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Abstract:

PER-2 belongs to a small (7 members to date) group of extended-spectrum B-lactamases. It has
88% amino acid identity with PER-1 and both display high catalytic efficiencies towards most 3-
lactams. In this study, we determined the X-ray structure of PER-2 at 2.20 A, and evaluated the
possible role of several residues in the structure and activity towards p-lactams and mechanism-
based inhibitors. PER-2 is defined by the presence of a singular frans bond between residues
166-167 that generates an inverted Q loop, and an expanded fold of this domain that results in a
wide active site cavity that allows for an efficient hydrolysis of antibiotics like the oxyimino-
cephalosporins, and a series of exclusive interactions between residues not frequently involved in
the stabilization of the active site in other class A B-lactamases. PER B-lactamases could be
included within a cluster of evolutionary related enzymes harboring conserved residues Asp136
and Asnl79. Other signature residues that define these enzymes seem to be GIn69, Arg220,
Thr237, and probably Arg/Lys240A, with structurally important roles in the stabilization of the
active site and proper orientation of catalytic water molecules, among others. We propose,
supported by simulated models of PER-2 in combination with different -lactams, the presence
of a hydrogen-bond network connecting Ser70-Gln69-Water-Thr237-Arg220 that might be
important for the proper activity and inhibition of the enzyme. Therefore, we could expect that

mutations occurring in these positions will have impact in the overall hydrolytic behavior.
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Introduction:

Class A B-lactamases (E.C. 3.5.2.6) are the most prevalent enzymes conferring high-level
resistance to P-lactam antibiotics among human pathogens. This molecular group comprises
enzymes that efficiently hydrolyze amino-penicillins and older (first and second generation)
cephalosporins, and are inhibited, to different extents, by mechanism-based p-lactamase
inhibitors like clavulanic acid, tazobactam and sulbactam. They also encompass several
extended-spectrum B-lactamases (ESBL) that widen their range of hydrolysable drugs to newer
B-lactams such as the oxyimino-cephalosporins like cefotaxime (CTX) and ceftazidime (CAZ)
(1, 2).

Within the vast class A B-lactamases family, PER B-lactamases are a quite unique group of
ESBL that are circumscribed to few locations around the world (2). PER-1 was first recognized
in a clinical bacterial strain isolated from a hospitalized patient in France; it was more recently
detected among other microorganisms in a handful of other countries, especially Pseudomonas
aeruginosa and Acinetobacter baumannii (2-6). Other closely related enzymes are PER-3, -4, -5
and -7 (2, 7).

PER-2 was detected for the first time in a Proteus mirabilis strain isolated in Argentina in 1989,
although it was at that time named as ARG-1 (8). Nevertheless, the gene sequence located on a
transferable plasmid was described as blapgr- in a ceftibuten-resistant Salmonella Typhimurium
isolate (9).

Since its first report, PER-2 has been found in other species and countries, although it is
particularly prevalent in Argentina and Uruguay (2), and have accounted for up to 10% and 5%

of the oxyimino-cephalosporin resistance in K. pneumoniae and E. coli, respectively (10). PER-
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6, encoded in the chromosome of an environmental Aeromonas allosaccharophila isolate, is the
only variant close to PER-2, that may elucidate the evolutionary path of PER B-lactamases (11).
PER-2 shares 88% amino acid sequence identity with mature PER-1 and both of them display
high catalytic efficiencies (kc./K,,) towards most B-lactams, generally characterized by similar
values for both ceftazidime and cefotaxime, although for PER-2 they seem to be nearly one order
of magnitude higher than PER-1 (12, 13). PER-2 is also strongly inhibited by mechanism-based
inhibitors such as clavulanate and tazobactam (12).

The X-ray structure of PER-1 has been solved (14), and the role of different residues has also
been studied for this variant (13, 15).

In this study, we determined the X-ray structure of PER-2 at 2.2 A, and evaluated the possible
role of several key residues in the structure and activity towards B-lactams and mechanism-based

B-lactamase inhibitors.
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Materials and methods:

Strains and plasmids:

Escherichia coli TCY is a trans-conjugant clone harboring the pCf587 plasmid, used as the
source of blapgr, gene (12). Escherichia coli Topl0F’ (Invitrogen, USA) and Escherichia coli
BL21(DE3) (Novagen, USA) were hosts for transformation experiments. Plasmid vectors
pGEM-T Easy Vector (Promega, USA) and kanamycin-resistant pET28a(+) (Novagen,
Germany) were used for routine cloning experiments and for enzyme’s overproduction,

respectively.

Molecular biology techniques:

Plasmid DNA (pTC9) was extracted using the methodology described by Hansen-Olsen (16).
The PER-2 encoding gene was amplified by PCR from plasmid pTC9, using 1 U Pfu DNA
polymerase (Promega, USA) and 0.4 uM PER2-BamF1 (5°-
TCATTTGTAGGATCCGCCCAATC-3’) and PER2-SacR1 primers (5°-
CTTTAAGAGCTCGCTTAGATAGTG-3’), containing the BamHI and Sacl restriction sites,
respectively (underlined in the sequences), designed for allowing the cloning of the mature PER-
2 coding sequence. The PCR product was first ligated in a pPGEM-T Easy vector; the insert was
sequenced for verification of the identity of the blaper» gene and generated restriction sites, as
well as the absence of aberrant nucleotides. The resulting recombinant plasmid (pGEM-T/blapgg-
») was then digested with BamHI and Sacl, and the released insert was subsequently purified and
cloned in the BamHI-Sacl sites of a pET28a(+) vector. The ligation mixture was used to first

transform E. coli Topl0F’ competent cells, and after selection of recombinant clones, a second
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transformation was performed in E. coli BL21(DE3) competent cells in LB plates supplemented
with 30 pg/ml kanamycin. Selected positive recombinant clones were sequenced for confirming
the identity of the blaper., gene, from them the recombinant clone E. coli BL-PER-2-BS
harboring pET/blapgr.» plasmid was used for protein expression experiments. The resulting
construct expresses a fusion peptide including mature PER-2 encoding gene plus an additional
sequence containing a 6xHis tag and a thrombin cleavage site. DNA sequences were determined
at the GIGA facilities (Liege, Belgium). Nucleotide and amino acid sequence analysis were

performed by NCBI (http://www.ncbi.nlm.nih.gov/) and ExPASy (http://www.expasy.org/)

analysis tools.

PER-2 production and purification:

Overnight cultures of recombinant E. coli BL-PER-2-BS (harboring pET/blapgr.» plasmid
construction) were diluted (1/50) in 2 L LB containing 30 pg/ml kanamycin and grown at 37°C
until ca. 0.8 OD units (A = 600 nm). In order to induce B-lactamase expression, 0.4 mM IPTG
was added and cultures were grown at 37°C for 3 hrs. After centrifugation at 8,000 rpm (4°C) in
a Sorvall RC-5C, cells were resuspended in sodium phosphate buffer (20 mM, pH 8.0),
supplemented with 3 U/ml benzonase (Sigma-Aldrich, USA), and crude extracts were obtained
by mechanic disruption in an EmulsiFlex-C3 homogenizer (Avestin Europe GmbH, Germany)
after three passages at 1,500 bar. After clarification by centrifugation at 12,000 rpm (4°C), clear
supernatants containing the PER-2 fusion peptide were filtrated by 1.6 and 0.45 um pore size
membranes prior purification. Clear supernatants were loaded onto 5-mL HisTrap HP affinity
columns (GE Healthcare Life Sciences, USA), connected to an AKTA-purifier (GE Healthcare,

Uppsala, Sweden), and equilibrated with buffer A: 20 mM sodium phosphate buffer (pH 8.0), 0.5
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M sodium chloride. The column was extensively washed to remove unbound proteins, and [-
lactamases were eluted with a linear gradient (0-100%; 2 ml/min flow rate) of buffer B: buffer A
+ 500 mM imidazole, pH 8.0. Eluted fractions were screened for -lactamase activity during
purification by an iodometric system using 500 pg/ml ampicillin as substrate (17), and followed
by SDS-PAGE in 12% polyacrylamide gels. Active fractions were dialyzed against buffer A2
(20 mM Tris-HCI buffer, pH 8.0), and the HisTag was eliminated by thrombin digestion (16 hs
at 25°C), using 5U thrombin (Novagen, USA) per mg protein for complete proteolysis. Digestion
mixture was then loaded onto 1-mL HisTrap HP columns (GE Healthcare Life Sciences, USA)
equilibrated in buffer A2, and the pure mature PER-2 was separated from the digested histidine-
tagged peptide eluted with buffer B2 (buffer A2 + 500 mM imidazole, pH 8.0). Protein
concentration and purity were determined by the BCA-protein quantitation assay (Pierce,
Rockford, IL, US) using bovine serum albumin as standard, and by densitometry analysis on
15% SDS-PAGE gels, respectively. Purified protein was subjected to automatic Edman
degradation for the N-terminal amino acid sequence determination using an Applied Biosystems

492 Protein Sequencer (Perkin Elmer, Waltham, MA, US).

Crystallization:
Crystals were grown at 20°C using the hanging drop vapor diffusion method with drops
containing 2.5 pL of PER-2 solution (3.5 mg/mL), 1 uL 0.1 M HEPES, in 1.5 M sodium citrate

buffer (pH 7.5), equilibrated against 1 mL of the latter solution at 20 °C.

Data collection and phasing:
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Data were collected on a Pilatus 6M Dectris detector at a wavelength of 0.98011 A on Proxima 1
beamline at the Soleil Synchrotron (Saint Aubin, France). X-Ray diffraction experiments were
carried out under cryogenic conditions (100°K) after transferring the crystals into cryo-protectant
solution containing 1.8 M ammonium sulfate and 45% (v/v) glycerol. Indexing and integration
were carried out using XDS (18), and the scaling of the intensity data was accomplished with

XSCALE (19).

Model building and refinement:
Refinement of the model was carried out using REFMACS5 (20), TLS (21), and Coot (22).

Models visualization and representation were performed with PyMol (www.pymol.org) (23).

The structure of PER-2 was refined to 2.2 A, and deposited at the Protein Data Bank under

accession code 4D20.

Simulated modeling of PER-2 in complex with oxyimino-cephalosporins and clavulanate:

The X-ray structure of PER-2 was used to model acyl-enzyme structures with ceftazidime,
cefotaxime and clavulanic acid. The structures with PDB id code 2ZQD (TOHO-1 in complex
with ceftazidime), 1IYO (TOHO-1 in complex with cefotaxime (24)) and 2HOT (SHV-1 in
complex with clavulanic acid (25)) were used for initial positioning of each ligand in PER-2
structure. Simulation structures were energy minimized with the program Yasara (26), using a
standard protocol consisting in a steepest descent minimization followed by simulated annealing
of the ligand and protein side chains. PER-2 backbone atoms were kept fixed during the whole

procedure. Simulation parameters consisted in the use of Yasara2 force field (27), a cutoff



158  distance of 7.86 A, particle mesh Ewald (PME) long range electrostatics (28), periodic boundary

159  conditions and water filled simulation cell.



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

Results and Discussion:

Structure determination of PER-2 f-lactamase:

The structure of PER-2 was obtained at a resolution of 2.2 A. Main data and refinement statistics
are given in Table 1.

The refined structure consists in two monomers per asymmetric unit. Monomer A includes 280
amino acids of mature B-lactamase, from Ala24 to Val297; monomer B contains 278 residues,
from Ser26 to Val297. The structure is solvated by 152 ordered water molecules.

The electron density map is well defined along the main chain of both monomers except for the
region covering residues Leul03-GIn103A-Asn103B in chain A, and the last C-terminal residues
(Ser298-Pro299-Asp300) in both chains.

The rms deviation between the equivalent Ca atoms in both monomers is 0.64 A and no
significant difference is found between the two active sites. Due to this observation, the

following discussion will refer to both monomers unless otherwise noted.

PER-2 and PER-1 share the overall structure and main structural features within the
active site:

The overall fold of the native PER-2 B-lactamase is similar to the previously reported PER-1
structure (PDB: 1E25) (14), displaying a rmsd of 0.619 A between them.

As other class A B-lactamases, the active site motifs are located in the interface between the “all
a” and “o/B” domains. They are defined as “Ser70-Val71-Phe72-Lys73” (motif 1, carrying the

nucleophile serine), “Ser130-Asp131-Asnl132” (motif 2, in the loop between a4 and a5), and

10
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“Lys234-Thr235-Gly236” (motif 3, on strand 3), and the 14-residues-long Q-loop, from Alal64
to Asnl179 (Figure 1).

Compared to other class A B-lactamases, there are three insertions along the sequence of PER-2:
(1) GIn103A-Asnl103B, and (ii) GIn112A-Gly112B, both located at the bottom of the “all a”
domain, as part of a long fold connecting helices a2 and 04, and facing the Q loop; and (iii)
Arg240A-Ala240B-Gly240C-Lys240D insertion that creates an enlarged loop just after the
“KTG” conserved motif (Figure 2a).

The insertion GIn103A-Asn103B creates a new fold that seems to be stabilized by hydrogen
bonds between Ser106 backbone and probably some rotamers of GIn103B, which is different to
the conserved bend (Val103-Asn106) in other class A B-lactamases like the CTX-M (24).

The most relevant structural trait observed in PER-2 (and also PER-1 (14)) is the presence of an
expanded active site, which would contribute to a facilitated access of bulkier molecules such as
the oxyimino-cephalosporins. This is achieved by two main features: a unique “inverted” Q loop
(Figure 2a), whose configuration is the result of a trans bond between Glul66 and Alal67
(instead of the normally occurring cis bond in all the other class A B-lactamases), and an
expanded loop between the B3 and B4 strands (named B3-B4 loop) resulting from the insertion of
four-residues after the “KTG” motif that enlarges the active site entrance up to 12.2 A (compared
to ca 6.5 A in other class A B-lactamases) (Figure 2b).

The overall structure of the Q loop is stabilized by hydrogen bonds between the carboxylate’s
oxygen of Aspl136 (replacing the highly conserved Asnl36 in other class A P-lactamases) and
main chain nitrogen atoms of Glu166 (2.9 A) and Alal67 (3.0 A) (Figure 2¢), and by additional

bonds between Alal64 and Asn179, the initial and final residues of the Q loop.

11
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The positioning and orientation of side chains of important residues as Ser70, Lys73, Ser130,
Glul66 and Thr237 is equivalent to other class A B-lactamases (Figure 3a and 3b). These
findings, and the fact that Ca-rmsd values of the conserved motifs of PER-2 compared to other
class A B-lactamases indicate that there is conservation in the overall structure of the active site
(Table 2).

The presence of a water molecule associated with the oxyanion hole (Watl4 in monomer A,
Watl13 in monomer B) is noticed (Figure 3a); it is located at 3.29 A and 2.85 A from the
oxyanion hole’s Ser70N and Thr237N, respectively (Figure 3b), in agreement to the proposed
water molecule found at the PER-1 active site (Wat2153) (14) and other class A B-lactamases as
well (for reference, see PDB molecules 1BTL: TEM-1; 1ISHV: SHV-1; 11YS: TOHO-1; KPC-2:
3DWO).

On the other hand, the presence of a deacylating water is not clearly evidenced; no electron

density is apparent at equivalent position of the deacylating water Wat2075 in PER-1 (14).

Additional structural features probably involved in the stabilization of the active site of
PER-2:

We observed several features at the active site’s environment of PER-2 not previously evaluated
for PER-1 (some of them are shown in Figure 3a).

A water molecule (Wat52) at the entrance of the catalytic site stabilizes the sharp $3-B4 fold
through hydrogen bonds with residues of the Q loop, probably avoiding possible clashes between

both domains.

12
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Some of the possible rotamers of Arg240A (at the end of the B3 strand, replaced by Lys240A in
PER-1) could interact with Asp173 (at the Q loop), probably modulating the rate by which -
lactams gain access to the active site (see below).

The benzyl side chain of Phe72 rotates ca 45° relative to the same residue in other class A -
lactamases like TEM and SHV (CTX-M enzymes contain a serine at position 72), creating a
hydrophobic environment (due to repulsion between Phe72 and Phel39) that could have an
impact on the interaction with some antibiotics. Alternatively, Met169 (replaced by leucine in
other class A B-lactamases) could induce the Phe72 rotation by non-hydrogen bond interactions

(29, 30).

GIn69, Arg220 and Thr237 participate in a hydrogen-bond network important for the
stabilization of the active site:

Previous studies have already scrutinized the role of different residues in the ability of PER-1 to
hydrolyze third-generation cephalosporins (13, 15). The influence of other residues in the
inhibition by mechanism-based inhibitors has been also assessed (31).

Glutamine 69 has been proposed as the second ligand for the deacylating water for PER-1 (14),
homologous to Asnl70 in the other class A B-lactamases (32, 33). We observed that GIn69 side
chain in PER-2 seems to occupy equivalent space than the highly conserved Asnl170 from other
class A B-lactamases like TOHO-1. This is partly due to the fact that Asnl170 is replaced by
His170 in PER enzymes, and its relative position to the active site’s environment is dramatically
modified as the result of the peculiar Q loop (Ca of His170 is displaced between 6.5-7.3 A away

from the active).

13
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It is known that in class A B-lactamases like TEM and SHV variants, Arg244 seems to play an
important role in substrate and inhibitor binding (34-36). This role seems to be fulfilled in CTX-
M B-lactamases by Arg276 (37). In other class A B-lactamases like the Streptomyces albus G B-
lactamase, or KPC-2 and NMC-A carbapenemases (PDB entries 1BSG, 3DWO0 and 1BUE,
respectively) (38), an arginine residue at position 220 was observed at f4 strand whose side
chain’s guanidinium group occupies equivalent position than lateral residue of Arg244/Arg276
in the mentioned class A B-lactamases. For some of these enzymes, Arg220 was evaluated
regarding its influence in the substrate and inhibitor’s binding, giving this residue a similar role
than Arg244 in TEM/SHYV variants (39, 40).

For PER-1, the same role has been suggested according to an Arg220Leu mutant showing
modified kinetic parameters towards some f-lactams (13).

In fact, we have structural evidences for supporting that Arg220 in PER-2 allows the creation of
a different network of interactions with neighboring residues in comparison with the associations
observed in B-lactamases harboring Arg244/276. As shown in Figure 3c, the guanidinium group
of Arg220 hydrogen bonds with Thr237 (2.7 and 2.8 A), Asn245 (3.1 A), Glu276 (2.7 A), and
Gly236 (3.2 A), and additional interactions occur between Arg220 and Gly217, Lys222, and
Gly223 (through hydrogen bonds), and between Arg220 side chain with Asp246 through non-
polar interaction. In TEM-1, SHV-1 and TOHO-1, fewer polar interactions occur between
Arg244/Arg276 and close residues (not shown), and these differences could partially explain the
higher catalytic efficiencies of PER-2 towards some antibiotics.

Another striking difference between PER [-lactamases and the vast majority of class A enzymes
is the presence of a threonine at position 237. From the structure of PER-2, we confirm that

Thr237 seems to be important for connecting essential residues of the active site with Arg220

14
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through a not previously reported network of hydrogen bonds, comprising Ser70-Gln69-Wat14-
Thr237-Arg220, in which Thr237 could serve as a stake connecting both domains (Figure 3b),
and additional interactions between Arg220 with both Thr244 and Glu276 that could further
improve the overall stabilization of the structure. In fact, both Arg220 and Thr237 seem to
contribute to the topology’s adjustment of the oxyanion pocket, as also suggested for other class
A B-lactamases (13, 41). The hydroxyl group of Thr237 is also important for the interaction with
the substrate, providing the possibility for an additional hydrogen bond with the substrate’s

carboxylate group, as described below.

Simulated acyl-enzyme models of PER-2 could bring some clues about the interaction with
oxyimino-cephalosporins and inhibitors:

As seen in Figure 4a, using simulated acyl-enzyme model of PER-2 structure in complex with
cefotaxime (generated using TOHO-1/cefotaxime structure; PDB 11YO (24)), cefotaxime is
positioned in the binding site of PER-2 through hydrogen bonds with GIn69, Ser130, Asn132,
Glul66, Thr235, and Thr237. Altogether, these interactions with cefotaxime molecule could
support the efficient hydrolysis of the oxyimino-cephalosporins by PER B-lactamases (11, 12,
15).

As discussed, Thr237 could be involved in a critical networking, by stabilizing the active site and
the B3 strand, acting as a connector of the B-lactam molecule with Arg220, the other essential
residue in this network. From the model, we propose that Arg240A (present in the enlarged loop
connecting B3 and B4 strands), could be involved in some stage during the entrance of
cefotaxime in the active site, probably assisted by Aspl173. In TOHO-1 and other class A (-

lactamases, Asp240 (at equivalent position than Arg240A in PER-2) participates in the

15
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interaction with the aminothiazol ring of cefotaxime during entrance to the active site (24, 42),
although we don’t have evidences of such an interaction between cefotaxime and Arg240A in
PER-2.

A similar scenario is obtained for the acylated PER-2 model in complex with ceftazidime (Figure
4b), using the TOHO-1/ceftazidime structure (2ZQD). The model predicts that the existence of
an expanded catalytic cavity could in fact allow a suitable accommodation of ceftazidime
through interactions with GIn69, Ser130, Asn132, Glu166, Thr235, and Thr237.

Additional interactions between ceftazidime and other residues were also detected in comparison
to other B-lactamases. For example, Asp173, GIn176 and Arg240A seem to be closer to the
ceftazidime molecule and could have some role in the accommodation or entrance of the
molecule. In addition, the dihydrothiazine ring in the ceftazidime molecule allows van der Waals
interactions with Trp105, and the long carboxy-propoxyimino group could probably establish
additional polar interactions with Thr237 and Ser238 carbonyl oxygen atoms, which is probably
due to the increased flexibility in the PER-2 B3 strand. Supporting this hypothesis, Ser238 is
involved in the efficient hydrolysis of ceftazidime in TEM/SHV ESBLs, by advantageous
interactions with Ser238 and Asn170 (the spatial equivalent to GIn69 in PER enzymes) (43). In
CTX-M B-lactamases, the low hydrolysis rate of ceftazidime could be explained by unfavorable
interactions or even repulsion between active site residues and the ceftazidime’s carboxy-
propoxyimino group in the C7f side chain (44).

Therefore, the interactions predicted between PER-2 and ceftazidime might explain the observed
high catalytic efficiencies of PER B-lactamases towards ceftazidime (12, 13, 15). The observed

differences in the kinetic behavior towards ceftazidime between PER-2 and PER-1 could be
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probably due to the presence of differential residues like Arg240A (replaced by Lys in PER-1),
and deserve further studies.

Finally, inactivators like clavulanic acid could be also properly stabilized during inhibition (data
not shown), based on models obtained by comparison with the structure of SHV-1 in complex
with clavulanate (PDB 2HOT) (45). According to the models, GIn69, Arg220, Thr237 and
probably Arg240A could be important in the stabilization of the clavulanate molecule.

In TEM and SHV B-lactamases with decreased susceptibility to inhibition by clavulanic acid,
various mutations at Arg244 suggest that the interaction between this residue and the clavulanate
carboxylate is essential for clavulanate-mediated inactivation (35, 38, 46, 47).

In a recent publication, it was shown that clavulanate, upon acylation of the class A B-lactamase
from Bacillus licheniformis BS3, generates two moieties, named CL1 (covalently linked to
Ser70) and CL2 (48). According to comparative models with PER-2, both fragments could be in
part associated by hydrogen bonds with residues like GIn69, Ser70, Ser130 and Thr237 (data not
shown), if a similar inactivation mechanism actually occurs.

It has been previously reported that mutations at GIn69 do not seem to impair the inactivation by
clavulanate (31). In addition, replacement of Arg220 or Thr237 seem to alter the behavior of
PER-1 towards cephalosporins (13).

Preliminary results with different mutants of PER-2 in Arg220 have shown that modifications in
this residue not only affect the susceptibility to inhibitors but also seem to impact the catalytic
behavior towards several antibiotics, especially cephalosporins (49).

As these residues appear to be important for the stabilization of the oxyanion pocket, mutations

in either of these residues could probably affect the proper inactivation by mechanism-based
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inhibitors, probably by breaking the integrity of the conserved hydrogen-bonds network in which

they participate.

Conclusions:

Extended-spectrum f-lactamase PER-2 is a unique enzyme from a structural point of view,
belonging to a still small and not widely disseminated group of B-lactamases (seven members are
recognized nowadays) in which PER-1 and PER-2 represent the more frequently detected
members.

We provided herein structural evidences of PER-2 suggesting that a previously not described
hydrogen-bond network connecting Ser70-GIn69-Water-Thr237-Arg220 is essential for the
proper activity and inhibition of the enzyme.

We have also presented, through simulated models of PER-2 in association with oxyimino-
cephalosporins and clavulanate, the first evidences on the probable interactions of these [-
lactams with key residues of the active site, proposing that residues like GIn69, Arg220, Thr237,
and probably Asp173 and Arg240A are important for the accommodation of f-lactams within the
active site, and their entrance, respectively.

Our results could serve to catch a glimpse of hypothetically emerging mutants having disrupted
hydrogen-bond networks that would display lower catalytic efficiencies towards some B-lactams
(especially cephalosporins) and poorer inhibition by clavulanic acid.

Further real structural models, complemented by kinetic data, will give us a more thoughtful idea
about the actual role of these residues in the high catalytic efficiency of PER-2 towards most -

lactams. In this regard, we foresee that mutations in either Arg220 (the counterpart of Arg244 in

18



360 TEM/SHYV variants) or Thr237 would probably result in more dramatic changes in the kinetic

361  activity.
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Figure legends:

Figure 1: Amino acid sequence alignment of PER-2 and other class A B-lactamases for which
the crystallographic structure has been determined, using the Ambler’s residue numbering.
Location of a helices and 3 sheets is indicated in the upper side (taken from the PDB file), and
relative solvent accessibility in the bottom (black: highly accessible; grey: poorly accessible;

white: hidden or non-accessible). Espript (http://espript.ibep.fr/ESPript/ESPript/) was used for

making the figure.

Figure 2: (a) Overall structure of PER-2 B-lactamase, showing the location of the main motifs of
the active site (pink), the unique Q loop (orange), and the three insertions (compared to TEM-1).
(b) Detail of the four-residues insertion in PER-2 (pink) that creates an expanded loop between
B3 and P4 strands, widening the active site’s entrance (orange: TEM-1; green: TOHO-1). (¢)
Comparison between the singular #rans bond between Glul166-Alal67 and hydrogen bonds with
Aspl136 in PER-2 (pink), and the normally cis bond between Glul66-Prol67 (and hydrogen
bonds with Asn136) found in other class A B-lactamases like TOHO-1 (green). All distances are

in angstroms (A).

Figure 3: Detailed view of the structure of active site of PER-2 B-lactamase. (a) 2F) — F. map
contoured at 1.5¢ is shown in grey around the most important amino acid residues within the
active site; oxyanion water molecule is shown as a green sphere, and additional water molecules
in orange (see text for details). (b) Comparative active site organization of PER-2 (pink) and

PER-1 (cyan), indicating the main hydrogen bonds (black dashed lines) implicated in the
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stabilization of the active site of PER-2, including the oxyanion water molecules (OAW; green
for PER-2 and orange for PER-1) and the catalytic water of PER-1 (CW; orange), and the
network “Ser70-GIn69-Watl14-Thr237-Arg220” (see text for details); for visual convenience,
only the hydrogen bonds for PER-2 were shown. (c) Position and occupancy of Arg220 in PER-
2, allowing the creation of a unique network of hydrogen bonds with neighboring residues like
Gly236, Thr237, Asn245 and Glu276, among others; Ser70 is shown as reference. Other color

references: oxygen (red), nitrogen (blue), sulfur (green). All distances are in angstroms (A).

Figure 4: (a) Detailed view of the active site of TOHO-1 in association with cefotaxime (left),
indicating the main hydrogen bonds interactions (PDB entry: 11YO), and simulated modeling of
PER-2 and the probable positioning of cefotaxime within the active site (right), suggesting the
putative most favorable hydrogen bonds and involvement of residues like GIn69, Thr237 and
Arg240A in the stabilization of the oxyimino-cephalosporin molecule. (b) Active site of TOHO-
1 in complex with acylated ceftazidime (left), indicating the main hydrogen bonds (PDB entry:
27QD), compared to a simulated model of PER-2 and its probable association with ceftazidime
(right), showing the predicted positioning of the molecule and the hydrogen bonds interactions
(black: bonds having regular distances; yellow: probably occurring bonds depending on the
rotameric conformations of the involved residues). All distances are in angstroms (A). See text

for details.
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Table 1. Data collection, diffraction and phasing statistics for native PER-2 B-lactamase

Crystal Native PER-2
PDB code 4D20
Data collection:

Space group P1211

Cell parameters (A)

Subunits/asu

Resolution range (A)

Total number of reflections
Number of unique reflections
Rimerge (%)"
Redundancy
Completeness (%)
Mean I/o(1)
Refinement:
Resolution range
No. of protein atoms
Number of water molecules
Reryst (%)
Riree (%0)
RMS deviations from ideal stereochemistry:

Bond lengths (A)

a=41.48 b =83.88
a=90.00 B=103.92
2

41.94-2.20 (2.32-2.20) °

159,256
23,354 (3,390)
14.5 (65.0)
6.8 (6.9)

100 (100)

10.5 (3.1)

33.46—2.20
4,407

152

19.44

23.97

0.013

c=68.94

v =90.00



Bond angles (°) 1.619

Planes (A) 0.007
Chiral center restraint (A% 0.105
Mean B factor (all atoms) (A?) 29.2

Ramachandran plot:

Favored region (%) 97.4
Allowed regions (%) 2.6
Outlier regions (%) 0.0

% Data in parentheses are statistics for the highest resolution shell

® RMS: Root-mean square



Table 2. Root-mean square deviations (in A) between secondary structures and conserved motifs

of PER-2 and other class A B-lactamases.

Complete SXXK motif SDN motif KTG motif  Q loop

PER-1 0.619 0.116 0.128 0.016 0.220
TEM-1 1.810 0.118 0.086 0.081 3.453
SHV-1 1.894 0.182 0.048 0.033 3.308
TOHO-1 1.629 0.040 0.025 0.070 3.360

KPC-2 1.841 0.171 0.057 0.057 3.408
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