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ABSTRACT. The Streptomyce¥15 penicillin-binding pb-transpeptidase is presumed to be involved in
peptide cross-linking during bacterial cell wall peptidoglycan assembly. To gain insight into the catalytic
mechanism, the roles of residues Lys38, Ser96, and Cys98, belonging to the structural elements defining
the active site cleft, have been investigated by site-directed mutagenesis, biochemical studies, and X-ray
diffraction analysis. The Lys38His and Ser96Ala mutations almost completely abolished the penicillin
binding and severely impaired the transpeptidase activities while the geometry of the active site was
essentially the same as in the wild-type enzyme. It is proposed that Lys38 acts as the catalytic base that
abstracts a proton from the active serine Ser35 during nucleophilic attack and that Ser96 is a key
intermediate in the proton transfer from the Of Ser35 to the substrate leaving group nitrogen. The role

of these two residues should be conserved among penicillin-binding proteins containing the Ser-Xaa-
Asn/Cys sequence in motif 2. Conversion of Cys98 into Asn decreased the transpeptidase activity and
increased hydrolysis of the thiolester substrate and the acylation rate witlf#aasam antibiotics. Cys98

is proposed to play the same role as Asn in motif 2 of other penicilloyl serine transferases in properly
positioning the substrate for the catalytic process.

Bacterial wall peptidoglycan is a mesh-like structure in amino group of the -R; residue of another peptide acting
which short peptides cross-link linear strands of glycan as an acceptor. The acyl serine transferases are the targets
consisting of alternatiniyl-acetylglucosamine (GIcNAc) and  of penicillin action. They catalyze the opening of the
N-acetylmuramic acid (MurNAc) residues. The carboxylic f-lactam amide bond of penicillin with formation of peni-
group of the MurNAc residue is amide-linked to the peptide cilloyl serine enzymes that are easily detected. In conse-
unit L-Ala-y-b-Glu-L-Rs-p-Ala. In Streptomyce¥15, the guence they are known as penicillin-binding proteins (PBPs).
L-R; residue isLL-diaminopimelic acid (L -Azpm) and the The bifunctional class A PBPs catalyze the polymerization
interpeptide bridge which extends from the C-termmaila of peptidoglycan in conjunction with other proteirs g8).
of one peptide to the-amino group of theL-Apm of  The multimodular class B PBPs are cell morphogenetic
another peptide is a glycine residue. proteins, devoid of glycosyl transferase activity and involved

From the lipid Il precursor, GIcNAcMurNAcL(Ala-y- with other components in peptidoglycan synthesis during cell
D-Glu-L-Rs-D-Ala-D-Ala) P-P-undecaprenol, assembly of division and elongation46). During cell growth and
peptidoglycan requires two types of enzymatic activities: division, the peptidoglycan is continuously remodeled by
glycosyltransferases that catalyze glycan chain elongationhydrolases. Monofunctional PBPs hydrolyeeAla-p-Ala
and acyl serine transferases (transpeptidases) that catalyzgonds or interpeptide bridges. Thesecarboxypeptidases/
peptide cross-linking1). The transpeptidase reaction pro- PBPs control the extent of peptide cross-linking, allow the
ceeds with the formation of a serine ester-linked peptidyl jnsertion of new material, and are involved in the cell shape
(L-Ala-y-p-Glu-L-Rs-D-Ala) enzyme with concomitant release  maintenance and peptidoglycan recyclifig §).
of the C-terminab-Ala of the pentapeptide acting as adonor.  gacteria have developed various strategies to protect their
The peptidyl moiety is then transferred to the side chain ,eontidoglycan assembly machineries against the toxic effect

F—y . . of S-lactams. One of the most prevalent mechanisms of
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Relative distances between the side chains of the active
site defining motifs of the penicilloyl serine transferases are
well conserved. However, there are a number of differences
around the active site. Class/Alactamases possess a fourth
Glul66-Xaa-Xaa-Leu motif located at the bottom of the
cavity (theQ loop). Glu166 would play the role of general
base in the hydrolysis of penicillinsl$, 16). PBPs and
p-lactamases of classes C and D have no residue equivalent
to glutamate 166. Th8treptomyce&61 pp-carboxypepti-
dase/PBPX7) and the class @-lactamases have a tyrosine
in the first position of motif 2 which replaces the serine of
all known PBPs, ang-lactamases of classes A and D have
a serine at this position. The hydroxyl group of the tyrosine
in the R61 enzyme and classf=lactamases superimposes
on that of the serine of class #Alactamases and of the K15
enzyme, and its anion is proposed to act as the general base,

Active site

Ficure 1: Ribbon diagram of thé&treptomyce&15 penicillin-
sensitive bb-transpeptidase and identification of the conserved
residues of the active site including the nucleophilic serine S*

residue. compensating the absence of the class A Glull& 19).
Analysis of the 3D structure of class prlactamases and

the transient formation of penicilloyl serine enzymgd.ac- PBPs containing a serine in motif 2 revealed that there is no

tamases and PBPs are members of the same penicilloyl seringounterpart to the residues proposed to act as general bases

transferase superfamilyL(). in B-lactamases of classes A and C and the R61 enzyme. In

the class Dp-lactamases Lys70 of motif 1 is carbonated,
and the carbamyl carboxylate is proposed to act as the general
base in the catalytic mechanisr20-22). The identity of
he general base in PBPs containing a serine residue in motif
(or of the Ser-Xaa-Asn type) is not yet clearly known. In
this paper, the roles of Lys38 of motif 1 and Ser96 and Cys98
of motif 2 in the K15bpDp-transpeptidase have been investi-
gated by site-directed mutagenesis (Figure 1). The effects
of the modifications were probed by analyzing the catalytic
f properties of the mutant enzymes, and their X-ray structures
were compared to that of the wild-type enzyme.

The monofunctionaBtreptomycek15 pp-transpeptidase
is a 262 amino acid PBP presumed to be involved in
peptidoglycan cross-linking. Although lacking a membrane
anchor, the protein is associated to the cytoplasmic membran
and in vitro requires 0.5 M NacCl to remain solubl&l).
The rate of transpeptidation catalyzed by the K15 enzyme
depends on the nature of both the scissile bond (peptide,
thiolester, or ester) of the carbonyl donor and the acceptor.
When assayed on Ae-Lys-p-Ala-p-Ala, the enzyme be-
haves as a poor hydrolase. It utilizes the small amount o
released-Ala as an acceptor to catalyze a silent exchange
between the tripeptide C-terminadAla and the free amino
acid (12). In the presence of Gly-Gly or Gly-Ala, which

mimic the structure of the acceptor in the nascent peptido-  \aterials. Acy-L-Lys-p-Ala-D-Ala was a gift from Reanol
glycan, virtually no hydrolysis product is formed, and the (Budapest, Hungary), anN-Ac-L-Lys-p-Ala-p-Ala, Ac,-
enzyme behaves as a strict and efficient transpeptidase. By .| ys-p-Ala-thiolactate, andN®-Ac-L-Lys-p-Ala-thiolactate
contrast, Ag-L-Lys-D-Ala-D-lactate is rapidly and completely  were gifts from UCB-Bioproducts (Braine-I'Alleud, Bel-
hydrolyzed, p-lactate being a much poorer acceptor than gium). Thiolesters benzoyl-Gly-thioglycolate, benzoyl-Gly-
p-Ala. Butin the presence of Gly-Gly, the rate of utilization  thjolactate, and benzoyp-Ala-thioglycolate were synthesized
of the ester donor is also increasdd,(13). as described2@, 24). Phenylacetyb-Ala-thiolactate and
The structure of the KlSbp-transpeptidase has been phenylacetylp-Ala-thioglycolate were gifts from Aventis
elucidated & 2 A resolution (4). The polypeptide is  (Romainville, France). Benzylpenicillin, piperacillin, oxacil-
organized in two domains and adopts the same general foldlin, cephalothin, and cefoxitin were from Sigma, and
as the other members of the penicilloyl serine transferasecarbenicillin and cephalosporin C were gifts from Beecham
family of known 3D structures. One domain mainly contains and Glaxo, respectively. Chemical structures are shown in
a-helices; the second is of thé type. The catalytic pocket ~ Schemes 1 and 2.
is located at the interface between the two domains and is Recombinant Plasmids. (1) pDML210fhe 1357 bSpH
mainly defined by three conserved motifs. Motif Ser35-Thr- fragment carrying the K16p-peptidase encoding gene was
Thr-Lys (motif 1 with the essential serine residue) of the excised from plasmid pDML2251() and inserted into the
o2 helix is central to the cavity. Motif Ser96-Gly-Cys (motif  corresponding sites of pUC19. The resulting plasmid called
2) on a loop connecting-helices 4 and 5 is on one side of pDML2100 was used as template to introduddcal site at
the cavity. Among the known penicilloyl serine transferases, the 58 end of the K15 enzyme (Vall to Leu262) encoding
the K15 enzyme is the only one with a cysteine as the third gene by site-directed mutagenesis (QuickChange Mutagen-
residue of motif 2. A few class 8-lactamases or multi-  esis Kit, Stratagene) using the oligonucleotidackcccgc-
modular class B PBPs have a glycine, serine, or aspartic acidgaccatggaccaagcccaccatcg8d its reverse. The modified
in this position, and class [B-lactamases have a strictly gene was sequenced to detect potential errors. The 1066 bp
conserved valine instead of the usual asparagine residueNcd—Sad fragment was excised from pDML2100¢d and
Motif Lys213-Thr-Gly (motif 3) at the carboxy-terminal inserted into the corresponding sites of plasmid pET28a(
region of strandB3 is on the other side of the cavity (Novagen), giving rise to pDML2104. The gene encoding
(Figure 1). the K15pp-transpeptidase, which contained one additional

MATERIALS AND METHODS
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Scheme 1: Structures of the Substrates
R,— NH—CH—CO—X —CH—COO0 ~

R2 R3
Substrate R;? R, R; X
AcKAA  AcK CH;(D) CH;(D) NH
0AcKAA  AcK CH;(D) CH;(D) NH
AcKATI  AcK CH3(D) CH3(D) S
aAcKATI AcK CH;(D) CH; S
PhacATI CeHs-CH,-CO CH;3(D) CH; S
PhacATg  C¢Hs-CH»-CO CH;(D) H s
S2a Ce¢Hs-CO H H S
S2¢ Ce¢Hs-CO H CH;(D) S
S2d Ce¢Hs-CO CH;(D) H S

aAc and K are acetyl and-lysyl, respectively.

N-terminal methionine, was under the control of the T7
promotor, lac operator.
(2) pDML2108 and pDML21Q07Plasmid pDML2100 was
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fragment of pDML2100. The 1353pH DNA fragment was
completely sequenced and inserted into 8@ site of
plJ702 @5). The resulting plasmids pDML2105 and pD-
ML2106 encoded the Lys38His and Cys98Ala mutants,
respectively.

Production and Purification of the K1Bp-Transpeptidase
and Derwatives Mutants Lys38His, Cys98Ala, and Cys98Asn
were produced bgtreptomycesididansTK24 (27) harboring
the appropriate plasmid and purified as described previously
(12). The final yield was about 24 mg of 95% pure
enzyme/L of culture and was similar to that of the wild-
type protein produced b$. lividans (11, 13).

The wild-type enzyme and the Ser96Ala mutant were
produced in the cytoplasm &scherichia coliBL21(DE3)
(Novagen, Oxon, U.K.) harboring pDML2104 or pD-
ML2108. The cells were grown at 3T in Luria—Bertani
medium containing 5Q:g/mL kanamycin. When thégoo
reached a value of 0.8, the culture was supplemented with 1
mM IPTG and maintained at 1& during 16 h. TheE. coli
cells were suspended in 25 mM Tris-HCI, pH 7.2, containing
0.2 mM DTT and 0.4 M NaCl, and disrupted at’€ in a
cell desintegrator (Constant System, Warwick, U.K.). After
centrifugation at 300G for 30 min, the supernatant was
incubated at £C in the presence of benzonase and 2 mM

used as template for site-directed mutagenesis (QuickChangégCl,. The preparation was then dialyzed against Tris-HCI/

Mutagenesis, Stratagene) using oligonucleotidegyatgct-
gccggecggetgegacyand 3ggegtcgcagecggecggcagceatcage3
(Ser96Ala mutation) and 'Stgccgtccggcaacgacgccgceg-
tacgcg3and Bgtacgcggcgtcgttgccggacggecag(Bys98Asn
mutation). After sequencing of the modified region, the
Sad—Sadl 984 bp segment was exchanged with the cor-
responding unmodified fragment of pDML2104, giving rise
to pDML2108 encoding the S96A K16b-peptidase. The
1357 bpSpHh fragment (carrying the Cys98Asn mutation)
was inserted into the same site of plJ7@3)( The resulting
plasmid pDML2107 encoded the Cys98Asn enzyme.

(3) pDML2105 and pDML2106The overlap extension

DTT buffer without NaCl, and the purification was per-
formed as described previousli/1). The final yield was 30
mg of 95% pure enzyme (wild type or Ser96Ala mutant)/L
of culture, about 10 times higher than that obtained \@ith
lividansTK24 harboring pDML225. The wild-type enzyme
produced irk. coli showed the same properties (thermosta-
bility, affinity for g-lactams, activity toward the peptide and
thiolester substrates) as the enzyme produce®! inidans
TK24.

Enzymatic Actiity MeasurementsThe peptides and the
enzyme were incubated at 3T in 5.7 mM Tris-HCI, pH
7.2, containing 0.045 mM DTT and 0.1 M NaCl. The

PCR method was used to introduce the Lys38His and release-Ala was measured by the-amino acid oxidase

Cys98Ala mutations2p). In separate PCRs, two fragments

procedure 28).

of the target gene were amplified. The first reaction used The thiolesters and the enzyme were incubated &tC37

the flanking primer fgcctccgtagagetgecg@hich hybrid-

in 25 mM sodium phosphate, pH 7.2, containingM DTT

ized downstream from the K15 encoding gene and the and 0.4 M NaCl. The steady-state parametgss K, and

internal antisense primer’éggtcatgatgtgggtggtggagce3
(Lys38His mutation) or gcgtcggcgecggacggc@ys98Ala
mutation) which hybridized with the site of mutation. The
second reaction used the flanking antisense prirfgagaa-
gacgaggcagtacttgc@hich hybridized upstream of the K15

keaf K Were estimated as describelB).

The carbonyl donor benzow-Ala-thioglycolate (D), the
hydrolyzed product (H), and the aminolysed product (T) of
the transfer reaction in the presenceefla were separated
by HPLC on a ET250/8/4 Nucleosil 5C18 column (Mach-

pp-transpeptidase encoding gene and the internal senseerey-Nagel). The flow rate was 1 mL/min. The retention

primer Bccaccacccacatcatgaccgcodys38His mutation) or
5'gtccggegecgacgecgeBCys98Ala mutation) which hybrid-

times for D, H, and T were 54, 27, and 34 min, respectively
(under isocratic conditions using 5% acetonitrile in 10 mM

ized with the site of mutation. The reaction mixture contained sodium acetate, pH 3.0. Detection was performed at 235 nm.

50 ug of pDML2100, the DNA template, 100 pmol of each
primer, 200uM dNTPs, 0.5 unit of Vent DNA polymerase,
and 10uL of DMSO in 100uL of the recommended buffer.
Thirty cycles of PCR were performed as follows: 1 min at
95°C, 30 s at 58C, and 1 min at 72C. The two fragments

were purified by agarose gel electrophoresis and fused by
denaturating and annealing them in a subsequent primer

extension reaction. By addition of extra flanking primers,

The transfer to hydrolysis ratio was quantified as described
(24, 28).

Inactivation of the K15 enzyme (E) bg-lactam com-
pounds (1) was interpreted on the basis of the reaction model:

K, k
E+C<k—1-EIE>EI*—3-E
—1

the 764 bp fragment was further amplified by PCR (see where El is the HentiMichaelis complex, EI* the covalent

above), purified, digested with the restriction enzyrieg|
and Bpul102l, and exchanged with the corresponding

acyl-enzyme, and P the degradation product ofsttectam.
The k, andks parameters are first-order rate constants, and
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Scheme 2: Structures of the Antibiotics

Penam Cephem
(6] H 0 H
|- H N1 r g
R— C—N : s R—C—N_ I =5
CH,
N K CH, o N 2
0 H CH, — R
COOH COOH
Substrates R R' R"
Benzylpenicillin @— CH, .-
. ©_ CH..-
Carbenicillin |
COOH
. H
Oxacillin W CH, -
\
NTO
0 o}
Piperacillin
CH,— CH,—N_ )N—CO—NH— CH...
. NH,
Cephalosporin C ) CH—CHy—CH,—CH, .. | .- 0—CO—CH, | «--H
COOH
Cephalothin (S\B\CHZ oo | vevo—co—cu, | -m
Cefoxitin @\
S CH, -+ | +++O— CO—NH, | --+OCHj,

ko/K is the second-order rate constant for enzyme acylation buffered with 0.1 M 2-4-morpholino)ethanesulfonic acid
(30). Thek, parameter is negligible when compareckiq (MES)—HCI, pH 6.0. The crystals of the Lys38His, Ser96Ala,
so thatk’ = [(k-1 + ko)/ks1] = [k-1/ki1] = K, the dissociation ~ and Cys98Ala/Asn mutants grew as small prisms and, like

constant of EI. . . the original native enzyme crystals, belonged to the ortho-
The k/K parameter was determined as descrilizd) or rhombic space group2;2;2; with similar unit cell dimen-
with benzoylp-Ala-thiolglycolate or phenylacetyb-Ala-p- sions (Table 1).

thiolactate as reporter substrat28)( The rate of deacylation
(ks) was determined as describedQ). The labeling of
the K15 enzyme with 3H]benzylpenicillin (18 Ci/mmol,
Radiochemical Centre, Amersham, U.K.) was estimated as
described 1).

Thermal DenaturationsThe enzyme (1@M) was incu-
bated at 60°C in 25 mM Tris-HCI, 0.2 mM DTT, and 0.4

X-ray diffraction experiments were carried out at room
temperature (Cys98Ala and Cys98Asn mutants) or under
cryogenic conditions (100 K) after the crystals were trans-
ferred to adequate cryosolvents (Lys38His and Ser96Ala
mutants). Data for the Lys38His, Ser96Ala, and Cys98Ala
mutants were collected on a Siemens X1000 area detector

M NacCl during various periods of time. The residual activity with a Rigaku RU-200 rotating anode generator operating

was measured at 3T using the cosubstrates Ac-Lys-p- at 50 kV and 90 mA 1 = 1.5418 A). They were then
Ala-p-Ala (5 mM) and Gly-Gly (10 mM). Alternatively, the indexed, integrated, scaled, and merged using the SAINT
time-dependent decrease in protein fluorescence aC72 ~ Software 82). Data for the Cys98Asn mutant and to higher

was monitored using a Perkin-Elmer LS50 spectrophotometerrésolution for the Ser96Ala mutant were obtained at LURE
(excitation, 280 nm; emission, 330 nm). The enzyme (Laboratoire pour I'Utilisation du Rayonnement Synchrotron,
concentration was AM. Orsay, France) on beamline D41-A € 1.375 A) using a
X-ray CrystallographyThe crystals of the modified K15 ~MARResearch Mar300 imaging plate. These data were
enzyme were obtained at 2@ by the hanging drop vapor  indexed and integrated with MOSFLN33). The scaling and
diffusion method under conditions similar to those described reducing steps were accomplished using the SCALA and
for the wild-type enzymeld). The modified proteins (23 TRUNCATE programs 34). To improve the data quality
20 mg/mL) crystallized in the presence of various concentra- for the Lys38His mutant, new data were collected at ESRF
tions of poly(ethylene glycol) 6000 (PEG) as precipitating (European Synchrotron Radiation Facility, Grenoble, France)
agent, in 0.1 M Tris-HCI, pH 7.2, and 0.5 M NaCl, except on beamline ID14-3A = 0.933 A) using a MAR 165 mm
for the Cys98Ala mutant which crystallized in a PEG solution CCD detector, and they were entirely processed using the
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Table 1: Diffraction Data Collection and Processing

mutant
Lys38His Ser96Ala Cys98Ala Cys98Asn

space grou2:2:2;

a(h) 45.57 45.28 46.30 46.04

b (R) 53.64 53.15 54.09 53.74

c(A) 104.69 104.70 108.77 107.96
resolution range (A)

overall reflections 34.711.56 41.56-1.50 42.60-2.13 22.69-1.88

highest resolution shell 1.601.56 1.55-1.50 2.26-2.13 1.93-1.88
no. of unique reflections 34332 (1069) 38470 (2624) 14472 (730) 20385 (1634)
completness (%) 91.7 (39.7) 87.9 (85.0) 90.6 (46.8) 89.8 (95.6)
redundancy 3.7 4.1 35 3.7
mMlo()O 19.3 (4.1) 12.1(6.1) 4.2 (ND) 8.7 (4.1)
Riergé (%) 3.8(13.9) 4.6 (10.5) 4.4(18.3) 6.1(18.2)

aData for the highest resolution shell are in parenthesR® stands for not determinefRnerge = Yl — DV Y nclnia, Wherelng is the
measured intensity of the reflection with the indid¢gd.

Table 2: Refinement Statistics

mutant
Lys38His Ser96Ala Cys98Ala Cys98Asn

resolution range (A) 8.001.65 8.06-1.55 10.06-2.20 8.06-1.90
completeness (%) 96.9 92.7 89.3 84.1
no. of unique reflectiorfs 30376 34434 12742 18050
RP (working set) (%) 21.8 225 17.4 17.9
Rirce (test set) (%) 25.6 27.0 24.5 22.5
protein atoms (non-H) 1928 1912 1912 1900
heterogen and solvent atoms 199 252 131 144
B values from Wilson plot (A 171 14.2 235 13.6
meanB value (overall, &) 15.0 11.9 20.7 17.0
estimated coordinate error 0.21/0.17 0.20/0.16 0.22/0.23 0.18/0.16

(low-resolution cutoff of 5.0 A)

from Luzzati plot/sigmaA (A)
rms deviations from ideal values

bond lengths/angles (A/deg) 0.007/1.2 0.006/1.2 0.007/1.2 0.006/1.2

dihedral/improper angles (deg/deg) 24.6/0.66 24.3/0.67 26.2/0.60 25.7/0.63

aReflectionsF < 20 are rejected in the Lys38His and Ser96Ala mutants, and for the Cys98Ala and Cys98Asn mutants, a cutoff of 3 was
applied.? R = Y nkl|Fonxl — |Fenkll/3nkFonk, Where|Fonl and|Fenal are the observed and calculated structure factor amplitudes.

XDS package 35). Data collection statistics are shown in proteins was similar to that of the native one in all
Table 1. purification steps. One may note that the productiorin
Since all crystals of the K15 derivatives were isomorphous coli was 10 times higher than i8. lividans (30 mg/L of
with those of the wild-type enzyme (PDB entry 1SKF), their culture versus 3 mg/L). The modified proteins were indis-
crystallographic structures were solved by the classical tinguishable from the native enzyme with respect to their
difference Fourier method using the native K15 enzyme absorption (216340 nm), fluorescence (excitation at 280
coordinates. The verification of the mutated residues was nm), and circular dichroism (265260 nm) spectra.

carried out using the combination of omit maps and differ-  |ncubation at 60 or 72C resulted into the time-dependent
ence maps. The standard refinement procedure employingrreversible denaturation of the protein, which could be
X-PLOR (36) and model building in the electron density monitored by enzymatic activity or fluorescence measure-
maps with TURBO-FRODO J7) were applied to each  ments, respectively. The thermostability of the mutant
mutant, yielding the final refined structures (Table 2). enzymes reflects that observed for the wild-type protein at
Coordinates have been depOSitEd in the Brookhaven PrOtEirboth temperatures_ The half-lives were 9.5 (Lys38H|s),
Data Bank with accession codes 1J9M, 1ES2, 1ES3, andg + 2 (Ser96Ala), 6+ 1 (Cys98Asn), 13t 2 (Cys98Ala),
1ESA4 for the LyS38HIS, Ser96Ala, Cy598AIa, and Cy598Asn and 10+ 2 (Wl|d type) min at 72°C by fluorescence
K15 enzymes, respectively. measurements and 128 20 (Ser96Ala), 220+ 10
(Cys98Ala), 30+ 4 (Cys98Asn), and 17& 40 (wild type)
min at 60°C by enzymatic activity measurements.

Interaction of the K15op-Transpeptidase Mutants with

RESULTS

Production, Stability, and Physical Properties of the
Modified K15pp-Transpeptidaselhe Ser96Ala K15 enzyme  f-Lactams. Table 3 compares the antibiotic sensitivity
was produced in the cytoplasm &. coli BL21(DE3) profiles of the wild-type and the modified KIfb-transpep-
harboring pDML2108 whereas all of the other K15 enzyme tidases. The Lys38His enzyme failed to bjfidactams. No
derivatives were produced in the culture mediwh S. [®H]benzylpenicillin binding activity was detected throughout
lividans harboring the appropriate vector. The modified the investigated pH range (from 3 to 11). The Ser96Ala
proteins were purified to 95%, and the behavior of the enzyme was also inactive in terms/factam binding with
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Table 3: Interactions of Antibiotics with the K15 Wild-Type and Mutant Enzymes
WwT?2 Ser96Ala Cys98Ala Cys98Asn
ko/K ks x 1075 ko/K ks x 107° ko/K ks x 1075 ko/K ks x 1075
antibiotic (M~ts) (sh (M~1s71) (s (M~ts) (s (M~1-s71) (s
benzylpenicillin 135 10 <0.1 ND? 115 8 130 28
carbenicillin 37 2.6 <0.1 ND 28 26 106 18
oxacillin 8 1.2 <0.05 ND 41 13 300 25
piperacillin 130 26 <0.1 ND 445 22 1100 68
cephalosporin C 0.7 2.3 <0.1 ND 1 4.2 7 9
cephalothin 2 <25 <0.05 ND 24 16 350 40
cefoxitin 720 1.7 0.23 0.014 400 27 7500 120
a See ref30. ND: not determinable; no acyl-enzyme was isolated.
Table 4: Interaction of Substrates with the K15 Wild-Type and Mutant Enzymes
transpeptidation hydrolysis
enzyme AeKAA  oAcKAA  AcKATI  oAcKATI  PhacATl PhacATg S2a S2c S2d
WTe Keat (573) 0.3 0.45 >0.43 0.1 0.6 >0.5 >0.024 0.017 0.11
Km (MM) 6.2 9.4 >3 0.4 1.2 >3 >3 0.22 15
KealKm (M~1-s7l) 50 48 145 250 460 160 8 75 75
Lys38His  kear(s™) <0.3 <0.3 <0.1 <0.1 >0.003 0.015 <0.1 0.006 >0.015
Km (MM) ND2 ND2 NDP NDP >3 2.4 ND 1.0 >3
kealKm (M~2s71)  <0.0004 <0.001 <0.1 <0.1 1.1 6.4 <0.1 6.0 5.0
Ser96Ala  kear(s7Y) >0.009 >0.005 >0.02 >0.02 >0.012 >0.024 >0.007 >0.045 >0.012
Km (MM) >35 >35 >3 >3 >3 >3 >3 >3 >3
KealKm (M™1s™h)  0.27 0.15 6.8 7.6 4.0 8.0 2.4 15.0 4.0
Cys98Ala  keat(s™) >0.2 0.13 11 0.8 2.2 >0.87 0.08 0.08 0.3
Km (MM) >35 30 2.0 0.6 1.2 >3 0.8 0.3 1.3
kealKm (M5 6 4.3 580 1300 2000 290 100 270 200
Cys98Asn  kear(s™Y) >0.035 >0.02 >0.57 >0.9 >2.4 >0.96 >0.25 0.45 >0.8
Km (MmM) >35 >35 >3 >3 >3 >3 >3 3.3 >3
kealKm (M™1-s71) 1.0 0.7 190 290 800 320 85 140 260

a Significantly less than 10% of the substrate was utilized when the enzymé&lf3vas incubated in the presence of donor (35 mM) and
acceptor (10 mM) substrates during 1 h. The maximkggandk../Km values were computed on the assumption thakthealue was much lower
or much larger than 35 mM, respectivelSignificantly less than 10% of the substrate was utilized when the enzypid)8vas incubated in the
presence of thiolester substrates (3 mM) during 20 min. The maxikyuendke./Km values were computed on the assumption thakihealue

was much lower or much larger than 3 mM, respectiveyee refl3.

the exception of cefoxitin, for which a residual activity was

400-fold. The extremely low activity of the Lys38His enzyme

detected. The value of the second-order acylation ratedid not allow measurement of the pH dependence of the

constant k/K') was decreased by a factor of 3000 (0.23
M~1-s 1 versus 720 M!-s 1 for the wild-type enzyme), and
that of the deacylation rate constakd)(was decreased 120-
fold (0.014 x 10°° s* versus 1.7x 1075 s1). The ko/K
values of the Cys98Ala mutant were not very different from
those of the wild-type enzyme with the exception of the
cephalotin, oxacillin, and piperacillin values which were
increased 510-fold. By contrast, the acylation rate constants
of the Cys98Asn mutant by most of thelactams were
increased 1670-fold compared to the wild-type enzyme.

kinetic parameters. No aminolysis of the thiolester substrate
benzoylp-Ala-thioglycolate (1 mM) by the Lys38His mutant
was observed in the presencemAla (0.1-10 mM).

The Ser96Ala mutant had a much decreased aminolysis
activity. The catalytic efficiency represented 8@35% of
that of the native enzyme with Ac(or aAc-) L-Lys-D-Ala-
D-Ala and Gly-Gly or Glyt-Ala. The hydrolysis of thiolester
substrates was less affectee;30% of that of the wild-type
enzyme. The ratio between the aminolysis (T) and hydrolysis
(H) products was determined as a function of thdla

The deacylation rate constant values of the Cys mutants alscconcentration using benzoglAla-thioglycolate as donor

increased 2 70-fold.

Interaction of the K15op-Transpeptidase Mutants with
SubstratesTable 4 compares the substrate profiles of the
wild-type and the modified K1%p-transpeptidases. The
activities of the Lys38His and Ser96Ala mutants were very
impaired. In some cases, the individual valueskgf and
Km could not be determined because Kagvalues were too
high.

The Lys38Hisob-transpeptidase catalyzed the aminolysis
of Ac,- (or aAc-) L-Lys-D-Ala-D-Ala in the presence of Gly-
Gly or Gly-L-Ala with an extremely low efficiency. Thie.a/

Km values were decreased by 8 orders of magnitude. The
Lys38His mutation also affected the efficiency of thiolester
substrate hydrolysis. THe./Kn values were decreased-15

substrate (Table 5). This ratio increased proportionally to
the concentration af-Ala from 0.8 to 10 mM and was much
lower for the Ser96Ala mutant than for the wild-type enzyme.
Aminolysis, which represented 0.045% of that of the wild
type, was more severely affected by the mutation than
hydrolysis, which represented 0.4% of that of the wild type
in the presence of 2 mM-Ala.

The Cys98Asn and Cys98Aim-transpeptidases catalyzed
the aminolysis of peptide donors in the presence of Gly-Gly
or Gly-L-Ala with a decreased catalytic efficiency;-20%
of that of the wild-type enzyme. In contrast, they catalyzed
the hydrolysis of thiolester substrates with an increased
catalytic efficiency, 136-1250% of that of the native
enzyme. In the presence of benzoyl-Gly-thiolactate, the
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Table 5: Ratios between the Aminolysis Product (T) and
Hydrolysis Product (H)

[D-Ala] T/H ratio

(mM) WTP Ser96Ala Cys98Ala Cys98Asn
0.8 4.1+ 0.5 ND* ND 0.56+ 0.02
1 ND 0.5+ 0.05 45+£0.3 0.86+ 0.04
2 10.6+ 1.5 1+ 0.1 8.5+ 0.4 1.20+ 0.10
3 124+ 1.8 ND 13.2+ 04 2.03£0.25
35 20.6+ 5.1 ND 14.5+ 0.6 2.60+ 0.25
4 ND 1.23+0.2 16.9+£ 0.8 2.94+ 0.40

aEnzyme concentration was 1.281 (WT, Cys98Ala/Asn) or 4.6
uM (Ser96Ala), and incubation was 30 min (WT, Cys98Ala/Asn) or 3
h (Ser96Ala) in the presence of 1 mM benzoyAla-thioglycolate and
increasing concentrations pfAla. ® See reflL3. ¢ ND: not determined.

Cys98Asn mutation increased both tgvalue (0.45 versus
0.017 s?) and theK,, value (3.3 versus 0.22 mM), and the
Cys98Ala mutation increased only tkg;value (0.08 versus
0.017 s1). The Cys98Asn mutation had no major effect on
the aminolysis of benzoyt-Ala-thiolglycolate in the pres-
ence ofp-Ala whereas it increased the hydrolysis activity

so that the T/H ratio decreased (14% of that of the native
enzyme). In contrast, the Cys98Ala mutant hydrolyzed and

aminolysed the benzoyl-Ala-thioglycolate with similar
efficiencies which were 4 to 5 times higher than those of

the wild-type enzyme. In consequence, the T/H ratio was

not much modified (Table 5).
Overall Structure of the Modified K16p-Transpeptidase.

The mutations had no major effect on the overall structure
of the K15 enzyme. When the mutant structures were
superimposed onto that of the native enzyme, the root-mean
square (rms) deviations for all equivalent atoms were
distributed from 0.40 to 0.72 A. For the equivalent backbone

atoms (N, @, CB, C, O), the rms deviations ranged from
0.23 to 0.52 A. Those values are relatively low, and only

one significant change occurs in the Serl110-Phel21 loop

connectingo5 to a6, which is directly involved in crystal-

lographic packing interactions between symmetry-related

molecules. In diffraction experiments, the Lys38His and

Ser96Ala crystals were flash frozen at 100 K whereas the

Table 6: Catalytic Cleft Distances

distance (A)
Lys38- Ser96- Cys98- Cys9s-

amino acid/water
identification

WT  His Ala Ala Asn
Ser350G  Ser216 N 3.0 3.0 3.1 3.0 3.0
Wat336 3.0 2.6 2.8 2.8 3.1
Lys38 NZ Ser96 OG 3.0 3.4 3.6
Cys98 SG 2.7 2.9
Asn98 OD1 2.6
Wat524 2.7
His38 NE2 Ser96 OG 4.2
Cys98 SG 3.6
Ser96 OG  Lys213NZ 2.9 2.9 2.8 2.9
Wat524 Lys213 Nz 2.9

2The corresponding water molecule in the Lys38His mutant is
numbered 3322 Wat524 occupies the Ser96 hydroxyl group position
in the Ser96Ala mutant.

position. The hydrogen-bonding pattern in the catalytic cleft
is also quite well conserved as shown in Table 6. In contrast
to the other penicilloyl serine transferases, the orientation
of the hydroxyl group of the active serine Ser35 is oriented
away from Lys38 of motif 1, in a position incompatible with

a favorable H-bonding interaction. Its position toward the
B3 strand is stabilized by a H-bond with the main chain
nitrogen atom of Ser216 (downstream of the motif 3 Lys-
Thr-Gly triad) and a water molecule (Wat336) that could be
compared to that found in the oxyanion hole of other
penicilloyl serine transferases, although it is less buried. In
the mutant structures the solvent content undergoes some
modification, especially in the Ser96Ala mutant where a

‘water molecule is occupying the position of the missing

hydroxyl group of the serine side chain (Figure 2c). In the
Cys98Asn mutant, the asparagine residue has a relative
position more or less equivalent to that of Asn132 in the
NMCA class A carbapenemase frdamterobacter cloacae
where, in comparison with classical class A enzymes, a
displacement of this residue in the active sigelbA enlarges

the substrate binding pocket to accommodate carbapenem
antibiotics (Figure 3c)38).

native enzyme X-ray data were collected at room temperature scyssiON

(unit cell parametersa = 46.59 A,b = 54.53 A, andc =

108.70 A). This thermal constraint induced a compression

of the crystallographic cell in all three directions of about
2—3% along thea andb axes and 4% along theaxis (see
Table 1). Consequently, the SertiPhel21 polypeptide
chain was slightly shifted along tteeaxis in both Lys38His
and Ser96Ala structures in comparison with the wild-type
K15 and the Cys98Ala/Asn mutant structures. A similar
modification was observed for the Lys6RAsn71 region.

No drastic modification of the active site geometry was

The serineS-lactamases, the monofunctional PBPs, and
the penicillin-binding modules of multimodular PBPs fulfill
different functions and catalyze distinct reactions. However,
they all operate on R-CO—X—R; carbonyl donors by a
similar double proton shuttle. During the enzyme acylation,
the proton of the active site serip®H is transferred to the
leaving group X-R; with concomitant nucleophilic attack
of the carbonyl carbon of the donor by the activated
the deacylation step, the proton of the acceptor (an amino

observed, and the positions of the key residues were highlygroup or a water molecule) is abstracted, the activated
conserved (Figure 2a,c and Figure 3a,b). In the crystals ofacceptor attacks the carbonyl carbon of the acyl-enzyme,
the wild-type and mutant enzymes, the electron density and the abstracted proton is back-donated to the active
associated with the lle145Gly148 loop was always very  site serine @. The catalytic mechanism of the penicilloyl
poor, reflecting a relatively high disorder. Moreover, for the serine transferases has been investigated in great detail
Lys38His and Cys98Asn mutants, three amino acid residuesby site-directed mutagenesis and crystallographic, kinetic,
of the 145-148 loop were omitted during the refinement and theoretical studies, allowing a definition of the role
process (respectively lle145-Gly146-Asnl147 and Gly146- played by some amino acids found in the three conserved
Asn147-Gly148). This disorder might be explained by the motifs [Ser-Xaa-Xaa-Lys, Ser/Tyr-Xaa-Asn/Val/Cys, and
presence of two glycine residues, which are more flexible, Lys/His-Thr/Ser-Gly] defining the catalytic pocket. As found
and the lack of crystallographic packing constraints at that in all serine proteases, the assisting catalytic mechanism
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Ficure 2: Superimposed active sites of (a) the K15 wild-type enzyme and its Lys38His mutant (magenta), (b) the K15 Lys38His mutant
and the corresponding Lys73His mutant of Beaureusclass AfS-lactamase§6) (cyan), and (c) the K15 wild-type enzyme and its
Ser96Ala mutant (magenta).

includes an oxyanion hole defined by the backbone NH Asnl32 is pivotal for the adequate positioning of the substrate
groups of the active serine and of the residue following for the nucleophilic attack by the active serine.
motif 3. In the class @B-lactamases and the PBP Sfreptomyces

In the class As-lactamases, a fourth motif Glul66-Xaa- R61, where motif 2 is the Tyr-Xaa-Asn triad, it was proposed
Glu-Leu-Asn defining the so-calle@ loop at the bottom of  that the phenolate anion of tyrosine (respectively Tyr150 and
the catalytic cleft is a unique characteristic. There is now a Tyr159) acts as the general base responsible for the activation
consensus on the fact that the conserved Glul66 is theof the active serine during the acylation step and for the
general base in the acylation and deacylation stéf)s The subsequent activation of the catalytic water molecule in the
role played by Ser130 and Asn132 of motif 2 has also been deacylation process. Site-directed mutagenesis and crystal-
intensively studied by site-directed mutagene8ig—42). lographic studies on both enzymek2{-48) have indicated
Catalytic data, computed interactions from modeling, and that the lysine of motif 1 (respectively Lys67 and Lys65)
structural studies have confirmed that Ser130 has a structuralvould play mainly an electrostatic role. Finally, the newly
role by maintaining a functional active site geometry as well solved structure of the HenfMichaelis complex of R61
as a critical role in substrate binding and specificity and that with a highly specific fragment of cell wall precursor probes
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(a)

and its C98N mutant (magenta), and (c) the K15 Cys98Asn mutant (magenta), the NMCA @dsstAmase38) (cyan), and the acyl-
enzymg\ adduct formed by the BS3 clasgAactamase with cefoxitin (oranged9). In the BS3-cefoxitin structure, the distanekis equal
to 2.8 A.

the role played by the conserved asparagine residue in motifD S-lactamases is strongly related to the modification of this
2 (Asnl61) as a H-bond donor for a correct orientation of lysine. X-ray structures of class D enzymes solved at different
peptide substrates and antibioti&by, pH values have shown that the carbonated lysine of motif 1
The catalytic site of the class Blactamases exhibits some clearly plays an important structural role by conferring a
very specific features when compared to the other penicilloyl functional geometry to the active site. It has also been
serine transferases. First, it has a significant hydrophobic proposed to be the general base that activates the nucleophilic
character with a conserved valine residue (Vall117) replacing serine hydroxyl group for acylation and the incoming
the conserved asparagine residue in motif 2, with the hydrolytic water for the deacylation step, following a
conserved dyad Trpl54-Leu/lle1l55 in the corresponding symmetrical mechanism for hydrolysi49).
Q-like loop, and with a mostly conserved hydrophobic  The active sites of the penicillin-binding module of class
residue (Trp/Phe/Ala) in position 208, downstream of the B PBPs Enterococcus faeciur@BP5r 61), Streptococcus
Lys-Thr-Gly triad motif 3. Depending on pH values, the pneumonia@BP2x 62), andStaphylococcus auretBP2a*
lysine residue of motif 1 (Lys70) undergoes a carbonatation (53)] and of monofunctional PBPs of the Ser-Xaa-Asn type
reaction. It has been demonstrated that the activity of class[E. coli PBP5 §0) andStreptomyceK15 pb-transpeptidase
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(14)] present another situation since there are no residuesforms of E. faeciumPBP5r andS. aureusPBP2a*. But, on
equivalent to Glu166 of class Arlactamases nor to Tyrl50 the other hand, the hydrogen-bonding network in the active
of class Cj-lactamases or to the carbonated Lys70 of class site of K15 is completely similar to that found in monomer
D p-lactamases. In agreement with the distances betweenB of the apoS. aureusPBP2a*.

the conserved residues observed in the active sites of the In the wild-type K15 enzyme, Lys38 is at H-bond distance
different available PBP X-ray structures, one may assume afrom Ser96 and Cys98 of motif 2. The structure of the
common mechanism for acylation. Lys38His mutant shows that the histidine side chain cannot

Replacement of Lys38 by His in motif 1 or conversion of replace that of lysine in its interactions with the residues of
Ser96 into Ala in motif 2 had no important effect on the motif 2. Binding studies of radiolabeled benzylpenicillin
active site geometry of the K1bp-transpeptidase/PBP  performed with the Lys38His mutant at different pH values
However, marked differences were observed with respect(from 3.0 to 12.0) have shown that the penicillin-binding
to their catalytic activities. Both mutations almost completely activity is always lost. It thus appears that an unprotonated
abolish the penicillin-binding activity and severely impair His38 cannot successfully play the role of general base
the transpeptidation activities. The hydrolysis of thiolester attributed to thes-amino group of the lysine. The almost
substrates by the Ser96Ala mutant is less altered than withcomplete loss of activity of the Lys38His mutant may be
the Lys38/His mutant. These results indicate that Lys38 and explained by the double penalty of the position of the Ser35
Ser96 are essential elements of the catalysis. They are alsside chain unsuitable for an efficient nucleophilic attack and
in general agreement with those obtained for other PBPs.the impossibility for the His38 side chain to act as the base
The effects of mutation of Lys in motif 1 or Ser in motif 2  for abstraction/back-donation of a proton during the acylation
of E. coliPBP2 §4) are very similar to those observed with  mechanism.
the K15 enzyme. The substitution of Lys47 by Arg in motif In the wild-type enzyme, Ser96 is hydrogen-bonded to both
1 of E. coli PBP5 gives rise to a protein that has no Lys38 and Lys213, allowing a good orientation of its
carboxypeptidase activity and poor penicillin-binding activity hydroxyl group to possibly participate in the protonation of
(0.2% compared to the wild-type enzym8&p). The replace-  the leaving group. In the Ser96Ala mutant structure, the
ment of Serl10 by Ala, Thr, or Glu in motif 2 d&. coli hydroxyl group of Ser96 is replaced by a water molecule
PBP5 abolishes the carboxypeptidase activity and reduceqWat524) that is hydrogen-bonded to Lys38 and Lys213. It
the penicillin-binding activity to 1% or less when compared could then replace to some extent the Ser96 side chain in
to that of the wild-type enzymesb). the catalytic mechanism.

The structures of the wild-type K15 enzyme and of the  On the basis of these data, a potential acylation pathway
four mutants described here show that the active serine Ser3%an be proposed (Scheme 3). Activation of the nucleophilic
has an unusual conformation where the hydroxyl group is 5 Ser35 residue by Lys38 could be assisted bydRehelix
A away from Lys38. The same observation is also made in dipole and the polarized carbonyl group of the substrate (R
the structure of the Lys73His mutant of tBe aureuslass CONH-Ry) hydrogen-bonded to the oxyanion hole. Ser96
A f-lactamase §6) and monomer B of the methicillin-  would be a key intermediate in the proton transfer from the
resistantS. aureusPBP2a*, where the active serine side Ser35 hydroxyl to the nitrogen atom of the substrate leaving
chains (respectively Ser70 and Ser403) adopt an alternativegroup via Lys38 during acylation. The high-resolution
conformation orienting the hydroxyl group toward the structure of the nitrocefinacyl-PBP2a* of theS. aureus
carbonyl of the serine of motif 3 (respectively Ser235 and complex 63) shows that the hydroxyl group of the conserved
Ser598). As in the K15 enzyme, it thus points toward the serine of motif 2 (Ser462) is hydrogen-bonded to the amino
oxyanion hole (Figure 2b). In the case of the Lys73Bis  group of the lysine side chain of motif 1 (Lys406). Most
aureusf-lactamase, it was concluded that the histidine ring likely, in this case, lysine of motif 1 abstracts a proton from
was positioned so that it was unable to interact with the the active site serine. The abstracted proton could then be
catalytic serine in contrast to the situation in the wild-type back-donated by the lysine to tifelactam leaving group
structure where Lys73 is hydrogen-bonded to Ser70. Thusnitrogen via the serine of motif 2.
the hydroxyl group of Ser70 was not correctly positioned  The K15 enzyme has a unique Ser-Gly-Cys motif 2 since
for an efficient nucleophilic attack on the substrate, resulting the most common situation is an asparagine residue in the
in a drastic drop in activity. In th&. aureusPBP2a*, the third position, with the exception of the clasgfBlactamases
poor acylation rateky/K of 12 M~1-s7 for benzylpenicillin which have a strictly conserved valine residue. The substitu-
(57)] is due to a distorted active site which must undergo a tion of an asparagine by a serine in PBPs results in a
conformational adaptation for acylation to occur. The acyl- decreased acylation rate with the peptide substrates, the effect
PBP2a* structures show that binding of thlactam being less marked for the thiolester substrates and the
compounds requires a 1.8 A move of the active site serine f-lactams §5, 58). The interaction of the K15 enzyme with
Oy and a twisting of thes3 strand with an enlargement of the peptide substrates is strongly affected by the two
the catalytic pocket. The K15 enzyme represents to someCys98Ala/Asn mutations. These two mutants exhibit a higher
extent an intermediate case. Indeed, its catalytic machinerycatalytic activity with the thiolester substrates. In the same
is not very efficient when compared to other PBPs, yet it way, one almost systematically observes increased acylation
does catalyze transpeptidation reactions as well as acylatiorand deacylation rates with tifelactams, except for cefoxitin
by B-lactams. With &/K of 135 M~-s™! rate constant for ~ with the Cys98Ala mutant. The Cys98Asn mutation is thus
enzyme acylation by benzylpenicillin, K15 may be consid- accompanied by a modification of specificity with respect
ered as a PBP of intermediate penicillin sensitivity. We to antibiotics. The example of cefoxitin is most striking. In
observe that the overall topology of its active site is more the structure of the Cys98Asn mutant, the asparagine residue
similar to that of a class A-lactamase or of the acylated has a relative position more or less equivalent to that of
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Scheme 3: Possible Acylation Pathway
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Asnl32 in the NMCA class A carbapenemase fr&n

cloacae(38). It would make more favorable interactions with
the 7o-methoxy group, allowing a better stabilization of
cefoxitin in the active site as illustrated by Figure 3c. One

structural feature is observed in all PBP structures. There is
roughly a spatial equivalence of the side chain carboxyl group
of Glul66 in class AS-lactamases with the main chain
carbonyl group of one residue in ti§e-like loop: His151

can conclude that a cysteine residue in position 98 is overallin PBP5 fromE. coli, Tyr538 in PBP5r fromE. faecium
less favorable than an asparagine for an adequate positioning®he450 in PBP2x frons. pneumonigeand Tyr519 in

of the thiolester substrates and thdactam and that the

PBP2a* fromS. aureusIn the absence of another more

presence of an asparagine to some extent allows restoratioppowerful candidate, the backbone carbonyl moiety of those

to an environment similar to that of other penicilloyl serine

residues may participate in deacylation by more or less

transferases. On the opposite hand and as observed for otherorrectly orienting a hydrolytic water molecule.

PBPs, the transpeptidation reaction, which is the physiologi-
cal function, is much more sensitive to both mutations.

In conclusion, site-directed mutagenesis and kinetic and
crystallographic studies of th&treptomyce&15 pp-trans-

Surprisingly, the presence of an asparagine side chainpeptidase bring significant information to the understanding
significantly reduces the catalytic efficiency with the peptide of the catalytic mechanism of PBPs and consolidate the
substrate. observation that obviously the conservation of the catalytic

Since there is no counterpart in the K15 enzyme to the cleft residues in the penicilloyl serine transferases does not
class A Glu166, the class C Tyr150, or the class D carbonatedimply the conservation of their roles in the reaction mech-
Lys70, which are likely the key residues in a symmetrical anism or even the conservation of the reaction mechanism
hydrolysis mechanisms, which residue can be the candidateitself.

for activating the catalytic water molecule that would attack
the penicilloyl-enzyme carbonyl? In ti&treptomycef61

PBP, it has been suggested that Tyrl59 is in a favorable

orientation for the recruitment of a deacylating water
molecule, as seen in the clasgf@actamases4@). On the

basis of the data obtained for the Lys38His and Ser96Ala

K15 mutants, it is possible that both Lys38 and Ser96 can
be involved in the transfer of the water molecule to the
carbonyl of the acyl-enzyme during the deacylation step. In
E. coli PBP5, although it appears obvious that a good
positioning of the N-terminal end of the@2 helix bearing
the active serine Serd4 and Lys47 is critical for the catalysis,
an alternative mechanism for hydrolysis of the acyl-enzyme
complex was propose®(). Indeed, one may note that one
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