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INTRODUCTION

Penieillin as a lytic agent

Bacteria possess enzymes which are able to hydro-
lyse their own wall. These enzymes are called auto-
lysins. When they are permitted to act, the cells
lose their osmotic protection and lyse. The active
presence of these autolysins is usually observed
under conditions which involve the inhibition of
the continued synthesis of a particular polymer
which constitutes the rigid matrix of the bacterial
cell wall. This polymer is called peptidoglycan,
glycopeptide or murein. Cellular autolysis may be
caused by the deprivation of nutritionally re-
quired peptidoglycan precursors or by the addition
of inhibitors of peptidoglycan synthesis in the
growth medium. Penicillin (Z.e. the various peni-
C}llins and cephalosporins) is one of the most spe-
cific and potent inhibitors of peptidoglycan syn-
thesis. Penicillin action, however, does not in
itself result in cell lysis. The active partici-
pation of the autolysins is required as shown, for
example, by the absence of penicillin-induced lysis
in an autolytic defective mutant of Diplococcus
pneumoniae [Tomasz et al. (1970)1.

Structure of the wall peptidoglycan

The wall peptidoglycan is a net-like macromolecule
whlcp completely surrounds the plasma membrane and
provides the cell with a supporting structure of
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high tensile strength. The glycan moiety of the
peptidoglycan consists of linear strands of alter-
nating B8-1,4 linked pyranoside N-acetylglucosamine
and N-acetylmuramic acid residues. The carboxyl
groups of the N-acetylmuramic acid residues, or at
least some of them, are substituted by tetra- e
peptide units L-alanyl-y-D-glutamyl-L-R;-D-alanine.
Often, but not always, the L-Rs: residue is a di-
amino acid such as L-ornithine, L-lysine, LL- or
meso-diaminopimelic acid. The peptide units be-
longing to adjacent glycan strands are, in turn,
crosslinked through specialized bridges. In many
bacteria, these bridges extend from the C-terminal
D-alanine of one peptide to the w-amino group of
the diamino acid at the L-Rs; position of anofher
peptide. The bridges may consist of direct N®-
(D-alanyl)~L-R; amide bonds or may be mediated via
a single additional amino acid residue or via an
intervening peptide. [For more details, see

Ghuysen (1968)].

Table 1
Examples of bridges between two peptide units

Organism Interpeptide bridges
X , . L-Ala-D-G1lu
Escherichia coli L-Ala-D-Glu L Deila
Baeilli L DAP ™
W—D—Ala——ﬁ—
Streptomyces R39 *~—Er
Streptomyces R61, t~*—£~—D—Alaun
& L__pp1g-g1y-DAE
K11, albus G ~o DAP L
L
Staphylococcus év“Liiiz—D—Ala*~
aureus Copenhagen LaL—Lys-D-Ala—(Gly)s
~As €

DAP = diaminopimelic acid. The a-carboxyl group of
D-Glu (in Streptomyces R39 and in some Baeilli) and
the carboxyl group located on the D center of meso-
DAP (in some Bacilli) are substituted by amide groups.
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Biosynthesis of the wall peptidoglycan

Important steps of the biosynthesis of the wall
peptidoglycan are carried out on the plasma mem-
brane from the two following cytoplasmic precur-
sors : uridine-5'-pyrophosphoryl-(UDP)-N-acetyl-
glucosamine and UDP-N-acetylmuramyl-L-alanyl-y-D-
glutamyl-L-R3;-D-alanyl-D-alanine. Note that in the
latter precursor, the peptide ends in a C-terminal
D-alanyl-D-alanine sequence. The biosynthesis pro-
ceeds through the coordinated action of several
membrane-bound enzymes and involves a Css polyiso—.
prenoid alcohol phosphate carrier. [For more de-
tails, see Strominger (1970)1. This multi-enzyme
complex essentially catalyses 1) the formation of
B=1,U-N-acetylglucosaminyl-N-acetylmuramyl-penta-
peptide units; 2) the substitution, when required,
of the L-R3 residues of the peptides by those amino
acids which will serve as peptide bridges in the
completed wall peptidoglycan; 3) the transfer of
the disaccharide-peptide units to the exocellular
sites of incorporation in the expanding wall pepti-
doglycan; U4) the closure of the bridges between
the peptide units. This reaction, which brings
about the insolubilization of the peptidoglycan
network, occurs by transpeptidation and does not
requi?e—any input of exogenous energy. In this
reaction, the penultimate C-terminal D-alanine re-
sidue of a peptide donor is transferred to the w-
amino group at the L-Rj3; position of a peptide
acceptor of the same composition. Interpeptide
bonds are formed and equivalent amounts of D-ala-
nine residues are released from the peptide donors.

-L-§3-D-Ala—D—Ala"(COOH) + ~IL-R3-D-Ala-D-Ala(COOH)
(NH,) (NH, )

4~L—§3—D-Ala—D—Ala(COOH)
> D=Ala  + AAL—§3—D—Ala-CO—NH
(NHz)

Examples of completed crosslinking bridges are gi-
ven in Table 1.
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ENZYME ACTIVITIES THAT ARE SUSCEPTIBLE TO PENICILLIN

Transpeptidase activity

Penicillin specifically abolishes or reduces the
efficiency of the membrane-bound transpeptidase that
catalyses the peptide crosslinking. Hence, the mem-
brane-bound transpeptidase is thought to be the kil-
ling target of penicillin. The mechanism of peptide
crosslinking and of its inhibition by penicillin was
first revealed by Wise and Park (1965) and Tipper
and Strominger (1965) by a study of the effects of
benzylpenicillin on S. aureus. Benzylpenicillin,
when added at sublethal doses to growing cells, de=-
creased the extent of peptide crosslinking. Walls
isolated from cells grown in the presence of low
concentrations of the antibiotic contained higher
amounts of uncrosslinked peptide units than walls
isolated from cells grown in the absence of peni-
cillin. The peptide units which had not undergone
transpeptidation because of the presence of benzyl-
penicillin, retained the C-terminal D-alanyl-D-
alanine sequence of the peptidoglycan precursors.
In 1966, cell-free particulate multi-enzyme prepa-
rations were obtained from E. coli and Salmonella,
which catalysed the <n vitro utilization of the
nucleotide precursors UDP-N-acetylglucosamine and
UDP-N-acetylmuramyl-pentapeptide for the entire
sequence of peptidoglycan synthesis including the
peptide crosslinking reaction [Izaki et 4al. (1966),
(1968); Araki et al. (1966 a,b)]l. The transpepti-
dase activity was suppressed by low concentrations
of penicillin and could not be restored by washing
or treatment with R-lactamase. It took several more
years before cell-free systems able to carry out a
similar sequence of reactions could be obtained
from Gram-positive bacteria. Wickus and Strominger
(1972) prepared from cells of Baeillus megaterium

a particulate fraction which in addition to pepti-
doglycan synthesis and peptide crosslinking, cata-
lysed the incorporation of meso- or DD- (but not
LL-) diaminopimelic acid at the C-terminus of a
disaccharide-pentapeptide peptidoglycan where it
replaced the D-alanine residue found in the nucleo-
tide precursor. Both peptide crosslinking and di-
aminopimelic acid incorporation were sensitive to
low concentrations of cloxaecillin. However,
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inhibition of the former reaction was virtually
fully reversible whereas inhibition of the latter
was only 50-60 % reversible, suggesting the pos-
sible occurrence of two transpeptidase activities

in B. megaterium. A crude wall fraction containing
strongly associated membrane components was pre-
pared from S. aqureus by Mirelman and Sharon (1972).
When exposed to UDP-N-acetylmuramyl-[!*C]l-penta-
peptide together with glycine and UDP-N-acetylglu-
cosaminei this preparation catalysed the release of
some D-['*Cl-alanine as well as peptidoglycan syn-
thesis. Both reactions were dependent upon the pre-
sence of UDP-N-acetylglucosamine. Benzylpenicillin
inhibited the release of D-[!*Cl-alanine. Altoge-
ther these properties indicated that the newly syn-
thesized peptidoglycan was probably partially
crosslinked but crosslinking was not directly de-
monstrated. The system appeared to be very delicate
in nature. It lost its activity by treatment with
pronase and detergents and by sonication. A crude
cell envelope fraction was also prepared by Mirel-
man et al. (1972) from Micrococcus lysodeikticus
which similarly appeared to be effective in pepti-
doglycan synthesis and peptide crosslinking.

These studies have the following obvious limitations.
The assays, as they were devised, do not allow measu-
rement of the transpeptidation reaction per se, Z.e.
independently of the preceding biosynthetic sequen-
tial reactions. Moreover, unfractionated particulate
preparations were always used. At present, a trans-
peptidase has not yet been isolated from bacterial
membranes, purified and characterized. For a long
time, the problem was made difficult because it was
not known how much of the Zn vZveo structural inte-
grity must be retained by both the enzyme and the
substrate for the system to be operative im vitro.
As pointed out by Reynolds (1971), "in a membrane-
bound multi-enzyme biosynthetic pathway, the arran-
gement of the enzymes with respect to one another is
likely to be all important in determining the over-
all activity of the complex which is being studied
in vitro". In agreement with this view, membranes
prepared from baeilli were found to be relatively
inactive in peptidoglycan synthesis unless the pro-
toplasts from which they were derived were first
reconditioned by incubation in a growth medium
[Reynolds (1971)]. Reconditioning was thought to
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correct the damage caused by the method used for
the preparation of the protoplasts. In spite of
these difficulties, a new approach to the problem
was opened which led to the isolation of proteins
performing transpeptidase activities with well de-
fined" systems of peptide donors and acceptors (vide
infra).

Carboxypeptidase activity

In S. aureus and in L. acidophilus, the peptides at
the uncrosslinked C-termini of the wall peptidogly-
cans retain the D-alanyl-D-alanine sequence found
in the UDP-N-acetylmuramyl-pentapeptide precursor.
These two organisms are exceptional in this respect
[Ghuysen (1968)]. In most bacteria, one of these D-
alanine residues or even both of them are removed
by carboxypeptidases. A DD-carboxypeptidase (or
carboxypeptidase I) hydrolyzes the C-terminal D-
alanyl-D-alanine peptide bond. An LD-carboxypepti-
dase (or carboxypeptidase II) hydrolyzes the C-
terminal L-Ri;-D-alanine peptide bond exposed by
prior action of the DD-carboxypeptidase [Izaki and
Strominger (1968)] These enzymes probably play an
important role in peptidoglycan synthesis by limi-
ting the number of donor peptides available for
transpeptidation and by preventing further propaga-
tion of the crosslinking system.

Table 2
DD-carboxypeptidase activities

(1)  UDP-L-Ala-y-D-Glu-L-Rs-D-AlaiD-Alg EZRZYMS
D-Ala + UDP-L-Ala-y-D-Glu-L-R -D-Ala.

avL-R3-D-Ala¥D-A1a
(2)

~aD-Ala- (Bridge) Enzyme,

~~[-R3-D=-Ala
~~D=-Ala~(Bridge)

D-Ala +

(1) action on nucleotide precursor; (2) action on
a crosslinked peptide dimer.




Penicillin targets in bacteria 585

Many Streptomyces excrete a DD-carboxypeptidase
activity into the external medium during growth. In
all the other cases so far studled, the activity is
solely membrane-bound. It could be released by soni-
cation [E. col?; Izaki and Strominger (1968), Bogda-
novsky et al. (1969)1, by treatment with Brij 36 T
[E. coliy J. Pollock and M. Distéche (unpublished)],
with Nonidet [B. subtilis; Blumberg and Strominger
(1972)1, with butan-1-0l [B. stearothermophilus;
Barnett (1973)], or with urea [Streptomyces R61 (un-
published)]. The easiness of the assay devised to
estimate the DD-carboxypeptidase activity, Z.e. the
hydrolysis of the C-terminal D-alanyl-D-alanine pep-
tide bond, greatly facilitated the isolation and the
purification of these enzymes. At present, the exo-
cellular DD-carboxypeptidases from Streptomyces
albus G [Ghuysen et al. (1970), Leyh-Bouille et al.
(1970 b,c)1, R61 [Leyh-Bouille et al. (1971), Frére
et al. (1973 a)], K11 and R39 [Leyh-Bouille et al.
(1972)1, and the membrane-bound enzyme from B. sub-
tilis [Wickus and Strominger (1972)] were obtained
in a very highly purified state.

Many DD-carboxypeptidases but not all of them were
sensitive to penicillin. Their responses to these
antibiotics differed greatly with the various bac-
terial species. Some enzymes were irreversibly
inactivated (7Z.e. activation was not restored by
treatment with B-lactamase; B. megaterium and B.
subtilis enzymes). Others were reversibly inhibited.
Kinetics of inhibition were competitive (solubilized
enzyme obtained by sonication of E. coli; exocellu-
lar enzymes from Streptomyces R61 and K11), hyper-
bolic competitive (membrane-bound enzyme of B,
stearothermophilus) or noncompetitive (exocellular
enzyme from Streptomyces R39). The exocellular DD-
carboxypeptidase from Streptomyces albus G was not
inhibited by B-lactam antibiotics [Leyh-Bouille et
al. (1970 ¢)] whereas among the DD-carboxypeptidase
activities of B. megaterium there was one which was
stimulated in the presence of benzylpenicillin
[Wickus and Strominger (1972)1].

The LD-carboxypeptidase of E. coli was separated
from the DD-~carboxypeptidase [Izaki and Strominger
(1968)]1 and was not inhibited by penicillins and
cephalosporins at about 200 ug/m
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IRREVERSIBLE PENICILLIN BINDING SITES IN BACTERIAL
CELLS

It has been known for almost 20 years that penicil-
lin is fixed by bacteria and that a correlation
exists between the sensitivity of the bacteria and
the amount of penicillin which is irreversibly
attached to them. Irreversibly fixed penicillin is
the amount of penicillin which cannot be released
from the cells by washing in neutral or acidic buf-
fers, by incubation with B-lactamase, by a combi-
nation of the two former treatments, or (when
fixation has been carried out with radioactive peni-
cillin) by a large excess of non radioactive peni-
cillin. Dilute alkali, hydroxylamine and ethanethiol
release at least part of the fixed penicillin as
penicilloic acid, penicilloyl hydroxamate or an o-
ethylthiol derivative of penicilloic acid, sugges-
ting that penicillin or part of it might bind cova-
lently to the cells. The nature of the postulated
covalent linkage between penicillin and the sites in
the cells (assuming it really occurs) is unknown.
Relatively small amounts of penicillin are irrever-
sibly fixed to the bacteria. Estimates vary from
200-1000 [Gale et al. (1972)]1 to 1000-8000 [Suginaka
et al. (1972)] molecules per cell.

Irreversible binding of penicillin to S. aureus

Edwards and Park (1969) showed that the irreversible
binding of various penicillins and cephalosporins to
S. aureus correlated well with the growth inhibitory
concentrations of these antibiotics. This correlation
was true for antibiotics with growth inhibitory con-
centration values (MIC) ranging from 0.06 to

150 pg/mL . Moreover, the observed competition of the
penicillins and cephalosporins against [IHC]-benzyl—
penicillin demonstrated that all these antibiotics
were competing for the same cellular sites. In a more
recent work, however, Park et al. (1971) examined a
series of B-lactamase-negative, benzylpenicillin-
resistant mutants of S. qureus. MIC values, in ug/m&,
were 0.06 for the parent and ranged from 1.8 to
5,000 for the mutants. All strains responded simi-
larly to the antibiotic. "A highly resistant mutant,
€¢.g. one which required 1,000 times as much peni-
cillin as the parent for its growth to be prevented,
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required 1,000 times as much penicillin to show a
comparable effect" ... on peptidoglycan synthesis

and on the accumulation of nucleotide precursors.
Surpris1ngly, however, the amount of penicillin
irreversibly fixed to the penicillin-resistant mu-
tants was somewhat less than the amount bound by

the penicillin-sensitive parent and roughly the same
amount of penicillin was bound to the various mu-
tants. Highly resistant strains bound almost as much
penicillin as the parent even though their resistance
to benzylpenicillin was up to 160,000 times greater.
Hence, this great increase in resistance could not be
accounted for by a change in the number and/or the
reactiVity of the binding sites as measured by the
irreversible binding of penicillin to the cells.
Clearly, the sites in the cells to which penicillin
is irreversibly attached are important for antibio-
tic action but they, or at least the great majority
of them, appear not to be the killing target of peni-
cillin. As already pointed out by Maas and Johnson

in 1949, "it is entirely possible that the observed
uptake is due to a mechanism unconnected with the
antibiotic activity of penicillin". This remark was
especially pertinent since penicillin is a very
active chemical agent. Penicillin combines with e-
amino groups in poly-lysine [Schneider and de Weeck
(1965)1 and in proteins [Batchelor et al. (1965)1
forming penicilloyl compounds. Penicillin also in-
teracts with guanOSine and breaks the strong guano-
sine-cytidine pairing by forming a binary complex of
penicillin-guanosine [Kan et al. (1972)1].

"Sensitive" vs "irrelevant" penicillin binding sites
in S. aureus

Other puzzling observations which have also been
known for many years are that penicillin does not
affect bacteria unless they are growing and that
cells saturated with penicillin, when reincubated
in fresh medium, are able to grow. In other words,
the irreversibly attached penicillin would not be
antibiotically active. Cooper (1956) suggested that
when reexposed to a fresh, penicillin-free medium,
the bacteria would be able to synthesise rapidly
new wall assembly sites (transpeptidases !) which
would allow growth in spite of a full loading of
the o0ld ones with the antibiotic.
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Rogers (1967) showed that cells of S. aureus pre-
viously saturated with benzylpenicillin in buffers,
synthesised peptidoglycan when reincubated in a
fresh medium in the presence of chloramphenicol,
t.e. under conditions allowing peptidoglycan synthe-
sis but where no more protein could be formed and
growth did not occur. In this system, peptidoglycan
synthesis is topographically atypical and leads to
the formation of a thickened abnormal wall [Higgins
and Shockman (1971)]. Nevertheless, peptidoglycan
bProceeded at a normal rate for at least 40 nmin
during which time at least 90 % of the fixed ben-
zylpenicillin (Z.e. about 170 molecules per cell)
remained firmly cell-bound. Hence, the great majo-
rity of the irreversible sites for penicillin were
irrelevant as far as peptidoglycan synthesis was
concerned and the fixation of most of the benzyl-
penicillin was interpreted as a possible detoxica-
tion mechanism. During the recovery, the progress
of peptidoglycan synthesis was paralleled by the
exposure of a limited number of new fixation sites
for benzylpenicillin (30-40 per cell). After reco-
very, the cells were about two orders of magnitude
more sensitive to exogenous benzylpenicillin and
the combination of the highly sensitive sites by
benzylpenicillin approximately matched the degree
of inhibition of peptidoglycan synthesis. Hence
these newly exposed (in the absence of protein syn-
thesis), highly sensitive sites for penicillin were
directly related to peptidoglycan synthesis. It is
possible that they were already present in the un-
treated cells but escaped combination with penicil-
lin during the initial treatment because the avai-
lable benzylpenicillin molecules mainly reacted
with the <rrelevant fixation sites. It is also pos-
sible that both sensitive and irrelevant sites were
first saturated but that combination of the sensi-
tive ones with benzylpenicillin was somehow rever-
sed during the period of recovery. Other work, sub-
sequent to that of Rogers (1967), revealed that the
problem of the relevance of penicillin fixation to
inhibition of peptidoglycan synthesis was still
much more complex than at first expected. It was
shown by Park et al. (1971) that exposure of cells
of S. aureus to benzylpenicillin for 15-30 min un-
der conditions allowing growth caused a very severe
inhibition of subsequent peptidoglycan synthesis
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(in the absence of antibiotic). Moreover, the abili-
ty of the cells to synthesise peptidoglycan when re-
incubated in a fresh medium, was completely lost if
this medium contained an inhibitor of protein syn-
thesis (tetracycline). Hence with cells in growth
medium, the inactivation by penicillin was more per-
manent, as if the killing target of penicillin was
made more available and/or susceptible, and reco-
very appeared to require the synthesis of new pepti-
doglycan assembly proteins (transpeptidases ?). It
was also shown by Tipper and Strominger (1968) that
the uncrosslinked peptide units incorporated in the
wall during growth in the presence of low concen-
trations of benzylpenicillin could not subsequently
be crosslinked when penicillin was removed and
growth allowed to proceed again. One possible expla-
nation was that during the abnormal wall synthesis
where a certain number of crosslinked and uncross-
linked units were introduced into the expanding
peptidoglycan, the uncrosslinked units became spa-
tially removed from that region of the membrane
where peptide crosslinking would occur.

All these experiments pose the problem of the loca-
lization and topography of wall growth and peptido-
glycan assembly. Many facts [for details, see Hig-
gins and Shockman (1971)] point to the septum re-
gion of both Gram-positive and Gram-negative bacte-
ria as one important membrane site concerned with
peptidoglycan synthesis and transpeptidation. In

the model proposed for the coccus Streptococcus
faecalis, the peptidoglycan would be synthesised

and assembled at or near the nascent septum from
which it would find its way into peripheral wall,
cross wall and thickened wall. Autolysins would

play an essential role in controlling the rates of
these processes. With such a model in mind, one
could propose that those peptidoglycan assembly
sites on the membrane which as a result of growth
would no longer be located in the septum region
would become inactive (Z.e. irrelevant !) in pepti-~
doglycan synthesis [Park et al. (1971)]1.

Irreversible binding to Gram~negative bacteria

Increased complexity could be expected with Gram-
negative bacteria because of the occurrence of an
additional outer membrane containing lipopoly-
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saccharides and lipoproteins [Osborn (1969)]. Never-
theless, Schmid and Plapp (1972) showed that the
irreversible binding of bengylpenicillin to the B-
lactamase-negative Proteus mirabilis D52 followed
saturation type kinetics and that saturation corres-
ponded to a decrease of about 90 % of the number
of viable cells. Time course of binding, however,
was atypical in that some part of the large amount
of benzylpenicillin fixed during the initial phase
was subsequently released in an unaltered form. Ve~
ry little inhibition of the binding of benzylpeni-
cillin by 6-aminopenicillanic acid was observed
whereas 6-aminopenicillanic acid induced spheroplast
formation at only a 25 times higher concentration
than benzylpenicillin. Hydroxylamine removed up to
50 % of the radiocactivity eventually bound after
reaction with [I“C]—benzylpenicillin, in the form
of a product which was not identified except that
it was not the expected benzylpenicilloyl-hydroxa-
mate. Phenacetylglycine, a compound in which the
amino group of glycine is substituted by the same
residue as the amino group of 6-aminopenicillaniec
acid in benzylpenicillin, was effective in decrea-
sing the amount of benzylpenicillin fixed to the
cells to about 50 % of its normal value. But phe-
nacetylglycine did not antagonize the antibiotic
action of benzylpenicillin, thus suggesting that
those sites for which benzylpenicillin and phenace-
tylglycine compete, are not related to the killing
by the antibiotic. The significance of all these
observations remains unclear.

Isolation of irreversible penicillin binding sites

Several techniques were employed by Suginaka et al.
(1972) to isolate the irreversible penicillin-
binding sites of §. aureus, B. subtilis, B. cereus
and E. col?. Starting materials were particulate
Preparations obtained after grinding the cells with
alumina. Binding was in the same range as that re-
corded with whole cells. Nonionic detergents and
chaotropic agents were effective means for the solu-
bilization of the binding components. A combination
of 1 % Nonidet P-40 and 9 M wurea was selected
and the separation of the solubilized ['*Cl-benzyl-
penicillin-binding components was carried out by
chromatography on DEAE cellulose, by electrofocusing




Penicillin targets in bacteria 591

in polyacrylamide gels. A variety of major and mi-
nor penicillin-binding components were shown to
exist in each of these organisms. Both Baecilli con-
tained two main components, whereas S. aureus and

E. coli appeared to have only a single major one.

As previously found by Edwards and Park (1969), in
S. aureus the number of binding sites available to
benzylpenicillin and cephalothin was nearly the
same. In marked contrast, in B. subtilis many more
of the penicillin binding sites were saturated du-
ring prior treatment with benzylpenicillin than with
cephalothin. When membrane particles of B. subtilis
first treated with unlabelled cephalothin and then
with radiocactive benzylpenicillin were analysed, it
was observed that one of the major penicillin-bin-
ding components had reacted with radioactive benzyl-
penicillin. This finding suggested that in B. sub-
ttlis, one of the two major components which reacted
with benzylpenicillin did not react readily with ce-
phalothin.

The use of polyacrylamide gel electrophoresis in the
presence of sodium dodecylsulfa“e permitted more
thorough analyses of the penicillin-binding compo-
nents of membranes of B. subtilis [Blumberg and
Strominger (1972)]. This technique revealed the
existence of 5 distinect (I to V) components. Com-
ponent V, a DD-carboxypeptidase, was predominant

and after its isolation by affinity chromatography
on 6-aminopenicillanic acid-substituted Sepharose,
it was found to be at least three orders of magni-
fude less susceptible to cephalothin than were the
other compounds. A technique was then devised which
made use of this property and allowed the isolation
and the purification of component V (99 % purity)
with an absolute yield of 79 % [Blumberg and
Strominger (1972)1. The solubilized membranes (using
1.0 M NaCl ; 2 % Nonidet P-40 and 4 mM 2-mercap-
toethanol) were first treated with cephalothin under
conditions which allowed saturation of component I-
IV  but not of component V. Component V was then
isolated by affinity chromatography. It was identi-
fied as the DD-carboxypeptidase. In this process of
purification, the DD-carboxypeptidase underwent irre-
versible attachement to the 6~aminopenicillanic acid-
Sepharose matrix from which it was released in an
active form by hydroxylamine. The B. subtilis DD-
carboxypeptidase represents 1 % of the membrane
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proteins. It 1s the first membrane-bound DD-carboxy-
peptidase that has been isolated and purified to
protein homogeneity.

THE TRANSPEPTIDASE-DD-CARBOXYPEPTIDASE SYSTEM

The techniques described in the above section for
the resolution of membrane components to which peni-
cillin is irreversibly attached may also be a point
of departure for an attack on the problem of the
isolation and identity of the killing target of pe-
nicillin, Z.e. the transpeptidase. There are, ho-
wever, several limitations to this approach. Like
the DD-carboxypeptidases not all transpeptidases
irreversibly fix penicillin. A procedure that would
release a transpeptidase in an active form from its
covalent associlation with penicillin has not yet
been devised. As already pointed out, the transpep-
tidase which is part of a membrane-bound multi-
enzyme system may require, in order to be operative,
the exact substrate which is produced by the prece-
ding reaction of the sequence pathway, Z.e. some
imprecisely identified nascent peptidoglycan. Recent
work, however, showed that at least some transpepti-
dases can operate im vitre with well defined sub-
strates.

The membrane-bound transpeptidase system in Strepto-
myces R61

Membranes were prepared from Streptomyces R61 which
catalysed the transfer of N®,N€-diacetyl-L-1lysyl-D-
alanine from the tripeptide N%,N€-diacetyl-L-lysyl-
D-alanyl-D-alanine to the dipeptide glycyl-glycine,
yielding free D-alanine and the tetrapeptide NO ,N€-
diacetyl-L-1lysyl-D-alanyl-glycyl-glycine [Dusart et
al. (1973)1. Liberation of D-alanine from the tri-
peptide donor was dependent on the presence of the
acceptor glycyl-glycine, Z.e. the membrane prepara-
tion did not exhibit any carboxypeptidase activity.
In this system, N®,N€-diacetyl-L-lysyl-D-alanyl-D-
alanine is an analogue of the L-R;-D-alanyl-D-ala-
nine donor site and glycyl-glycine is an analogue
of the glycyl-LL-diaminopimelyl acceptor site in-
volved in transpeptidation Zm vivo. Indeed, both
the crosslinking made by transpeptidation in Strepto-
myces R61 [Leyh-Bouille et al. (1970 a); Table I]

AN
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and the crosslinking made by transpeptidation when
the membrane-bound enzyme was exposed to the above
synthetic system, resulted in the synthesis of the
same D-alanyl-glycyl linkage in an endo-position.
Furthermore, there was a good correlation between
the Zn vZvo susceptibility of the Streptomyces R61
toward a series of penicillins and cephalosporins
and the Zn vitro susceptibility of the membrane-
bound transpeptidase toward the same antibiotics
[Dusart et al. (1973)]. Under the growth conditions
used in these studies, B-lactamase activity was not
involved in the Zn vZvo susceptibility to B-lactam:
antibiotics [Dusart et al. (1973), Johnson et al.
(1973)]. Altogether, these observations strongly
suggested that in Streptomyces R61, as revealed by
using these tripeptide donor and dipeptide acceptor
as substrates for transpeptidation, the membrane-
bound transpeptidase was the killing target of peni-
cillin.

Chaotropic agents (2 M wurea) solubilized at least
part of the membrane-bound transpeptidase activity.
However, when exposed to the tripeptide donor alone,
the solubilized preparation hydrolyzed it into D-
alanine and dipeptide N©%,N®-diacetyl-L-1lysyl-D-
alanine (unpublished experiments), Z.e. it behaved
as a DD-carboxypeptidase as well as a transpeptidase.
It can be argued that the only difference between the
two activities is that in transpeptidation the enzyme
catalyses a reaction with a free amino group to com-
plete peptide crosslinking, whereas in hydrolysis
the enzyme catalyses a reaction with water.

Acy,-L-1lys-D-Ala-D-Ala + Gly-Gly - D-Ala + Ac,-L-lys-
D-Ala-Gly-Gly.
Ac,-L-1lys-D-Ala-D-Ala + H,0 - D-Ala + Ac,-L-1lys-
D-Ala.

The hydrophobic environment of the membrane would
favor transpeptidation whereas water is accessible
to the solubilized enzyme.

The exocellular transpeptidase~DD-carboxypeptidase
of Streptomyces R61

The exocellular DD-carboxypeptidases that 1s excre-
ted by Streptomyces R61 during growth [Leyh-Bouille
et al. (1971)]1 was found to function either as
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carboxypeptidase or transpeptidase depending upon
the availability of nucleophiles (H20 or NHzR)
[Pollock et al. (1972), Perkins et al. (1973),
Frére et al. (1973 b)]. This transpeptidase-DD-car-
boxypeptidase was purified to protein homogeneity
(95 % purity). It consists of a single polypeptide
chain with a molecular weight of 38,000 . The aci-
dic residues (20 %) outnumber the basic ones (5 %).
About 50 % of the residues are non polar. Several
physical and chemical properties were studied by
circular dichroism and UV absorption and fluores-
cence [Frére et al. (1973 a), Nieto et al. (1973 a)].

Irrespective of the penicillins and cephalosporins
used, inhibition of the transpeptidase activity of
the exocellular enzyme always occurred at those anti-
biotic concentrations that inhibited the carboxypep-
tidase activity [Dusart et al. (1973)]. Qualitative-
ly, its susceptibility to penicillins and its speci~
ficity profile for various acceptors resembled those
of the membrane-bound transpeptidase, but quantita-
tive differences were observed between the two en-
zymes. In spite of these differences, it can be
argued that the exocellular enzyme is probably a
soluble form of the membrane-bound enzyme. Indeed,
the enzyme conformation in the hydrophobic environ-
ment of the membrane must be different from that in
an aqueous solvent and a change in orientation of

one or more amino acid residues in or near the cata-
lytic centre(s) is likely to alter the specificity
profile and susceptibility to antibiotics. In any
event, the exocellular R61 transpeptidase-DD-carboxy-
peptidase was the first model to allow a study of the
transpeptidation reaction and of its inhibition by
penicillin at the molecular level.

Transfer and hydrolysis reactions catalyzed by the
exocellular R61 transpeptidase-DD-carboxypeptidase

In carboxypeptidase assays, the enzyme showed a con-
siderable specificity for peptides ending in a tri-
peptide sequence L-R;-D-Ala-D(OH) and for the occur-
rence of a long aliphatic side-chain containing at
least 4 (CH,) groups on the L-R; residue. The C-ter-
minal D residue was preferentially D-alanine [Leyh-
Bouille et al. (1971)1. In transpeptidation assays
(in which N®,N€-diacetyl-L-lysyl-D-alanyl-D-alanine
was used as donor), the enzyme utilised with varying
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eff1c1ency a wide range of compounds such as gly-
cine, D-alanine (but not L-alanine), peptides with
N-terminal glycine or D-alanine, aminohexuronic
acids, 6-aminopenicillanic acid and D- cycloserine
[Perkins et al. (1973)1].

The proportion of the enzyme activity that could be
channelled into the transpeptidation and the hydro-
lysis pathways greatly depended upon the environ-
mental conditions [Frére ez a7. (197% b)]. Trans-
peptidation was favored both by increasing the pH
and by decreasing the water content of the reaction
mixtures. Kinetics suggested that the reactions
proceeded through an ordered mechanism in which the
acceptor molecule binds first to the enzyme. Accep-
tors were shown to behave as non competitive inhi-
bitors of the hydrolysis pathway and some of them,
when used at high concentrations, also inhibited
the transpeptidation reaction, thus suggesting the
occurrence on the enzyme of additional inhibitory
binding sites [Frére et al. (1973 b)].

The activity of the enzyme (as measured in carboxy-
peptidase assays) could be inhibited by peptides
that were analogues of peptide donors [Nieto et al.
(1973 b)1. These studies showed that the enzyme
binds peptide donors that have a cis configuration
in the C-terminal amide linkage and suggested a
possible sequence of events leading to hydrolysis.
According to the model, the enzyme would select the
small proportion of c¢is Isomer, hence displacing
the configuration equilibrium. The free enthalpy of
binding would be mainly provided by the interaction
of the two C-terminal residues whereas the side-
chain of the L-Rs residue would induce a conforma-
tional change in the enzyme which, in turn, would
result in the previously c<s- amlde llnkage adopting
a configuration intermediate between eis and trans
thus losing all double-bond character. The confor-
mational change in the enzyme together with the
interactions between enzyme groups and substrate
would have to supply an energy of about 30-40 kJ
The active intermediate n the previous step would
then break down into an acyl-peptide and the C-ter-
minal amino acid. According to this model, distor-
tlon of the amide bond only occurs once the substrate
is bound to the enzyme and the change in the enzyme
only occurs in the presence of bound substrate.
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The exocellular R61 transpeptidase-DD-carboxypepti-
dase as a model for penicillin action

Inhibition of the R61 enzyme by penicillin was com-
pletely reversible. Large concentrations of B-mer-
captoethanol neither impaired the enzyme activity
nor prevented its inhibition by benzylpenicillin
[Nieto et al. (1973 a)l. Kinetically, the inhibition
of the carboxypeptidase activity by benzylpenic%llin
and cephalothin was competitive (XKi = 7.5 x 107°% M
and 1.06 x 1076 M , respectively) [Leyh-Bouille
et al. (1971)1. The inhibition of the transpeptidase
activity by penicillin V was also competitive with
respect to the tripeptide donor (N%,N®-diacetyl-L-
lysyl-D-alanyl-D-alanine) but was noncompetitive

with respect to the acceptor (meso-diaminopimelic

acid was used in this case) [unpublished results].
Binding of benzylpenicillin extensively affected

the near UV circular dichroism of the enzyme and
caused quenching of its fluorescence [Nieto et al.
(1973 a)l. The association constant of the inter-
action was very high and comparable with the inhi-
bition constant determined kinetically. Binding was
comparatively slow and also occurred under condi-
tions where the protein had been made enzymically
inactive. Good acceptor substrates for transpepti-
dation had no effect on the interaction between the
enzyme and benzylpenicillin. Donor substrates and
donor-analogues that were competitive inhibitors
effectively decreased the affinity of benzylpenicil-
lin for the enzyme and, in this respect, behaved

like general anions. However, when used at concen-
frations equivalent to 5 times their Km or Ki
values, respectively, these peptide donors and com-
petitive inhibitors had a very small effect on peni-
cillin binding to the enzyme. This latter observa-
tion was in apparent conflict with the fact that
kinetically, benzylpenicillin was a competitive
inhibitor for peptide donors in carboxypeptidase
assays. This type of kinetics, however, does not
necessarily indicate that inhibitor and substrate
compete for the same catalytically active site on

the free enzyme. Altogether, these experiments
suggested a conformational response model for peni-
cillin action on the R61 enzyme in which the anti-
biotic binds to a specific site not directly con-
cerned in catalysis and independent of the binding
sites for the substrates [Leyh-Bouille et al. (1970 ¢)]1.
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Interaction of benzylpenicillin produced a confor-
mational change in the ernzyme and the liberation of
a Gibb's free energy of some U5 kJ (at 25°C)
[Nieto et al. (1973 a)l. Hence, the enzymic split-
ting of the amide bond of peptide donors which
would require a supply of energy of about 35 kJ

in the absence of benzylpenicillin (see above),
might require a supply of energy of about 80 (Z.e.
35 + U5) kJ in the presence of the antibiotic. It
can be argued that the enzyme would then be unable
to surmount such an energy barrier. In other words,
it was proposed that penicillin inhibits the enzyme
because penicillin freezes the enzyme in a confor-
mation that prevents activity [Nieto et «l. (1973 a)l.

The exocellular R39 transpeptidase-DD-carboxypepti-
dase :

A membrane preparation capable of performing trans-
peptidations has not yet been obtained from Strepto-
myces R39 but the exocellular DD-carboxypeptidase-
transpeptidase that is excreted by this organism
[Leyh-Bouille et al. (1972)] was isolated to protein
homogeneity. It consisted of a single polypeptide
chain exhibiting a molecular weight of about 55,000
(unpublished results). Its substrate requirements
for peptide donors also showed a considerable speci-
ficity for a C-terminal L-R;-D-Ala-D(OQOH) sequence.
Km and Vmax values, however, were different from
those of the R61 enzyme. Moreover, the occurrence

of ilonized groups at the end of the aliphatic side-
chain of the L-R; residue differently influenced the
activity of the two enzymes [Leyh-Bouille et al.
(1972) 1. The enhancement of the transpeptidase acti-
vity of the R39 enzyme relative to its carboxypepti-
dase activity by high pH , by high concentrations of
phosphate and by increasing the hydrophobic charac-
ter of the reaction mixtures also pointed to the in-
fluence that the environment exerts on the function-
ing of the enzyme [Ghuysen et al. (1973 a)]. Penicil-
lins and cephalosporins inhibited the transpeptidase
activity at those concentrations which inhibited the
carboxypeptidase activity but the susceptibility of
the R39 enzyme toward these antibiotics was diffe-
rent from that of the R61 enzyme [Dusart et al.
(1973) 1.
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The most striking peculiarity of the R39 enzyme was
its inability to catalyse transpeptidation reactions
when peptides, instead of amino acids, were tested
as possible acceptors [Pollock et al. (1972), Per-
kins et al. (1973)]1, ©i.e. the R39 enzyme was unable
to catalyse the synthesis of peptide bonds in an
endo-position. In fact, this property exactly re-
flected an important peculiarity of the wall pepti-
doglycan of Streptomyces R39. Contrary to what was
observed in Streptomyces R61 [Leyh-Bouille et al.
(1970 a, 1971)1, peptide crosslinking in Strepto-
myces R39 is made via a D-alanyl-(D)-meso-diamino-
pimelic acid linkage in o position to a free car-
boxyl group (Table 1). This remarkable correlation
strongly suggested that the exocellular enzyme was
also a soluble form of the enzyme that catalyses
peptide crosslinking in vZvo [Ghuysen et al.

(1973 a)l.

The substrate requirements of the R3%9 enzyme for
acceptors were studied with peptides which were
either similar or identical to the natural peptide
[Ghuysen et al. (1973 a)]. No,Ne-diacetyl-L-lysyl-
D-alanyl-D-alanine was used as peptide donor. The
natural peptide was L-alanyl-D-isoglutaminyl-(L)-
meso-diaminopimelyl-(L)-D-alanine and the amino
group located on the D carbon of meso-diaminopime-
lic acid in o position to the free carboxyl group
was the one which was utilized as acceptor for
transpeptidation. These studies pointed to the exis-
tence of multiple substrate sites on the enzyme and
of mechanisms that controlled its hydrolyzing and
synthesizing activities. In this respect, the amide
substituent on the a-carboxyl group of D-glutamic
acid appeared to play a role of prime importance.
Control mechanisms also included inhibition by
excess acceptor and by transpeptidation product,
and susceptibility of the transpeptidation product
to hydrolysis through the carboxypeptidase activity
of the enzyme.

The R39 enzyme was not inhibited by any of the ana-
logues of the peptide donor that inhibited the R61
enzyme [Nieto et al. (1973 b)]. Moreover, kineti-
cally the inhibition of the carboxypeptidase acti-
vity of the R39 enzyme by benzylpenicillin was non-
competitive and increasing antibiotic concentrations
caused disproportionate decreases in the catalytic
rate [Leyh-Bouille et al. (1972)]. Clearly, a unified




Penicillin targets in bacteria 599

view on the mechanism of action of penicillin can-
not yet be proposed.

The albus G DD-carboxypeptidase

The exocellular DD-carboxypeptidase excreted by
Streptomyces albus G [Ghuysen et al. (1970), Leyh-
Bouille et al. (1970 b,c)], exhibited a specificity
profile for peptide donors that very closely resem-
bled that of the R39 enzyme. The albus G enzyme,
however, was unable to perform transpeptidations
with any of the compounds, including free amino
acids, which were tested as possible acceptors
[Pollock et al. (1972), Perkins et al. (1973)1.
Furthermore, the albus G enzyme was not inhibited

by B-lactam antibiotics [Leyh-Bouille et al.

(1970 ¢)1. The most likely explanations are that
either the enzyme has lost both the penicillin
binding site and the acceptor binding site or these
sites on the enzyme have been modified so that peni-
cillin and acceptors would have no effect on binding
of peptide donors and the hydrolytic activity of the
enzyme. A similar situation was found by Barnett
(1973) with the membrane-bound DD-carboxypeptidase
of B. stearothermophilus. Conditions which favoured
stability of the catalytic site of the enzyme led to
loss of susceptibility to benzylpenicillin whereas
under conditions in which susceptibility to benzyl-
penicillin was retained, catalytic activity was
readily lost. These observations were also taken as
evidence that substrate and penicillin bind to sepa-
rate sites on the enzyme.

Conelusions

The DD-carbozypeptidase-transpeptidase system in
bacteria may consist of a single protein. Depending
upon its localization (within the membrane, on the
membrane, in the periplasmic region or in the exter-
nal medium), Z.e. depending upon the availability
of water, the protein could function in an anabolic
Sense as a transpeptidase or in a catabolic sense
as a carboxypeptidase. Depending upon its precise
microenvironment within the membrane, the protein
could undergo conformational changes affecting its
substrate requirements and/or susceptibility to
penicillins and cephalosporins. The studies carried
out with the R61 and R39 enzymes gave direct
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experimental supports to these ideas. In fact, such
a situation is equivalent to that where more than
one DD-carboxypeptidase-transpeptidase would occur
in the cell, each of them being involved in diffe-
rent growth cell processes. It is a well known fact
that cell elongation and cell division in E. colZ
[Schwarz et al. (1969)] and in Proteus vulgaris
[Fleck and Mock (1972)] are two distinct targets of
penicillin in that they exhibit large differences
in their susceptibility to these antibiotics. In
addition to the DD-carboxypeptidase(s)-transpepti-
dase(s) protein(s), there may exist one or several
carboxypeptidases that would solely function as
hydrolyzing enzymes. The Streptomyces albus G
enzyme 1is probably such an uncoupled DD-carboxy-
peptidase.

At present, no unified view can be proposed for the
mechanism of action of penicillin except that, from
an integration of all the results so far accumulated,
penicillin appears to act as an allosteric modifier
of the bacterial transpeptidases-DD-carboxypeptidase
systems [Nieto et al. (1973 a), Ghuysen et al.
(1973 v) 1.
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