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Molecular evolution has always been a subject of discussions, and
researchers are interested in understanding how proteins with similar
scaffolds can catalyze different reactions. In the superfamily of serine
penicillin-recognizing enzymes, D-alanyl-D-alanine peptidases and -lacta-
mases are phylogenetically linked but feature large differences of reactivity
towards their respective substrates. In particular, while B-lactamases
hydrolyze penicillins very fast, leading to their inactivation, these molecules
inhibit D-alanyl-D-alanine peptidases by forming stable covalent penicilloyl
enzymes. In cyanobacteria, we have discovered a new family of penicillin-
binding proteins (PBPs) presenting all the sequence features of class A B-
lactamases but having a six-amino-acid deletion in the conserved ()-loop
and lacking the essential Glul66 known to be involved in the penicillin
hydrolysis mechanism. With the aim of evolving a member of this family
into a B-lactamase, PBP-A from Thermosynechococcus elongatus has been
chosen because of its thermostability. Based on sequence alignments,
introduction of a glutamate in position 158 of the shorter Q-loop afforded an
enzyme with a 50-fold increase in the rate of penicillin hydrolysis. The
crystal structures of PBP-A in the free and penicilloylated forms at 1.9 A
resolution and of L158E mutant at 1.5 A resolution were also solved, giving
insights in the catalytic mechanism of the proteins. Since all the active-site
elements of PBP-A-L158E, including an essential water molecule, are almost
perfectly superimposed with those of a class A p-lactamase such as TEM-1,
the question why our mutant is still 5 orders of magnitude less active as a
penicillinase remains and our results emphasize how far we are from
understanding the secrets of enzymes. Based on the few minor differences
between the active sites of PBP-A and TEM-1, mutations were introduced in
the L158E enzyme, but while activities on D-Ala-D-Ala mimicking substrates
were severely impaired, further improvement in penicillinase activity was
unsuccessful.
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Introduction

Among 1 million sequences from 150 genomes,
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there are 850,000 protein sequences clustered into
50,000 families, each of which has the same
structural domain composition. Eighty percent of
domain sequences are assigned to only 5000 types of
domain families." Hence, folds must have been used
several times by divergent evolution or they must
have independently arisen from different protein
ancestors (convergent evolution) to provide the

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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functional range represented through the protein
universe. Proteins derived from a common ancestor
have evolved through gene duplications, substitu-
tions, insertions, and deletions, giving birth to
families of homologous proteins that can catalyze
the same reaction with different substrate specifi-
cities or catalyze dlfferent reactions although sharing
similar mechanisms.” The heterogeneity in substrate
specificity or type of reaction catalyzed within a
family of proteins proves the versatility of a fold, and
researchers have challenged this versatility by using
directed evolution strategies to generate enzymes
endowed with new functionalities. Nevertheless,
evolving new or promiscuous activities remains a
great challenge especially when new catalytic
mechanisms must appear.

The superfamllg of the serine penicillin-recognizing
enzymes (PREs),” containing the D-alanyl-D-alanine
peptidases (DD-peptidases) and p-lactamases, is a
good illustration of these difficulties. DD-peptidases
are bacterial cell wall enzymes involved in peptido-
glycan synthesis mainly exhibiting carboxypeptidase
and transpeptidase activities. 3-Lactam antibiotics
react with their catalytic serine and inhibit them by
forming a stable acyl-enzyme adduct. Hence, DD-
peptldases are also called PBPs (penicillin-binding
proteins).* To counteract these antibiotics, bacteria
have developed defense mechanisms, the main one
being the expression of B-lactamases that are capable
of hydrolyzing penicillins rapidly. p-Lactamases and
DD-peptidases share a similar two-step mechanism of
acylation and deacylation, similar consensus
sequences in the active site, and similar fold. This
led to the suggestion that they are divergent
descendants of an ancestral PBP. Homology is,
however, undetectable by pairwise sequence align-
ments. There are three classes of serine -lactamases,
A, C, and D, with class B representing metalloen-
zymes, and two classes of PBPs each subdivided into
three groups, and each class of P- lactamase is
probably related to a different class of PBP.”

In class A p-lactamases, four consensus active-site
motifs are found. Following Ambler numbering,®
the first three motifs are S;0XXKy3 containing the
catalytic serine, S130DN13,, and Ky34T/SGo36, whose
roles in the catalytic mechanism have been
reviewed.” These motifs are also present in the
other proteins of the PRE family, but in class A -
lactamases, a fourth E;zaXXXNj79 motif is found,
located on a conserved ()-loop. This loop comprises
residues 164 to 179 and flanks the active site. It
contains a strictly conserved glutamic acid (Glu166
essential for catalysis of acyl-enzyme deacylatlon
but whose role in acylation is still controversial.”"°
Though class A p-lactamases are the most wide-
spread and studied, their catalytic mechanism
remains incompletely understood, and the possible
milestone events of their evolutive genesis from an
ancestral PBP are even more mysterious.

We have recently discovered the existence of a new
family of PBPs from cyanobacteria, which are
homologous to class A p-lactamases and their closer
PBP parents known today. Of these, PBP-A from

Table 1. Kinetic parameters of PBP-A and L158E mutant
for hydrolysis of benzylpenicillin at room temperature

kcat/Km (M7 ! s ! )a kcat (57 ! )b

PBP-A 1.1x10* 2.7x107%
PBP-A-LssE 1.6x10° 14x10 2
TEM-1° 8.4x10" 1500

keat/Km values are equal to k,/Ks constants and were
calculated from time courses of acylation of ["*C]-PenG (see
Supplementary Materials).
kcat values were measured spectrophotometrically with PenG
at 232 nm.
¢ Constants for TEM-1 were taken from Ref. [52].

Thermosynechococcus elongatus shares, on average,
28% identity with class A P-lactamases but no
detectable sequence homology to known DD-pepti-
dases. PBP-A showed high activity towards thioles-
ters mimicking natural D-alanyl-D-alanine substrates,
suggesting a DD-carboxypeptidase activity. More-
over, the enzyme was sensitive to p-lactams with
kinetic parameters typical of a PBP and a similar two-
pathway decomposition mechanism of the penicil-
loylated enzyme. PBP-A features an ()-loop six
residues shorter than that of p-lactamases and in
which a leucine is aligned with the essential Glu166.
The L158E mutation, however, did not generate an
active p-lactamase since, as shown in Table 1, the
penicillin turnover rate of the L158E mutant is
improved by only a factor of 50.""

In this work, we have solved the crystal structures
of PBP-A and the L158E mutant. Fine analysis of the
structures allowed us to compare the PBP-A
catalytic site with the closest members of the
superfamily, clearly identifying a typical class A -
lactamase catalytic site and overall fold. It also
suggested mutating some residues susceptible to be
responsible for some disturbance in the catalytic site
but these attempts to engineer a -lactamase activity
were not successful. Hence, this study is a good
example of the difficulty of engineering new and
efficient enzymatic catalysis starting from an appro-
priate fold but a weak promiscuous activity.

Results

The open reading frame of PBP-A encodes a 368-
amino-acid protein with a predicted N-terminal
membrane anchor. For biochemical and structural
analysis, it has been truncated of 92 N-terminal
amino acids, giving rise to a 277-amino-acid soluble
protein. Throughout this article, residue numbering
refers to the truncated protein for PBP-A and to
Ambler numbermg scheme for class A p-
lactamases.® Four crystal structures of PBP-A have
been determined (PBP-A, PBP-A-L158E, and two
penicilloylated forms named PBP-A-Pen and PBP-
A-L158E-Pen, respectively) with 4 monomers in
each asymmetric unit. The electron density is
usually well defined except for some residues at
the N-terminal and the C-terminal parts of the
polypeptides. The details are summarized in Table 2.
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Table 2. Statistics of data collection and refinement

PBP-A PBP-A-pen L] SSE L] 53E-pen

Data collection

Cell dimensions: a/b/c (A) 87.79/91.90/147.27 87.69/91.87/147.44 86.61/91.46/145.59 86.58/91.53/145.71

Resolution overall (ov) (A) . 39.2-1.9 24-1.9 25-1.5 28-1.7
Resolution highest shell (hs) (A) 1.95-1.90 1.95-1.90 1.54-1.50 1.74-1.70
Unique reflections (redundancy) 94,191 (5.1) 91,292 (3.3) 181,250 (3.4) 126,734 (3.3)
Completeness (%) ov/hs 99.8/99.7 96.7/88.2 98.1/99.2 99.3/100.0
Reym 0.079 0.053 0.036 0.040
I/o(I) ov/hs 13.9/3.8 17.3/2.6 17.6/2.3 16.8/2.6
Refinement
R-factor (Ryee)
ov 0.174 (0.213) 0.190 (0.245) 0.179 (0.213) 0.180 (0.218)
hs 0.220 (0.298) 0.273 (0.346) 0.245 (0.273) 0.242 (0.285)
Estimated overall coordinate error (A)
Based on Reee 0.132 0.156 0.078 0.104
Based on maximum likelihood 0.097 0.118 0.057 0.079
rm.s.d. from ideality: bonds (A)/angles (°) 0.015/1.51 0.016/1.58 0.017/1.646 0.015/1.555

Number of water molecules 870 823 1527 905
Number of glycerol molecules 3 1

Mean B values (A): main chain/side chain/solvent  26.8/29.1/35.4 25.5/27.7/35.6 23.4/26.2/40.5 28.0/31.0/38.5

The crystals are orthorhombic and belong to space group P2,2,2; with a solvent content of 46%. For each structure, four chains (A, B, C,
and D), related by a 4-fold noncrystallographic symmetry axis along c, were observed in the asymmetric unit. Structured chain segments
were variable for each monomer: for chains A, B, and C of all four structures, electron densities were observed between residue 10 or 11
and residue 274 or 275 with one exception for PBP-A chain C (residues 6 to 275); for chain D, the structured segments were longer going

from residue 1 or 2 to residue 274, 275, or 276.

The Ramachandran diagrams (not shown) produced
by Procheck'? show that 90% of the residues are in
the most favored regions. One residue (Ile184) in the
four independent molecules of the four structures
systematically lies in a region (¢ ~75° ~—55°)
classified as disallowed by Procheck. However,
according to the new Ramachandran criteria,'” this
region is now classed as allowed and corresponds to
a y-turn. The 16 monomers are very similar, with a
root-mean-square deviation (rm.s.d.) of 0.427 A
between the C* of residues 11-274 observed in all of
them. The largest discrepancy occurs at the level of
residue 224, but this difference is induced by the
packing, because in each of the four structures, only
molecule C is concerned. Further similarity of the 16
molecules is their solvent-accessible areas with an
average of 10,886 +77 A2 for PBP-A structures and
10,940+118 A* for PBP-A-L158E molecules. Despite
the high level of similarity, local structural differ-
ences are observed, which may be explained by a
different exposition of monomer of one structure to
the crystal packing interactions.

The fold of PBP-A

The PBP-A fold is very similar to the general fold of
serine PREs. It is composed of two domains: an all a-
domain consisting of an array of five helices from
residues 58 to 199 and an ap-domain from residues
18 to 54 and 204 to 274, consisting of a six-stranded
antiparallel p-sheet, packed on one side against C-
terminal helix a8 and on the other side on helix a6,
the active site being at the interface between the two
domains. Two hinges connecting the domains can be
defined from residues 54-58 and 200-204. The N-
terminal part is only observed in molecule D of each
structure and consists of a completely unstructured

arm. When submitted to DALI server,'* the best
superimposed structures were class A p-lactamases
(PER-1 from Pseudomonas aeruginosa and TEM-1 from
Escherichia coli) followed by several PBPs among
which are PBP-5 from E. coli, PBP-4 from

Fig. 1. Superposition of PBP-A molecule A (green) and
TEM-1 pB-lactamase (red).



112

Structure of PBP-A from T. elongatus

Table 3. rm..d. between PBP-A, penicillin-binding
domain of PBP5, and two class A p-lactamases

TEM-1 (1btl) DPer-1 (1e25) PBP5 (1z6f)

PBP-A rm.s.d (A) 1.83 1.58 227
Number of 234 240 198
aligned C*

Per-1 rms.d (&) 1.75 — ND
Number of 245 — —
aligned C*

PBP5 rm.sd (A) 2.62 ND —
Number of 212 — —
aligned C*

ND, not determined.

Staphylococcus aureus, PBP-4a from Bacillus subtilis,
Streptomyces K15 peptidase, and PBP-1a from Strepto-
coccus pneumoniae. The similarity of folds of PBP-A
and TEM-1is displayed in Fig. 1. As shown in Table 3,
superposition with class A p-lactamases is better than
that with PBPs. This is also true for the structural
alignment of PER-1, TEM-1, PBP5, and PBP-A (Fig. 2).

Active site

The active site was located by plotting the conserved
sequence motifs on the structure. The entrance to the

30 40 50

active site is at the opposite side of the putative N-
terminal membrane anchor, in an ideal position to
interact with cell wall peptides. Within PBP-A, the
essential serine 61 and lysine 64 are located at the N-
terminal end of helix a2, the turn between helices a3
and a4 contains Ser122 and Asnl24 of the second
conserved motif, and Lys219, Thr220, and Gly221 are
situated at the edge strand of the 3-sheet. Similarly to
what is observed in PREs, the PBP-A active site shows
a dense hydrogen-bonding network conserved in all
the structures and residues in the active site are
involved in many interactions (Fig. 3). In common
with many other PRPs, the {-NH, group of Lys64
plays a pivotal role in this network, forming hydrogen
bonds with the hydroxyl group of Ser61 (2.78 A), the
hydroxyl and backbone carbonyl groups of Ser122
(3.08 and 2.78 A), and the amide carbonyl group of
Asn124 (2.79 A). The {-NH, group of Lys219 forms a
hydrogen bond with the hydroxyl group of Ser122
(2.83 A) and is at hydrogen-bonding distance of
Thr220 oxygen (2.78 A). Finally, a hydrogen bond is
formed between the Ser61 hydroxyl group O and the
Ser122 hydroxyl group OY (3.02 A). For class A p-
lactamases, distances of 3.17 A for PER-1 (1e25),"
315 A for TEM-1 in 1.55 A resolution structure
(1zg4), 1 but 355 A in 1.8 A resolutlon structure
(1btl),"” and 2.89 A in Toho-1 (liys)'® are found. In
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(a) PBP-A

Fig. 3. Hydrogen bond network in the active site of
PBP-A (a) and PBP-A-L158E (b). The segment of helix
abearing motif SXXK is yellow, the segment of loop
bearing motif SDN is green, the segment of (-loop
bearing L/E158 is red, and the segment of strand B3
bearing motif KTG is cyan. Hydrogen bonds are indicated
by broken lines. Hydrogen bonds between water molecule
W1 and main-chain nitrogen atoms of S61 and D222 are
not indicated for clarity.

class A p-lactamases, the Lys73 ¢-NH, group is
hydrogen bonded to the carboxylate group of
Glul66. This is not the case in the L158E mutant,
although Glu158 is in a position similar to Glu166 in {3-
lactamases.

In class A p-lactamases, two molecules of water are
structurally conserved.'”' In PBP-A and PBP-A-
L158E, respectively, three and four molecules of
water are observed in the active site (Fig. 3). The first
one (W1) is observed in both wild-type and mutant
proteins where it occupies the oxyanion hole, a
substructure that stabilizes the tetrahedral intermedi-
ate first described for class A R-lactamases by
Murphy and Pratt and made up of the main-chain
NH groups of Ser70 and residue 237.> W1 is found at
3.06 and 3.40 A from the equivalent Ser61 and Asp222
nitrogens for PBP-A. The distance between W1 and
Asp222 suggests a weak electrostatic stabilization,
whereas it forms a real hydrogen bond with the Ser61

nitrogen. Since the oxyanion hole is electrostatically
positive, the negative charge of Asp222 may induce a
weak destabilization. In TEM-1, the distances
between main-chain nitrogen atoms of Ser70 and
Ala237 and the water molecule are 2.94 and 3.16 A
respectively, and in PER-1, the distances are 3.2 A
between water and Ser70 and 2.8 A between water
and Thr237.

The second water molecule conserved in the active
site of class A p-lactamases is involved in penicillin
hydrolysis and found at hydrogen bond distance of
hydroxyl group of Ser70 and e1-O of Glul66
carboxylate group. A similar water molecule, W2,
is found in PBP-A-L158E mutant at 2.81 and 3.31 A
of Glul58 and Ser61, respectively. The correspond-
ing distances are 2.63 and 2.75 A'in TEM-1 and 2.86
and 2.98 A in PER-1 p-lactamases; this water
molecule is also hydrogen bonded to the side-
chain oxygen of Asn170 at 3.23 A for TEM-1 (1btl). In
PBP-A-L158E, W2 is at hydrogen bond distance of
the oxygen of Pro159 (2.79 A). In molecule D, W2 is
slightly farther away compared to the others, at 3.51
and 3.65 A of Glu158 and Ser61, respectively (these
distances were not included in the calculation of
average distances). In the wild-type protein, a
similar water molecule is found at 2.85 A distance
from Pro159 O, but the distance from W2 to Ser61
hydroxyl group is longer (3.59 A) in molecules A, B,
and C and even longer in molecule D (5.71 A). A
third conserved water molecule, W3, is observed in
the catalytic site of PBP-A. It is hydrogen bonded to
the side chain of Lys219. This water molecule is
found in all penicilloyl serine transferases and plays
a structural role in stabilizing the side chain of the
lysine of the KT/SG motif.>> The L158E mutation
appears to bring another water molecule in the
active site, at hydrogen bond distance of £2-O of
Glul58 carboxylate group and Ala60 oxygen (not
indicated in Fig. 3).

Structure of covalent adduct

In PBP-A-Pen, the acylation of Ser6l and the
cleavage of the B-lactam ring between N4 and C; are
clearly observed in the four molecules of the
asymmetric unit (Fig. 4). The situation is much less
clear for PBP-A-L158E-Pen. Some electron density
appears in the catalytic pocket but the penicilloyl
intermediate cannot be explicitly identified in this
electron density, likely due to a low occupancy and a
large motion. Because of this problem, probably
related to the increased hydrolytic activity, this
molecule will not be further discussed.

There is no striking structural difference between
free PBP-A and acyl-enzyme, as evidenced by the
rm.s.d. of the eight structures: 0.425 A for C* and
0.828 A for all atoms. For the active-site residues
(561-K64, S122-N124, and K219-D222), the rm.s.d.
is 0.206 A for all atoms, indicating that binding of the
substrate has little effect on the active-site cavity. A
difference is again observed in molecule D where the
orientation of the penicillin phenyl group is very
different (Fig. 6c¢).
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L158

Fig. 4. Stereoview of the active site of PBP-A acylated by benzylpenicillin. The (F,—F.) omit electron density for the

bound ligand is contoured at a level of 2.0 o.

A comparison of the acylated forms of PBP-A and
of the TEM-1 E166N mutant (1fqg)*' is shown in
Fig. 5, where the many hydrogen-bonding interac-
tions stabilizing the acyl moiety are shown. There
are few differences between the two structures. In
both, the carbonyl oxygen atom Og of the acyl
moiety replaces the water molecule W1 in the
oxyanion hole. The water molecule W2 present in
the free PBP-A (not shown) still forms a strong
hydrogen bond with the Pro159 main-chain carbo-
nyl carbon (2.85 A), but the distance to Ser6l
hydroxyl group O” has increased in all molecules
(5.15 A), whereas it is at the same place in PBP-A-
L158E, indicating the importance of a negative side
chain to maintain W2 in place for deacylation. In
PBP-A, the penicillin G (PenG) carboxylate oxygen
atom Oj, forms a strong hydrogen bond to the
hydroxyl group oxygen of Thr220 and a weak one
to {-NH, group of Lys219, while O;3 is only
electrostatically stabilized by the same Thr220
hydroxyl group. In TEM-1 E166N, the carboxylate
O;, forms a strong hydrogen bond with the
hydroxyl of Ser235 while its interaction with the
¢-NH,; of Lys224 is weaker but O3 is involved in a
strong electrostatic interaction with the y-NH2 of
Arg?44, which is absent and replaced by a valine in
PBP-A.

Comparison with TEM-1 and PER-1 B-lactamases

The spatial arrangement of the conserved residues
in the active site is remarkably well conserved, and
r.m.s.d. for the superposition of all atoms of active-
site residues S70-K73, S130-N132, and K234-A237
and water molecules 1 and 2 in B-lactamases and
equivalent amino acids and water molecules in
PBP-A mutant is 0914 A for TEM-1 (1zg4) and
0.807 A for PER-1 (1e25). Leul58, which, on the
basis of sequence alignments, is aligned with
Glul66, is also structurally at the same spatial
position, and the Glul58 side chain in the mutant
has the same orientation as in TEM-1 or PER-1.

Although the globular domain of PBP-A and that
of TEM-1 share a very similar fold and active site,
several significant differences should be pointed

out. The most striking one is the ()-loop-like
structure whose length is strictly conserved in
natural class A p-lactamases but six amino acids
shorter in PBP-A. Nevertheless, while there is no
residue equivalent to Glul66 in PBP-A, its ()-loop-
like structure fits rather well with the N-terminal
end of TEM-1 Q-loop (Fig. 6a). In particular, the cis
peptide bond between residues 166 and 167, an
invariant feature of class A p-lactamases, except in
PER-1, which displays a different Q-loop fold,"
observed in position 159 of PBP-A. On the other
hand, three invariable electrostatic interactions
maintain the loop integrity in class A p-lactamases:
a hydrogen bond between the side chains of Lys73
and Glul66, a salt bridge between Argl64 and
Aspl179, and hydrogen bonds between the CO and
NH, groups of Asnl136 side chain and the main-
chain NH and CO groups of Glu166, respectively. In
PBP-A, there are many strong hydrogen bonds
maintaining the loop structure but no salt bridge.
The Asn136-Glul66 interactions remain between
the equivalent residues Asn128 and Leu/Glul58 in
PBP-A and PBP-A-L158E. Consequently, the ()-loop
appears to be able to put Glul58 in a position
adequate for water activation, although it may not
be optimal. Indeed, when the TEM 1 and PBP-A
active sites are superimposed, the C° of Glu166 and
Glul58 are separated by 1.63 A. In class A B-
lactamases, the hydrolytic water molecule, W2, is
hydrogen bonded to Glul66 and Asnl70. This
residue seems to be important for the hydrolytic
activity since its mutation 1mpa1rs the enzyme
activity.”*?° In PBP-A-L158E, it is the carbonyl
oxygen of Pro159 that binds W2, which remains at
3.31 A from hydroxyl group of Ser61. This is a little
far when compared to (3-lactamases with 2.75 A for
TEM-1 and 2.98 A for PER-1.

Another difference concerns the loop connecting
helices a2 and o3 (residues 91-106) and over-
hanging the catalytic site. Its conformation is
different from that of residues 100-115 of the class
A B-lactamases. Particularly, residues 104 and 105 of
TEM-1, Wthh play a role in substrate binding and
specificity” >’ and indirectly in catalysis, 3! are
very badly aligned with the equivalent residues
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Glu96 and Ala97 of PBP-A and there is an amino
acid insertion (Fig. 6b). In class A p-lactamases,
except in PER-1, residue 104 is hydrogen bonded to
the side chain of the essential Asn132 through the
backbone carbonyl oxygen. In PBP-A (except in
molecule D), the carbonyl oxygen of Ala97 is
hydrogen bonded to the 6-NH, amide group
(3.20 A) and the main-chain nitrogen (2.99 A) of
Asn124. Hence, the stabilizing role of this loop
seems to be maintained, even though the global
conformation is different. This loop and particularly
Tyr105 in TEM-1 contribute also to the enzyme

(b) TEM-1 E166N /

_—Niz2

98

specificity®” by forming a wall in contact with the
substrate, but an aromatic amino acid is not
necessary and small residues such as alanine and
glycine that do not disturb the structure of the active
site are allowed. In PBP-A, the residue aligned with
Tyr105, Ala97, does not seem to disturb the structure
of the cavity, but the conformation of the side chain
of Glu96 is different from that of Glul04, and it
brings a negative charge that closes the left side of
the cavity, which may be a problem for penicillin
binding. Indeed, different penicillin conformations
are observed in the cavities of TEM-1, Streptomyces
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Fig. 5. Hydrogen bond network stabilizing the acyl-enzyme complex formed with benzylpenicillin and PBP-A (a) or
TEM-1 E166N (b). Benzylpenicillin is black, residues from the enzymes are blue as well as hydrogen bonds, and red dot

lines are weak hydrogen bonds.
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R61 DD-peptidase, and PBP-A. Whereas the sub-
strate side chain is oriented similarly in the R61 and
TEM catalytic site, it appears more distorted in PBP-
A, certainly under the influence of Glu96 (Fig. 6¢).

A deletion is observed in one of the two hinges
connecting the helical domain to the af-domain:
there is no equivalent to TEM-1 Ala 217 in PBP-A.
Though this region is important for domain associa-
tion and thus for the good positioning of catalytic
apparatus, there is little residue conservation in this
loop among class A B-lactamases.’> Moreover,
circularly permuted lactamases at position 228" or
216> retained enough activity to confer some in vivo
ampicillin resistance. Hence, a deletion in this region
may not be of great importance.

The last region that undergoes minor differences
when compared to class A R-lactamases is around
the KTG motif. Before this motif, Asp233, conserved
in most class A p-lactamases, is important for a
correct active-site conformation.” In PER-1, a histi-
dine is found at this position and its interactions
with residues Met211, Thr214, Thr216, and Asp246
appear to stabilize the hinge and contribute to align
the two domains. In PBP-A, Met197, Thr200, Thr202,
and Asp229 are spatially located in similar positions
versus His218 although the detailed interactions
with the threonines are different. Hence, a hydrogen
bond network similar to that of PER-1 appears to be
present in PBP-A, with the probable role of main-
taining adequate interactions between the a- and o/
B-domains. In TEM-1, Asp246 and the threonines
are not conserved, and the only similar interaction is
the hydrogen bond with Met211.
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Mutants

The fact that the Leu158 mutation into a glutamic
acid afforded only a modest improvement of the
penicillinase activity suggested that the catalytic site
needs to be finely tuned in order to better accom-
modate and hydrolyze B-lactam substrates. Hence,
several additional mutations were considered.

Attempts were first made to position the hydro-
lytic water molecule W2 closer to Ser61 and/or
influence the Glul58 side-chain conformation by
introduction of a longer polar residue in replace-
ment of Prol59. Mutational modelling with Swiss
PDBViewer™ indicates that, in the mutants D160N
and M161N, the Asn could adopt conformations
where it points towards the active site. Hence, four
mutants were generated: PBP-A-D160N, PBP-A-
L158E-D160N, PBP-A-M161N, and PBP-A-L158E-
M161N, with the single mutants being constructed
as negative controls. The activities of the mutants on
benzylpenicillin (PenG) were measured. The D160N
mutation did not have any significant effect on
activity when residue 158 was a leucine. The
acylation rate was increased five times in PBP-A-
L158E-D160N compared to PBP-A-L158E, but dea-
cylation was impaired to reach the level of PBP-A.
The M161N mutation led to a small increase in the
rate of deacylation in PBP-A, which was not retained
in the Glul58 mutant (Supplementary Materials,
Table 4).

A second set of mutations aimed at improving the
interactions of PBP-A with the penicillin carboxylate
by introduction of a guanidinium group in its

Fig. 6. (a) Superposition of PBP-
A (green), PBP-A-L158E (cyan), and
TEM-1 (red) in the region of the (-
loop. (b) Detailed view of the
conformation of the 91-106 region
in PBP-A (green) and TEM-1 (red).
(c) Orientation of benzylpenicillin
in the catalytic site of TEM-1 E166N
mutant (green), R61 DD-peptidase
(cyan), and PBP-A molecules A
(red) and D (pink). The PDB code
for penicilloylated R61 is lpwc.56
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vicinity, a role played by Arg244 in TEM-1%° and

Arg220 in Streptomyces albus G lactamase.”” The
aligned residues, Val227 and Leu205, were indivi-
dually mutated to arginine in PBP-A-L158E. The
V227R mutation did not change the catalytic activity
on PenG; L205R led to an inactive protein.

Finally, attempts were made to correct a potential
deleterious effect of negative charges on the rim of
the active site. Glu96, in the loop connecting helices
a2 and a3, was mutated to glycine or valine, a small
hydrophobic residue. Asp222, in the loop between 3-
strands 3 and 4, which also contains one additional
residue that may influence the local conformation in
B-lactamases, was replaced by Ala—Gly. This repla-
cement was combined with the E96G or E96V and
L158E mutations. Both mutants, E96G-L158E-
M161N-D222AG (E96G+) and E96V-L158E-M161N-
D222AG (E96V+), showed a decreased penicillinase
activity. Which of the E96 or D222 mutations was
responsible for the decreased rate of deacylation was
not assessed. It was surprising to see that PBP-A was
able to support four mutations close to the active site
without losing the activity for penicillin hydrolysis.

The effect of these mutations on the rate of
hydrolysis of thiolesters mimicking the D-alanyl-D-
alanine substrates was also measured (Supplemen-
tary Materials, Table 5). The L158E mutation had a
deleterious effect, which could not be corrected by
the additional mutations.

Discussion

Biochemical characterization suggested that PBP-
A is a DD-carboxypeptidase while sequence align-
ments indicated that it belongs to a new class of
PBPs."" The tridimensional structure of the protein
reported here supports these hypotheses. On the
other hand, structural alignments are better with
class A B-lactamases than with other PBPs. Compar-
isons to other PBPs show less structural conserva-
tion, and though hydrophobic elements typical of
PBPs seem to be present, they are organized
differently. PBP-A is the first protein in which an
Q-loop-like structure fits so well with the N-
terminal part of that of p-lactamases. In compar-
isons, many similarities were detected with TEM-1,
but PBP-A shares also some similarities with the
very special PER-1 R-lactamase. All these observa-
tions strengthen the theory of an ancestral PBP that
would be an evolutionary intermediate between
PBP-A and class A pB-lactamases.

B-Lactamases and PBPs act on their substrates by
a two-step mechanism involving a proton shuttle. In
the first step, the enzyme is acylated by the
substrate: the nucleophilic attack of the carbonyl
carbon by the activated O of the catalytic serine is
concomitant with the transfer of a proton from the
hydroxyl group of a conserved serine to the leaving
group. In the second step, a proton from the
acceptor (an ammonium group or a water molecule)
is abstracted, the activated acceptor attacks the
carbonyl carbon of the acyl-enzyme, and the

abstracted proton is back-donated to OY of the
leaving serine, hence deacylating the enzyme.

The rate of acylation of PBP-A by benzylpenicillin
(keat/Km=10* M ' s 1) is nearly 10,000 times slower
than that of TEM-1 pB-lactamase but not far from the
maximum value observed with PBPs, which, despite
a similar organization of their active site, show a wide
variation in penicillin acylation efficiencies, ranging
from 20 M ! s7! for the low-affinity PBP5fm to
300,000 M ™' s~ ! for the best R39 PBP. For PBPs, the
general base activating the nucleophilic serine must
be the lysine of the SXXK motif. For 3-lactamases, the
identification of the general base has been the source
of considerable controversy:*""***!' both Glu166 act-
ing through a water molecule or Lys73 have been
proposed. Mutation of Glul66 to GIn or Ala affords
enzymes that can still be acylated by penicillins
although at a much slower rate. This implies that both
Glul66 and Lys73 are able to catalyze acylation.
Recent simulations suggest the existence of two
competing pathways but in which these residues
can cooperate.”” The PBP-A acylation efficiency is in
an intermediate range probably because the shape
and the electrostatic potential of the active-site cavity
may not be optimal; in the L158E mutant, the
interaction between Glu158 and Lys64 is lost.

The rate of deacylation of PBP-A and its L158E
mutant is 5.5x10° and 1.1x10° times slower than
that of TEM-1. Glu166 is clearly the general base that
activates the water molecule in class A p-lactamases
since its mutation severely impairs the deacylation
process in TEM-1.%°®* In some PBPs, a water
molecule occupying a position similar to the TEM-
1 deacylating water is sometimes present. However,
there is no residue equivalent to Glul66 able to
activate it, thus explaining the low deacylation
rates.”>*? In the case of PBP2x, the aromatic ring
of Phe450 hampers the entry of a water molecule in
the active site. However, its mutation to an aspartic
acid leads to only a 110-fold increase in deacylation
rate.*> The active site may not be fit to catalyze the
hydrolysis since no water molecule is preexistent in
the wild-type PBP2x catalytic site and no water
molecule in its oxyanion hole.**** The catalytic site
of PBP-A, on the other hand, contains the two water
molecules conserved in R-lactamases and is very
similar to that of TEM-1. Furthermore, modeling of
the tetrahedral intermediate of deacylation indicates
that there is room in the L158E mutant for a
deacylating water. Clearly, the fact that the intro-
duction of a glutamate spatially in the same position
as Glul66 does not improve the rate of deacylation
more than 90 times remains puzzling since in the
L158E mutant, all the “catalytic” residues and the
interactions characteristic of p-lactamases seem to
be present. This may result from the fact that the
electrostatic environment or the hydrophobicity of
the cavity does not provide a configuration suitable
for the important proton shuttles involved in the
mechanism. However, the adjustments of the shape
or electrostatic potential of the cavity that we have
tried to introduce did not allow modifying signifi-
cantly the catalytic properties of the L158E mutant.
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In conclusion, there is no obvious explanation
why this protein is not a B-lactamase. Our results
are, thus, a good illustration of how proteins are not
as versatile as they look and that enzyme efficiencies
are often mysteries for rational studies.

Materials and Methods

Figures were achieved using Chimera 1.0% and View-
erLite 5.0 (Accelrys).

Construction and purification of PBP-A and mutants

Mutants were constructed using the QuickChange®
Site-Directed or Multi-Site-Directed Mutagenesis Kit (Stra-
tagene) (see Supplementary Materials for details). The
mutations were confirmed by sequencing of both strands
on the entire gene. The wt PBP-A and mutants were
expressed in E. coli and purified as described previously."

Kinetic measurements

The parameter k., for benzylpenicillin hydrolysis was
determined by following absorbance at 232 nm. The
acylation constants k»/K; (=keat/Kn) were determined
from time courses of formation of acyl-enzyme complexes
of [**C]-PenG with the proteins, and the deacylation rate
constant was derived from the first-order decay rates of
the ["*C]penicilloyl-PBP complex as described in Supple-
mentary Materials.

Crystallization

The concentrations of the wild-type protein and of the
LissE mutant used for crystallization experiments were
about 7 mg/mL, with 20 mM Hepes, pH7.4, and
ethylenediaminetetraacetic acid 1 mM. The hanging drop
vapor diffusion method was used at 18 °C. For the wild-type
protein, the reservoir was filled with 500 pL of an aqueous
solution containing 0.1 M Hepes, pH?7.5, 0.2 M proline, 10%
(w/v) polyethylene glycol (PEG) 3350, and 0.02% (w/v)
NaNj. The crystals used for acylation were identical but
grown from a different reservoir composition: 0.1 M Hepes,
pH?7.5,0.2 M ammonium acetate, 25% (w/v) PEG 3350, and
0.02% (w/v) NaNa. For the L;sgsE mutant, the reservoir
solution contained 0.1 M Hepes, pH6.9, 0.2 M ammonium
acetate, 15% (w/v) PEG 3350, and 0.02% (w/v) NaNs. The
hanging drop was composed of 1 pL of protein solution
mixed with 1 uL of the reservoir. In both cases, crystals with
typical dimensions of 0.15mmx0.15mm x0.10mm
appeared after a few days.

Data collection

Before data collection, the crystals were soaked for a few
seconds in a cryosolution similar to the mother liquor but
containing 5% glycerol as cryoprotectant and flash cooled
at 100 K. To study the acyl-enzymes, we also soaked some
crystals for 1 min in such a solution containing PenG. All
the diffraction data were collected using synchrotron
radiation at the European Molecular Biology Laboratory
c/o Deutsches Elektronen-Synchrotron (Hamburg, Ger-
many) on beamlines BW7A or BW7B with the detectors
MAR345 and/or MARCCD at wavelengths of 0.8414/

0.8874 A for PBP-A, 1.220 A for PBP-A-Pen, and 0.8430 A
for PBP-A-L158E and L158E-Pen. Some statistics of data
collection and processing are presented in Table 2.

Data processing, structure solution, and refinement

The diffraction images of the different crystals were
processed and merged with the XDS program package.*®
The crystals are orthorhombic, belong to space group
P2,2,2;, and are isomorphous, with four molecules in the
asymmetric unit. The structure solution was attempted by
molecular replacement using the data of the nonacylated
PBP-A. A self-rotation function computed at 3.5 A resolu-
tion indicated the presence of a noncrystallographic 4-fold
axis along c and, as a consequence, two additional 2-fold
axes in the a-b plane, bisecting the two crystallographic
axes. A native Patterson function showed a peak of pure
translation at (0.00, 0.36, 0.50) occurring because the
noncrystallographic 4-fold axis has the same orientation as
a crystallographic 2-fold screw axis. The structure was
solved using the program PHASER,” which applies the
maximum likelihood to molecular replacement. A set of
prealigned class A p-lactamases was used as a model.
Their Protein Data Bank (PDB) codes and the percentage
of homology with T.elongatus PBP are as follows: 1mfo,
32%; 125, 31%,; 1bsg, 26%; lerm, 30%; 1i2s, 29%. PHASER
succeeded in orienting and locating three molecules in the
asymmetric unit consistent with the noncrystallographic
4-fold axis. A fourth molecule was discovered by the
program FFFEAR*® of the CCP4 suite (1994).*° Electron
density maps were interpreted using O and Coot.”" After
applying the NCS-phased refinement procedure (CCP4
suite), the refinement was pursued with REFMAC5.>?
Since all the structures are isomorphous, it was possible to
start immediately the refinement of the other structures,
after some minor adjustments. Solvent molecules were
introduced by ARP/wARP.>® Ordered glycerol molecules
were observed in PBP-A-L;sgsE and PBP-A-L;sgE-Pen.
During the final steps, the hydrogen atoms were incorpo-
rated in riding positions and the mean-square displace-
ments of rigid bodies were refined, with each polypeptide
chain being defined as a different TLS group. At the end of
the refinement, the TLS contribution was included in
anisotropic temperature factors. Some refinement statis-
tics are given in Table 2.

Accession codes

Coordinates and structure factors have been deposited
in the PDB: 2j7v for PBP-A; 2j8y for PBP-A, acyl-enzyme
complex; 2j90 for PBP-A, L158E mutant; and 2jbf for PBP-
A, L158E mutant, acyl-enzyme complex.
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