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Abstract

Even with the emergence of antibiotic resistance, penicillin and the wider family of B-lactams have remained
the single most important family of antibiotics. The periplasmic/extra-cytoplasmic targets of penicillin are a
family of enzymes with a highly conserved catalytic activity involved in the final stage of bacterial cell wall
(peptidoglycan) biosynthesis. Named after their ability to bind penicillin, rather than their catalytic activity,
these key targets are called penicillin-binding proteins (PBPs). Resistance is predominantly mediated by
reducing the target drug concentration via 3-lactamases; however, naturally transformable bacteria have also
acquired target-mediated resistance by inter-species recombination. Here we focus on structural based
interpretations of amino acid alterations associated with the emergence of resistance within clinical isolates

and include new PBP3 structures along with new, and improved, PBP-#-lactam co-structures.

© 2019 Published by Elsevier Ltd.

Introduction

Penicillin and the wider family of B-lactams have
remained the single most important class of
antibiotics since their introduction in the early
1940s. The periplasmic/extra-cytoplasmic targets
of penicillin are a family of enzymes with a highly
conserved catalytic activity involved in the final
stage of bacterial cell wall biosynthesis: cross-
linking of the structural polymer peptidoglycan
(PG). These enzymes are named penicillin-
binding proteins (PBPs), based on their ability to
bind penicillin rather than describing their catalytic
activity [1-3]. Furthermore, PBPs have confusing
nomenclatures based upon their SDS-PAGE gel
migration patterns and are divided into high-
molecular-mass (HMM) and low-molecular-mass

0022-2836/© 2019 Published by Elsevier Ltd.

(LMM) PBPs. Generally, gram-positive and
-negative bacteria have multiple HMM and LMM
PBPs. HMM PBPs are involved in the late stages of
PG synthesis with class A HMM PBPs catalyzing
both polymerization of the PG precursor-lipid Il via
transglycosylation and 4-3 crosslinking-
transpeptidation, while class B HMM PBPs can
only carry out transpeptidation. The equally essen-
tial class A and class B HMM PBPs have been
linked to processes involved in cell elongation,
shape determination and septation [1], and sup-
pression of these PBPs variously causes cell lysis,
cessation of cell division, filamentation and the
formation of spherical cells [4]. Class C LMM PBPs
catalyze carboxypeptidase and/or endopeptidase
reactions [5,6] and are mainly involved in the
maintenance, remodeling and recycling of PG [6].
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Typically, in vitro deletion of all the LMM PBPs,
although deleterious, is not fatal to the bacterium
[6]. While all PBPs contain a penicillin-binding
domain (PBD) HMM PBPs possess other domains,
which vary significantly among the classes. The
non-penicillin-binding domain (n-PBD) of the class
A enzymes exhibits glycosyltransferase (GT) ac-
tivity, while the corresponding N-terminal domain in
the class B PBPs, although poorly characterized, is
believed to serve as a stalk which allows the C-
terminal TP domain to access PG [6]. Class B
PBPs, for example, PBP 2 x in gram-positives, can
also contain PBD and Serine/Threonine kinase
Associated (PASTA) domains [7].

Despite the development of new classes of 3-
lactams since the advent of penicillin, resistance to
these antibiotics remains a global problem [8]. The
predominant resistance strategy against 3-lactams
is to reduce the drug concentration either by
catalyzing their inactivation with B-lactamases
[4,9-12], by increasing their efflux, or, in the case
of gram-negative bacteria, by reducing permeation
into the periplasm [13]. Furthermore, bacteria can
respond to antibiotic treatment by developing
target-based resistance; in the case of B-lactams,
this is due to the evolution of so-called “low—affinity
PBPs,” which require elevated antibiotic concen-
trations to be inactivated, although the precise
mechanisms for this phenotype are still poorly
characterized. A structurally informed analysis of
this PBP-mediated resistance through target mu-
tations is the focus of this review. More specifically,
we focus on an essential class B HMM PBP found
across gram-negative bacteria that play a crucial
role in cell division [14]. This PBP is typically
identified by gel migration as PBP3 and encoded by
the ftsl gene, with the exception in Neisseria spp.
where it is referred to PBP2 and encoded by the
penA gene.

These homologous PBPs represent individual
key targets across gram-negative bacteria for -
lactam therapy and are often the primary PBP
target with the lowest IC5q for a range of penicillins,
cephalosporins, the monobactam aztreonam, and
therefore a potential pinch point for the develop-
ment of PBP-mediated resistance [15] [16]. -
Lactamase-negative, ampicillin-resistant (BLNAR)
clinical isolates of Neisseria meningitidis and
Haemophilus influenzae, exhibiting PBP-mediated
resistance, with low affinity PBP2/PBP3s have
been reported for many years [17,18]. Interesting-
ly, both the Neisseria spp. and H. influenzae are
naturally transformable and mosaic fts/ genes are
found in clinical isolates that have arisen by
interspecies recombination with commensal mem-
bers from each genus Neisseria flavescens and H.
haemolyticus, respectively [19,20]. Altered PBP
mosaic blocks [21] can encode multiple amino acid
alterations, some of which have been identified as

being involved in resistance [22—24], while others
may simply have “hitch-hiked” along with those
residues offering the selective advantage of
resistance or are yet to be determined, including
potential compensatory alterations required for fitness.
However, non-mosaic, presumably spontaneous, point
mutations in PBP2/PBP3s have also been observed to
generate resistance to both the penicillins and cepha-
losporins. To date, numerous papers have described
the distributions of PBP2/PBP3 alterations from organ-
isms including Neisseria gonorrhoeae [25], H. influen-
zae [26,27], Pseudomonas aeruginosa [28] and
Escherichia coli [29], suggesting that this mecha-
nism of PBP-mediated resistance is becoming
more common. Despite all this available genetic
information, there is little mechanistic understand-
ing of how these point mutations lead to decreased
B-lactams affinity by the PBP3s.

In an attempt to address this shortcoming, we
present here a novel PBP3 TP domain crystal
structure from the pathogen H. influenzae, as well
as previously reported PBP3 structures with im-
proved resolution from E. coli, P. aeruginosa and N.
gonorrhoeae. We used these structures to map
locations of known resistance mutations on to the
TP structural domains of PBP3 for each of these
species. We hope that our structural approach will
lead to further insight into the mechanism of action
of these widely reported, but poorly understood,
mutations.

Results

Crystal structures of various TP domains

The following crystal structures were obtained: (1)
five isomorphous structures of PaPBP3 lacking the
transmembrane helix: three of wild type PaPBP3*
(apo, 1.2 A, piperacillin-acylated, 1.59 A and
amoxicillin- a%ylated 1.64 A) and two of the mutant
PaPBP3*™°%¢ (apo, 2.2 A, and piperacillin-acylated,
1.7 A); (2) two isomorphous structures of EcPBP3 TP
domain: EcTP3 (apo, 1.95 A; piperacillin-acylated,
1.75 A); (3) TP domam from a clinical mutant of
NgPBP2: NgTP2HR-6140 (apo, 1.43 A); and (4)
HPBP3 TP domain Contamlng four artificial mutations
to aid crystallization: HTP3™E%? (apo, 2.44 A). All
protein—ligand complexes were derived by soaking a
native crystal in mother liquor containing the ligand.
The initial structures were determined using available
PDB coordinates of PaPBP3 (PDB code 30C2) for
PaPBP3*, E. colilower-resolution (2.5 A PBPS* (PDB
code 4BJP) for EcTP3 and H/TP3 KQ and N.
gonorrhoeae lower-resolution (2.2 A) PBP2 TP do-
main (PDB code 4U3T) for NgTP2"R°140 a5 molecular
replacement models. Crystallographic statistics are
shown in Table SI_1.
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Fig. 1. Comparison of crystallization contacts in the E%—P

piperacillin-acylated PaPBP3*, NgTP2'38140 NgTp2HR-61
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4 loop of different PBP3 structures. Panels a, b, ¢ and d show

and HITP3FEKQ structures, respectively; the electron density

is at a contour level of 1.3, 1.7, 1.5 and 1.4 g, respectively. Crystallographic symmetry-related molecules are colored in
gray. Intermolecular interactions are indicated by yellow dash and the distances are shown in A.

P. aeruginosa PBP3* structures

The apo structure of PaPBP3*, including both N-
terminal and C-terminal domains but lacking the
transmembrane helix, reported in this work has a
significantly higher resolution (1.2 A versus 2.0 A)
compared to that previously deposited in the Protein
Data Bank (PDB code 30C2). Despite the higher
resolution the B3—B4 loop, a hotspot for various
PBP3-mediated resistance mutations (see later), is
too flexible to be visible, which is similar to 30C2.
However, this loop is clearly visible in the
amoxicillin- and piperacillin-acylated form of
PaPBP3*, as is usually the case in other PaPBP3*
structures with a bound 3-lactam possessing a bulky
R1 chain (Fig SI_1). Interestingly, the $3—34 loop in
PaPBP3* structures is not engaged in any crystal-
lographic contacts (Fig. 1a). The amoxicillin-
acylated PaPBP3* structure is the latest of several
PaPBP3* structures in complex with various (-
lactams now available in the PDB, whereas a

piperacillin-acylated PaPBP3* structure was al-
ready available (PDB code 4KQO), although at
lower resolution (2.3 rather than 1.7 A). Superposi-
tion of the structures of wild type PaPBP3* and
mutant PaPBP3*?5%4C did not show any difference
when comparing either the apo or piperacillin-
acylated pair (RMSD of 0.4 and 0.3 A, respectively).
Similarly to wild-type PaPBP3* structures, the
33—B4 loop (naming convention from Pares et al.
[40]) was also only visible in the B-lactam-acylated
form of mutant PaPBP3*R%%4C and not in the apo
structure. It should be noted that in comparing the
acylated-forms, the B3—f4 loop is found to have
identical conformations despite the presence of the
PaR504C resistance-associated mutation at the
beginning of strand B4 (Fig. 2ar_)(. Interestingly,
although PaPBP3* and PaPBP3*F%%4C structures
are perfectly superposable and the R504 residue
neither takes part in catalysis nor appears to interact
directly with the inhibitor, nevertheless, a decrease
in bocillin acylation rate in vitrowas clearly observed
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Fig. 2. Superposition of wild type (white) and "2R504C mutant (green) of piperacillin-acylated PaPBP3* structures. (a)
The B3—B4 loop is highlighted and the mutation is confirmed by the electron densities at contour levels of 1.8 g (colored
pink for wild type and blue for "?R504C mutant). (b) Results from in vitro bocillin fluorescence anisotropy assay of wild type
and #R504C mutant PaPBP3* proteins showing differences in acylation/deacylation rates.

in the case of the PaPBP3R%94C mutant protein (Fig.
2b).

N. gonorrhoeae PBP2 TP domain structure

NgTP2HR6140 "the N. gonorrhoeae PBP2 struc-
ture truncated to the TP domain only, presented here
was isolated from FA6140, a penicillin-resistant,
non-penicillinase-producing strain first identified in
1983 [41] (Table 1). Although the crystal structure of
this clinical mutant has been reported previously
(PDB code 4U3T) [30], the structure reported in this
work was solved at a significant higher resolution
(1.4 rather than 2.2 A) and with different conforma-
tions for two important loops: f2c—32d and B3—34. A
number of NgPBP2 mutant structures, all at 2.4 A
resolutions, are available in the literature for com-
parison with NgTP2"R€140 (Tgple 1).

The FA6140 strain expresses a PBP2 with an
aspartate insertion after D346, named D346a, with
additional mutations at P551S + F504L + A510V +
A516G. Prior to the first crystal structure by Fedarovich
et al. [30], this aspartate insertion had been reported as
D345a due to the lack of structural data. We use the
notation D346a for consistency [30].

Comparing the structures containing the D346a
insertion (NgTP2HR6140 and NgTP2'3° 409) (Table 1)
with the wild-type structure NgPBP2* ' [31] indi-
cates the potential dynamics introduced by this
mutation into the p2c—2d loop. While the three
structures align well locally, with good agreement prior
to R345 and after P352, the intervening residues
appear to be able to follow two distinct pathways
(Fig. 3a). In NgTP2®6'%0 the D346a insertion
introduces a small “kink” in the loop, with T347 slightly
displaced in a direction away from the active site. The
loop realigns with that of the wild tg/pe by H348. In
contrast the structure of NgTP2HR6140 exhibits a
much larger conformational change, with greatest
displacements for T347 and V349, which have moved
by 3.8 and 3.9 A, respectively (displacements of Ca,

relative to their positions in NgPBP2*FA1%) and a
rotation of Y350 away from the loop. Moreover, H348
is rotated almost 180° and displaced by 3.7 A, which
leads to the aromatic group occupying a space
vacated by Y350. Interestin I¥, structures of
NgPBP2*8149CT and NgPBP2*A%°'" (Table 1), which
only have mutations in the C-terminal region of the TP
domain, have the same B2c—32d loop positioning as
the wild-type structure NgPBP2*A° indicating that
mutations to this region do not affect the position of the
loop. Despite the difference in resolution between
structures of NgTP2'%6%% (2.2 A) and NgTP27R-6140
(1.4 A), the density of the B2c—32d loop is well defined
in both cases (Fig. 3b and c), suggesting that loop
displacement may be related to different crystal
contacts and/or crystallization conditions such as pH
(7.8 for NgTP2'36"40 and 6.5 for NgTP2HR-6140).
The NgTP2HR-€140 strycture showed electron
density for the 33—34 loop in both molecules in the
asymmetric unit, unlike NgTP2'%-61% where this loop
is only visible in molecule A. Superposing molecule B
of NgTP2HR®140 t5 molecule A of NgTP2'-6140
shows significant conformational change in the
B3—B4 loop, which in NgTP2"R¢140 follows a similar
path to that observed in the structure of NgPBP2*40T
(Fig. SI_2). This observation is important as Tomberg
et al. [32] at the time concluded that the alternative
conformation of the loop in NgPBP2*A%°'T (in com-
parison to wild type NgPBP2*™1°) was a result of
the "9A501T mutation in NgPBP2*A%°'T However,
since this mutation is absent in NgTP2HR-6140
appears unlikely that this is the cause of the
conformational change in the 33—34 loop (Fig. SI_2).
Fedarovich et al. [30] cautioned that interpretation of
the conformations of the 33—34 loop is challenging as it
may be affected by artificial crystal packing interactions
and high flexibility. A disordered $3—34 loop could not
be fitted in the wild-type structure of NgPBP2* and was
only fitted in one of the two molecules (molecule A) in
the lower-resolution structure of NgTP2%%'%°_ More
importantly, the visible B3—B4 loop in NgTP2% 6140 jg
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Table 1. Crystal structures of NgPBP2 mutants available in the PDB
PDB Code Mutations Resolution (A) Publication

NgTPp2"R-6140 6HzJ P551S + F504L + A510V + A516G + D346a 1.4 This publication
NgTP23-6140 4U3T P551S + F504L + A510V + A516G + D346a 22 [30]
NgPBP2+FA1® 3EQU Wild type (strain FA19) 2.4 [31]
NgPBP2*6140CT 3EQV P551S + F504L + A510V + A516G 2.4 [31]
NgPBP2+A%01T 5KSH P551S + F504L + A510V + A516G + A501T 2.4 [32]

The asterisk indicates that the transmembrane helix is missing in the construct.

constrained by various crystallographic contacts (PDB
code 4U3T) [30] (Fig. 1b), whereas in NgTP2F-6140
is not engaged in strong crystallographic contacts
(Fig. 1c). This observation suggests that the
structure of NgTP2"R®140 could be exploited to
study mutation-dependent conformational changes
of the B3—B4 loop (see Discussion).

H. influenzae PBP3 TP domain structure

A construct of a modified TP domain from H.
influenzae PBP3 (HITP3EX?) was utilized to obtain
crystals of diffraction quality of about 2.4 A. The
structure revealed, as expected from sequence
alignment, a high degree of similarity between
HITP3FEKQ other TP domains available in the PDB
and from this work. The largest noticeable difference
between HITP3FEXQ and NgTP2HR©140/papBP3*
TP domain is that the a10—33 loop is shorter by 3 or
4 residues (Fig. 4a and b). The missing part of the
a10—B3 loop is a glycine-rich region present in
the other PBP3s (Fig. 4b), suggesting a loss of
flexibility in this region for HIPBP3. No function has
been ascribed to this loop, although its position,
capping the likely acceptor site, in the catalytic
pocket suggests an interaction role with either the
natural substrates or other proteins, rather than
directly with B-lactam antibiotics. However, target-
mediated resistance mutations in this a10—33 loop
of HIPBP3 have been reported (see later). The

()

33—B4 loop is a hotspot for resistance mutations in
class B PBPs. The electron density of this Ioog is
clearly visible in all four copies of apo HITP3FEX in
the asymmetric unit. Interestingly, in all four copies
of HITP3FEKQ  this B3—B4 loop, which possesses a
high degree of flexibility in other PBP3 structures, is
constrained by identical crystallographic contacts
(Fig. 1d).

E. coli PBP3 TP domain structure

The modified TP domain from E. coli PBP3
(EcTP3) was utilized to obtain crystals of about 1.9
and 1.7-A resolution for the apo- and piperacillin-
acylated forms, respectively. These data represent
significant improvement on the apo structure of
E. coli PBP3* (lacking the transmembrane helix)
previously reported by Sauvage et al. [42] at 2.5 A
(PDB code 4BJP). However, superposition of
structures for EcTP3 and EcPBP3* TP domain
indicates that the tertiary structure of this domain is
virtually identical in the two constructs (RMSD =
0.42 A) (Fig. SI_3).

Comparison between the apo- and acylated
enzyme of different PBP3 TP domains

To simplify the discussion about the 5 catalytic
residues conserved across all serine-transpeptidases,
carboxypeptidases and serine-B-lactamases [5], the

Fig. 3 Effects of the resistant-related
inserted aspartate, “9D346a, on the
conformation of the B2c—B2d loop of
different N. gonorrhoeae PBP2 struc-
tures. (a) Superposition of N. gonor-
rhoeae TP2 domains from structures of
wildtype NgPBP2*FA1® (3EQU, magen-
ta), "9D346a-containing lower resolu-

tion NgTP2'6'40 (4U3T, cyan) and
higher resolution NgTP2"R®140 (thig
work, 6HZJ, green). Residues in the
loops of mutants 4U3T and 6HZJ are
represented in sticks, and the labels are
colored relative to the corresponding
structures. For clarity, wild-type loop
(BEQU) is only shown in cartoon repre-

sentation. The catalytic serine, S307, shown in stick as a reference point for the catalytic pocket, is labeled in black. Electron
density of (b) 6HZJ and (c) 4U3T B2c—p2d loops are shown with contour levels of 1.7 and 1.5 g, respectively.



3506

B-Lactam Target-Mediated Resistance

crystallization aiding
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Fig. 4. Superposition of trans-
peptidase domains of structures
HITP3FEXQ (pink), NgTP2HR-6140
(green) and PaPBP3* (white). (a)

mutations

(b)

470 480 490

|

Paer GMLQQVVEAQGGVEF-RAQVPGYHAAGKSGTARKV
Ecol HMMESVALPGGGGV-KAATKGYRIAIKTGTAKKV
Ngon NLMVSVTEPGGTGT-AGAVDGFDVGAKTGTARKF
Hinf GILEKVAIKN-K---RAMVEGYRVGVKTGTARKI

The a10—33 loop is indicated. The
crystallization-aiding mutations
FEKQ are colored in red, and the
glycine residue used to connect
helix a9 to helix a10 after deletion
of the predicted a9—a10 flexible
loop is colored in blue. Penicillin G,
| represented in cyan stick, is super-
imposed in the catalytic pocket for
reference. (b) Primary sequence
alignment of various PBP3s showing
the region around the a10-33 loop;
the K(S/T)G motif is shown in red
color. Paer= P. aeruginosa, Ecol =

a10-B3 loop

E. coli, Ngon = N. gonorrhoeae and
Hinf = H. influenza.

notation Sy, Ky, S,, N and K has been utilized. Sy and
K, are the serine and lysine from the active-site serine
S*XXK motif, S, and N are the serine and asparagine
from the SXN motif, and K is the lysine from the K(T/S)
GT motif. For example, in E. coli PBP3, these residues
correspond to S307 SS1>, K310 (K4), S359 (S,), N361
(N) and K494 (Ky).” The C-terminal TP domain of
PBP3 proteins (TP3) shows a highly conserved fold
among all six structures presented in this work (Fig.
SI_4). In all the apo-structures reported here the
catalytic residues Ky, N and K, effectively show
conserved rotamers, while S; and S, side chains can
be found in different orientations (Fig. SI_5A). Partic-
ularly, the catalytic serine S; is found in all three
allowed rotamers among the various structures. The
previously reported structure of E. coli PBP3 (PDB
code 4BJP, cyan in Fig. 8A) and our EcTP3 presented
here (yellow in Fig. SI_5A) show S; with different

rotamers. This would suggest that differences in
crystallization conditions and/or pH rather than mech-
anistic differences may play a role in this side-chain
conformation. When comparing the acylation/deacyla-
tion rates of ECTP3, HITP3 Y and NgTP2"76140 yith
their corresponding full-length proteins, EcPBP3*,
HIPBP3* and NgPBP2* (lacking only the transmem-
brane helix) in enzymatic assays, similar rates were
measured for the truncated and full-length enzymes
(results not shown). Previous studies comparing
NgTP2 and NgPBP2* with bocillin-FP assays also
showed no difference in acylation rates [30].

Covalent attachment of B-lactams to PBPs is
through the acylation of S; and the drug-acylated
S, side chain is always found in a single conserved
rotamer (Fig. SI_5B). Similarly, the D-Ala-D-Ala
mimicking core present in all B-lactams adopts
similar orientations in all different acylated-PBP3
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structures presented in this work, as does conserved
hydrogen-bonding interactions between the carbon-
yl and the amine of the R1 amide linkage with,
respectively, the side-chain amine of N and main-
chain carbonyl of a conserved threonine [last T from
the K(T/S)GT motif], which are consistently main-
tained (Fig. SI_5B).

Although the substantial amount of available struc-
tural data indicates considerable rigid-body rotational
freedom between the N- and C-terminal domains of the
PBP3s, the overall conformation of the C-terminal
catalytic domain remains largely unaltered upon
covalent binding of inhibitors. This is seen by the
superposition of various drug-bound TP domains of
PaPBP3* to that of the apo-enzyme which only results
in RMSDs in the range of 0.4-0.5 A. However, some
significant local changes occur around the catalytic
pocket upon covalent attachment of inhibitors com-
pared to the apo-structure. The extent of these changes
varies among the different species of PBP3s. In the
case of PaPBP3* strands 33 and 34, upon binding of
amoxicillin, bend toward the acylated 3-lactam around
a hinge region itself located on these strands. This
results in a movement of approximately 4 A for the Ca
atoms of the last and first ordered residues of the 3
and B4 strands (Fig. SI_6). This bending of 3 and 34
strands had previously been reported in PaPBP3* upon
binding of piperacillin [33]. Similar movements upon
binding of B-lactams have also been reported in the
corresponding strands of Gram positive PBPs, both
class A and B [43,44]. Surprisingly, in the case of apo
and acylated structures of ECTP3 reported in this work,
the B3 and 4 strands remain locked in one specific
conformation, which is comparable to that of acylated
PaPBP3* (Fig. SI_6). The similarity discussed above
between EcTP3 and EcPBP3* (Fig. SI_3 and Fig.
SI_7) suggests that the lack of the N-terminal domain in
the ECTP3 construct does not appear to have any
influence on the conformation of B3 and 34 strands in
the apo form (there are no available structures for
acylated EcPBP3*). This supports the possibility that
these strands in the catalytic pocket of EcPBP3
possess a higher degree of rigidity than in other
PBP3s where movements are observed between the
apo and acylated forms of the protein.

Mapping of known -lactam resistance-mediating
mutations onto PBP3 structures

Mutational data for clinical isolates are readily
available and several classification systems have
been proposed based on different groupings
[26,27,45,46]; however, this can make the interpre-
tation and comparison of mutations between various
PBP3 species challenging. In this review, a classi-
fication of mutation clusters is proposed based on
secondary structure regions present across all
PBP3s. The focus is primarily on five regions of
mutation clusters for which data are readily available

and have been consistently shown to affect resis-
tance across different PBP3s: (1) the f2b—32c—p2d
region, (2) the a10—B3 region, (3) the 33—4 region,
(4) the a5—a6 region and (5) the B5—a11 region. In
order to enhance readability, the species have been
reported as superscript at the front of the mutation; for
example, ""R517H refers to a mutation in H. influenzae.
The prefix Ng denotes N. gonorrhoeae, Ec: E. coliand
Pa: P. aeruginosa.

Most mutational data exist for H. influenza and N.
gonorrhoeae and to a lesser extent in P. aeruginosa;
the relevant clinical mutations typically cluster within
one of the five regions described above (Fig. 5a and
b). Fewer mutations have been observed in E. coli
PBP3, and only a few examples of target-mediated
resistance among E. coli clinical isolates are
reported in the literature.

Target-mediated resistance in P. aeruginosa PBP3,
H. influenzae PBP3 and N. gonorrhoeae PBP2

A review by Clark et al. [28] found that 60% of the
studied clinical isolates of P. aeruginosa contained the
PBP3 mutation P2R504C/H and that this mutation
(alongside others) decreased susceptibility to four of
the six B-lactams tested. "?R504C/H is present in at
least one isolate reported in 7 of the 11 papers covered
in this review. "?R504 sits right at the start of the p4
sheet (Fig. 2a) and confers reduced acylation rate
toward bocillin in vitro (Fig. 2b). Two other common
resistance-mediating mutations in PaPBP3 are
Pap527S/T and P2G531D/E [28], which are located
on the B5—a11 loop (Fig. 5¢). No mutations have been
reported in the p2b—B2c—p2d, a10-B3 and a5-a6
regions of PaPBP3 from clinical isolates (Table 2).

The HPBP3 mutations for which data are readily
available and which have consistently been shown to
affect resistance in the literature are S357N in the
B2b—p2c—32d region (more specifically in the f2b—32c
loop); "R501L, ™A502V and “V/511A in the a10-33
region; "R517H and "N526K in the B3—B4 region;
HS385T, M1.389F and "M3771 in the a5—a6 region;
and "'G555E and "Y557H in the B5—-a11 region
(Fig. 5d). References and proposed effects of these
mutations are summarized in Table 3.

In the case of NgPBP2, as many as 85 amino
residues have been observed to be altered L55]. Four
clinically relevant alterations, M9F504L, “9A510V,
NIpA516G [56] and "MIN512Y [49], have been
identified in the B3—p4 region (Fig. 5e). In a study
investigating 98 clinical isolates, Whiley et al. [25]
determined that either N9G542S or N9P551S/L in the
B5-a11 region was consistently associated with
decreased ceftriaxone susceptibility and penicillin
resistance (Fig. 5e). Moreover, the aspartate inser-
tion N9D346a in the B2b—p2c—B2d region (more
specifically in the f2c—p2d loop), already discussed
in the above section about the NgTP2HR-6140
structure, is known to confer penicillin resistance.
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Fig. 5. Mapping of frequently oc-

curring resistance mutations on
PBP3s. (a) The most common regions
containing resistance mutations in
PBP3s are highlighted in different
colors and labeled; the model struc-
ture used here is that of NgTP2HR-6140,
(b) NgTP2HR-6140 gtrycture-aided vi-
sualization of the most common resis-
tance mutations in various PBP3s
placed on a single structure; the
model structure used here is that of
NgTP2HR-6190  Resistance mutations
occurring in PaPBP3, HPBP3 and
NgPBP2 are colored red, blue and

No mutations have been reported in the a10—33 and
a5—a6 regions of NgPBP2 from clinical isolates.

Resistance-aiding mutations in E. coli

Alm et al. [29] have recentlg reported insertions of
either “°YRIN or “°YRIK after "°P333 in EcPBP3 of E.
coliNew Delhi MBL (NDM-1) clinical isolates conferring
32-fold increases in the MIC values of aztreonam,
cefpodoxime and cefepime, and moderate increases to
the other cephalosporins tested, amoxicillin and
ampicillin when it was reconstructed into an isogenic
strain. The ECYRI(N/K% insertion appears to be a
duplication of residues ~°Y334-R335-1336—N337 [29]
in the p2b—B2c—p2d region (more specificall}x in the
B2b—B2c loop), the same location as the ™S357N
mutation in HIPBP3 (see above) (Fig. 6). A further

green, respectively. Panels ¢, d and e
show labeled resistance mutations in
the transpeptidase domain structures
of PaPBP3, HIPBP3 and NgPBP2,
respectively. All structures are colored
white with mutations colored red, blue
and green for PaPBP3, HIPBP3 and
NgPBP2, respectively. The regions
containing the mutations are also
highlighted with colors corresponding
to panel a but in lighter shades.
Penicillin G, represented in cyan
stick, is superimposed in the catalytic
pocket of structures in all five panels
for reference.

clinical isolate of E. coli has been reported with the
PBP3 gene containing an insertion as a result of a
perfect gene duplication of four residues, TIPY, after
Eoy334[77]. Itis interesting to note that the “°TIPY and
E°YRI(N/K) insertions are overlapping one another in
sequence alignment. A literature search found no other
examples of clinical isolates of E. coli with mutations to
PBP3. The low incidence of PBP3 mutations in E. coli
isolates may be due to observations that in E. coli -
lactamases are the primary mechanism of resistance to
B-lactams [57].

Itis important to note that superposition of different
subunits from the asymmetric units of crystals of
NgTP2 (two subunits) (Fig. SI 11) and HiTP3 (four
subunits) (Fig. SI 12) shows conserved conforma-
tions among the overall structure (rmsd of 0.15 and
0.5 A on average, respectively) and in particular the
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Table 2. Summary of the regions and mutations in P. aeruginosa, H. influenzae, N. gonorrhoeae PBP3/2 we highlight in

this study
Region P. aeruginosa PBP3 H. influenzae PBP3 N.
gonorrhoeae PBP2
B2b—p2c—p2d - HiS357N ‘ NID346a insertion
al0-B3 - HR501L, A502V, FV511A -
B3-B4 PaR504C/H HIR517H, FIN526K NoF504L, N9A510V, MAB16G, MINS12Y
a5-a6 - Hi3385T, H1.389F, #M377I -
B5—a11 Pap527S/T, P2G531D/E HiGs55E, Hiy557H N9G542S, N9G545S, N9P551S/L

resistance-mediating mutation-carrying loops dis-
cussed in this work, validating the differences
discussed in the structural comparisons below.

Discussion

Alongside the publication of the first crystal
structures of PBP3 TP domains from H. influenzae,
we aimed to map and rationalize the effects of PBP3
mutations not only in H. influenzae but also in other
gram-negative PBP3s and their impact upon resis-
tance to B-lactam antibiotics. The following discus-
sion will aim to (1) compare frequently reoccurring
mutations across different species within the five
“hotspot” regions identified in the Results section
and (2) try to rationalize how resistance may be
achieved through such mutations.

Mutations in the B2b—p2c—f2d region of PBP3s

The N9D346a insertion in the B2c—B2d loop was
shown to have 5-fold decrease in the binding of [ '*C]
penicillin G [31]. In an analysis by Whiley et al. [58],
only 4 out of 95 strains containing the “9D346a
insertion were penicillin G susceptible. Therefore,
although M9D346a alone is not sufficient to confer
high enough levels of protection against penicillin, it
does appear to be a key step in the development of
resistance in NgPBP2 [22]. Moreover, the introduc-
tion of other amino acids at this position, in some
cases lowering penicillin acylation rates in in vitro
assays with the purified recombinant proteins [59],
did not lead to viable resistant strains [59,60]. These
experiments indicated that the properties of the extra
aspartate specifically allow a balance between
decreased [3-lactam acylation and acceptable trans-
peptidation rates, rather than just acting as a spacing
residue to induce an effect mediated further down
the loop. Fedarovich et al. [30] have shown using a
docked model that the side chain of the inserted

Table 3. Summary of selected mutations in H. influenzae PBP3.

Region Mutation Class it defines Chronology Resistance conferred Suggested mechanisms  Citations (further
[26,27] [47] of resistances citations in text)
B3—p4 HR517H | 1st Cephalosporins and Direct interaction with R1 [46,48]
penicillins (low) side chain; effect related to
change in pKa; long-range
) structural re-arrangements
B3—-p4 HiNB26K 11 1st Cephalosporins and penicillins Long-range structural re- [46,48]
) (low). Carbapenems (high) arrangements
a5-a6 HiS385T  1II/llI-like 2nd Cephalosporins (high). Indirect steric hinderance of [46,47]
) Penicillin (low) the active site
a5-a6 Hi_389F  1I/IlI-like 3rd Cephalosporins (high) Indirect steric hinderance of [46,47]
) the active site
a5-a6 HM3771 1I/I-like - Unclear Epistatic effect [46,49]
B2b-p2c—p2d MS357TN  — - Cefuroxime (high) Indirect steric hinderance of [50]
) the active site
al10-B3 Hin502V/ lib/c - Penicillins (intermediate). Influence on K(T/S)GT motif [50-52]
T
al10-B3 Hys11A - — Amoxicillin (high). Influence on K(T/S)GT motif [50,53]
) Cephalosporins (intermediate)
al10—B3 H’_R501 L - - Cefuroxime Influence on K(T/S)GT motif [50]
B5-a11 HiGE55E — - Cefotaxime Changes to the hydrophobic [54]
wall
B5—at1 Hiy557H - - Cefotaxime Chanes to the hydrophobic [54]

wall
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aspartate sits near the hydroxyethyl of acylated
meropenem. The authors rationalized the observed
16- and 5-fold decrease in MICs of strain 6140 for
penicillin G and meropenem, respectively, by sug-
gesting that the more hydrophobic region of penicillin
G in this area will be affected by the presence of the
negative charge on "9D346a to a greater extent than
the more polar hydroxyethyl group of meropenem
(Fig. SI_1). While the apo structure of NgTP2HR-6140
with improved resolution reported in this study
highlighted the flexible nature of the B2c—f2d loop,
it did not offer new insights into the mechanistic
implication of resistance through insertion of
N9p346a. However, it could be exploited in the
future to obtain hi%hly detailed structures of f3-
lactam-NgTP2HR%140 adducts to monitor the inter-
actions between N9D346a and inhibitors.

After identifying a series of E. coli clinical isolates
with higher-than-expected aztreonam/avibactam re-
sistance, Alm et al. [29] discovered insertions of
either YRIN or YRIK after £°P333 in PBP3. The
Y334-R335-1336—K337 insertion raised the resis-
tance to aztreonam/avibactam slightly above that of
YRIN. Since the YRI(N/K) insertion occurs in the
B2b—p2c loop, part of the B2b—pF2c—p2d region that
forms the roof of the catalytic pocket (Fig. 6), the
authors attributed the effect of this mutation to a
restriction of the active-site cleft. As a result, all -
lactams with a large R1 group (Fig. SI_1) would be
expected to be affected by this insertion, which is in
agreement with the findings that carbapenem MICs
were unaffected [29]. Unfortunately, the wild-type
EcTP3 structure with improved resolution reported
here cannot provide new insights into the effect of
the YRI(N/K) insertion. This hypothesized resistance

E‘R335

mechanism is similar to the one proposed by Straker
et al. [50] to explain the effect of the S357N
mutation on MIC values in H. influenzae. The
authors used a homology model build by threading
onto Streptococcus pneumonia PBP2X (PDB code
1QMF) to conclude that the increased bulk of the
asparagine, compared to serine, would induce
hinderance by leading the B2b—f2c—B2d loops to
push into the active-site cleft and restricting access
to the B-lactams (Fig. 6). The authors justified this
prediction by asserting that the mutation is only
found in strains with a high-level resistance to the
bulky cephalosporin cefuroxime [26]. While the
similar resistance mechanisms suggested for the
ECYRI(N/K) insertion and S357N mutation are
plausible, such a steric effect is likely to have highly
damaging consequences to functional transpeptida-
tion, which were not tested. The novel crystal
structure of HITP3 presented in this study opens
up the possibility of crystallization of the ™S357N
mutant of H/PBP3 in order to investigate the
conformational changes driven by this mutation.

Mutations in the a10-B3 region of PBP3s

Mutations in the a10—-33 region of PBP3 have only
been observed in clinical isolates of H. influenzae
and include A502T/V, "V511A and "R501L
(Fig. 5¢). The a10—B3 region is near to the
conserved KTG sequence, which contains the
catalytic lysine Ky (K512 in H. influenzae PBP3).
The residues in this region form the binding pocket
for the highly conserved carboxylic acid group of
B-lactams [5,61]. The frequent appearance of
mutation "/A502T/V alongside N526K prompted

Fig. 6. Comparison of the
B2b—B2c—pB2d region between TP
domain structures of EcPBP3
(green), HiPBP3 (white) and
NgPBP2 from penicillin resistant
strain FA6140 (pink). Residues dis-
cussed in the main text are shown in
sticks and labeled. Penicillin G, rep-
resented in cyan stick, is superim-
posed in the catalytic pocket of all
three structures for reference.
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Dabernat et al. [27] to further expand on the
classification of Ubukata et al. [26], introducing
four subgroups: subgroup llb is defined by the pre-
sence of N526K + "'A502V, whereas subgroup
licis defined by "/N526K + “'A502T. Garcia-Cobos
et al. [51] observed that while llb and llc mutations
had around 4-fold increases in the MIC of ampicillin
and amoxicillin-clavulanic acid compared to the
wild type, these had little effect on the MICs of
oral cephalosporins, which were only affected
by mutations characteristic of group Ill and group
lll-like (Table 3). Similar observations were made
tzly Straker et al. [50], who noted that the

'N526K + "A502T was insufficient to give resis-
tance to cefuroxime. Fluit et al. [52] have also
reported a high frequency of N526K + "A502V/T
strains, which exhibit amoxicillin and ampicillin
resistance.

Straker et al. [50] showed that transformants of
H\/511A + "R517H were resistant to cefuroxime and
the level of resistance was greater than that observed
for the clinical strain. Comparing cephalosporin- and
ampicillin-resistant isolates with and without ""V511Ato
each other, the authors showed that the introduction of
the "\/511A mutation leads to a further doubling in the
MICs of ceftizoxime and cefpodoxime, but there was no
change to ampicillin resistance. In contrast, Barbosa et
al. [62] determined that V/511A mutations correlated
with resistance to ampicillin, cefepime and amoxicillin/
clavulanic acid, although they lacked the data to
determine this conclusively. Kishii et al. [53] produced
transformants of clinical strains with or without "V511A
mutations, alongside other mutations, showing that in
both clinical and transformed strains, the addition of
Hi\511A had no effect on resistance to ampicillin or
cefditoren but had a 4-fold increase in the resistance to
cefdinir and a 16-fold increase in the resistance to
amoxicillin. This difference in response to ampicillin and
amoxicillin is intriguing since these drugs differ by a
single oxygen (Fig. SI_1), which is significantly distant
from the "™'V511 residue (Fkiig. SI_8). Barbosa et al. [62]
observed V511A and "A502T occurring simulta-
neously in two strains, although they did not report the
effect of the double mutation on MIC values. Mutation
HR501L was reported for the first time by Straker et al.
[50] as conferring a high level of resistance to
cefuroxime when it alone was mutated. Surprisingly,
the double mutant ”N526K + “R501L showed an
MIC against cefuroxime at least 4-fold lower than
HR501L alone. It is interesting to note that “/R501S, a
small polar substitution (serine) rather than a bulkier
hydrophobic one (leucine), was categorized as a non-
resistance defining mutation by Aguirre-Quinonero
et al. [63], whereas its neighboring residue ("/A502)
can develop resistance by changing to either valine or
threonine. Overall, the evidence reported on
resistance-aiding mutations in the a10—-33 region of
HPBP3 is quite complicated and at times even
controversial. Unfortunately, the HITP37E%? alone

presented here cannot explain the effects on the
MICs observed for these mutations and some of
their combinations. However, structures of B-lactam-
HITP3FEKQ adducts may in the future help to under-
stand the molecular correlations between these muta-
tions and the MICs.

Although resistance-aiding mutations in the a10—33
region of PBP3 have only been observed in clinical
isolates of H. influenzae, a10—-33 region mutants in
other organisms have been produced by in vitro
passage with B-lactams. For example, one of the
mutations produced with ertapenem passage in E. coli,
Ecp484v [57], aligns to "A502V/T, a H. Influenza
mutation capable of producing meropenem resistance
[62]. While the mutations in each case are insufficient to
produce carbapenem resistance when expressed in
PBP3 alone, the coincidence of the alanine to valine
mutation indicates a similar underlying mechanism.
The presentation of high-resolution structures in this
work for both HITP3 and EcTP3, as well as other TP
domain of PBP3 from different pathogenic organisms,
could result in being an invaluable tool for cross
validation of superposing mutations, such as
HiA502V/T and E°A484V, among the different species.

Mutations in the 33—34 region of PBP3s

The B3—4 loop has been suspected for a number of
years to be functionally important as it is the site of
various clinically relevant mutations in pathogenic
species. Skaare et al. [47] suggested that the first
stage of B-lactam PBP3-mediated resistance de-
velopment in H. influenzae is the acquisition of either
"R517H or "N526K, located at the end of the B3
strand and the beginning of B4 strand, respectively
(Fig. 5d). These two key mutations are frequently
observed, as many as 93.2% of 236 clinical HPBP3
mutants comtained of the two mutations [51]. Muta-
tions "R517H and "N526K are often reported to be
mutually exclusive, although a strain containing both
mutations has been isolated [48]. Simultaneous
transformation of both mutations into a recombinant
strain did not produce any deleterious effect and even
slightly increased the MIC against imipenem [46].
However, in a "R517H-"N526K double mutant
clinical isolate, imipenem resistance was not shown
to have increased compared to H’R517H-onlz_ strains
[48]. Therefore, although "R517H and "N526K
appear to be “central to phenotypical resistance”
[64], data in both recombinant studies [46,65] and
clinical isolates [48] indicate that these residues only
lead to the low resistance in the absence of other
mutations. Structurally (this work), HR517H and
HiN526K lie close to each other, extending into the
active-site cleft in a region around 15 A from the
active-site serine, Sy ("’S327). Superposition of
ceftazidime-PaPBP3* adduct (PDB code 3PBO)
indicates that the R1 chains of B-lactam inhibitors
tend to extend into this region so direct interactions
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may be possible with ligands in some cases (Fig. 7a).
Sanbongi et al. [48] attributed the high ceftazidime
resistance of “'R517H mutations (but not "N526K
mutations) to direct interactions of the R1 chain with
the histidine residue. Osaki et al. [46] observed an 8-
fold increase in the MIC against imipenem with the
HiN526K mutation alone (but strangely no change in
meropenem MIC), and Sanbongi et al. [48] reported
high imipenem and meropenem resistance in
HiIN526K, but not "'R517H mutations. However, due
to the lack of extended R1 chains in carbapenems
(Fig. 7b), mechanisms involving direct interaction
cannot be justified and remain an unsolved problem,
even with the novel structure of the HITP3 presented
here. Interestingly, the signature SPQ552E mutation in
Streptococcus pneumoniae PBP2X [24] (PDB code
1RP5) aligns with "R517 (Fig. SI_9), and this
mutation was shown to have a decreased acylation
rate of both penicillin and cefotaxime in purified
recombinant proteins [24,66]. “PQ552E was structur-
ally investigated by Pernot et al. [66] assigning the
increased resistance in these strains to the introduc-
tion of a negative charge by the glutamic acid. AtpH 7,
arginine is positively charged, while histidine is neutral,
so an alternative explanation may be that steric
hindrance due to a shorter, bulkier and less flexible
rotamer such as histidine, rather than difference in
charge, is the cause for decrease binding affinity in the
R517H HiPBP3 mutant.

Due to a differential increase in MICs of cefotax-
ime, cefditoren and cefcapene (Fig. SI_1) following
the acquisition of a #'N526K mutation, Osaki et al.
[46] proposed that the lower resultant MIC against
cefditoren in a "N526K strain compared to cefotax-
ime and cefcapene must be due to a feature of its R2
chain, since the three drugs have the same R1
chains but different R2 chains. However, as shown
in Fig. 7a, "N526 occurs near the end of long R1
chains, highly distant from the binding pocket of R2
chains. Besides direct interactions between muta-
tions and inhibitors, it is also possible that HiR517H
and "N526K lead to resistance through mecha-
nisms involving conformational changes of the
B3—B4 loop. In S. pneumoniae, failure to observe
electron density in the B3—4 loop of PBP2b led
Contreras-Martel et al. [67] to conclude that muta-
tions in this region can enhance structural flexibility
in the loop, which could increase resistance. The
flexible nature of the 33—34 loop has been reported
in other cases as well. In PaPBP3* structures,
electron density for this loop in the crystals of the
apo form has never been observed, but can be seen
in some cases when B-lactams with bulky R1 chains
are bound [33,68] (and this work, Fig. 1a). However,
electron density of the B3—34 Ioog is clearly visible in
all four copies of apo HITP3™EK® in the asymmetric
unit. Therefore, the structure of HITP3™EKY might
allow in future to study the effects of #R517H and
HiN526K mutations on the flexibility of the B3—p4

loop, in the presence and absence of bound -
lactams; with the caveat though that, in all four
copies of HITP3FEXA the B3—B4 loop is engaged in
identical crystallographic contacts (Fig. 1d). Other,
far less common, mutations observed in this region
of HIPBP3 include "Y528H [50,69] and "N526H
LZ.O]. Thegerstrém et al. [69] produced a transformed

"Y528H strain and observed small decreases in the
ampicillin susceptibility, on a similar scale to those
observed in transformed "'N526K strains [46].

The "'R517H or "N526K substitutions, thought
to be an important initial step in the development of
resistance to both penicillin and cephalosporins,
structurally align, respectively, to “9A501 and
NIA510 sites of mutation in NgPBP2 (Fig. SI_10).
N9A501 has been found in clinical isolates mutated
to valine, threonine and proline, and is associated
with cephalosporin resistance in mosaic and non-
mosaic strains [32]. Particularly, "YA501P elevated
the MIC of cefixime and ceftriaxone but decreased
resistance to penicillin G in wild-type strains, which
had been transformed with the mosaic penA35
allele of PBP2. How this mutation can provide such
drug specificity has not been determined. Powell et
al.[31] determined that three 33—34 loop (N9F504L,
NIA510V and M9A516G) and one B5-B11 loop
(N9P551S) mutations decreased the acylation
rates of ["*C]penicillin G 5-fold in a recombinant
protein compared to the wild type. However, similar
results were obtained having just two of those four
substitutions, "9F504L and V9P551S, suggesting
that these were the important determinants of
resistance [31]. Another NgPBP2-mediated resis-
tance mutation reported in the p3—B4 loop is
NIN512Y [32]. In order to rationalize the effects of
multiple simultaneous mutations observed in mo-
saic N. gonorrhoeae PBP2, Nabu et al. [55] used
proteochemometric modeling, correlating data on
mutations to the effect on MIC and using this model
to make accurate predictions. Their data showed
that mutations in the B3-B4 loop (N9F504L,
Noap501V and N9A516G21, as well as the B5—att
loop (N9P551L/S and "M9G542A), correlate with
increased MICs to penicillin, cefixime and ceftriax-
one. In agreement with more recent data by
Tomberg et al. [32], Nabu et al. [55] strikingly
predicted that NgA501P would decrease resis-
tance to penicillin G.

A disordered 3—34 loop could not be fitted in the
wild-type structure of NgPBP2*; however, electron
density is very clear in both molecules of NgTP2"%-
6140 in the asymmetric unit. Importantly, unlike in the
case of the HITP3™EKQ and NgTP2'3%"%° (PDB code
4U3T) [SOLstructures, the B3—f34 loop in the structure
of NgTP2HR-6140 is not engaged in crystallographic
contacts (Fig. 1c). It should also be noted that the
33—p4 loop could only be fitted in one (molecule A) of
the two molecules in the lower-resolution structure of
NgTP2t3_6140.
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(a) jras

Fig. 7. Potential interactions between residues "R517 and ""N526 of HIPBP3 with cephalosporins and carbapenems.

Superposition of TP domains from structures of aB_
and (b) meropenem-acylated PaPBP3* (green). ™

o HITP3FEXQ (white) with (a) ceftazidime-acylated PaPBP3* (purple)
R517, "N526 and inhibitors are represented in sticks and labeled.

Distances are shown with yellow dashed lines and labeled in A.

The substitution "#R504C/H has been frequently
reoccurring in P. aeruginosa isolates from cystic
fibrosis patients, and alongside other mutations, it
was found to decreased susceptibility to four of the
six tested B-lactams [28]. The P#R504C/H muta-
tion sits right at the start of the B4 sheet,
structurally aligning with “9A516 (Fig. 8); there-
fore, it may influence B-lactam affinity with similar
mechanisms as some of the H. influenzae and N.
gonorrhoeae mutations discussed above. Since
the side chain of "R504 is pointed downward with
respect to the catalytic pocket, it is unlikely that
this mutation may act via direct interactions with
the inhibitors, but it seems more plausible an effect
on the B3—B4 loop conformation. However, super-
position of the structures of wild type PaPBP3*
and mutant PaPBP3*7%%C did not show any dif-
ference when comparing either the apo or piperacillin-
acylated pair, with RMSD of 0.4 and 0.3 A, respec-
tively (see the Results section). It should be noted
that in comparing the wild-type forms, the 3—f4
loop is completely not visible (as discussed above in
case of PaPBP3* apo structures), from residue 490
(immediately after strand B3) to residue 503 (just
before strand B4), whereas in piperacillin-acylated
structures, it is well defined, identical in conforma-
tion (Fig. 2a) and not engaged in any crystallo-
graphic contacts (Fig. 1a).

The decreased acylation rate observed in our
bocillin data (Fig. 2b) indicates that the "?R504C
mutation is having an effect on B-lactam binding.
However, as with previous reports comparing
structural and kinetic data [31,32], obvious, large-
scale structural changes resonsible for these effects
are not apparent in the static crystallographic
models.

Mutations in the a5—-a6 region of PBP3s

Mutations in the a5—a6 region (Fig. 5a and b)
have only been reported for HPBP3 and include

HiS385T, M1.389F and ""M377I. According to Skaare
et al. [47], these are second-stage substitutions,
occurring in strains already expressing either
HIR517H or "N526K mutations in the B3—B4 loop
(see above) and increasing further cephalosporin
resistance compared to isolates possessing only
HR517H or "N526K mutations. The combination of
either "R517H or "'N526K with S385T, “L389F
and "M3771 mutations in H. influenzae clinical
isolates correlates with very high resistance to
certain cephems such as cefotaxime and cefpodox-
ime, but with ampicillin and carbapenem resistance
comparable to strains carrying only HR517H or
HIN526K mutation [51]. Some researchers consider
the "1.389F mutation as a third stage of resistance
as they noted further resistance to the cephalospo-
rins in strains containing the additional L.389F
mutation [47], whereas other sources have contro-
versially reported no decrease in cephalosporin
susceptibility in strains lacking only the “L389F
mutation [62]. To investigate the role played by the
"'3385T, "L389F and "M3771 mutations, Osaki
et al. [46] created 12 recombinant strains combining
these plus "R517H or "IN526K mutations. MICs of
these strains showed that subsequent insertion of
HIN526K and then S385T mutations each resulted
in a doublir;,g of the ampicillin MICs, but further
addition of "L389F and/or "M3771 had no effect.
For the cephalosporins, subsequent addition of
HiN526K, followed by S385T and “L389F each
led to increases in cephalosporin resistance, with the
extent depending on the type of cephalosporin
tested. Similar observations were made for the
addition of "L389F into a "R517H + "'S385T
recombinant strain. Addition of “M377I to any strain
tested did not increase MICs for most cephalospo-
rins, ampicillin or carbapenems and consistently led
to increased cefaclor susceptiblity [46]. Therefore,
HIM3771 mutation, which is frequently observed
alongside S385T and "L389F and designated by
some reports as being important for conferring high-
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level cephalosporin resistance [64], may instead
have epistatic effects.

The structure of HITP37 X9 presented here
shows that ""M377I is located at the end of helix
a5, while 7'S385T and "L389F are located around
the middle of helix a6, where helices a5 and a6 sit
on top of the inhibitor (Fig. 5d). The short 3-residue
a5—a6 loop is the site of the catalytic motifs, SXN,
containing S, and N. Therefore, mutations in those
positions have the potential to displace either the
roof of the active-site and/or catalytic residues in
the SXN motif, which in turn are likely to affect
inhibitor affinity. While the wild-type structures
presented here cannot answer these questions,
our results offer the possibility if crystallizing
recombinant HiPBP3 containing the three substitu-
tions in the a5—a6 region plus either the “'R517H
or "N526K mutation to assess conformational
changes that may explain the resistance mechanism.

Mutations in the 5—a11 region of PBP3s

Han et al. [71] have discussed how the B5-al1
loop in PaPBP3 is the site of a large conformational
change in the presence of aztreonam and ceftazi-
dime. Residues 72Y532 and 72F533 within this loop
are displaced significantly from their apo positions to
form an aromatic wall alongside Pay503, and this
hydrophobic patch helps stabilize the gem-dimethyl
group found in both antibiotics. These results are in
agreement with the observations from the higher

Fig. 8. Comparison of resistant
mutations in the 33—34 region of TP
domains from PaPBP3 (yellow),
HPBP3 (white) and NgPBP2 (pink).
Mutating residues are represented
in sticks and labeled. Penicillin G,
represented in cyan stick, is super-
imposed in the catalytic pocket of all
three structures for reference.

resolution apo and amoxicillin-bound PaPBP3*
structures presented in this study. Two commonly
mutations reoccurring in PaPBP3 from clinical
isolates of cystic fibrosis patients are "2P527S/T
and P2G531D/E, which are located on the B5—-ati
loop. These mutations are likely to influence the
flexibility of this region and hence the degree of
stability provided by this region to B-lactams with
hydrophobic groups at this point.

There are two glycine to serine mutations,
N9G542S and N9G545S [55], in the B5—al1 loop
of NgPBP2 from clinical isolates, which sit either
side of two tyrosine residues, M9Y543 and N9Y544,
that align with P2Y532 and 72F533. These two
mutations will likely reduce the number of possible
conformations of the B5—a11 loop, as flexible
glycines are replaced by more sterically hindered
serines. However, in the case of NgPBP2, it is
unclear whether this conformational change of the
B5—a11 loop is relevant since there are no "9PBP2
structures with a B-lactam bound and this region.
Takahata et al. [72] also describe M9G545S as a
primary mutation leading to a small increase in
cephem resistance in mosaic PBP2, which could
then enhance resistance further with the acquisi-
tion of M91312M and M9V316T (note that these two
mutations are found on helix a4, which does not
belong to any of the regions highlighted here; no
other mutations have been reported on helix a4
among other species). According to the structures
of different NgPBP2 constructs presented and
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reviewed in this work, the M9G545S mutation will
introduce an extra hydroxyl group into the 3-lactam
acid group binding pocket, which may affect
affinity directly. However, studies by Tomberg et
al. [49] investigating these three mutations found
little effects on resistance when introduced into a
wild-type strain, leading the authors to suggest
that they may have a stabilizing role on the
structure rather than direct interactions with inhib-
itors. The higher resolution of NgTP2"R6140 present-
ed here may assist, due to probably more stable
crystal contacts than in the case of previous lower-
resolution structures, in obtaining structures of these
mutants.

Recent work has identified two mutations within
the B5—a11 region of H. Influenza PBP3, capable of
producing decreased susceptiblity to cefotaxime,
without concomitant increases in ceftriaxone resis-
tance [54]. In transformant strains expressing back-
ground group Il mutations to HPBP3 (Table 3), the
authors observed that the introduction of both
"G555E and Y557H raised the MIC to cefotaxime
32-fold. Introduction of either of these mutations
individually had more limited effects. As with
PaG531D/E and M9G542S, which align closely,
HiG555E is likely to influence the flexibility of the
B5—a11 region and the formation of the aromatic wall.
Since Y557 genetically aligns to 72Y532, the
tyrosine to histidine substitution is also likely to
influence the aromatic wall. This region could not be
built in the apo HITP3FEK? structure due to high
flexibility. Therefore, B-lactam-acylated structures
may be required to rigidify this region and allow
structural investigation of these mutants.

Conclusions

This work examines the role of PBP3 (and PBP2)
mediated resistance in four gram-negative spe-
cies: H. influenzae, N. gonorrhoeae, E. coliand P.
aeruginosa, for which we have solved either novel
or improved resolution crystal structures. HIPBP3
and NgPBP2 were found from the literature to
have, by far, the most data on clinical mutations,
whereas only very few examples of PBP3 clinical
mutations could be identified in E. coli and P.
aeruginosa. However, five hotspots were identified
on the TP domain of PBP3/PB2 where these
mutations are frequently reoccurring among differ-
ent species: (1) the p2b—p2c—B2d region, (2) the
a10—-B3 region, (3) the 3—p4 region, (4) the a5—-a6
region and (5) the B5—a11 region. The coincidence
of mutations in these regions presents the possi-
bility for overlapping molecular resistance mecha-
nisms of mutations from different species.
Moreover, this work highlights the correlation in
some cases between the region where the muta-
tions occurred and the type of B-lactams for which

resistance developed. For example, M9D346a
insertion in the B2c—B2d loop provides penicillin G
but not cephalosporin resistance, whereas second
stage mutations in the a5—-a6 region of HIPBP3
only contribute to increase cephalosporins resistance
but not ampicillin. However, despite PBP3 (and PBP2
from N. gonorrhoeae) proteins having a large degree of
structural and functional similarity and being targeted
by a similar set of drugs, the variety of the reported
resistance mutations among the species is quite
significant. These inter-species variations may reflect
the differences in natural muropeptide substrates
processed by the protein, highlighting the need to
develop quantitative PBP3 assays with natural sub-
strates to progress our understanding of the biological
price of resistance and how this may be effectively
compensated. Other mechanisms occurring simulta-
neously, small differences between the structures,
differences in the frequency of mutations between
species, differences in drugs specificity, and/or dif-
ferences in the prescribing practices in each disease
are also variables that need to be taken into account.
Therefore, understanding the effect mutations have on
resistance by observing crystal structures is not easy
as these can only provide a static model, failing to
show the dynamics which mutations may introduce or
remove not only in the presence of 3-lactams but also
in the presence of natural substrates, about which we
still know very little. The abundance of substitutions
outside of the active site indicates that mutations
are rarely leading to resistance via direct changes
to the steric and electronic interactions of active
site and drug, but rather by cryptic changes to
tertiary structure. How selective resistance can be
conferred to one drug but not another by a single
mutation, for example, the resistance conferred
by "V511A to amoxicillin but not ampicillin [53],
remains unclear. Proteochemometric modeling
used by Nabu et al. [55] appears to be a powerful
in predicting resistance mutations and other
methods seeking to predict the effect of mutations
computationally are being developed [73-75].
These, combined with functional enzymology and
the vast set of published structure—activity relation-
ship (SAR) data, would provide a unique opportunity
to design new inhibitors for these clinically important
antibacterial targets. Structural analysis continues
to provide critical information toward understanding
the mode of antibiotic binding and the emergence of
resistance mechanisms.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2019.07.010.

Materials and Methods

Chemicals were bought from Sigma-Aldrich®
unless otherwise stated. Molecular biology reagents
were from New England Biolabs®.
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Design, cloning, expression and purification of
PBP3 constructs

In this study, PBP3 from P. aeruginosa (PaPBP3*)
was expressed as a soluble fragment, residues
50-579, lacking the N-terminal transmembrane helix,
or, to aid crystallographic studies of the active site,
only the C-terminal transpeptidation (TP) domain
were expressed: E. coli (EcTP3) (residues 234—
588), clinical mutation-mediated penicillin-resistant
N. gonorrhoeae (NgTP2"R6140) (residues 237-582)
and H. influenzae (HITP3) (residues 254—610). A
predicted flexible loop (a9—a10), protruding from the
TP domain of all the TP3 constructs, was removed
as in the approach followed by Fedarovich et al. [30]
for the crystallization of the clinical mutant NgPBP2
TP domain (NgTP2'614%) (see Table 1). The fusion
was made through a single glycine at their respec-
tive positions: A280—-294 for EcTP3 and A300-314
for HITP3. HITP3 could only be crystallized once
ITKV (residues 467-470) were mutated to FEKQ
(HITP3FEXQ) (these four residues are on a surface
loop located at the antipode of the catalytic pocket).
The N-terminal leucine in the clinical mutation-
mediated penicillin-resistant NgTP2% 6140 con-
struct utilized by Fedarovich et al. [30] was mutated
to arginine to obtain crystals from novel crystalliza-
tion conditions diffracting to significantly higher
resolutions: NgTP2"R140 " Al constructs were syn-
thesized by Integrated DNA Technologies, except
for PaPBP3*, which was amplified from genomic
DNA. Constructs were subcloned into pET47b(+)
(Novagen) using restriction enzymes BamHI and
Hinalll, except PaPBP3°%>"° for which BamHI and
Sacl were utilized. All constructs were expressed and
purified with identical protocols: transformed BL21
(DE3) cells were grown in LB media and protein
overexpression was carried out at 18 °C for 16 h after
induction with 1 mM IPTG, and the N-terminal His6-
tagged enzymes were purified by reversed Nickel
affinity chromatography using recombinant HRV 3C
protease for tag cleavage. The protein was subse-
quently injected onto a 16/60 HiLoad™ Superdex 200
column (GE Healthcare) and eluted in 20 mM Tris—
HCI (pH 8) and 400 mM NaCl. Protein-containing
fractions were analyzed by SDS-PAGE and the pure
fraction combined and concentrated.

Crystallization, data collection and structure
solution

All diffraction quality crystals were obtained at
294 K using the hanging drop vapor diffusion
method from mixing equal volumes of protein with
the following precipitant solutions: 25% (w/v) poly-
ethylene glycol (PEG) 3350, 0.1 M Bis—Tris propane
(pH 7.8) and 1% (w/v) protamine sulfate for
PaPBP3* at 10 mg/ml (as in Sainsbury et al. [33]);
20% PEG 6000, 0.1 M CaCl,, 15% ethylene glycol

and 0.1 M Tris—HCI (pH 9) for EcTP3 at 20 mg/ml;
20% PEG 3350 and 0.2 M KNO; for HITP3 EK? at
25 mg/ml; and 1.0 M sodium citrate, 0.1 M sodium
cacodylate (pH 6.5) for NgTP27R-6140 at 10 mg/ml.
Crystals were cryoprotected with 20% glycerol (v/v)
prior to flash-freezing in liquid nitrogen. Inhibitor—
protein complexes were obtained by soaking crys-
tals overnight with 10 mM compound. Diffraction
data were collected on Diamond beamlines 103
and 104. Structures were phased using molecular
replacement with MrBump [34]. All data were
processed using Dials [35]. Manual building and
ligand fitting were performed with COOT [36].
Structures were refined with REFMACS5 [37] and
validated with MolProbity [38]. Figures of structures
were prepared with PyMOL (The PyMOL Molecular
Graphics System, Schrédinger, LLC).

Bocillin fluorescence anisotropy assay

The Bocillin fluorescence anisotropy assay was
based on the work of Shapiro [39]. Reactions were
performed in 200 pl at ambient temperature (20 °C)
in buffer consisting of 100 mM BisTris propane HCI
(pH 7.0) and 0.01% Triton X-100 using 96-well black
polystyrene assay plates (Greiner). Triton X-100 was
included to coat the surface of the plate and prevent
adsorption of reagents. The concentration used was
below its critical micellar concentration. The assay
contained 80 nM protein and was initiated with the
addition of 30 nM bocillin. Parallel and perpendicular
fluorescence intensities were measured simulta-
neously at 10 s intervals using a filter-based
CLARIOstar plate reader with two emission detec-
tors (BMG Labtech) at Ay = 482 and Agp, = 530 nm.
The anisotropy measured is a relative value, not the
true anisotropy, because the differential sensitivities
of the detectors were not corrected for by the use of
a G-factor. Anisotropy was calculated from the
parallel and perpendicular fluorescence intensities
(loara @nd lperp, respectively) as follows: Anisotropy =

(Ipara - perp)/(lpara + 2Iperp)-
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