ) and PBP2a (encoded by mecA).
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Fig. 2. Crosslinking of peptidoglycan strands stage of cell-wall synthesis.

transcriptional repressor Blal and allows the production of B-lacta-
mase at a high level [16]. To address this resistance mechanism,
semisynthetic B-lactamase-resistant penicillins, such as methicillin
and oxacillin, were developed during the early 1960s [17].

Soon after, several resistant strains were isolated and through the
following years, there has been an increasing occurrence of various
S. aureus strains that are resistant to multiple antibiotics, notably the
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methicillin-resistant S. aureus (MRSA) [13,18]. Methicillin resistance
was conferred by the acquisition of a mobile genetic element called
staphylococcal chromosomal cassette mec (SCCmec) [19—21]. This
genetic element carries the mecA gene, which encodes a surrogate
penicillin-binding protein (PBP2a), and the regulatory genes, mecR1
and mecl. Upon exposure to B-lactam antibiotics, MecR1 cleaves Mecl,
thereby, disrupting its binding to the mecA promoter and allowing the
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Fig. 3. PBPs inhibition by B-lactam antibiotics. K;: dissociation constant of the Michaelis complex. k,: rate constant for the formation of the acyl-PBP complex. k3: rate constant for

the hydrolysis of the acyl-PBP complex.
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Fig. 4. Ribbon representation of the x-ray crystal structure of PBP2a (PDB 1VQQ).
Displayed are the nPB domain (green), the N-terminal lobe (blue), and the trans-
peptidase domain (brown). The arrow indicates the point of attachment of the
membrane anchor. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

production of PBP2a [13]. This penicillin-binding protein maintains
the transpeptidase activity as the intrinsic set of PBPs (PBP 1 to 4) of
S. aureus, but it differs by having a low affinity to many p-lactam an-
tibiotics. Therefore, cell wall synthesis proceeds despite the presence
of otherwise inhibitory concentrations of B-lactam antibiotics, thus
evading cell death and lysis [22].

In summary, S. aureus has been found to resist f-lactams by two
main mechanisms, using p-lactamases to inactivate the antibiotic
and more critically through the employment of a low affinity PBP2a
(Fig. 1).

2. Bacterial cell-wall biosynthesis and the role of penicillin-
binding proteins

Cell wall biosynthesis pathway is one of the oldest bacterial
targets exploited for antibiotic treatment, yet it remains an
attractive aim for developing new antimicrobial agents. Bacterial
cell wall synthesis is a multi-component process that comprises
mainly the peptidoglycan biosynthesis, which is responsible for cell
shape and integrity [23].

2.1. Cell wall biosynthesis

The peptidoglycan is composed of glycan chains of alternating
N-acetylglucosamine and N-acetylmuramic acid cross-linked by
short stem peptides attached to the N-acetylmuramic acid [24].
Peptidoglycan biosynthesis take place in three stages as follows:
[25]

1 Cytoplasmic stage: Precursors as UDP-N-acetylmuramyl-
pentapeptide (UDP-NAM) and UDP-N-acetylglucosamine (UDP-
NAG) are synthesized in the cytoplasm of S. aureus.

2 Membrane stage (transfer and elongation): Those precursors
are transferred from the cytosol to the membrane and incor-
porated into the growing peptidoglycan.

Fig. 5. The active site of the apo form of S. aureus PBP2a (colored in purple)
superimposed on the complexed form of PBP2a (colored in green). The active site
distortion and the conformational change of strand 83 are the main contributors to its
reduced susceptibility toward traditional B-lactam antibiotics [46]. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

3 Extracellular stage (crosslinking): Synthesis of the peptido-
glycan backbone is carried out by bifunctional PBPs, where the
transglycosylase domain produce glycan strands, while the
transpeptidase domain perform the crosslinking reaction. As
illustrated in Fig. 2, NAM of murein monomers is connected to
NAG by PBP transglycosylase (chain extension) and the terminal
glycine is connected to the second p-alanine of another chain,
with the consequent release of the terminal p-alanine by PBP
transpeptidase (chain crosslinking) [26].

2.2. Penicillin-binding proteins: the key players in bacterial cell
wall synthesis

2.2.1. Types of PBPs

PBPs comprise two classes, the high molecular mass (HMM)
PBPs and the low molecular mass (LMM) PBPs [27]. HMM PBPs are
subdivided into classes A and B, according to the number of re-
actions they can catalyze. Class A PBPs are bifunctional enzymes, as
they have a C-terminal domain that catalyzes the transpeptidation
(TP) reactions and an N-terminal domain that catalyzes trans-
glycosylation (TG) reactions. As for class B PBPs, they are mono-
functional enzymes responsible for transpeptidation reactions only,
as they possess a catalytic C-terminal transpeptidation domain
with an N-terminal domain that usually contributes to other non-
penicillin-binding functions [28]. LMM PBPs are implicated in the
regulation of the level of peptidoglycan crosslinking as they cata-
lyze p,p-carboxypeptidation trimming reactions preventing further
peptidoglycan crosslinking [29].

2.2.2. PBPs physiological function

The TP domain of PBPs comprises a five stranded [-sheet
bounded by three a-helices subdomain and an all-helical sub-
domain, where the active site is positioned at their interface. The TP
active site comprises three specific motifs: SXXK (catalytic serine
and lysine), (S/Y)XN and (K/H)(S/T)G [27,30].

Different PBPs catalyze three main reactions: p-alanine car-
boxypeptidation, peptidoglycan transpeptidation, and peptido-
glycan endopeptidation. Carboxypeptidation and transpeptidation
reactions occur in three consecutive steps, first, a reversible non-
covalent Michaelis complex between the muramyl peptide (donor
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Fig. 6. Diagrammatic representation of the allosteric activation of PBP2a.

strand) and the enzyme is formed. Next, the catalytic serine attacks
the carbonyl of the second p-alanine of the stem pentapeptide,
forming a covalent acyl-enzyme complex with concomitant
release of the terminal p-alanine residue. Finally, this complex can
be deacylated to give a shortened peptidoglycan strand (carbox-
ypeptidation) or it can be cross-linked with an amino group of a
second strand to form a new peptide bond (transpeptidation)
(Fig. 2) [31]. Endopeptidation reaction of PBPs results in the hy-
drolysis of the cross-bridge between glycan strands in a reverse
activity to transpeptidation [30].

Penicillin-binding proteins represent the molecular targets for
the B-lactam antibiotics [27]. Inhibition of the PBPs TP enzymatic
activity is attributed to the structural mimicry between penicillins
and the p-Ala-p-Ala dipeptide substrate, as proposed by the Tipper-
Strominger hypothesis [32]. The catalytic serine attacks the p-lac-
tam ring carbonyl group, resulting in ring opening and the forma-
tion of a stable covalent acyl-enzyme complex [33]. This complex is
hydrolyzed very slowly, thus the enzyme is no longer available for
its normal function (Fig. 3). As a result, transpeptidation is impaired
leading to peptidoglycan cross-linking failure and subsequent
bacterial death [34,35].

3. Understanding PBP2a resistance

The expression of PBP2a is the basis for the high-level resistance
to the B-lactam antibiotics by MRSA. However, this resistance can
be exhibited only in the presence of other PBPs as PBP2a catalyzes
the transpeptidation reactions only in the cell wall biosynthesis
process. Therefore, the co-functioning of the native class A PBP2
transglycosylase domain is required for successful peptidoglycan
synthesis [36]. Additionally, the presence of the native class B PBP1
is also needed, even though the transpeptidation can be carried out
by PBP2a, which suggests a different role for PBP1 in cell division
apart from its involvement in the cross-linking of peptidoglycan
[37]. Furthermore, fem (factor essential for methicillin resistance)
and aux (auxiliary) factors contribute to the methicillin resistance
of PBP2a [38,39]. For example, it is postulated that PBP2a can only
cross-link peptidoglycan strands bearing penta- and triglycine, but
not monoglycine. The presence of FemA enzyme that extends the
monoglycine branch to triglycine on Lipid II using glycyl-charged
tRNA molecules, is very important for PBP2a in order to crosslink
the cell wall and exhibit resistance to f-lactam antibiotics [40,41].

3.1. Structural information on PBP2a

The first crystal structure of a soluble form of PBP2a (PDB ID
1VQQ) was published by Lim and Strynadka in 2002. The enzyme is
displayed (Fig. 4) as an elongated protein comprising a C-terminal
transpeptidase domain (residues 327—668) and a non-penicillin-
binding domain (nPB) (residues 27—326), which includes an N-
terminal extension subdomain (residues 27—138) [42]. The full-
length protein also contains a transmembrane anchor segment
(residues 1—23), which can be removed without affecting the f-
lactams binding kinetics [43,44].

It was proposed that the nPB domain allows access to the
transpeptidase domain from the cell membrane [42]. Subsequent
analysis of a PBP2a complex with ceftaroline identified an allosteric
site at the intersection of Lobe 1 (residues 166—240), Lobe 2 (resi-
dues 258—277), Lobe 3 (residues 364—390), and the top of the N-
terminal extension domain. Binding to this allosteric site leads to
several conformational changes that end up in the opening of the
active site to permit the substrate entry and subsequent activation
(cross-linking of the cell wall) or inhibition. Apart from PBP2a, most
PBPs X-ray structures lack an allosteric domain indicating for the
absence of an allosteric control [45].

The transpeptidase active site of PBP2a shares similar structural
folds with the other transpeptidases, however its affinity to B-lac-
tams differs owing to a closed active site conformation that requires
unfavorable movement of 33 sheet to access the catalytic Ser403
(Fig. 5) [42].

3.2. Structural and kinetic resistance to §-lactam antibiotics by
PBP2a

The interaction of a PBP with a B-lactam antibiotic starts by the
rapid reversible formation of a noncovalent Michaelis complex
(dissociation constant Ky). Next, Ser403 attacks the f-lactam ring to
give a covalent acyl-PBP intermediate (rate constant k;). Finally,
deacylation by water attack on the acyl-PBP bond allow release of
the product (rate constant k3) (Fig. 3) [47]. Kinetically speaking,
effective B-lactams should exhibit high acylation efficiency (k2/Ky4
ratio), and low deacylation rate constants (ks values), hence the
acyl-PBP complex is irreversibly inhibited [48]. In contrast, B-lac-
tams interacts with PBP2a very slowly, primarily due to the
decreased formation of the acyl-PBP intermediates (slow k), and
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increased reversible pre-acylation complexes formation with the
antibiotics (high Ky), indicating the low affinity of the enzyme for f3-
lactams in general [45,49].

Low rates of acyl-PBP formation is attributed to the inability of
B-lactams to interact with the buried active-site Ser403, where
PBP2a must undergo energetically-costing conformational changes
at both strand B3 and helix o, N-terminus to allow B-lactams access
to Ser403, as illustrated in (Fig. 5) [42,45,50,51]. Additionally, the
increased dissociation constant (Ky) for Michaelis complex is
ascribed to the closed nature of the PBP2a active site pocket,
compelled by the protein loops (a,-a.3 and B3-f4 loops) position and
the juxtaposed side chains of Met641 and Tyr446 residues that act
as gatekeepers, hence B-lactams can’t access the active site [51]. On
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the other hand, B-lactam-susceptible PBPs experience no such
differences between the apo and the acyl-PBP structures, allowing
smooth transition from the reversible to the irreversible acyl
complex resulting in high affinity [52,53].

3.3. Allosteric control of PBP2a physiological function

The crystal structure of the apo PBP2a shows a closed active site
conformation that enables the enzyme to resist the -lactam antibi-
otics, while maintaining its transpeptidase activity (Fig. 5). This tight
active site prevents access of the p-lactams to the catalytic Ser403
however it allows the binding of peptidoglycan substrate to achieve
the crosslinking reaction [42]. The ability of PBP2a to accommodate

CH,

THR-582

Arg298

Fig. 7. Inhibition of the S. aureus PBP2a by ceftaroline. (A) Ceftaroline acylation by the exposed Ser403 at PBP2a active site. (B) X-ray crystal structure (PDB ID: 3ZFZ) of PBP2a
bound to two ceftaroline molecules at the active site (CFT1) and the allosteric site (CFT2), the N-terminal extension, allosteric domain, and TPase domain are colored green, yellow,
and cyan. (C), (D) 3D and 2D views of ceftaroline (CFT1) respectively within the active site of PBP2a displaying the key amino acids involved in the interaction. Ceftaroline backbone
is colored in magenta, while the hydrogen-bonding interactions are depicted as black dashes. (E), (F) 3D and 2D views of ceftaroline (CFT2) respectively within the allosteric site of
PBP2a displaying the key amino acids involved in the interaction. (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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Fig. 8. Superimposition of the active sites of the unbound (PDB ID: 1VQQ) and
ceftaroline bound S. aureus PBP2a (PDB: 3ZGO0). The bound and unbound protein
backbones are displayed in blue and yellow respectively. Ceftaroline is shown in
magenta sticks and salt-bridge interactions are shown as black dashes. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

two peptidoglycan strands using an open active site conformation
(requires a volume larger than 1000 A%) [54] and the bias of the open
versus closed conformations toward the peptidoglycan substrate was
soon explained by allostery. Binding of a peptidoglycan chain (or
allosteric ligand) to the allosteric binding site leads to several
conformational changes resulting in expanding the active site volume
to 1300 A3, allowing the accommodation of the other peptidoglycan
chain [55]. While the allosteric site is located ~60 A° from the active

Fig. 9. Allosteric site mutations confer a low-level of ceftaroline resistance to the
mutant MRSA strains. The locations of the point mutations are indicated in magenta
and the allosteric ceftaroline (CFT2) is depicted as grey-capped sticks. The N-terminal
extension is colored in green, the allosteric domain is colored in gold, and the trans-
peptidase domain is colored in blue. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

site, it still can affect its conformation through several salt-bridge
interactions that propagate sequentially to the catalytic site. Finally,
these conformational changes expose the catalytic Ser403 residue
and allow catalysis [45,51].

The allosteric control of PBP2a was proved by various experi-
ments using different allosteric effectors such as synthetic pepti-
doglycan and fB-lactam antibiotics (e.g. ceftaroline) as mimetics of
the peptide stem of the peptidoglycan [45,51,56,57].

According to the allosteric regulation concept, ceftaroline was
successful in tackling MRSA by binding noncovalently to the PBP2a
allosteric site and covalently to the active site (Fig. 6) [45]. Based on
these premises, PBP2a allosteric site targeting by novel antibiotics
or small molecule can circumvent the resistance of MRSA.

4. Targeting PBP2a

As previously discussed, PBP2a constitutes the major mecha-
nism by which MRSA exhibits its resistance to most f-lactam an-
tibiotics. PBP2a can be targeted at either its active site, allosteric site
or both, hereby, proposing an attractive approach to design novel
antibacterials to target MRSA infections. In this section, we will
provide a thorough discussion of the numerous reported inhibitors,
their activity scope, mode of action, and developed resistance, to
demonstrate the validity of this target and aid future design of new
antimicrobials.

4.1. B-lactam antibiotics active against PBP2a

4.1.1. Ceftaroline

Ceftaroline is a fifth-generation cephalosporin that was approved
by FDA in 2010, with a wide-spectrum activity against Gram-positive
bacteria, particularly, several multidrug resistant strains [58—61].

4.1.1.1. Mechanism of inhibition of PBP2a. Ceftaroline exerts its ac-
tion through the covalent binding to the active site of penicillin-
binding proteins, thus inhibiting cell wall crosslinking (Fig. 7A). It
has a high affinity for the native PBPs of S. aureus (PBP1-3) with an
ICs¢ values below 0.1 pg/ml and for the mutant PBP2a with an ICsg
value of 0.16 pg/ml, however, it shows lower affinity for PBP4
(ICs0 > 1 pg/ml) [62,63]. This affinity translates into favorable low
MICs (0.25—1 pg/mL) against several MRSA strains [58,63,64].

As discussed before, PBP2a is resistant to most B-lactam antibi-
otics, due to its closed active site conformation that places the cata-
lytic Ser403 in a tight narrow channel inaccessible by these
antibiotics. Nevertheless, ceftaroline could overcome this resistance
owing to its ability to bind to the allosteric site in a non-covalent
manner. Ceftaroline interactions with the allosteric site lead to
several conformational changes that culminate into the opening of
the active site. Consequently, a second molecule of ceftaroline can
access the active site and acylate the now-exposed Ser403 leading to
PBP2a inhibition and cell wall synthesis blocking [45].

This unique ability of ceftaroline is a result of its side chain that
mimics the muropeptide chain of peptidoglycans, thus enabling it to
interact with the allosteric site and conformationally open the active
site in a similar manner to the native peptidoglycan substrate [58].
This mechanism was confirmed by analyzing the crystal structure of
PBP2ain complex with ceftaroline (PDB 3ZFZ, Fig. 7B). This structure
reveals two ceftaroline molecules crystallized with PBP2a, where
the first molecule is non-covalently bound in the allosteric site,
while the second one acylates the active site serine [45].

4.1.1.2. Ceftaroline binding mode within the active and the allosteric
sites of PBP2a. Within the active site, the ceftaroline acyl-PBP2a
complex displays the following interaction features responsible
for the high affinity of PBP2a for the ceftaroline antibiotic in
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Fig. 10. Inhibition of the S. aureus PBP2a by ceftobiprole. (A) Ceftobiprole acylation by Ser403 at PBP2a active site. (B) X-ray crystal structure (PDB ID: 4DKI) of PBP2a bound to a
ceftobiprole molecule at the active site, the N-terminal extension, allosteric domain, and TPase domain are colored green, yellow, and cyan. (C), (D) 3D and 2D views of ceftobiprole
respectively within the active site of PBP2a displaying the key amino acids involved in the interaction. Ceftobiprole backbone is colored in magenta, while the hydrogen-bonding
interactions are depicted as black dashes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

addition to the covalent bond formed with the catalytic Ser403
(Fig. 7C, D).

[1] Ceftaroline’s R2 group is sandwiched between Tyr446 on one
side and Thr582 on the other side. A pi-pi interaction is
formed between Tyr446 and the 1,3-thiazole ring.

[2] The carboxylate group forms two hydrogen bonds with both
Ser462 and Ser598 hydroxyl groups.

[3] The amide nitrogen at 7-position of the cephem scaffold
forms a hydrogen bond with the backbone carbonyl of
Thr600.

[4] R1 group resides in a pocket formed by Gly520, GIn521, and
Glu602 amino acids, where the N2 of the 1,2,4-thiadiazole
ring is hydrogen bonded to Glu602, whereas, the amino
group attached to the 3rd position of the 1,2,4-thiadiazole
ring is hydrogen bonded to Gly520.

At the allosteric site, ceftaroline exhibits a non-covalent binding
mode and demonstrates the following interaction features (Fig. 7E, F).

[1] R2 group is positioned between Arg298, Glu145, and Asn146
amino acids, where the N-methyl pyridine ring forms a pi-
cation interaction with Arg298 and the N3 of the 1,3-thiazole
ring forms a hydrogen bond with the backbone NH of Asn146.

[2] 1,2,4-thiadiazole ring exhibits a pi-pi interaction with Tyr105.

The additional interactions imparted by the R2 group of ceftaroline
(while lacking in other B-lactams), are predicted to contribute to the
increased binding affinity of ceftaroline to the allosteric binding site of
PBP2a (Fig. 8) [63]. Other B-lactams (e.g. oxacillin, cefepime, ceftazi-
dime) have weak affinity for PBP2a as they partially occupy the allo-
steric site. So, they are incapable of inducing the required
conformational changes for the complete opening of the active site.
This observation was supported by the findings of molecular dy-
namics (MD) simulation of the closed conformation of apo-PBP2a that
showed only partial $3-f4 motion, and thus the active site remained
closed hindering the acylation reaction [51]. In conclusion, optimum
occupancy of the allosteric site in a proper way is required to provide
the needed protein reorganization to open the active site.
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MET-641

Fig. 11. View of ceftobiprole within the active site of PBP2a showing the R1 group in
both conformations (PDB ID: 4DKI).

4.1.1.3. Resistance. Shortly, after the introduction of ceftaroline to
the market in 2010, several cases of MRSA strains with various
levels of resistance were reported [65—69]. Mutations in the
transpeptidase active site lead to high-level resistance while mu-
tations remote from the active site (e.g. allosteric site) lead to low-
level resistance to ceftaroline. Three clinically isolated ceftaroline-
resistant MRSA strains from a patient with high-level resistance
(MIC > 32 pg/ml) demonstrated mutations in two amino acids
(Y446N and E447K) in the transpeptidase active site. These muta-
tions replace tyrosine (Y446) with asparagine (bulky phenol in
place of a small amide group), and glutamic acid (E447) with lysine
(switching a negatively charged amino acid with a positively
charged one) [66]. Considering that these two amino acids are
positioned in the penicillin-binding pocket [42], such replacement
can affect ceftaroline binding to the active site drastically, leading to
a high-level of resistance.

A low-level of ceftaroline resistance results from an uncommon
mechanism, where point mutations of certain amino acids disrupt
the allosteric control of the active site, thus diminish its

GLN-521

LEU-603

ARG-612

LYS-387 GLN-637

J ...... A 54

Fig. 12. Comparison of the binding mode and interactions of ceftaroline (green,
PDB: 3ZG0) and ceftobiprole (magenta, PDB: 4DKI) within the PBP2a active site.
Amino acids involved in the interactions are displayed in blue (ceftaroline) and yellow
(ceftobiprole) and polar interactions are shown as dashed lines. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)

responsiveness to ceftaroline (MIC = 2—4 pg/ml) [65,67]. Moreover,
such resistance can result from a single point mutation of the active
site (Y446N or E447K alone) [66]. Two clinical variants, ST228
(N146K and E150K mutations) and ST247 (N146K, E150K, and
H351N mutations), manifested low-level resistance to ceftaroline
[70]. Two of these mutations (N146K and E150K) are situated in the
allosteric site, while the third one (H351N) is positioned outside
both sites (Fig. 9). Allosteric site mutations impart resistance to
ceftaroline through two possible mechanisms, first, they can
impede the ability of ceftaroline to bind to the allosteric binding
site (indicated by an increased dissociation constant Ky), second,
they alter the conformational changes resulting from binding to the
allosteric site, hence suppressing the active site opening [56].

4.1.2. Ceftobiprole

Ceftobiprole is the second fifth-generation cephalosporin, first
approved in Canada in 2008 for the treatment of complicated skin
and soft tissue infections. Although it was approved in several
European countries, it is not approved by the FDA for use in the
United States. It exhibits a very broad spectrum of activity against
Gram-positive and Gram-negative pathogens, particularly, against
MRSA strains [71-77].

4.1.2.1. Mechanism of action. Ceftobiprole is a f-lactam antibiotic
(Fig. 10A, B) that exhibits a potent bactericidal activity by binding to
PBPs, thus inhibiting transpeptidation and suppressing the cell wall
synthesis. It is a good inhibitor for all native PBPs of S. aureus
(IC50 < 1 pg/ml) and for the mutant PBP2a (IC50 < 0.47 pg/ml) [78].
Such activity is reflected in low MIC values (0.5—4 pg/ml) against
MRSA [71,78,79]. Ceftobiprole activity is attributed to the increased
hydrophobic interaction of the R2 substituent with the PBP2a
active site, which results in an improvement in the binding affinity
(decreased Kg) and a subsequent greater overall acylation efficiency
(k2/Kg). In contrast, neither penicillin nor methicillin demonstrate
such interactions. The increased stabilization and prevalence of the
Michaelis complex compensate for the energetic cost of confor-
mational rearrangement needed to reach the buried active-site
Ser403, thus enabling ceftobiprole to irreversibly inhibit PBP2a
[42,50].

Ceftobiprole is a cephalosporin with an oxyimino amino-
thiadiazolyl substituent (R1 group) connected to the 7-amino group
of the cephem nucleus, which protects the molecule from hydro-
lysis by many lactamases. The 1,3’-bipyrrolidin-2-one moiety (R2
group) located at the 3-position of the cephem nucleus sits deep in
the narrow cavity of the PBP2a binding site making it closer to Tyr-
446, Met-641, and Thr-600 and favoring the acylation of PBP2a
(Fig. 10C, D). In addition, the planarity of R2 makes it more similar
to the pentaglycine cross-bridge [50]. In conclusion, the higher
acylation rate, the increased intrinsic affinity, and the lower
deacylation rate are the three main contributors that work in
concert to make the ceftobiprole a potent inhibitor of the active site
of the PBP2a [80].

4.1.2.2. Ceftobiprole binding mode within the active site of PBP2a.
Ceftobiprole acyl-PBP2a complex displays the following interaction
features, in addition to the covalent bond formed with the catalytic
Ser403 (Fig. 10C, D).

[1] Ceftobiprole R2 group is located between Tyr446, Met641,
and Thr600, where the pyrrolidine ring is in hydrophobic
contact with Met641 and the pyrrolidine NH forms a
hydrogen bond with the side chain sulfur of Met641. The
pyrrolidinone ring forms a pi-pi interaction with Tyr446 and
has hydrophobic contact with Thr600. Both the planarity and
the hydrophobicity of R2 group are essential to allow access
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Fig. 14. 1,2,4-oxadiazole derivatives that exhibit activity against MRSA.

to the narrow active site pocket and achieve the required van
der Waals interactions within the active site in contrast to
other B-lactams lacking such functionality [81].

[2] The cephem carboxylate group forms three hydrogen bonds
with Ser462, Ser598, and Thr600 hydroxyl groups.

[3] The carbonyl of the opened B-lactam ring forms a hydrogen
bond with the backbone NH of Thr600.

[4] The amide carbonyl at 7-position of the cephem ring forms a
hydrogen bond with the side chain NH; of Asn464.

[5] R1 group exists in two distinct conformations within the
active site (Fig. 11) [50], one of them resides in a pocket
formed by Gly520, GIn521, and Glu602 amino acids, where
the amino group attached to the 3rd position of the 1,2,4-
thiadiazole ring forms a weak hydrogen bond with Gly520
(Fig. 10C, D). The second conformation points away from that
pocket toward the R2 group, thus the whole structure ac-
quires a U-shaped conformation and the hydrogen bond
formed by the other conformation with Gly520 is lost. These
conformations probably result in an entropic gain for the
bound ceftobiprole molecule [82].

4.1.2.3. Resistance. The analysis of MRSA strains resistant to cefto-
biprole (MIC, > 4 pg/ml) [76,83,84] reveals several amino acid
mutations within the allosteric site. These mutations include
E150K, E237K, and E239K [85,86]. Such mutations result in the
disruption of the communication between the allosteric and the
active site, thus, affecting the binding of ceftobiprole to the active
site cavity [85].

4.1.2.4. Comparison of PBP2a in complex with ceftaroline and cefto-
biprole. While both ceftaroline and ceftobiprole PBP2a acyl-
enzyme complexes demonstrated similar structural changes at
the strand 3 and the N terminus of helix a2, there are notable
differences between these structures (Fig. 12). First, the Glu602-
Arg612 salt bridge observed in the ceftaroline complex as a
consequence of the interaction with its R1 group is absent in the
ceftobiprole complex. Second, the R2 group in the ceftobiprole
complex is stacked between Tyr446 and Met641, whereas in the
ceftaroline complex, Tyr446 on the a2—a3 loop interacts with
Met641 to close the active site and keep ceftaroline within a narrow
cavity. Third, the salt-bridge interaction between Lys387 and

Asp635 is not observed in the ceftobiprole acyl-enzyme structure
due to a different positioning of Asp635 that prevents the forma-
tion of this salt-bridge interaction [45,50].

4.1.3. ME1036

ME1036 [87,88] (formerly CP5609) is a carbapenem undergoing
clinical trials (Fig. 13). It exhibits broad-spectrum activity against
MRSA, H. influenzae, S. pneumoniae, and Enterococcus faecalis with
potency even greater than ceftaroline (MIC, 0.06—0.5 pg/ml against
148 CA-MRSA strains) [89]. ME1036 activity against MRSA is related
to its high affinity for the mutant PBP2a [90].

4.14. L-695,256

L-695,256 [91] is an investigational synthetic carbapenem (-
lactam antibiotic (Fig. 13) exhibiting broad spectrum activity
against resistant S. aureus, S. epidermidis, E. faecalis, and
S. pneumoniae strains [92] (MIC, 0.016—2 mg/ml against MRSA
isolates [91]). L-695,256 binds with a high degree of affinity to
PBP2a with a mean ICsq of 1.2 pg/ml [93]. L-695,256 forms insoluble
crystals, thus it can’t be used in humans [94].

4.2. Oxadiazoles derivatives

1,2,4-oxadiazoles are a recent class of non-B-lactam antibacte-
rial agents. They are active against vancomycin- and linezolid-
resistant MRSA and several other Gram-positive bacterial strains,
with a good in vivo efficacy and oral bioavailability. Their activity
against MRSA is owed to their ability to inhibit PBP2a with the
subsequent suppression of peptidoglycan synthesis [95].

4.2.1. Development of oxadiazoles and their antimicrobial activity
Through an in-silico docking study of 1.2 million compounds
from the ZINC database using the x-ray structure of PBP2a of MRSA
(PDB code 1VQQ), several compounds were selected and examined
for their antibacterial activity, which lead to the identification of a
1,2,4-oxadiazole compound (1) as an initial hit (Fig. 14). Compound
1 manifested a poor but consistent MIC values against S. aureus and
E. faecium bacteria. A 370-derivatives library was assembled and
tested, where three active derivatives (2—4) were identified with
excellent MIC values (1—2 pg/ml) against various MRSA and VRSA
strains [95]. Two following SAR studies of this series reported
additional 120 and 59 analogs. Compound 5 (ND-421) was
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Fig. 15. General structure—activity relationship for the oxadiazole class of antibiotics. Variation of ring A yielded 120 derivatives, where their SAR is summarized (upper panel).
Ring C and D variation yielded an additional 59 derivatives, where their SAR is shown (lower panel).

identified as the best candidate with optimal pharmacokinetic
properties as demonstrated in animal models [96,97]. Further
investigation of ND-421 revealed its comparable efficacy to Line-
zolid and synergistic effect with B-lactam antibiotics [98,99].
However, the mechanism by which these compounds inhibit PBP2a
and whether they bind to the active or allosteric site is not reported.

4.2.2. SAR

The reported 1,2,4-oxadiazoles comprise four rings, A, B, C, and
D, as depicted in Fig. 15. To define a clear structure—activity rela-
tionship (SAR) for this novel class of antibacterials, two studies

were reported [96,97]. First, diversification of ring A yielded 120
derivatives with varied antimicrobial activities. A general SAR for
this series is summarized in Fig. 15, upper panel. Next, variation of
both ring C and D generated an additional 59 derivatives, where
their SAR is outlined in Fig. 15, lower panel.

Moreover, a three-dimensional quantitative structure—activity
relationship (3D-QSAR) model was developed using 77 oxadia-
zole derivatives as the training set (containing active and inactive
compounds) and 25 compounds as a test set to validate the in-silico
model [100]. This model identified certain important antibacterial
structure—activity features of the oxadiazole compounds. At the 4-
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position of ring A, electropositive functional groups are preferred,
whereas the presence of negatively charged substituent may
abolish the antibacterial activity. On the other hand, presence of
electronegative groups is preferred at both 3- and 5-positions of
ring A (corresponding to the nitrogen and 4-substituents in pyr-
azole derivatives). Moreover, large substituents on ring A is dis-
favored leading to inactive compounds. On the other side, the
presence of a bulky steric group represented by the substituted ring
D is essential for the oxadiazoles to exert their antibacterial activity.

4.2.3. Resistance
An in vitro study using serial passages of a MRSA strain (S. aureus

HO.

COL) generated two oxadiazole-resistant strains. Such resistance
was attributed to selected mutations in some of the genes impli-
cating the cell wall stress stimulon [101].

4.3. Quinazolinone derivatives

4.3.1. Development and antimicrobial activity

Through the same in-silico docking and screening program that
led to the discovery of the oxadiazole antibacterials, a second hit,
(E)-3-(3-hydroxyphenyl)-2-(4-nitrostyryl) quinazolin-4(3H)-one
(6) was identified (Fig. 16), with an MIC value of 2 pg/ml against
S. aureus ATCC 29213 (a MSSA strain) [102]. Screening of a library of
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Fig. 17. Inhibition of S. aureus PBP2a by quinazolinone derivative, compound 7. (A) X-ray crystal structure (PDB ID: 4CJN) of PBP2a bound to compound 7 at the allosteric site,
the N-terminal extension, allosteric domain, and TPase domain are colored green, yellow, and cyan. (B) Superimposition of the active site of apo PBP2a (PDB ID: 1VQQ) colored in
purple and PBP2a-compound 7 complex (PDB ID: 4CJN) colored in yellow. Structural changes occur at loops 9-83, p3-p4, and p5-2.10. (C), (D) 3D and 2D views of compound 7
respectively within the active site of PBP2a displaying the key amino acids involved in the interaction. Compound 7 backbone is colored in magenta, while the hydrogen-bonding
interactions are depicted as black dashes. (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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Fig. 19. Structural comparison of the ceftaroline and compound 7 interaction with
the PBP2a allosteric site. Superposition of the allosteric site of ceftaroline-PBP2a
complex (PDB: 3ZFZ) and quinazolinone-PBP2a complex (PDB ID code 4CJN), cef-
taroline is depicted in green and quinazolinone in magenta. Side chains of relevant
residues are shown as sticks for the ceftaroline-PBP2a (blue) and the quinazolinone-
PBP2a (yellow) complexes. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

80 quinazolinone derivatives generated an optimum agent, (E)-3-
(3-carboxyphenyl)-2-(4-cyanostyryl)-quinazolin-4(3H)-one (7)
(Fig. 16), which exhibits excellent in vivo efficacy, good oral
bioavailability, and demonstrates a distinctive safety profile. Com-
pound 7 inhibits several S. aureus strains at MIC value range of
2—16 pg/ml. It exerts its action by restricting the cell wall biosyn-
thesis, through inhibition of PBP1 and PBP2a with average ICsg
values of 78, 140 pg/ml respectively. X-ray crystal structure of PBP2a
with compound 7 (PDB: 4CJN) reveals that compound 7 is bound to
the allosteric site (Fig. 17A), resulting in the opening of the active

site as indicated by the reorganization of the loops surrounding the
active site and the repositioning of several residues within the
active site (Lys406, Lys597, Ser598, Glu602, and Met641) (Fig. 17B).
Pertinent to these findings, it was proposed that compound 7 in-
hibits PBP2a by either binding to the allosteric and active site
(competitive inhibition) cognate to ceftaroline binding mode or it
binds to the allosteric site only, prompting a negative allosteric
control of the active site. Competitive inhibition premise is sup-
ported by the finding that compound 7 inhibits PBP1 at the active
site as it lacks an allosteric one, yet a crystal structure of compound
7 within the PBP2a active site was never obtained [102].

A follow up SAR study of another 77 derivatives identified a more
potent derivative, (E)-3-(3-carboxyphenyl)-2-(4-ethynylstyryl)-qui-
nazolin-4(3H)-one (8) [103] (Fig. 16) with MIC value of 0.03 pug/ml
against MRSA. Compound 8 surpassed its precedent, compound 7, as
it demonstrated better in vivo efficacy using a mouse neutropenic
thigh infection model and excellent pharmacokinetic properties and
safety profile.

A recent study reported the bactericidal efficacy of a triple
combination of piperacillin (PBP inhibitor), tazobactam (B-lacta-
mase inhibitor), and compound 8 sodium salt in vitro and in vivo
using mouse infection model. Such combination demonstrated
synergistic antibacterial activity at sub-MIC values of all three
drugs. A proposed working hypothesis starts with the binding of
compound 8 to the PBP2a allosteric site, culminating in the opening
of the active site to allow piperacillin binding and subsequent in-
hibition of PBP2a. Tazobactam protects piperacillin from the actions
of Bf-lactamases allowing it to bind to PBP2a to exert it effect. This
postulate was confirmed by the x-ray crystal structure of PBP2a
complexed with compound 8 and piperacillin which located com-
pound 8 within the allosteric site and piperacillin covalently bound
to Ser403 within the active site (PDB: 6H50 and unreleased 6Q9N)
[57]. Based on these premises, ineffective antibiotics can be revived
for use in synergistic combination with allosteric PBP2a inhibitors
against resistant MRSA strains.
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Figure 21. 2D interaction diagram for the postulated binding mode of a non-covalent
inhibitor, compound 9, within the PBP2a active site.

4.3.2. SAR

The structure—activity relationship for the 4(3H)-quinazolinones
antibacterial class was explored by introducing a systematic variation
at rings 1, 2, and 3 (Fig. 18) [103]. Seventy-seven analogs were
screened for antibacterial activity and a relevant SAR was deduced.

4.3.3. Quinazolinone binding mode within the allosteric site of
PBP2a

At the allosteric site, compound 7 binds in a non-covalent mode
(PDB: 4CJN) and demonstrates the following interaction features
(Fig. 17C, D).

[1] The carboxylate group is positioned within a pocket formed
by Lys316, Lys273, and Glu294 amino acids, where it is
anchored by forming two hydrogen bonds with the side
chain NH; of both Lys316 and Lys273.

[2] A pi-pi interaction is formed between Tyr297 and the phenyl
ring at the 3-position of quinazolinone.

[3] The fused benzene ring of quinazolinone is in hydrophobic
contact with Asn104 and Tyr105 side chains.

[4] The phenyl ring of the cyanostyryl substituent at the 2-
position of quinazolinone is in hydrophobic contact with
Asn146 side chain.

Comparison between ceftaroline and quinazolinone binding mode
within the allosteric site. Ceftaroline and compound 7 share the same
binding pocket of the PBP2a allosteric site, yet they show different
binding modes (Fig. 19). Both ceftaroline R1 group and compound 7
quinazolinone core occupy the same hydrophobic pocket formed by
Tyr297, Tyr105, and Asn104 and show similar hydrophobic in-
teractions (Fig. 7E, Fand Fig. 17C, D). On the other hand, ceftaroline R2
group extends deeper into the second pocket formed by Asn146,

Arg298, and Ile144 and exhibits an additional hydrogen bond and a
pi-cation interaction, while compound 7 forms weaker hydrophobic
interactions with this pocket. Conversely, compound 7 extends into a
pocket formed by Lys316, Lys273, and Glu294 amino acids estab-
lishing two strong hydrogen bonds with Lys316 and Lys273, while
ceftaroline lacks such interactions.

4.4. Non-covalent inhibitors

4.4.1. Anthranilic acid derivatives

4.4.1.1. Development and antimicrobial activity. Screening of an in-
house library of 250 compounds against the three PBPs, PBP2a,
PBP2x (penicillin binding protein 2x of Streptococcus pneumoniae),
and PBP5fm led to the identification of a small non-covalent in-
hibitor, compound 9 (Fig. 20), which inhibits PBP2a and PBP2x with
IC5¢ values of 97, 391 uM respectively. Similarity search of the
ChemBridge database using compound 9 structure as a template,
retrieved eleven similar compounds, which were evaluated for
their PBPs inhibitory activity. Among these derivatives, compounds,
10—13 (Fig. 20) exhibit modest activity against PBP2a with ICsg
values of 210, 230, 680, and 910 pM respectively. Further evaluation
of their antibacterial activity, compounds 9—13 showed moderate
to weak MIC values of 32, 128, 32, 256, and 512 pg/ml respectively
against two MRSA strains [104].

4.4.1.2. Binding interactions of compound 9 within the PBP2a active
site. A hypothesized binding mode for compound 9 into the PBP2a
active site was suggested based on a docking study using the un-
bound PBP2a x-ray crystal structure (PDB: 1VQQ) (Fig. 21) [104].
Compound 9 was postulated to form three major interactions with
the key amino acids within the PBP2a active site comprising:

1] Hydrogen bond between the sulfonamide oxygen and the OH
group of Thr600 amino acid.

2] Pi-cation interaction between anthranilic acid phenyl ring and
the side chain NH; of Lys406.

3] Hydrophobic interaction between naphthalene ring and Tyr446
and Met641 side chains.

4.4.1.3. Miscellaneous PBP2a inhibitors. Several antibacterials and/
or antibacterial potentiators (Fig. 22) were reported to target MRSA
through putative inhibition of PBP2a, yet a clear mechanistic vali-
dation is lacking.

4.5. Aspermerodione

It is a fungal metabolite (14) with antimicrobial activity against
MRSA (MIC = 32 pg/ml). Inverse docking study identified PBP2a as the
possible target and this finding was supported by aspermerodione
binding affinity assessment to PBP2a using a microscale thermo-
phoresis (MST) method which showed a Ky value of 18.4 + 1.29 uM
[105].
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Fig. 22. Miscellaneous PBP2a inhibitors.

4.6. Indole-nitroimidazole conjugates

Eighteen indole-nitroimidazole hybrids were synthesized and
evaluated for their antimicrobial activity where compound 15
demonstrated good inhibition of MRSA (MIC = 1 pg/ml). Based on a
molecular modeling binding study, it was postulated that these
derivatives can exert their action through binding to the PBP2a
active site [106].

4.7. Alkyl boronic acid derivatives

Guided by the ability of boronic acid-based compounds to
inhibit nucleophilic enzymes through covalent binding, a library of
boronic acid derivatives was evaluated for its PBP1b inhibitory ac-
tivity. Eleven alkyl boronic acid derivatives were identified and
crystallized with PBP1b to evaluate their binding modes. An opti-
mum derivative, compound 16 demonstrates modest activity
against two MRSA strains with MIC value of 32 pug/ml and inhibits
PBP2a at 4—10 times its MIC. In the PBP1b-compound 16 complex,

the active site catalytic Ser460 forms a covalent bond with the
boron atom, likewise, PBP2a inhibition is predicted to involve the
same mechanism [107].

4.8. Quercetin 3-O-rutinoside

Quercetin, a natural product with weak antibacterial activity
showed synergistic effect when combined with B-lactams against
sensitive MRSA strain [108]. Docking and molecular dynamic
simulation studies of quercetin derivatives postulated that quer-
cetins, particularly, quercetin 3-O-rutinoside (17), exert their action
through binding to the PBP2a allosteric and active sites [109].

4.9. Thioxanthones

Screening a library of 40 xanthone derivatives identified few
compounds active against MRSA strain represented by compound 18,
which showed synergistic activity when combined with ampicillin
and oxacillin against MRSA. Docking studies proposed that
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compound 18 binds to the allosteric binding site of PBP2a, which may
explain its synergistic effect when combined with oxacillin [110].

4.10. Metronidazole-triazole hybrids

Thirty-five metronidazole-triazole derivatives were evaluated
for their anti-MRSA activity, where compound 19 was identified as
a good candidate with good activity against several MRSA strains at
MIC value as low as 4 pg/ml. Compound 19 exhibits synergistic
effect with oxacillin with MIC value of 1 pg/ml. In silico studies
suggested that these derivatives exert their action through binding
to the PBP2a active site [111].

4.11. Polycyclic indole alkaloids

A library of 120 polycyclic indolines were synthesized and
evaluated for their potential as resistance-modifying agents.
Compound 20 was found to potentiate the activity of several f-
lactams, notably, oxacillin (128-fold) against MRSA strain [112].

4.12. Peptide-penicillin conjugates

A synthetic peptide library was constructed by coupling selected
peptides with a penicillin side chain and evaluated for their PBP2a
inhibitory activity. An appropriate 11-residue oligopeptide conju-
gate potentiated the PBP2a ICsg of 6-aminopenicillanic acid from
>500 mM to 7 mM (>100-fold). Such improvement might be
contributed to the additional binding interactions conferred by the
peptide chain contact with the active site cognate to those formed
by the side chain of cephalosporins [113]. This study provides a

novel strategy to enhance the efficacy of B-lactams against PBP2a
and MRSA.

4.13. Chitosan-ferulic acid conjugate (CFA)

Combinations of chitosan-ferulic acid conjugate and B-lactam
antibiotics demonstrated a synergistic activity, where penicillin,
ampicillin, and oxacillin showed 3—4 folds reduction in MIC in
association with CFA against two MRSA strains. CFA exhibits its
activity through inhibition of the expression of mecA gene, resulting
in PBP2a suppression [114].

4.14. Polyphenols

Two polyphenols, corilagin (21) and tellimagrandin I (22) were
reported to potentiate the activity of oxacillin against four MRSA
strains (100—1000-fold). Such effect is manifested through inhibi-
tion of PBP2a binding ability thus restoring B-lactams activity
against MRSA [115].

4.15. Bis-2-oxoazetidinyl macrocycles

A library of bis-2-oxoazetidinyl macrocycles was synthesized
and evaluated against R39 (PBP model), PBP2a of MRSA, and PBP5
of resistant Enterococcus faecium. Three cyclic dimers (23a-c)
showed good activity with 22—33% PBP2a residual activity at 1 mM
concentration of the dimers. Docking studies suggested that these
dimers binds to the active site forming an acyl-enzyme complex
and their flexibility would assist fitting to the closed conformation
of PBP2a [116].

Summary

Ceftaroline

Ceftobiprole

Quinazolinone

1Cso for the mutant
PBP2a/MIC values

ICs value of 0.16 pg/ml.
MICs (0.25-1 pug/mL) against several MRSA strains.

1Cs0 < 0.47 pg/ml.
MIC values (0.5 — 4 pug/ml) against several MRSA strains.

ICso value of 140 pg/ml.
MIC values (2-16 pg/ml) against several MRSA strains.

X-ray PDB code

3ZFZ, 32G0

4DKI

4CIN

Binding mode at
the active site

No molecule was reported at the active site.

Comparison of the
binding mode
between
Ceftaroline and
Ceftobiprole
within PBP2a
active site

TYR-446>

displayed in blue (ceftaroline) and yellow (ceftobiprole).

Crystal structure of PBP2a complexed with ceftaroline (green, PDB: 3ZG0) is aligned to the crystal structure of PBP2a complexed
with ceftobiprole (magenta, PDB: 4DKI) within the PBP2a active site. Common amino acids involved in the interactions are
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Ceftaroline Ceftobiprole Quinazolinone

Binding mode at
the allosteric site

Glu145

No molecule was reported at the allosteric
site.

4 main interactions are required as illustrated in the diagram.

Comparison of
the binding
mode between
Ceftaroline and
Quinazolinone
within PBP2a
allosteric site

PBP2a

Crystal structure of ceftaroline-PBP2a complex (PDB ID code 3ZFZ) is aligned to the crystal structure of (PDB ID code 4CJN) within the allosteric site, ceftaroline
is depicted in green and qui li in Side chains of relevant residues are shown as sticks for the ceftaroline-PBP2a (blue) and the quinazolinone-PBP2a (yellow) complexes.

Notes

Oxadiazoles: The mechanism by which these compounds inhibit PBP2a and whether they bind to the active or allosteric site is not reported.

Covalent inhibitors (Anthranilic acid derivatives):A hypothesized binding mode for one of these compounds into the PBP2a active site was suggested based on a docking study using the
unbound PBP2a x-ray crystal structure (PDB: 1VQQ) (Figure 21).

Other miscellaneous compounds: Aspermerodione, Indole-nitroimidazole conjugates, Alkyl boronic acid derivatives, Quercetin 3-O-rutinoside, Thioxanthones, Metronidazole-triazole hybrids,
Polycyclic indole alkaloids, Peptide-penicillin conjugates, Chitosan-ferulic acid conjugate (CFA), Polyphenols, and Bis-2-oxoazetidinyl macrocycles. All of these compounds work either by directly

binding to PBP2a or by inhibiting its expression. None of them was co-crystallized with PBP2a.

5. Future perspectives

Current antibiotics targeting MRSA exert their action through
three main mechanisms: cell wall biosynthesis inhibition, protein
synthesis inhibition, and nucleotide synthesis suppression [117].
Nonetheless, MRSA competently developed resistance to all these
mechanisms and nowadays, even the last-resort antibiotics as
vancomycin [118], daptomycin [119], ceftaroline [120], and linezolid
[121] have disclosed records of MRSA resistance [122]. Such
observation suggests that MRSA will probably develop more
resistance in the near future. Therefore, new strategies for anti-
biotic discovery are urgently needed to face the inexorable devel-
opment of antibiotic-resistance mechanisms acquired by MRSA.

Considering recent literature signifying PBP2a-mediated MRSA
resistance and the profound knowledge detailing the enzyme
structure, mechanism of resistance, allosteric control, and suc-
cessful attempts at inhibition, targeting PBP2a constitutes a
promising approach for antimicrobial therapy. Three main ap-
proaches are suggested to effectively inhibit PBP2a:

a) The first approach is to design new compounds that can bind
exclusively at the PBP2a active site with higher binding affinity.
This can be achieved by increasing the number of noncovalent
interactions between the inhibitor and the active site, as
exemplified by ceftobiprole and non-covalent inhibitors.

b) The second approach is to tackle the allosteric control of PBP2a
by targeting the allosteric site by non-covalent inhibitors, where
upon binding, these inhibitors trigger a series of conformational
changes and predispose the enzyme to be inactivated by a sec-
ond molecule of the same compound or a combination of a -

lactam antibiotic (synergy). Ceftaroline and quinazolinone are
good examples for this approach.

c) The third approach targets PBP2a indirectly by blocking a regu-
latory pathway or by inhibition of related enzymes. For example,
FemA enzyme ability to extend the monoglycine branches to
triglycine on lipid II is crucial for PBP2a to achieve cell wall
crosslinking, as it can only crosslink peptidoglycan strands
bearing penta- and triglycine, but not monoglycine [40].
Accordingly, design of FemA inhibitors can target PBP2a indi-
rectly. Furthermore, a previous study reported the development
of DNAzymes to knock down mecR1 and blaR1 genes thus sup-
pressing the transcription of mecA and blaZ which encode the low
affinity PBP2a and B-lactamases respectively, thereby, reinstating
the susceptibility of MRSA to oxacillin antibiotic [123].

Alternatively, different steps of the cell wall biosynthesis can be
targeted other than PBP2a [124], but this is beyond the scope of this
review.
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