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Abstract: From humble beginnings of a contaminated petri dish, -lactam antibiotics have distin-
guished themselves among some of the most powerful drugs in human history. The devastating
effects of antibiotic resistance have nevertheless led to an “arms race” with disquieting prospects.
The emergence of multidrug resistant bacteria threatens an ever-dwindling antibiotic arsenal, call-
ing for new discovery, rediscovery, and innovation in -lactam research. Here the current state of
p-lactam antibiotics from a structural perspective was reviewed.
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Introduction

In 1928, Alexander Fleming made the fortuitous
observation that mold contaminating a petri dish
was capable of destroying its surrounding bacteria.
This was a monumental finding, setting the stage
for the discovery of what has been termed “the mira-
cle drug,” benzypenicillin (Fig. 1), as well as an
ensuing plethora of B-lactam based antibiotics.
Nevertheless, in contrast to the golden age of antibi-
otic development culminating in the 1960s, recent
decades have witnessed a continual decline in the
discovery of novel antibacterial therapeutics.® This
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void in discovery has been exacerbated by an accom-
panying surge of antibiotic resistance, leading to
multidrug resistant (MDR) bacterial infections, such
as those presented by ESKAPE pathogens (Entero-
coccus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.).2 This phenom-
enon is hardly surprising considering that bacteria
have evolved along-side antibiotics long before
human discovery, and that the genetic exchange of
resistance genes is inherent to bacterial survival.?
This is illustrated by the discovery of a bacterial
penicillinase in 1940, several years before the intro-
duction of penicillin into the clinic.* Despite this
resistance, B-lactams nevertheless remain the most
widely used class of antibiotics due to their ease of
delivery, low toxicity, potent activity, and small cost
that translates into wide availability. The unique
targets of these drugs are the penicillin-binding pro-
teins (PBPs), enzymes that build and maintain the
integrity of the bacterial cell wall. These enzymes
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Figure 1. The chemical structure of benzylpenicillin and various B-lactamase inhibitors.

have no human counterpart and prove lethal to the
cell when compromised. It is, therefore, imperative
that, despite the challenges, we continue to nurture
the development of these powerful drugs. Here, we
take a structural approach to address the modes of
B-lactam resistance and highlight the current pro-
gress and challenges that lay ahead in the design
and development of these important antibacterials.

p-Lactamases

A family of hydrolytic enzymes known as B-
lactamases collectively inactivates all current B-
lactams in clinical practice. Over half a century after
their initial discovery, B-lactamases are still recog-
nized as the single most clinically prevalent mecha-
nism of B-lactam resistance amongst Gram-negative
pathogens. Our heavy reliance on the penicillins,
cephalosporins, carbapenems, and B-lactam-inhibitor
combinations has caused bacteria to rapidly evolve

and exchange their repertoire of hydrolytic
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enzymes.® p-Lactamase genes can be chromosomally
encoded under control of inducible promoters. How-
ever, the majority of B-lactamase genes are located
on readily transferable plasmids that often contain
resistance genes for other antibacterial classes (e.g.,
aminoglycosides, fluoroquinolones, and tetracy-
clines). It is now a commonplace for a single bacte-
rium to harbor up to eight distinct B-lactamases,
each tailored to hydrolyze a specific subset of B-lac-
tams.® Of particular concern is the rapid global dis-
semination of Enterobacteriaceae harboring plasmid
borne extended spectrum B-lactamases (ESBLs) that
confer resistance to the carbapenems, long heralded
as the antibiotic of last resort. ESBLs include the
emerging metallo-B-lactamases (MBLs) such as
VIM, NDM, and IMP, and a subset of serine -
lactamases (SBLs) including KPC, OXA, and GES.”®

Perhaps our greatest defense is to match the
brilliant diversity of B-lactamases with an ever-
growing arsenal of B-lactam/B-lactamase inhibitor
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combinations. However, due to the omnipresent
threat of resistance, the pharmaceutical industry
has become increasingly hesitant to develop new
antibacterials.® Therefore, the number of novel B-
lactams introduced into clinical practice is dwin-
dling, a prospect that makes protecting our current
pool of these compounds paramount.

B-lactamases are commonly divided into four
distinct classes (A-D), based on amino-acid sequence
identity. The class A, C, and D enzymes are SBLs,
which evolved from the cellular target of the B-
lactams (the PBPs), and employ a catalytic serine
during bond cleavage. SBL catalyzed p-lactam
hydrolysis proceeds via the formation and subse-
quent deacylation of a serine-bound acyl enzyme
intermediate.’® In contrast, the molecular class B
enzymes are MBLs that utilize active site zinc ion(s)
to coordinate a nucleophilic hydroxide to promote
bond cleavage (mechanistic details reviewed in Ref.
11).

Despite having low overall sequence identity,
the SBL classes share three active site amino acid
sequence motifs in common: motif i (SXXK) contains
the catalytic serine; motif ii (S/Y-X-N) is involved in
protonation of the B-lactam nitrogen leaving group;
motif iii (K-T/S-G-X) is involved in substrate stabili-
zation and constitutes part of the oxyanion hole.'?
The class A enzymes have a conserved E166 located
in a region known as the Q loop (residues 161-179)
that is involved in activation of the hydrolytic water
during deacylation.'®'* In contrast, the class D
(OXA) enzymes lack the aforementioned glutamic
acid and instead have a unique N-carboxylated
lysine in motif i (i.e., the side chain N-€ is reversibly
modified with a COs group), which is thought to
assume the role of general base during acylation/
deacylation.'® The class C cephalosporinase enzymes
have a tyrosine rather that serine in motif ii, which
is thought to be involved in protonation of the B-
lactam nitrogen leaving group upon bond fission.'®

To overcome SBL resistance, three B-lactam
based inhibitors have been introduced into clinical
practice (sulbactam, clavulanic acid, and tazobac-
tam). Sulbactam and tazobactam are penicillanic
acid sulfones,!” while clavulanic acid is a clavam
secondary metabolite from Streptomyces clavuligerus
originally isolated in the early 1970s.!® These inhibi-
tors form a long-lived acyl-enzyme intermediate
with the catalytic serine, characterized by a very
slow rate of hydrolytic deacylation (ks). Following
acylation, a second ring-opening event occurs lead-
ing to a stable imine that undergoes various chemi-
cal transformations. Eventually, the acyl-enzyme
hydrolytically deacylates either directly, or through
a series of covalent intermediates to yield active
enzyme and inactivated product.!® The PB-lactam
based inhibitors were originally designed to target
the molecular class A enzymes and are generally
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ineffective against strains harboring the emerging
class C and D SBLs. Furthermore, there are now
several class A enzymes that have evolved resistance
to these B-lactam based compounds, a prospect that
makes the development of novel inhibitors
paramount.19

The latest B-lactam/B-lactamase inhibitor combi-
nation to be approved for clinical use in humans by
the U.S. Food and Drug Administration (FDA) was
ceftazidime—avibactam in early 2015 for the treat-
ment of complicated intra-abdominal and urinary
tract infections (IAI’s, and UTTI’s). Additionally, there
are four p-lactam/inhibitor combinations in late
stage clinical development; ceftaroline—avibactam,
imipenem—cilastatin-MK-7655, ceftolozane—tazobac-
tam, and meropenem-RPX7009 (inhibitor chemical
structures shown in Fig. 1).2%?! Typically, new inhib-
itors are paired with either late generation cephalo-
sporins or carbapenems in large part due to their
broad-spectrum activity and ease of protection when
compared with their more hydrolytically susceptible
penicillin counterparts.

Diazabicyclooctane SBL inhibitors

Avibactam and MK-7655 are members of a novel
non-B-lactam based class of inhibitors called diazabi-
cyclooctanes (DBOs). These compounds contain a
bridged bicyclic urea core and display potent inhibi-
tion of an unprecedented range of B-lactamase tar-
gets that encompasses the class A, C, and a subset
of class D SBLs.222* MK-7655 is structurally very
similar to avibactam with the addition of a piperi-
dine ring attached to the C2 carboxamide (hereafter
referred to as R1) (Fig. 1). The AztraZeneca and
Activis combination therapies (avibactam—ceftaroline
and avibactam-aztreonam) are currently in phase II
and phase I clinical trials (http:/www.clinicaltrials.
gov). Merck has partnered MK-7655 with imipenem
and the human dehydropeptidase inhibitor
“cilastatin” as part of a triple combination drug that
is currently in phase II clinical trials for the treat-
ment of ¢cUTT’s.2° The role of cilastatin is to prolong
the half-life of imipenem by inactivating human
dehydropeptidase, which would otherwise readily
degrade the carbapenem.

DBOs form a unique carbamyl linkage with the
catalytic serine as opposed to the acyl-enzyme
observed for the B-lactam based compounds [Fig.
2(A,B)1.2% Importantly, avibactam does not decarba-
mylate via hydrolysis as is true for the B-lactam
based inhibitors, yet rather undergoes a reversible
recyclization mechanism that re-capitulates intact
avibactam.2® Taken together, rapid carbamylation,
slow recyclization and regeneration of intact avibac-
tam during decarbamylation result in its unprece-
dented potency. Crystal structures of carbamyl-
avibactam bound to the class A, C, and D SBLs
(CTX-M15, AmpC, and OXA-48) show that it acts as
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Figure 2. SBL inhibitors. (A) CTX-M-15 inhibition by avibactam. In the left panel is a general reaction scheme for the formation
of an avibactam carbamyl-enzyme intermediate. In the right panel is an active site close-up of the carbamyl avibactam-CTX-M-
15 complex (PDB ID: 4HBU). The CTX-M-15 protein backbone is illustrated in green cartoon representation and the bound avi-
bactam is shown as pink sticks. (B) Bacillus licheniformis BS3 inhibition by clavulanic acid. A general reaction scheme for clavu-
lanic acid mediated SBL acylation is shown in the left panel. In the right panel is an active site close-up of the acyl clavulanic
acid-BS3 complex (PDB ID: 2Y91). The BS3 protein backbone is displayed as a beige cartoon and clavulanic acid is repre-
sented as pink sticks. (C) Toho-1 inhibition by the boronic acid based inhibitor BZB. In the left panel is a general reaction
scheme for the formation of the SBL bound tetrahedral boron adduct. In the right panel is an active site close-up of the tetrahe-
dral BZB boronate adduct bound to the Toho-1 catalytic serine (PDB ID: 4BDO0). The Toho-1 protein chain and bound BZB are
displayed as an orange cartoon and pink sticks. In A-C, key active site residues are displayed in stick representation with all
non-carbon atoms colored by type (N; blue, O; red, S; yellow, B; beige). Hydrogen bonding interactions are represented as
black dashes.

a substrate analog of the B-lactam acyl enzyme [Fig. is present in the CTX-M-15-avibactam carbamyl
2(A)]1.2%27 The authors propose that upon carbamyla-  enzyme crystal structure suggesting that the inher-
tion by the motif i serine, the C7-N6 bond is cleaved  ent stability of the carbamyl bond and/or protonation
liberating the N6 nitrogen which may be protonated  of the E166 general base likely contribute to avibac-
by the motif i S/Y in an analogous fashion to the  tam’s avoidance of hydrolytic deacylation.?® Recycliza-
B-lactam amide nitrogen. Similar to the analogous  tion is proposed to be catalyzed by deprotonation of the
B-lactam carboxylate, the avibactam N6 sulfate occu- N6 nitrogen by the motif ii S/Y resulting in an intra-
pies an electropositive pocket formed in proximity to = molecular decarbamylation and subsequent release
motif iii. Notably, the water involved in deacylation  from the catalytic serine.?’ Future development of the
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DBOs should focus on extending their spectrum of
activity to include a broader range of class D and B 3-
lactamases.

Boronic acid SBL inhibitors

Boron contains an empty p-shell making it an excel-
lent electrophile with a high propensity to form
dative covalent bonds with active site serine nucleo-
philes (i.e., both electrons in the covalent bond origi-
nate from oxygen).2®?° Since their initial discovery
in the late 1970s, the boronates have proven to be
effective SBL inhibitors in vitro. The development of
SBL inhibitory boronates has largely focused on
molecular mimicry with clinically approved B-
lactams to confer affinity and specificity.>! A novel
heterocyclic boronate inhibitor RPX7009 is being
developed by Rempex pharmaceuticals and displays
strong potentiation of the carbapenem antibiotic bia-
penem against class A carbapenemase producing
Enterobacteriaceae.2! RPX7009 contains a thiophene
moiety in an analogous position to the R1 group of
the nitrocefin and cefoxitin cephalosporins (Fig. 1).
Currently, RPX7009 is in phase III clinical trials in
combination with meropenem (carbavance) for the
treatment of UTIs or acute pyelonephritis (http:/
www.clinicaltrials.gov). A major challenge for the
future will be the design of boronic acid inhibitors
that target the class B and D enzymes for which
they are currently ineffective.

The boronates function as transition state ana-
logues that form a reversible non-hydrolyzable bond
with the catalytic serine O-y, mimicking the sp®
hybridized anionic tetrahedral intermediate(s)
formed during B-lactam hydrolysis [Fig. 2(C)]. The
anionic tetrahedral intermediate is stabilized by the
oxyanion hole of the enzyme, which includes the
backbone amides from the motif i serine and motif
iii x. The boron atom is analogous to the B-lactam
electrophilic C7 carbon. One oxygen atom in the tet-
rahedral boron adduct occupies the oxyanion hole in
a similar fashion to the B-lactam acyl carbonyl oxy-
gen in all boronate bound structures. However, the
position of the second boronate oxygen varies
between inhibitor bound structures. In some com-
plexes, the second oxygen hydrogen bonds to the
motif ii S/Y in an analogous fashion to the acylated
B-lactam N4 nitrogen and thereby mimics the acyla-
tion transition state [Fig. 2(C)].2%3° In other struc-
tures, the oxygen displaces the catalytic water in
proximity to the Q loop, resulting in a mimic of the
deacylation tetrahedral intermediate.?! Therefore,
the boronic acid based inhibitors have provided
insight into the transiently formed tetrahedral tran-
sition states during both B-lactam acylation and
deacylation. A major consideration in development
of the boronic acid SBL inhibitors is their propensity
for off-target inhibition of serine proteases and the
proteasome, such that structure-guided functionali-
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zation conferring target specificity is of prime impor-
tance in their continued development.>2

Overcoming MBL and class D SBL mediated
resistance
There is a troubling paucity of inhibitors active
against the rapidly emerging molecular class B and
D B-lactamases, creating an ominous unmet medical
need. A current strategy to counteract MBL-positive
pathogens is to utilize monobactams, which are the
only B-lactam subclass that are immune to MBL cat-
alyzed hydrolysis. Basilea Pharmaceutica is cur-
rently developing a triple combination antibacterial
cocktail (BALS30376) containing the monobactam
AmpC inhibitor BAL29880, monobactam-siderophore
BAL19764 and the clinically approved class A B-
lactamase inhibitor clavulanic acid (Fig. 1). The
strategy is that BAL29880 and clavulanic acid will
inactivate the class C and A enzymes, leaving the
MBL stable BAL19764 to inhibit its PBP targets.®3
Basilea is also developing a new siderophore mono-
sulfactam “BAL30072” (Fig. 1), which has potent
activity against carbapenemase carrying strains of
Gram-negative bacilli including Acinetobacter spp.,
Pseudomonas aeruginosa, Burkholderia cepacia, and
a pan MDR Enterobacteriaceae®* (siderophore-conju-
gated B-lactams are discussed in further detail
below). Furthermore, AztraZeneca has recently
entered the aztreonam-avibactam combination ther-
apy into phase I clinical trials, a cocktail that is
impervious to the hydrolytic activity of the vast
majority of B-lactamases, with a notable exception
being a subset of class D enzymes.?® A promising
preclinical MBL inhibitor candidate is the fungal
natural product aspergillomarasmine A (AMA) (Fig.
1), which is a potent inhibitor of the VIM and NDM
MBLs, presumably via chelation of the catalytically
essential active site zinc.?® AMA fully restored the
antimicrobial activity of meropenem against VIM or
NDM-1 carrying clinical isolates of Enterobacteria-
ceae, Pseudomonas spp., and Acinetobacter spp.
Most notably, however, is that in mice infected with
NDM-1 positive Klebsiella pneumoniae, AMA was
able to effectively restore meropenem activity.?%37
Recently, Brem and colleagues characterized rhoda-
nine hydrolysis products (e.g., ML302F, Fig. 1) as
potent inhibitors of purified MBLs and showed they
complex with the active site zinc ions via thioenolate
mediated zinc intercalation.>®

The class D OXA SBLs, were originally named
for their ability to hydrolyze oxacillin and are a
diverse group of enzymes with substrate hydrolysis
profiles spanning from narrow to broad. At present,
the clinically available SBL inhibitors are ineffective
against the class D enzymes. However, promising
data is emerging with respect to certain penicillin
sulfones and thio-phenyl oxime phosphonates that
display potent inhibition of OXA-24/0XA-40 and
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demonstrate efficacy at potentiating carbapenems
against OXA carrying Acinetobacter baumannii.>"°
Also of note is the encouraging ability of avibactam
to inhibit certain class D enzymes. The observed
variability is predominantly due to discrepancies in
carbamylation rather than decarbamylation rates,
an attribute that should be considered in future

DBO drug design efforts.?3

Modified Penicillin-Binding Proteins
A common mechanism by which bacteria evade the
onslaught of B-lactams is through the acquisition of
modified targets with reduced susceptibility (the
peptidase domains of cellular PBPs involved in PG
synthesis). Modified PBPs typically arise via gene
mutations that alter the intended target in the pres-
ence of B-lactam induced selective pressure, or by
acquisition of resistant PBPs by horizontal gene
transfer.* The modified PBP must have reduced sus-
ceptibility to B-lactams, yet still retain cellular func-
tion. Today, some of the most prominent nosocomial
MDR bacterial infections owe their resistance to
modified low-affinity PBPs [e.g., methicillin-resistant
Staphylococcus aureus (MRSA) and Enterococcus
faecium]. 4442

The typically C-terminal, solvated penicillin-
binding domains of the array of cellular PBPs act as
transpeptidases (TPases), carboxypeptidases (CPases),
or endopeptidases (EPases) involved in peptidoglycan
(PG) metabolism.*® Each bacterial species typically
has several PBPs with unique roles during cell growth,
division, rest, and infection.** The TPases (typically
membrane anchored with monofunctional or bifunc-
tional variants coupled to glycosyl transfer and glyco-
polymerization of PG), catalyze the cross-linking of
adjacent peptide repeats to fortify the PG sacculus.
The CPases remove the terminal D-ala residue from
the stem peptide via hydrolysis and thus, regulate the
pool of “donor” peptides. The EPases hydrolyze the
peptide bond connecting adjacent glycan strands and
thereby regulate the degree of PG cross-links.*® Some-
what analogous to the B-lactamases, these domains
harbor three highly conserved active site sequence
motifs i—iii: SXXK, SXN, and KTGT/S. In brief, the cat-
alytic serine nucleophile of motifi attacks the penulti-
mate D-ala-D-ala peptide bond of the donor peptide,
resulting in the formation of an acyl-enzyme interme-
diate with concomitant release of the terminal D-ala.
In the CPases, this intermediate is hydrolyzed to liber-
ate the terminal amino acid. In the TPases, the acyl-
enzyme intermediate undergoes attack from a primary
amine nucleophile located on a separate “acceptor”
stem peptide, thereby forming a continuous link
between adjacent GlcNAc—-MurNAc glycan back-
bones.*® The B-lactams act as substrate analogues
that mimic the terminal D-ala-D-ala on the donor
stem peptide. The following kinetic model represents
the inactivation of PBPs by B-lactams. Firstly, a pre-

792 PROTEINSCIENCE.ORG

catalytic Michaelis complex (EI) is formed between the
PBP (E) and B-lactam (I), the affinity of which is repre-
sented by the dissociation constant (Kp). Subse-
quently, acylation proceeds to form the long-lived acyl
enzyme complex (EI*) with the rate (k5). The complex
EI* is slowly hydrolyzed at the rate (k3), which is gen-
erally negligible on the scale of bacterial generation
time to regenerate E and hydrolytically inactivated
product (P) [Fig. 3(A)].4°

MRSA

Early reports of penicillin-resistant Staphylococcus
aureus in the mid-1940s provoked the development
of a new generation of penicillins (methicillin and
oxacillin) that were effective against these early
resistant strains. However, in the early 1960s,
MRSA strains were identified with complete resist-
ance to all p-lactams in clinical practice.*’ Today,
MRSA remains a major global health problem, with
278,000 hospitalizations in the United States in
2005 alone.*® This resistance is attributed to the
mecA gene product (PBP2a), which is a class B D,D-
transpeptidase containing an approximately 100 res-
idue N-terminal extension domain, and that has
remarkably low reactivity toward p-lactams.*”
Expression of mecA is induced in the presence of B-
lactams by the mec pathway (or in its absence by
the analogous bla pathway*®%®), which consists of a
transmembrane sensor/transducer protein located in
the cytoplasmic membrane (MecR1) that binds B-
lactam, resulting in de-repression of the mecA gene
by cleavage of the mecl repressor (reviewed in Ref.
50). Staphylococcus aureus has four PBPs that are
expressed under normal growth conditions in the
absence of B-lactam (PBP1-4). In the presence of B-
lactams, the four native PBPs become irreversibly
inactivated, and the resistant PBP2a is responsible
for all cellular PG transpeptidation. Importantly, the
expression level of the native PBPs is unaltered
under these conditions, and the GTase activity of
the B-lactam bound bi-functional PBP2 is required
for PG synthesis.*® Furthermore, there are greater
than 30 other accessory genes that are essential for
the methicillin resistance phenotype in MRSA,
many of which are involved in cell wall metabolism
(e.g., aux and fem genes).’! Interestingly, glycosyla-
ted wall teichoic acids are also required for the
methicillin resistance phenotype via an unresolved
mechanism.5?

A kinetic comparison of PBP2a with the B-
lactam sensitive R61 PBP and R61 PBP2x reveals
that the B-lactam resistance of PBP2a is predomi-
nantly due to a slow acylation rate (ks is 3 orders of
magnitude lower than susceptible PBPs) rather than
low affinity for the Michaelis-complex or fast hydro-
lysis of the acyl-enzyme (i.e., the PBP2a Kp and k3
values are similar to non-resistant PBPs)?%%* A
structural comparison of the penicillin susceptible

Structure-Based Approaches to Overcome B-Lactam Resistance
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Figure 3. Inhibition of the S. aureus PBP2a by Ceftobiprole. (A) Kinetic model for PBP inhibition by B-lactams. (B) General
model for SBL mediated ceftobiprole acylation. (C) Active site close-up of acyl-ceftobiprole bound S. aureus PBP2a (PDB ID:
4DKI). The acyl-enzyme protein chain is displayed as a teal cartoon with key active site residues shown in stick representation
with atoms colored by type. (D) Active site overlay of unbound (PDB ID: 1VQQ) and ceftobiprole bound S. aureus PBP2a. The
bound and unbound protein backbones are shown as teal and yellow cartoons with key active site residues illustrated in stick
representation with non-carbon atoms colored according to atom type. In C and D, the bound ceftobiprole is shown in pink
sticks with atoms colored by type and hydrogen-bonding interactions are depicted as black dashes.

PBP2, with PBP2a from MRSA reveals a distorted
active site cleft with conformational changes at the
B3 strand and «2 helix, which contains the nucleo-
philic motif i S403. This rearrangement, while still
promoting the initial binding event, provides a mis-
alignment of the lactam-peptide bond with respect
to the catalytic serine. A twisting of the B3 strand
with a concomitant conformational change in the a2
helix are therefore required for acylation, a process
that presumably provides an energetic penalty
resulting in significantly reduced acylation rates.*”
Much effort has been put forth to develop novel
anti-MRSA B-lactams. Ceftobiprole is the active com-
ponent from the parenteral pro-drug (ceftobiprole
medocaril), a late generation cephalosporin that has
activity against MRSA via inhibition of PBP2a. Cef-
tobiprole contains an oxyimino aminothiadiazolyl
(R1 substituent), and a vinylpyrrolidine moiety (R2
group) linked at the 7-amino and C3 carbon to the
cephalosporin dihydro-thiazine nucleus [Fig. 3(B)].%®
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In vitro, the activity of ceftobiprole encompasses a
broad range of Gram-negative pathogens including
P. aeruginosa, and Gram-positive pathogens includ-
ing MRSA, E. faecalis, S. pneumoniae, and methicil-
lin resistant Staphylococcus epidermidis (MRSE).>®
Ceftobiprole is impervious to B-lactamase resistance
for many class A and C SBLs,®” and its broad-
spectrum activity makes it a viable treatment option
for MRSA among other prominent pathogens.
Kinetically, the effectiveness of ceftobiprole
against S. aureus PBP2a is attributed to a combina-
tion of a lower Kp, increased ks and a decreased ks
when compared with susceptible PBPs.?® The 2.9 A
resolution crystal structure of acyl ceftobiprole
bound S. aureus PBP2a reveals that the compound
behaves like a traditional B-lactam in that it is irre-
versibly acylated by the catalytic S403 [Fig. 3(C)].5°
Furthermore, a similar displacement of the B3
strand and the N-terminal portion of the a2 helix
are observed in the ceftobiprole bound structure as
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was seen previously in other B-lactam bound PBP2a
acyl-enzyme complexes [Fig. 3(D)].” The ceftobiprole
R1 group occupies two distinct conformations (A and
B), within the same enzyme active site [Fig. 3(C,D)].
Both conformations of the oxyimino aminothiadia-
zolyl side chain had been previously observed in
studies involving the similar R1 group of cefotaxime,
but never before in the same structure.’® The
observed conformational variability likely presents
an entropic gain for the bound ceftobiprole, a com-
mon affect observed for ligands that bind in multiple
conformations.®® Importantly, the ceftobiprole R2
group is sandwiched in a hydrophobic pocket adja-
cent to the active site, and the R2 pyrrolidine rings
form favorable pi—pi interactions with M641, T600,
and Y446 [Fig. 3(C)l. It is thought that the
extended, planar character of the ceftobiprole R2
group provides the shape complementarity required
for binding the narrow PBP2a active site cleft. Fur-
thermore, the non-specific hydrophobic nature of its
interactions within the active site may permit the
conformational plasticity required to facilitate the
necessary rearrangements during acylation.?® Anti-
MRSA B-lactams are typically cephalosporins like
ceftobiprole, an observation that is thought to be
due to increased van der Waals contacts with the R2
of cephalosporins, a functionality that is absent in
other B-lactam classes.®’ The motif iii residue T600
(located on strand B3), forms part of the oxyanion
hole and interacts with the ceftobiprole R2 func-
tional group. Therefore, this residue seems impor-
tant to link structural rearrangements in the strand
B3 with acylation. However, the lack of a Michaelis
complex makes it difficult to decipher the exact role
of R1 and R2 during the conformational rearrange-
ments leading to acylation.

A S. aureus PBP2a allosteric binding site has
been inferred from kinetic studies,’*®? and was
recently supported by X-ray crystallography to be an
60 A from the PBP2a TPase active site.®? The allo-
steric site is located at the intersection of Lobe 1
(residues 166-240), Lobe 2 (residues 258-277), Lobe
3 (residues 364-390), and the N-terminal extension
domain (residues 27-138). Crystallographic data
shows that when the allosteric site is occupied by a
PG fragment, a multiresidue conformational change
culminates in the “opening” of the active site, pre-
sumably to permit substrate entry.5

Ceftaroline, the active metabolite of the phos-
phono prodrug (fosfamil) and late generation paren-
teral cephalosporin, received approval from the FDA
for the treatment of acute skin structure infections
and community acquired pneumonia [Fig. 4(A)].%*
Ceftaroline has antimicrobial activity against MDR
Gram-positive bacteria including S. aureus and S.
pneumoniae and has up to 256-fold higher affinity
for PBP2a than traditional cephalosporins.®® Inter-
estingly, unhydrolyzed ceftaroline was found to
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mimic the allosteric activation of PBP2a by PG and
promote acylation by a second ceftaroline molecule
in the active site [Fig. 4(B)].%% Allosteric regulation
of PBPs is unprecedented, and it will be interesting
to see if related enzymes such as PBP5fm from
MDR Enterococcus faecium contain an analogous
allosteric site. This work has illuminated the poten-
tial for design of allosteric activators as an approach
to potentiate the activity of pre-existing B-lactams
and has shed light on the molecular basis of
ceftaroline-mediated inhibition.

Future prospects for anti MRSA drugs include
the late generation carbapenem razupenem, which
has high affinity for MRSA PBP2a as well as pbp5R
from ampicillin resistant E. faecium.®® The C-2 thia-
zole side chain of razupenem is likely responsible for
the observed inhibition of these low-affinity PBPs. A
novel class of non-B-lactam based PBP2a inhibitors
(oxadiazoles) have displayed excellent bactericidal
antibiotic properties against MRSA in vivo.%” How-
ever, the structural basis for inhibition, and whether
or not these compounds bind the PBP2a allosteric
site awaits elucidation. Additionally, vancomycin, a
glycopeptide used in first-line treatment of MRSA
infection, has shown synergistic activity against van-
comycin resistant S. aureus (VRSA) when co-
administered with B-lactams such as oxacillin. Van-
comycin inhibits the synthesis of PG by binding to
the D-ala—D-ala terminal residues of PG precursors.
Susceptible strains can develop resistance by substi-
tuting these terminal residues with D-ala-D-lac,
which is no longer recognized by vancomycin.
PBP2a, however, does not recognize this new precur-
sor such that co-administration of the two drugs can
be used to treat affected patients.®®%® TD-1792, a
hybrid glycopeptide—cephalosporin antibiotic devel-
oped by Theravance, has completed a phase II clini-
cal trial for the treatment of complicated Gram-
positive skin and skin structure infections.”® This
compound is highly potent against MRSA and VRSA
in that it simultaneously inhibits the activity of
PBPs and interferes with PG precursor binding.”!

Other examples

The genus Enterococci includes some of the most
therapeutically challenging opportunistic nosocomial
MDR pathogens to date.*? Penicillins such as ampi-
cillin, either alone or in combination with aminogly-
cosides were the mainstay for treatment of
enterococcal infections for more than half a century.
Enterococci have an intrinsically low susceptibility
to B-lactams in general, and today ampicillin resist-
ance occurs in approximately 90% of E. faecium clin-
ical isolates.*? The observed resistance is largely due
to the presence of a high-molecular-weight (HMW)
class B PBP5 variant (encoded by pbp5R), which
assumes the transpeptidase activity of all other sus-
ceptible TPases in the presence of B-lactam
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(analogous to PBP2a of MRSA).*2 The PBP5 resist-
ant variant belongs to the same subgroup of class B
PBPs as the staphylococcal PBP2a.*2%% In the labo-
ratory, resistant PBP5 is readily disseminated via
horizontal gene transfer between microbial popula-
tions and in some cases, along with a transposon
(Tnb5382) that carries vancomyecin resistance genes.”?
The crystal structure of the penicillin acylated form
of resistant PBP5 from E. faecium was solved to 2.4
A resolution.” The apo structure however has not
yet been solved such that it remains to be seen
whether active site rearrangements are an impor-
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tant feature governing acylation. Ceftobiprole shows
great potential for the treatment of E. faecium infec-
tions and was found to efficiently acylate resistant
PBP5.7

Of the six PBPs from Streptococcus pneumoniae
PBP1a, PBP2b, PBP2x, and sometimes PBP2a were
found to contain resistance mutations in clinical iso-
lates. PBP1a, PBP2b, and PBP2x were found to be
mosaic genes in the majority of resistant iso-
lates.”7® Mosaic genes are the product of recombi-
nation events between different alleles within a
single species, or orthologous genes from related
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species. The M339F and T338A double mutant for
the R6 PBP2x significantly reduces the penicillin
acylation rate, and the crystal structure of this dou-
ble mutant was solved to 2.4 A resolution (PDB ID:
1PYY).”” The motif i catalytic S337 faces away from
the active site center and is hydrogen bonded to the
main chain nitrogen of T550 rather than K340, and
this shift likely results in reduced acylation due to
conformational rearrangement required to produce a
catalytically competent state. Also, the mutant
Q552E crystal structure was solved to 3 A and
reveals that the B3 strand is shifted approximately
0.5 A closer to the catalytic serine than in the native
enzyme.”” This shift narrows the active site cleft
and is reminiscent of the closed conformation of
PBP2a from S. aureus.

Resistant PBPs have also been found in Neisse-
ria meningitides and Neisseria gonorrhea; (PBP2),
Haemophilus influenzae (PBP3), Helicobacter pylori
(PBP1a), and numerous other examples.”® Recently,
antimicrobial resistance to ceftazidime in Burkholde-
ria pseudomallei has been correlated with a deletion
of PBP3, which is the primary target of ceftazidime
in other Gram-negative bacilli including P. aerugi-
nosa and E. coli.”® Furthermore, the growing identi-
fication of microbes harboring both B-lactamases
and low affinity PBPs presents a double resistance
threat that is particularly worrisome.

Barriers to p-Lactam Permeability

Due to the accessibility of their periplasmic PBP tar-
gets, B-lactams are among the few antibiotics that
are effective against both Gram-positive and Gram-
negative bacteria. The cell-wall architecture of
Gram-negatives, however, presents unique chal-
lenges for drug entry even for B-lactams, and is key
to the notorious intrinsic resistance of strains such
as P. aeruginosa and A. baumannii. Indeed, Gram-
negative bacteria can modify the permeability of
their cell walls to effectively limit intracellular anti-
biotic concentrations. This is commonly achieved by
restricting the entry of antibiotics via loss or down-
regulation of aqueous outer membrane channels
known as porins, as well as by the active expulsion
of drugs from the cell through efflux pumps.

Porins

B-lactams are hydrophilic compounds that along
with tetracyclines, chloramphenicols, and fluoroqui-
nolones, largely enter Gram-negative cells using por-
ins. These aqueous channels are the most abundant
proteins in the outer membrane of bacteria and act
as molecular sieves, allowing only the entry of
hydrophilic molecules below a specific exclusion
limit, as determined by the channel diameter.
According to high-resolution structures, porins share
high structural similarity with small variations in
loop topology and surface charge, and generally exist
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as trimers (Fig. 5). Porins are recognized by their B-
barrel architectures where antiparallel B-strands
are aligned such that alternating hydrophobic and
hydrophilic residues respectively line the membrane
and water exposed surfaces. These channels are
classified into the substrate specific porins that gen-
erally consist of 18 B-strands, and the typically less
substrate stringent general porins consisting of 16
B-strands (reviewed in Ref. 80). It is the general por-
ins that are largely involved in resistance mecha-
nisms, where the degree of conferred resistance
depends on the number and type of porins possessed
by the bacteria.® In fact, bacteria often rely on
adaptive or mutational changes to their repertoire of
porins as their first line of defense against antibiot-
ics. Since porins act not only as selective outer mem-
brane barriers but also facilitate the uptake of
nutrients, their expression is organized by respon-
sive regulatory elements that can be coordinated
with stress pathways.8! The bacterial ability to alter
its surface permeability in response to its environ-
ment therefore carries a great selective advantage,
and one that is readily used in response to antibiot-
ics. For instance, B-lactam resistance in E. coli can
involve the loss of OmpF®? or mutations in OmpC
around the point of pore constriction.®3 A further
example is seen in P. aeruginosa carbapenem resist-
ant isolates where the facilitating porin, OprD, is
lost due to various disruptions including deletion,
nonsense mutations, gene insertion, or decreased
transcription due to mutation in regulatory ele-
ments.®4 % Although resistance is often accompa-
nied by a fitness cost, a recent study has challenged
this paradigm by demonstrating the association of
OprD loss and concurrent carbapenem resistance
with enhanced in vivo fitness and virulence. Using a
P aeruginosa transposon insertion library, the
authors identified an enrichment of disrupted OprD
strains with enhanced mucosal colonization and
spleen dissemination.®” Although accompanying phe-
notypes such as increased survival against host
serum-mediated killing, immune response, and acid-
ification were observed, the role of OprD in these
complex processes remains unclear.

Siderophore conjugated p-lactams

As adaptive and mutational changes that affect por-
ins can substantially limit the diffusion rate of anti-
biotics, efforts have been made to explore other
methods of drug delivery. One such avenue receiving
much attention is the exploitation of the bacterial
iron uptake system. Iron is an essential nutrient for
microorganisms, and although abundant in nature,
it has a fairly low bioavailability under aerobic con-
ditions. Due to the low solubility and toxicity of free
ferric ions, the human iron transport protein, trans-
ferrin, maintains the free ferric ion serum concen-

tration at approximately 10 2!M, whereas a
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bacterial cell typically requires 10° to 10° ferric ions
per generation to maintain a required internal con-
centration of 10 M (reviewed in Ref. 88). As a
result, bacteria have evolved aggressive and efficient
iron acquisition systems involving the secretion of
small iron chelating siderophores, whose main struc-
tural forms include the catecholates, hydroxamates,
and citrate based polycarboxylates (reviewed in
Refs. 89,90). In Gram-negative bacteria, these side-
rophores are taken up by high affinity outer-
membrane receptors that are often specific for indi-
vidual siderophores (e.g., FepA, Cir, and Fiu cate-
cholate receptors).®* A universal feature required for
all siderophore uptake systems is the TonB complex
(consisting of TonB, ExbB, and ExbD) that couples
the proton motive force across the cytoplasmic mem-
brane to facilitate receptor-mediated active transport
of substrates across the outer membrane®? (Fig. 5).
Siderophore receptors typically consist of a 22-
stranded transmembrane B-barrel that encloses a
globular plug domain, where ligand-binding sites
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are formed by residues on the extracellular face of
the plug as well as on extracellular loops and barrel
walls. The periplasmic-facing N-terminus of the plug
domain contains a “TonB box” motif that interacts
(via B-strand pairing) with the periplasmic C-
terminal domain of TonB%® (Fig. 5). It is proposed
that upon siderophore binding, the plug domain of
the receptor undergoes a conformational change that
allows the transport of its substrate, which is sup-
ported by observations of high-level solvation and
loose packing of the plug inside the B-barrel.>*

Along with the advantage of iron scavenging,
antibacterial compounds produced by other compet-
ing bacteria can also exploit siderophore receptors.
These
such as the Actinomyces subtropicus albomycin,
the Streptomyces griseoflavus ferrimycin,®® and the
Streptomyces violaceus salmycins.®” These “Trojan

include siderophore-conjugated antibiotics
95

Horse” strategies were adopted by scientists in the
1980s using natural siderophores or synthetic ana-

logue conjugates of nucleosides, glycopeptides,
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macrolides, fluroquinolones, and most importantly,
B-lactams. Early studies on non- B-lactam sidero-
phore conjugates for the most part resulted in com-
pounds with lower activities than the parent
antibiotic, often due to problems with solubility,
receptor uptake, or possibly, lack of release of the
antibiotic from its siderophore partner upon entry
(as needed for proper function) (reviewed in Ref. 98).
The intensely investigated B-lactam based sidero-
phore conjugates have had somewhat better success
due to certain inherent advantages. Firstly, the PBP
targets of these drugs reside in the periplasm such
that only the outer-membrane needs to be crossed
for drug delivery. Secondly, the B-lactam conjugates
can become active as a whole without having to be
cleaved from the siderophore since the site of sidero-
phore linkage is remote from the B-lactam active
site.®® A number of catechol and mixed-ligand-
catechol conjugated B-lactams have been developed
with enhanced activity (compared with antibiotics
considered as “gold standards” in treatment) against
problematic Gram-negative bacteria such as P. aeru-
ginosa (reviewed in Refs. 89 and °°). Nevertheless,
activity is often drastically decreased in mutants
lacking functional TonB or siderophore receptors
such as Cir and Fiu. In this way, resistance may be
readily acquired by loss of components in sidero-
phore transport systems, as is often observed with P.
aeruginosa (reviewed in Ref. 98). Recently, Basilea
Pharmaceutica has investigated a series of sidero-
phore monosulfactams, leading to the promising
BAL30072 that is currently in phase I clinical devel-
opment.’®® BAL30072 is a monobactam derivative
with reduced susceptibility to inactivation by various
B-lactamases, conjugated to a hydroxypyridone moi-
ety that allows easy uptake through the siderophore
transport system.?#1°! Resistance to BAL30072 was
found to evolve relatively slowly compared with pre-
ceding compounds, with infrequent mutations in
TonB and siderophore receptors.®* BAL30072 further-
more displayed in vitro antimicrobial activity against
a range of Gram-negative bacteria, including strains
of MDR P. aeruginosa, A. baumannii, and Burkholde-
ria pseudomallei >#1°271%4 In addition, in vitro and in
vivo combinations of BAL30072 and carbapenems
resulted in additive and synergistic antimicrobial
activity, particularly against Enterobacteriaceae and
P, aeruginosa.'°t

Efflux pumps

In Gram-negative bacteria, efflux pumps are major
contributors to antibiotic resistance, in that they form
a near impenetrable barrier against antimicrobials
and are largely responsible for MDR phenotypes. Fur-
thermore, in limiting the periplasmic and cytoplasmic
concentration of nearly all antimicrobial classes, they
encourage the acquisition of additional resistance
mechanisms, including the alteration of intended
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antimicrobial targets such as the modified PBPs, as
well as production of drug inactivating enzymes such
as the B-lactamases (reviewed in Refs. 105 and 1%%). In
Gram-negative bacteria, the MDR phenotype is
largely conferred by the resistance-nodulation-cell
division superfamily (RND). RND efflux complexes
are assembled as tripartite membrane machineries
consisting of a plasma membrane-located RND pump,
an adaptor unit of the membrane fusion protein
(MFP) family, and an outer membrane channel
belonging to the outer membrane factor (OMF) fam-
ily*®? (Fig. 5). The resulting complex is capable of
expelling substrates across the entire cellular enve-
lope, and can possibly capture substrates from the
periplasm or from either the periplasmic or cytoplas-
mic face of the inner membrane, as demonstrated
with dianionic p-lactams such as carbenicillin.1°71%8
Despite lacking the structure of the native intact tri-
partite complex, high resolution structures of each of
the individual components are available along with
proposed composite models.}?®M1%  Furthermore,
recent efforts by Du et al. have yielded a pseudo-
atomic structure of a fully assembled AcrAB-TolC
MDR efflux pump, using a clever approach involving
protein fusion.!™ The features summarized here stem
from a wealth of recently reviewed structural
data.''?113 The RND pump typically exists as a trimer
composed of a total of 12 transmembrane helices and
two larger periplasmic loops.!** This unit is believed
to function in a rotatory manner based on the alter-
nate protonation of individual subunits, resulting in
successive substrate capture and release.!'>7 The
MFP adaptor protein, consisting of an extended -
barrel connected to a long periplasmic a-helical hair-
pin by a lipoyl domain, is proposed to stabilize weak
interactions between the RND and OMF.118119 The
outer membrane OMF channel, consisting of a 12
stranded B-barrel trimeric arrangement that extends
into the periplasm via a long (~100 A) coiled-coil a-
helical domain, is believed to open and close at the
base by an iris-like mechanism.'2%12! As affinity
tends to rely on physiochemical characteristics rather
than a particular structural chemistry, RND pumps
can capture and expel a great variety of structurally
diverse compounds, as evident in the frequent MDR
phenotypes of their carrier strains.'?212% In P, aerugi-
nosa, for example, the MexAB-OprM efflux system,
combined with low outer membrane permeability, con-
tributes to increased resistance to penicillins and
cephalosporins and is largely responsible for the
organisms notorious intrinsic resistance.'?* Likewise,
in A. baumannii, the AdeABC efflux system contrib-
utes to high-level resistance to the majority of (-
lactams including carbapenems.!?® B-lactam uptake
and susceptibility is also diminished by AcrAB-TolC
efflux in H. influenzae'2® and K. pneumoniae.*?” Con-
sequently, many efforts have been made to reverse or
inhibit the activity of efflux pumps in order to restore
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susceptibility and increase the intracellular concen-
tration of existing antibiotics in these pathogens.
Although there are currently no efflux pump inhibi-
tors (EPIs) that have been approved for clinical pur-
poses, several compounds show promise (reviewed in
Refs. 128 and '2°). Phenyl-arginine-B-naphthylamide
(PABN) (MC-207) was the first identified EPI to
exhibit relatively broad inhibitory activity and, in
combination with fluoroquinolones, is effective
against efflux-mediated resistance in several MDR
Gram-negative strains including P. aeruginosa,'*° K.
pneumoniae,® and E. coli.'®2> PABN derivatives are
also being explored, an example being MC-04, a com-
pound that displays decreased toxicity, increased sta-
bility, and greater activity against P. aeruginosa
strains that overexpress efflux pumps, as compared
with its parent compound.'®® Other inhibitors such as
the aryl-piperazines have also been shown to increase
intracellular concentrations of commonly used antibi-
otics and to reverse MDR phenotypes in a number of
ESKAPE pathogens that over-express RND efflux
pumps. 34136 However, to date, few EPIs have shown
synergy with p-lactam based antibiotics,'®? likely due
to the large contribution of other resistance mecha-
nisms such as the B-lactamases. Nevertheless, a
recent study has shown that artesunate, a derivate of
artemisinin isolated from the plant Artemisia annua
and used to treat malaria, enhances the activity of 3-
lactams against E. coli by inhibiting the MDR efflux
pump, AcrAB-TolC.*®® In addition, PABN, in combina-
tion with sub-inhibitory concentrations of cloxicillin,
was observed to restore susceptibility to several B-
lactam antibiotics in certain K. pneumoniae clinical
isolates whose resistance was independent of B-
lactamase acquisition.'2”

Conclusions

Since their discovery, B-lactams have remained the
most widely prescribed antibiotics due to their
safety, efficacy, and availability. The emergence and
dissemination of bacterial resistance to this class of
drugs has nevertheless become a serious problem in
the clinic, often leaving few if any treatment options
for infections resulting from MDR superbugs. The
gravity of the situation has however prompted the
development of novel antimicrobials and clever
strategies to counter bacterial resistance. The two
non-B-lactam families of B-lactamase inhibitors, the
DBOs and boronic acids, in combination with novel
or existing B-lactam antibiotics show particular
promise. In addition, the conjugation of B-lactams to
siderophores, which allows drug entry through bac-
terial iron transport systems, is a lucrative option
for the treatment of MDR Gram-negative bacteria
with intrinsic resistance due to restricted porin
entry and drug efflux. As resistance is a natural con-
sequence of selective pressures imposed by antibiotic
use, the battle against bacterial pathogens is inevi-
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table and ongoing. This struggle requires continued
surveillance and understanding of emerging resist-
ance mechanisms along with structural efforts that
provide avenues for rational drug design.
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