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Site-directed mutagenesis of penicillin-binding
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Abstract: Val545 of the Escherichia coli penicillin-binding protein 3 is essential to the acyl transfer mechanism through which the
active-site serine 307 is acylated by benzylpenicillin and cephalexin and to the mechanism through which the protein allows rapidly

growing cells to divide.
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Introduction

The cell-cycle penicillin-binding protein 3
(PBP3) of Escherichia coli is a component of the
wall peptidoglycan assembly machinery involved
in cell septation. PBP3 is constructed in a modu-
lar fashion. After elimination of the C-terminal
1578-S588 peptide from the precursor, the mature
PBP3 (M1-V577) consists of a membrane anchor
{(M1-A36) fused to a non-penicillin-binding mod-
ule (F37-S259), itself fused to a penicillin-binding
module (G260-V577). The penicillin-binding
module possesses the three motifs of the penicil-
loyl serine transferases: S*307TVK, where S* is
the active-site serine residue, S359SN and

* Corresponding author. Tel.: (01) 397 8083; Fax: (01) 397
8344

S$SDI 0378-1097(94)00274-U

K494TG [1]. Penicilloylation of S*307 causes cell
filamentation and cell death.

On the basis of published reports, the carboxy
end of the mature PBP3 appears to be important
both for penicillin binding and for ensuring the
cells to undergo septation. The M1-R559 protein
binds penicillin, functions in vivo but is unstable
[2]. Proteins truncated farther than R559 are
inert in both respects [3]. These inert proteins,
however, may be toxic for the cell. Expression of
the M1-A544 protein in a thermosensitive PBP3-
producing E. coli prevents growth at the permis-
sive temperature [2]. Amino acid changes have
also shown that the polypeptide segment 542-547
plays a critical role. Proteins altered at position
542 or 547 still bind penicillin but are not func-
tional in vivo, and the V5451 PBP3 mutant has a
decreased affinity for cephalexin but remains
functional in vivo [4,5].
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The work described below was aimed at clari-
fying the role of Val545 of the stretch 542-547 of
the E. coli PBP3. Val-545 was changed by site-di-
rected mutagenesis into Ala, Leu and Glu, and
the mutated PBP3s were compared to the wild-
type PBP3 with respect to their affinity for peni-
cillin and cephalexin and their ability to achieve
cell septation in a thermosensitive PBP3-produc-
ing E. coli strain grown at the non-permissive
temperature.

Materials and Methods

E. coli strains and growth media

E. coli XL1-Blue (used for the penicillin-bind-
ing experiments) was from Stratagene (La Jolla,
CA). E. coli RP41 [6] (used for the complementa-
tion experiments) was a leu™, recA~ derivative of
strain MC6RP1 (K12, F~, thrA leuA, proA, lysA,
dra, drm) that contains the ftsI 2158 gene encod-
ing a thermosensitive PBP3 bearing the muta-
tions Gly191Asp and Asp266Asn (in short, the
D191, N266 PBP3) [7]. Growth was carried out on
LB (Luria-Bertani) or 2XYT (Bacto trypton 16 g,
yeast extract 10 g, NaCl 5 g, water 1 1, pH 7.0)
media.

Recombinant DNA techniques and site-directed
mutagenesis

Most of the techniques and manipulations in-
volving phage M13mp9 were as described [8]. The
restriction endonucleases were from Boehringer
(Mannheim, FRG) and Bethesda Laboratories
(Gaithesburg, MD). The mutant and primer
oligonucleotides were synthesized using an AB391
PCR-MATE™ DNA synthesizer. Sequencing
was performed using [>S]JdATP and the Pharma-
cia sequencing kit.

The 2.7-kb Poull DNA fragment carrying the
fts1 gene [9] was inserted into the Smal sites of
the replicative form of M13mp9. Mutagenesis was
carried out as described using the mutL E. coli
strain BMH7118 and the following oligonu-
cleotides:
5-CGG CGC GGA AGC GGC GCC GCC for
the mutation V545A,;

5-CGG CGC GGA AAG GGC GCC GCC for
the mutation V545L,;
5-CGG CGC GGA TTC GGC GCC GCC for
the mutation V545E.
The underlined nucleotides directed the desired
mutations. The **P-labelled oligonucleotides were
used to screen the mutated clones by hybridiza-
tion. The accuracy of the mutations was checked
by DNA sequencing.

Cell membranes and penicillin-binding

Membranes prepared from E. coli strains as
described [10] were suspended in 10 mM Tris -
HCI (pH 7.5) /10 mM MgCl, and stored at —20°C
at a concentration of 20 mg protein per ml.
Binding of radioactive penicillin and non-radioac-
tive cephalexin was carried under the conditions
described [11].

Saturation of the PBP3s with [’H]benzylpenicillin
and cephalexin

Cell envelope samples were supplemented with
60 nM cloxacillin (to inhibit residual AmpC B-
lactamase) and incubated for 10 min at 30°C with
increasing concentrations of [H]benzylpenicillin
(5 Ci mmol~'; Radiochemical Centre, Amer-
sham, UK). The amounts of radioactive PBP3
formed were estimated by gel fluorography after
SDS-PAGE (10%). The amounts of PBP3 left in
a free form after reaction with increasing concen-
trations of non-radioactive cephalexin were esti-
mated by subsequent binding with [*H] ben-
zylpenicillin.

Thermostability of the PBP3s

Cell envelope samples were first maintained
for 10 min at 30°C,37°C,42°C,47°C and 52°C in 30
mM Tris - HCl (pH 8.0)/20% (w/v) sucrose/4
mM EDTA /14 mM MgCl,/14 mM CaCl,. The
amounts of PBP3s left in an active form were
estimated by [°Hlbenzylpenicillin binding.

Half-life of the [*H]benzylpenicilloyl-PBP3s

After reaction with the radioactive penicillin
and hydrolysis of the penicillin in excess with the
Bacillus cereus B-lactamase II (0.03 mg per ml;
final concentration), the decay of the radioactive
penicilloyl derivative was followed at 37°C as a
function of time up to 3 h.



Second-order rate constants (M ~'s~1) of acyla-
tion of the PBP3s

Saturation of the PBP3s with [*H]benzylpeni-
cillin or cephalexin was carried out at 30°C. In
most cases, a 25-fold increase of the B-lactam
compound concentration caused a change in the
extent of enzyme acylation from 10% to 90%.
Under these conditions, the use of equation:

Second-order rate constant =0.69/[ D] - ¢

with [ D] = the antibiotic concentration (M) re-
quired to achieve 50% saturation and ¢ = time of
incubation (600 s), was justified [11].

Results

In vitro penicillin-binding

In order to overexpress the wild-type and mu-
tated PBP3s, E. coli XL1-Blue cells (which con-
tain 50 copies of the membrane-bound PBP3 per
cell) [12] were grown in LB medium at 37°C to an
absorbance of 0.3 at 550 nm; infected with
M13mp9 phages containing the wild-type or the
mutated ftsI genes (phage to bacteria ratio: 1 to
10); induced with 1 mM IPTG and maintained at
37°C for one additional hour. The phage-encoded
PBP3s were 50-fold overexpressed with respect to
the host PBP3. The cells underwent varying mor-
phological abnormalities but they did not lyse at
least within 1 h after induction.

Analysis of the membrane-bound PBP3s led to
the following conclusions. The Ala545, Leu545
and Glu545 PBP3s each were as thermostable as
the wild-type Val545 PBP3 (0%, 15%, 30% and
100% denaturation after 10 min of incubation at
37°C, 42°C, 47°C and 52°C, respectively). The
PBP3 mutants each formed [*Hlbenzylpenicilloyl
derivatives which were as stable as that formed
with the Val545 PBP3 (half-life at 37°C > 3 h).
The values of the second-order rate constant of
protein acylation by benzylpenicillin and cepha-
lexin were much decreased in the order: Val545
> Ala545 > Leu545 > Glu545 (Table 1). The
change of Val545 into Glu was especially damag-
ing: the Glu545 PBP3 was not saturated by 250
M benzylpenicillin and was not sensitive to 12
mM cephalexin. Note also that the value of the
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Table 1

Mutation of Val545 of the penicillin-binding protein 3 of
Escherichia coli

PBP3 Rate constant value (M~ 1s~1)
Benzylpenicillin Cephalexin
Val545 500 17
Ala545 50 0.8
Leu545 8 0.2
Glu545 <8? <02"

Second-order rate constant of acylation of the Val545 (wild-
type), Ala545, Leu545 and Glu545 PBP3s by benzylpenicillin
and cephalexin at 30°C.

2 Not saturated at 250 M benzylpenicillin.

® Not sensitive to 12 mM cephalexin.

second-order rate constant of acylation of the
Ala545 PBP3 was comparable to that of the
Leu545 PBP3 (approx. 100 M~! s~ ! for ben-
zylpenicillin and approx. 1 M™! s~ ! for
cephalexin, as derived from published data [5];
see Introduction).

In vivo complementation

EcoRI-BamHI double-stranded DNA frag-
ments carrying the wild-type and mutated fts/
genes were excised from the relevant recombi-
nant M13mp9 phages and inserted into the corre-
sponding sites of pUCBM20; transformants, using
E. coli RP41 as hosts, were isolated at 30°C on
2XYT plates containing 50 pg ampicillin per ml,
and the mutations were checked by double-
stranded DNA sequencing of the recombinant
plasmids. The plasmid-borne (wild-type and mu-
tated) ftsI genes were under the control of their
own promoters.

At 30°C, E. coli RP41 produces less than 50
copies of the membrane-bound, thermosensitive
(D191, N266) Val545 PBP3 per cell (see Materi-
als and Methods). At 42°C, the host chromo-
some-encoded PBP3 is not detectable (by penicil-
lin binding or by immunoreaction) and the strain
grows as filaments in liquid media and fails to
form colonies on agar plates. The only E. coli
RP41 transformants which grew at 42°C on agar
plates were those that contained the recombinant
pUCBM20 plasmid carrying the wild-type ftsI
gene.
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E. coli RP41 strains harbouring the recombi-
nant plasmids were grown in liquid LB medium
at 42°C. At this temperature the plasmid-encoded
Val545 (wild-type), Ala545, Leu545 or Glu545
were expressed but not the chromosome-encoded
D191,N266 PBP3 of the host. Culture samples
were removed during the exponential phase of
growth (A) and 6 h after the stationary phase was
reached (B). Stationary phase cultures were then

-
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diluted into fresh media, growth was resumed at
42°C and samples were removed 3 h later (C). E.
coli /pUCBM20 (control) grew as filaments in A,
B and C. As shown in Fig. 1, E. coli producing
the wild-type Val545 PBP3 grew as rods in A, B
and C. E. coli producing the Ala545, Leu545 or
Glu545 PBP3 mutant grew almost exclusively as
filaments during the initial exponential phase
(> 95%; samples A); as rods during the station-

Leubsb Glub545

-
.

Fig. 1. Mutation of Val545 penicillin-binding protein 3 of Escherichia coli. Morphology of RP41 cells expressing the plasmid-en-

coded Val545 (wild-type), Ala545, Leu545 or Glu545 PBP3 during the exponential phase of growth (A), stationary phase of growth

(B) and re-initiation of growth (C). The chromosome-encoded thermosensitive Val545 PBP3 of the host is not expressed at 42°C
and it is expressed at 30°C. Bar represents 10 um.



ary phase (> 90%; samples B); and as a mixture
of normal and aberrant cells during re-initiation
of growth (samples C).

The same experiment was carried out at 30°C.
At this temperature, the chromosome-encoded
(D191,N266) Val545 PBP3 of the host was ex-
pressed together with the plasmid-encoded Val-
545, Ala545, Leu545 or Glu545 PBP3. All the E.
coli transformants including that co-expressing
the host and the plasmid-encoded Val545 PBP3s,
grew as mixtures of rod-shaped and elongated
cells in samples A (Fig. 1). Normal cells occurred
predominantly in samples B and C (not shown).

Discussion

Replacement of Val545 by Ala, Leu or Glu of
the E. coli PBP3 has no detectable effect on the
thermostability of the protein nor on the rate of
breakdown of the penicilloyl enzyme derivative,
but it decreases the value of the second-order
rate constant of acylation by penicillin and
cephalexin — i.e. the affinity of the PBP for the
B-lactam compounds — by 90%, 98% and more
than 98%, respectively. Amino acid residues oc-
curring 50 residues or more downstream from the
conserved KTG motif (see Introduction) do not
form the immediate boundary of the active-site of
the penicilloyl serine transferases of known
three-dimensional structure [1]. Val545 and, most
likely, other amino acid residues of the polypep-
tide segment 542-547 (see Introduction) probably
control the spatial disposition of the active-site
defining amino acid residues of the penicillin-
binding module of PBP3 through hydrogen bond-
ing interactions.

E. coli cells expressing, at 42°C, the plasmid-
encoded low penicillin affinity Ala545, Leu545 or
Glu545 PBP3 but not the chromosome-encoded,
thermosensitive (D191,N266) Val545 PBP3, grow
as filaments during the exponential phase but
re-acquire a normal rod-shaped morphology dur-
ing the stationary phase. The life-cycle PBP3 is
one of the many components of the E. coli cell-
septum synthesizing machinery [7]. It is thought
to incorporate disaccharide-tripeptide units of
lipid II precursors into pentapeptide stems of the
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wall peptidoglycan by trans-peptidation via a
Ser307 ester-linked acyl enzyme [13,14]. Assum-
ing a direct relationship between the catalytic
efficacy of the PBP3 on the natural substrates
and the rate of acylation of Ser307 of the PBP by
penicillin, the above observations suggest that,
when compared to the wild-type Val545 PBP3, a
10% residual activity (the Ala545 PBP3) is not
sufficient to allow a coordinated synthesis of the
septum to take place in rapidly growing cells. The
observations also suggest that a less than 2%
residual activity (the Glu545 PBP3) is sufficient to
match a very slow growth rate.

E. coli cells co-expressing, at 30°C, the chro-
mosome-encoded (D191,N266) Val545 PBP3 and
plasmid-encoded Val545 PBP3 - both as mem-
brane-bound proteins — grow as a mixture of
rod-shaped and elongated cells during the expo-
nential phase of growth. Co-expression of the
chromosome-encoded (D191,N266) Val545 PBP3
and the plasmid-encoded low penicillin affinity
Ala545, Leu545 or Glu545 PBP3 has the same
overall limited deleterious effects. Hence, in these
competing situations, synthesis of the septum ap-
pears to be mainly under the control of the
Val545 PBP3 of the host, but interactions be-
tween the host PBP3 and the plasmid-encoded
PBP3s somehow disturb the process.

Acknowledgements

This work was supported in part by the Bel-
gian programme on Interuniversity Poles of At-
traction initiated by the Belgian State, Prime
Minister’s Office, “Services fédéraux des affaires
scientifiques, techniques et culturelles” (PAI No.
19), the “Fonds de la Recherche Scientifique
Meédicale” (FRSM, contract No. 3.4531.92), and a
“Convention tripartite’” between the ‘Région wal-
lonne’, SmithKline Beecham, UK, and the Uni-
versity of Liege. C.G. is ‘chercheur qualifi€¢’ of
the “Fonds National de la Recherche Scien-
tifique”. J.A. acknowledges the institutional sup-
port of the “Fundacion Ramon Areas” to the
“Centro de Biologia Molecular” and the fellow-
ship from the “Direccion general de Investiga-
cion Cientifica y Tecnologia” (DGICYT). This



256

that suppresses a pbpB (Ts) phenotype in the presence of
PBP1B. FEMS Microbiol. Lett. 84, 7-14.
7 Ayala, J.A., Garrido, T., de Pedro, M.A. and Vicente, M.

work was also supported by Grant B1091-0523
from the “Comision interministerial de Ciencia y
Tecnologia” (CICYT).

References

1 Ghuysen, .M. and Dive, G. (1994) Biochemistry of the
penicilloyl serine transferases. In: New Comprehensive
Biochemistry, Vol. 27, Bacterial Cell Wall (Ghuysen, J.M.
and Hakenbeck, R., Eds.), pp. 103-129. Elsevier, Amster-

(1994) Molecular biology of bacterial septation. In: New
Comprehensive Biochemistry, Vol. 27, Bacterial Cell Wall
(Ghuysen, J.M. and Hakenbeck, R., Eds.), pp. 73-101,
Elsevier, Amsterdam. '
Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molec-
ular Cloning: A Laboratory Manual, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

Nakamura, M., Maruyama, 1., Soma, M., Kato, J.I., Suzuki,
H. and Hirota, Y. (1983) On the process of cellular divi-
sion in Escherichia coli: Nucleotide sequence of the gene
for penicillin-binding protein 3. Mol. Gen. Genet. 191,
1-9.

dam. 10 Fraipont, C., Adam, M., Nguyen-Distéche, M., Keck, W.,
2 Hara, H., Nishimura, Y., Kato, J.1., Suzuki, H., Nagasawa, Van Beeumen, J., Ayala, J., Granier, B., Hara, H. and
H., Suzuki, A. and Hirota, Y. (1989) Genetic analyses of Ghuysen, J.M. (1994) Engineering and overexpression of
processing involving C-terminal cleavage in penicillin-bind- periplasmic forms of the penicillin-binding protein 3 of
ing protein 3 of Escherichia coli. J. Bacteriol. 171, 5882— Escherichia coli. Biochem. J. 298, 189-195.
5889. 11 Ghuysen, J.M., Frére, J.M., Leyh-Bouille, M., Nguyen-
3 Gomez, M.J.,, Desviat, L.R., Merchante, R. and Ayala, Distéche, M. and Coyette, J. (1986) Active-site serine
J.A. (1993) Involvement of the NH,- and COOH-terminal p-alanyl-D-alanine-cleaving peptidase catalysed acyl-trans-
ends of PBP3 of Escherichia coli on B-lactam binding, fer reactions. Procedures for studying the penicillin-bind-
membrane localization and function of the protein. In: ing proteins of bacterial plasma membranes. Biochem. J.
Bacterial Growth and Lysis: Metabolism and Structure of 235, 159-165.
the Bacterial Sacculus (de Pedro, M.A., Héltje, J.V. and 12 Spratt, B.G. (1977) Properties of the penicillin-binding
Loffelhardt, W., Eds.), FEMS Symposium Proceedings No. proteins of Escherichia coli K12. Eur. J. Biochem. 72,
65, pp. 309-318. 341-352.
4 Spratt, B.G. and Cromie, K.D. (1988) Penicillin-binding of 13 Pisabarro, A.G., Prats, R., Vazquez, D. and Rodriquez-
Gram-negative bacteria. Rev. Infect. Dis. 10, 699-711. Tébar, A. (1986) Activity of penicillin-binding protein 3
5 Hedge, P.J. and Spratt, B.G. (1985) Amino acid substitu- from Escherichia coli. J. Bacteriol. 168, 199-206.
tions that reduce the affinity of penicillin-binding protein 14 Donachie, W.D. (1993) Regulation of the morphogenetic

3 of Escherichia coli for cephalexin. Eur. J. Biochem. 151,
111-121.

6 Garcia del Portillo, F., de Pedro, M.A. and Ayala, J.A.
(1991) Identification of a new mutation in Escherichia coli

cycle of Escherichia coli. In: Bacterial Growth and Lysis.
Metabolism and Structure of the Bacterial Sacculus (de
Pedro, M.A,, Holtje, J.V. and Loffelhardt, W., Eds.),
FEMS Symposium Proceedings No. 65, pp. 409-418.



