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[. — INTRODUCTION

Penicillins and cephalosporins, collectively called penicillin,
onstitute a group of antibiotics that are characterized by the pre-
ence in the molecule of a highly reactive f-lactam ring. When
xposed to penicillin, bacteria that arc actively growing undergo
lysis, This phenomenon is caused by the specific inhibition of the
ynthesis of a particular heteropolymer, the peptidoglycan, which
imparts to the wall its rigidity, shape and insolubility, In the absence
of a continued synthesis of this peptidoglycan, the bacteria lose
teir osmotic protection and are lysed by their own autolysins.
The aim of this paper is to discuss « how » penicillin stops the synthesis
‘of the wall peptidoglycan.

A) STRUCTURE AND BIOSYNTHESIS OF PEPTIDOGLYCAN

The structure of the peptidoglycan and its biosynthesis have
been reviewed many times [24]. Peptidoglycans are networks in
which lmear strands of alternating f-1,4 linked pyranoside-N-
acetylglucosamine and N-acetylmuramic acid are interconnected
through peptide chains. The D-lactyl groups of the muramic acid
residues in the glycan strands, or at least same of them, are substi-
~tuted by tetrapeptide units L-Ala-y-D-Glu-L-R;-D-Ala. The L-R,
- residue vares according to the hacterial species. Often it is a diamino
acid. The tetrapeptides belonging to adjacent glycan strands are
- in turn crosslinked through « specialized » bridges. Bridging between
. two peptlides always involves the C-terminal D-alanine residue of
~one tetrapeptide and often, but not always, the w-amino group
of the L-R; residue of the second tetrapeptide. The composition
and the Tocation of the bridges have been used to divide bacterial
peptidoglycans into four main chemotypes [19] and have been
considered to be a eriterion of taxonomic importance [45]. Figures 1,
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9 and 3 show how two disaccharide peptide units are interlinke
in those bacteria which were used for the present study. In Esche
richia coli [49] and in Streptomyces R39 {21}, the L-Ry residue i
meso-diaminopimelic acid. The interpeptide bridge is a direct hnkag
D-Ala-(D)-meso- dlamlnoplmehc acid. In Streptomyces R61 [29] a1
K15, the L-R; residue is LL- diaminopimelic acid and the inter
peptlde bridge is mediated eic one additional glycine residue. I
Streptococeus faecalis ATCC 9790 [7], the L-R; residue is L- lysm

—— G _..hld -
~--G~—M--- L-Ala—~D-Giu-(OH or NH,)

XL —ﬂl'—a-D ~Ala=-
Aspm
: XL-—-'—r—'ﬂ--D -Ala - --I‘)—-'
! A;_pm
PR SN
D
Fic. 1. — Peptidoglycan of E. coli and Streptomyces R38.

The w-carhoxyl group of D-glutamic acid is free in B. coli and amidated in Strep
tomyces R3%

|
L-Ala-D-Gluy-(QHor NHZ)

== G—M---
~--G—M--- L-Ala—~D-Glu-(NH,)
Y L
L-Ala—=D-Glu-(NH,) ——=D-Ala - -
XL Agpm
—r-D-Ala=Glys——
- --Gly _A_L

Fia. 2. — Peplideglycan of Streptomyces R6I and K18

- G_.M - -
-e-G—M--- L- Ala —D-Glu-(NH7)
XL L-Lys -0-Ala- - =
L-Ala-=D-Glu-{NH;} ird
8
SL L-Lys —rD-Ala—»D-Asp-(NHZ)
4

B
- D-‘ASp'(NHz)

Tic. 3. — DPeptidoghycan of 8. Taecalis ATCC 9790
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d the interpeptide bridge is mediated ¢ia an additional iso-D-
asparagine residue,

Two groups of enzymes that are cytoplasmic and membrane-
und, respectively, are involved in the biosynthesis of the peptido-
glycan [46]. The cytoplasmic enzymes catalyse the synthesis of two
ridylic acid precursors: uridine-5'-pyrophosphoryl-{UDP)-N-acetyl-
glucosamine and UDP-N-acetylmuramyl-1.-Ala-y-D-Glu-L-R;-D-Ala-
)-Ala. Note that the peptide of this latter precursor ends in a D-Ala-
D-Ala sequence, From these two precursors, a membrane-bound
multi-enzyme complex, working in conjunction with a C-55 undeca-
jrenyl phosphate coenzyme, catalyses a coordinated sequence of
ransfer reactions that lead to the formation of a « nascent » peptido-
lycan. This nascent peptidoglycan, which is thought to emerge
n the outer surface ol the cytoplasmic mernbrane, consists of
fycan strands substituted by uncrosslinked L-Ala-y-D-Glu-L-R,-
D-Ala-D-Ala pentapeptides (in which one or several bridging amino
yeid residues have been incorporated, if necessary). The insolubilisa-
ion of the nascent peptidoglycan and its incorporation in the preexist-
ng wall peptidoglycan are eventually carried oul by transpepti-
“dation {b2, 47]. This reaction is catalyzed by a membrane-bound
nzyme. The penultimate C-terminal D-alanine residue of a peptide
onor is transferred to the amino group of another peptide accepior;
nterpeptide bonds are formed and equivalent amounts of D-alanine
re liberated from the donor peptides. The transpeptidation reaction
s it must occur between two nascent peptides in E. coli and Strep-
_tomyces R39 is shown in figure 4 and the transpeptidation reaction
as it must occur hetween two naseent peptides in Streptomyces R61
‘and K15 is shown in figure 5. The transpeptidation reactions as
hey are described above, are certainly oversimplified. It is likely
. that, at least in part, elongation of the nascent peptidoglycan by
transglycosidation and its insolubilization by transpeptidation occur

~=L-Ala—=0-Glu-(OH or NH;)

L —k ~D-Ala0-Ala D-Ala
Azprn
A
D -
el -Ala ~0-Glu-(0H or NH3)
e L-Ala—+0-Glu-(0H or NHy) L oA
L_L 2 A L-Ala~0-Glu-(OH or Nz} ™~ O-Ala—-D-Ala
—— —+D-ala—+D-Ala L L 2
A,pm - - D= Al -
—2""“‘ Azpm
D i
o
Peptide dimer

Fic. 4. — Transpeptidation in E. coli and Streptomyees R3§.
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~eal-Ala —»D—Giu-(NHz)

b 4 p-sa~D-a D-Ala
Azpm
Glys——
L ~~L-Ala~-D-Glu-{NHp)
L .
necl-Ala—+D-Glu-(NH ) ~L-Ala-+-D-Glu-(NH,) L o D-Ala—N-Alg
pm :
ek 0 -pla D A2 b L Aty »
Aqpm Aspm L
Gy —— Glyws—o
Peptide dimer
Fie. 5. — Transpeplidation in Streptomyces RGI and K15,

simultaneously [35, 50]. Moreover, transpeptidation probably also
occurs between the nascent peptidoglycan and the preexisting wal
peptidoglycan, henee causing the attachment of the former to th
wall matrix.

B) SiTES OF ACTION OF PENICILLIN

In 1965, Wise and Park [52] and Tipper and Strominger [47
showed independently that the closure of the interpeptide hridge
was specifically inhibited by penicillin. In 1966, particulate prepa-:
rations were obtained from E. eoli and Salmonelle which carried
out peptidoglycan synthesis including the bridge-closure reaction
from. the mnucleotide precursers UDP-N-acetylglucosamine an
UDP-N-acetylmuramyl-pentapeptide [26, 1]. The .only activit
of these preparations to be inhibited by penicillin was the transpep-:
tidase and, seemingly, this activity could not be restored by washing -
or treatment with penicithinase. :

In 1968, Izaki and Strominger [27] demonstrated the occurrence
in E. coli of a DD-carboxypeptidase activity which was also inhibited
by penicillin and a LD-carboxypeptidase which was not sensitive
to penicillin. The DD-carboxypeptidase hydrolyzes UDP-N-acetyl-
muramyl-L-Ala-y-D-Glu-(L}-meso-A ,pm-(L)-D-Ala-D-Ala into D-Ala
and UDP-N-acetylmuramyl-L- Ala-y-D-Glu-(L)-meso-A,pm-{L)-D-
Ala and the LD-carboxypeptidase hydrolyzes this latter compound
into D-Ala and UDDP-N-acetylmuramyl-L-Ala-y-D-Glu-(L)-Agpm.
Subsequently, such activities were shown to occur in many bacteria.
They might play an hmportant role in the regulation of the biosyn-
thesis of the peptidoglycan by limiting the number of peptide donors
available for transpeptidation.

The most popular hypothesis concerning the mechanism of aclion
of penicillin is that preposed by Tipper and Strominger in 1965 [47].
Penicillin would be a structural analog of the D-Ala-D-Ala donor site
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{ the nascent peptidoglycan and would be preferentially recognized
y the transpeptidase (and the DD-carboxypeptidase). The initial
nteraction between the enzyme and penicillin would cause the
leavage of the f-lactam amide bond and concomitantly, the irre-
ersible acylation of the enzyme (in the form of a stable penieilloyl-
nzyme complex).

On the basis of this hypothesis, it was reasonable to assume that
he isolation of cellular sites able to irreversibly fix penicillin might
ead to the isolation of the transpeptidase. This approach was lollowed
y Strominger and his colleagues and an exhaustive review of these
tudies has been recently published {4]. The main result was to show
‘the diversity and multiplicity of the penicillin binding sites in
‘bacteria. In particular, five such compounds were solated {rom
Bacillus subtilis and one ol them, apparently the most abundant one,
‘was isolated, purified and characterized as a DD-carboxypepii-
‘dase [3]. In no case, however, was a transpeptidase isolated.

.C) THE STRATEGY

II one excepts those described in the present paper, ne bacterial
‘transpeptidase has ever been isolated and characterized. The reason
for this situation is that the extraction of a transpeptidase from its
membrane-bound multi-enzyme complex and its final isolation
‘cannot be attempted unless the transpepiidase activity can he
‘directly and specifically estimated with the help of a proper system
‘of donor and acceptor peptides. Indeed, the nucleotide precursors
UDP-N-acetylglucosamine and UDP-N-acetylmuramyl-pentapep-
tide which had been used previously to show peptidoglycan synthesis
and peptide bridging from bacterial particulate preparations, are
not substrates of the transpeptidase. It was thus essential to develop
substrate systems which allowed this enzyme to be estimated inde-
pendently of the preceding biosynthetic reactions. We have used
this approach and the results so far obtained are reviewed in the
ensuing paragraphs. Twa types ol transpeptidases were studied.
Some of them were membrane-bound; others were exocellular,

II. — THE EXOCELLULAR TRANSPEPTIDASES
OF STREPTOMYCES R61 AND R3%

In 1969, it was observed that certain strains of Sireptomyces
: had the ability—apparently unique in the bacterial world—to
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excrete a soluble, exocellular DD-carboxypeptidase during growth [20
30, 31, 32]. These enzymes hydrolyzed the tripeptide Acy-L-L
D-Ala-D-Ala into D-Ala and Ac,-L-Lys-D-Ala. In 1972, it w.
shown that some, but not all, of these DD-carboxypeptidases w.
also able to perform in pitro transpeptidation reactions with t}i
same trlpeptlde Acy-L-Lys-D-Ala-D-Ala acting as donor [42]. Th
present review describes the transpeptidase-DD- carbexypeptldas'
enzymes excreted by Streptomyces R61 (of which the correspondin
membrane-bound enzyme will be described below) and by Strepto
myces R39. The particular interest of Streptomyces B39 is that th
bridging in its wall peptidoglycan is very different from that ¢
Streptomyces R61 (and probably most Sireplomyces strains) bu
is identical to that in E. coli (and probably in all Gram-negativ
bacteria and in many Bacillaceae; see figures 1 and 4).

A) GENERAL PROPERTIES

The exocellular enzymes of Strepiomyces R6L and R39 (in short
the R61 and R39 enzymes} were purified to protein homogeneit
on the basis of their DD-carboxypeptidase activity. They are globula
proteins, each consisting of a single polypeptide chain [13, 17] wit
molecular weights of 38,000 and 53,000 for the R61 and R39 enzyme
respectively. The acidic residues {18.9-20.3 %) outnumber the basi
ones (7.4-9.7 %,). Hydrophobic residues represent 46 % of the tota
residues of the R61 enzyme and 56 9%, of the total residues of the R3
enzyme. The R61 enzyme undergoes aggregation by freezing an
thawing (the phenomenon is, however, reversible) and the R3
enzyme undergoes aggregation and inactivation at low ionic strength. -
The fluorescence emission spectrum of the R61 enzyme exhibits a
maximim at 318-320 nm {excitation: 273 nm) [36] and that of the:
R39 enzyme at 339-340 nm [17]. The Km and Vmax values for the
tripeptide Ac,-L-Lys-D-Ala-D-Ala (in the absence of acceptor):
are 10 mM and 86 pmoles/min/mg protein for the R61 enzyme and
0.8 mM and 20 groles/min/mg protein for the R39 enzyme.

B) SeeciFiciTy PROFILE FOR PEPTIDE DONORS

The specificity of the R61 and B39 enzymes for peptide donors
was determined on the basis of the release of the C-terminal R,
residue from peptides presenting the general structure ~~ L-Ry-(L or
D)R.~(L or D)R,. In each case, the C-terminal sequence giving the
highest aetivity is ~~ D-Ala-D-Ala but the preceding L-R, residue
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also has a considerable effect on the enzyme kinetics. The longer
the side-chain of the L-RR; residue (at least up to four —CH,— as
it occurs in L-lysine and diaminopimelic acid), the higher is the
enzyme activity [22, 30, 32].

Peptides were synthesized which were analogs of the standard
substrate Acy-L-Lys-D-Ala-D-Ala [22, 37]. Some of them (for exam-
ple: Ac-D-Ala-D-Asp and acetyl-racemic-cyclodiaminoadipic acid)
were good inhibitors of the R61 enzyme. On the basis of these studies,
it was suggested that the C-terminal sequence-D-Ala-D-Ala (of
both substrates and inhibitors) was mainly responsible for the initial
interaction and binding with the enzyme, whereas the side-chain
of the L-R; residue of the substrates was critical in iiducing catalytic
activity. The strong mmhibitory activity of acetyl-racemie-cyclo-
diaminoadipic acid also suggested that the amide bond linking the
two C-terminal D-Ala residues had a cts configuraticn when hound
to the enzyme. Following the initial binding, the side-chain of the
L-R; residue would induce a conformational change in the enzyme
which, in turn, would result in the previously cis-amide linkage
adopting a configuration intermediate between cis and frans, thus
losing all double-bond character. This proposed mechanism strictly
applies to the R61 enzyme. None of the peptide inhibitors of the R61
enzyme had any effect on the R39 enzyme. In fact, some of them
were good substrates for this enzyme.

C) SPECIFICITY PROFILE FOR PEPTIDE ACCEPTORs [21, 23, 41]

The specificity of the R61 and R39 enzymes for peptide acceptors
was determined on the basis of the amount of transpeptidation
product formed in reactions of the type Ac,-L-Lys-D-Ala-D-Ala
+ acceptor — D-Ala + Acy-L-Liys-D-Ala-acceptor. At this stage,
the fact that the tripeptide donor was simultaneously hydrolyzed
through the DD-carboxypeptidase activity of these enzymes, was
not taken into account. In order to function as an acceptor, a peptide
must have a structure which resembles that of the natural peptide
acceptor involved in the in vivo transpeptidation. Thus in strain R61,
the cross-link is formed between the penultimate D-alanine of one
primary side-chain and a glycine residue that is attached to the
g-amino group of the LL-diaminopimelic acid belonging to another
side-chain (fig. 2 and 5). Correspondingly, glycine (also D-alanine,
but not L-alanine) and various peptides possessing an N-terminal
glycine residue (and other amine compounds) act as acceptors for
the R61 enzyme [41]. In strain R39, on the other hand, the inter-
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peptide linkage extends directly from a D-alanine residue to the
amino group at the D-centre of meso-diaminopimelic acid {fig. 1 and
4). Correspondingly, suitable transpeptidation acceptors for the R39
enzyme must have an amino group in a-position to the carboxyl group
of a D-amino acid (or glycme) [21]. Hence, the Acy-L-Lys-D-Ala-D<
Ala + Gly-Gly system is especially suitable for the study of the
R61 enzyme. D-Ala is released, and the tetrapeptide Acy-L-Lys-D-
Ala-Gly-Gly is formed. This system, however, is not utilized by the
R3Y enzyme. This latter enzyme, on the other hand, catalyzes
transfer reactions such as that shown in figure 6.

Acy I-Lys +~D-Ala~D-Ala D-Ala
L-Aia,—»D-Glu-(NHz)
L —t -0-Ala L-Ala #D-Glu-(NHZ)
Agpm L _
—6—— —— = D-Ala -
Azpm
Acz— L—Lys—»D-AIa*——'D——
Fre. 6. — In vitro transpeplidation reaction cafalyzed

by the exocellular transpeptidase of Sireptomyces R39.

More recently, systems were devised from which both R61 and.
R39 enzymes synthesized peptide dimers (and sometimes trimers)
that were analogous or even virtually identical to those found in the
walls of the parent strains, Thus the R61 enzyme utilizes the tetra-
peptide

Ac-L-Lys-D-Ala-D-Ala

GlyJ
both as donor (through the D-Ala-D-Ala sequence) and acceptor
(through the N-terminal glycine) and transforms it into the dimer
Ac-L-Lys-D-Ala-D- Ala

Ac-L-Lys-D-Ala-Gly |

GIyJ

which, in turn, incorporates another peptide monomer to form a

trimer [54]. Similarly, the R39 enzyme utilizes the system L-Ala-y-
D-Glu-(L)-meso-A,pm-{L)-D-Ala-D-Ala and L-Ala-3-D-Glu{NH,)-
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{L)-meso-Agpm-(L)-D-AIa, giving rise to a peptide dimer [23] which,
if one excepts that one of the two glutamic acid residues is not

amidated, is identical to the peptide dimers of the walls of Strepto-
myces R39 {fig. 1 and 4).

D) Kinerics [11, 14, 21, 23]

When incubated with a mixture of Ac,-L-Lys-D-Ala-D-Ala and a
proper acceptor, the R61 and R39 enzymes catalyse concomitantly
the hydrolysis of the tripeptide donor and the synthesis of the
peptide Acy-L-Lys-D-Ala-acceptor (fig. 7). D-Ala is a reaction
product that is common to hoth pathways. The activity of these
enzymes can be channeled either to the hydrolysis pathway or to
the transfer pathway by modifying the experimental conditions.

Hydrolysis
HZO Aci i-Lys=D-Ala
Acs l-Lys~-D-Ala—=D-Ala D-Ala
Acceptor Aci -Lys —D-Ala —Acceptor

Transpeptidation

Fre, 7. — Concomilant hydrolysis and transfer reactions catalyzed
by the exocellular transpeptidases of Streptomyces R6I and R39.

. Thus transpeptidation is {avoured by increasing the pH, by decreas-
_ing the water content of the reaction mixture {part ol the water
being replaced by a mixture of glycerol and ethylene glycol}, by
increasing the ratio of acceptor to donor (the acceptors hehave as
non-competitive inhibitors of the hydrolysis pathway) and, in the
case of the R39 enzyme, by increasing the ionic strength of the
medium.

Since concomitant hydrolysis of the donor also occurs during
transpeptidation by the R61 and R39 enzymes, the kinetics are
complex. Kinetic studies made with the R61 enzyme suggested
that the reactions proceed through an ordered mechanism in which
the acceptor molecule binds first to the enzyme [11, 14]. Whatever
the mechanism, at infinite concentration of donor, it is possible
to determine from Lineweaver-Burk plots a Km,, value for the
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aceeptor (*). The values obtained with the R61 enzyme were abo;
5 mM for meso-diaminopimelic acid as acceptor and 3 mM for t
dipeptide Gly-L-Ala. Thus the « aflinity » of this R61 enzyme
donor (Km: 10 mM) and acceptor is about the same [14].

When complex acceptors related to peptidoglycan fragmen
were used, it became apparent that certain features of these substa
ces exerted a profound effect on the relative amount of transpe
tidation and donor hydrolysis that occurred. Thus, for insta
the transpeptidase activity (as well as the DD-carboxypeptidase
activity) of the R61 enzyme was found to be inhibited by high
concentrations of Gly-L-Ala (but not by high concentrations of
meso-diaminopimelic acid) [14]. Similarly, when the R39 enzyme w
incubated in thé presence of a fixed amount of Ac,-L-Lys-D-Ala
D-Ala (0.27 mM) and of increasing concentrations of the tetrapeptid
acceptor L-Ala-y-D-Glu{NH,}-(L)-meso-A,pm-(1,)-D-Ala, the tran
peptidation rose to a maximum ab an acceptor concentration o
about 0.8 mM [21]. At higher concentrations, both transpeptidatio
and hydrolysis reactions were progressively inhibited until, eveh
tually, the tripeptide donor present in the reaction mixtures remainé
unused. Thus a high concentration of amidated tetrapeptide accepto
can « {reeze » the enzyme so that both substrates remain completel
unattacked. This phenomenon was dependent on the a-amide grou
on the glutamic residue, since high concentration of the same, non-
amidated tctrapeptide inhibited overall attack on the denor by
inhibiting its hydrolysis, but did not decrease the amount ol trans
peptidation product formed (which remained at a constant maximal.
value). More extensive studies also carried out with the R3
enzyme [23] showed that when the donor site of the enzyme was!
saturated, the rate of the total reaction (hydrolysis |- transpeptida;
tion) was the same as the rate of hydrolysis alone when no acceptor.
was present. The enzyme had the same turnover number for D-alanin
release whether or not acceptor was present. Morcover, the less the:
enzyme was saturated by the donor, the lower was the concentration
of amidated tetrapeptide required to inhibit transpeptidation (as.
well as hydrolysis}. These—and other— studies led to the conclusion
that mechanisms able to change the (absolute and relative) acceptor

{(*} The general equation for an enzyme-catalysed bimolecular reaclion is

Ey . (DA q’n (I)AB

v Ntm T s

. @
Rigorously, the I{m,p,, value for substrate A is equal to ﬁ(I)A .
o
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and” donor concentrations or to alter some particulsr structural
eature of these peptides (such as the amidation of the glutamic
acid residue) were important for the control of the activity of the
R39 enzyme. Similar mechanisms could well be involved in the
ontrol of the peptide cross-linking system in vico.

E) INTERA.CTION BETWEEN ENZYME AND PENICILLIN IN THE ABSENCE
OF SUBSTRATE

) General scheme [15, 16]

Both R61 and R39 enzymes react with penicillins and cephalo-
porins to form equimolar and inactive enzyme-antibiotic complexes.
- When incubated at 379 C in the absence of {ree antibiotic, these
- complexes undergo breakdown. If the incubation is carried out under
- conditions when the enzyme Is stable, breakdown of the complexes

- causes reactivation of the enzyme and restoration of its penicillin
A ~ sensitivity. In marked contrast, the released antibiotic is chemiecally
ed. - modified and biologically inactive.
or: The half-lives of the enzyme-antibiotic complexes vary dcpendlng
28 upon the enzyme, the antibiotic and the conditions of incubation.
up-; Thus, at 37° and i 10 mM phosphate huffer pH 7.0, the half-life
- of the R61 enzyme-benzylpenicillin complex is 8} min. Under the
by ; same conditions, the K61 enzyme-cephalosporin C complex is
18- 100 times more stable {16]. At 379, in 0.1 M Tris-HCl buffer ptl 7.7
al supplemnented with 0.2 M Nall and 0.06 M MgCl; (a high ionie
39 strength is necessary for the stability of the R39 enzyme), the hall-
ias : life of the R39 enzyme-henzylpenicillin complex is about 4,200 min
a

and that of the R39 enzyme-cephalosporin C complex is higher
than 40,000 min [15].

Within the Hmits ol the techniques used, only one radicactive
product was shown to be released from the complexes formed bet-
ween the R61 and R39 enzymes and [#Clbenzylpenicillin [15, 16].
This product was neither benzylpenicillin nor bhenzylpenicilloie
acid. Moreover, the presence of large amounts of penicillinase during
breakdown of the complex neither affected the first order reaction
rate for release of the compound and enzyme recovery nor caused
formation of benzylpenicilloic acid.

2) Choice among models

E = active enzyme; I == inhibitor (i. ¢. the antibiotic); EI = an
intermediate and inactive enzyme-inhibitor complex, EI* == inactive
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enzyme-inhibitor complex in which both constituents are modifie
X = released and chemically modified antibiotic; K = dissocia
constant; k = rate constant,

The simple model E + [2El* S E + X could be immediat,
discarded. Indeed, the rapid reversible breakdown of complex E
with benzylpenicillin in the presence of pemicillinase would ha
given rise to benzylpenicilloic acid, a conclusion which was in con
with the observed facts. The five following models were envisaged [1:

Iy
Model 1A : E+IFEI" ¥ E+X
Model IB : E-+IZEF 2 ELX
X " "
Model IA: E-+Ig£EI S EFF $E4X
I, Ky

Model 1IB: E-41— EI H‘EI*"15;]1"‘,—{—)(

ky

Model TIC: E4+T=El 2 EI* % FE4 X

In models of type II, enzyme and antibiotic react together to for
an intermediate inactive complex EI which, in turn, undergo
isomerisation into complex EI*. Models A and I1IA are general
Models IB and IIB are lmiting cases where k, 13 much smal
than k, {model 1B) or k; (model E1B}. Since microscapic rcversﬂnhty
occurs in the systems, models IB and IIB are necessarily appro
mations. Finally, in model IIC, the first step of the interaction i
a rapid equilibrium process characterized by a dissociation cons
tant K.

Mathematical treatment of these models showed that unde
conditions where the enzyme concentration was much lower than tha;
of the antibiotic, a choice among them could be made on the basi
of the influence exerted by the antibiotic concentration on th
apparent rate constant k, for the formation of complex REI* {12]
The condition K] < {I] was necessary in order to allow linearizatioii
of the differential equations and integration of the rate equations
For each antibiotic concentration used, the k, value was estimated
[EI*]

E,
of active and inhibited enzyme) and the concentrations ol complex
ET* formed as a funection of time were estimated in the case of th
R39 enzyme by measuring the residual enzyme activity [unpublished
results] and in the case of the R61 enzyme by measuring the emission:
fluorescence of the reaction mixture at 320 nm. Indeed, the fluo

from plots of In (’l — ) vs time {(where E, == total concentration
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rescence of the R61 enzyme (but not that of the R3% enzyme) is
decreased by 25-30 9%, as a result of its interaction with various
nicilling [36] (benzylpenicillin, carbenicillin, ampicillin, penicillin V)
d by 50-60 %, as a result of its interaction with various cephalospo-
s (cephalosporin C, cephaloglycine} [12]. This particular property
the R61 enzyme allowed us to determine the k, values with high
aceuracy by using, when necessary, stopped-flow techniques. At
gh antibiotic concentrations, the plots k, vs [I] showed deviation
rom linearity and hence, models 1A and B for which k, = k, {1},
were eliminated. At antiblotic concentrations causing non hnearity
n these plots k,vs[I], the velocity of the formation of complex EI*
was immediately maximal at time zero, a property which did not fit
models ITA and B in which cases the velocity of the reaction should
have been maximal only after a lag time. Hence model 1IC was the
simplest one which, within the limits of experimental errors, best
explained all the experimental facts. On the basis of this model,
the K and k; values were measured from the straight lines obtained
by plotting 1/k, vs 1/[1]. In such double reciprocal plots, the line
ntercepts the ordinate axis at the 1]k, value and its slope is equal
o the ratio K/k;. Tables I and II give the K, k; and k, values (this

TasLe 1. — Values of the constants for the interaction between
the exocellular transpeptidase of Streptomyces R6I
and fB-loctem antibiotics according to model 11C:

E+I=EISEfSBE+ X {at 370 C wunless otherwise siated).

Hali-life
ky .o of
Antibiotic K (mM) leg{s) fz(M*lFl} kyls™) cor}xzz%)jex
(min)

Benzylpenicillin 13 179 13,700 | 0.214 x 10| 3530
(250 C) (259 C) (250 C) (260 C) (250 C)

1.4 x 40 %0

Carbenicillin 0.109 0.09%1 | 830 1.4 > 10 80

Ampicillin 7.2 0.77 107 1.4 x 107 30

Penicillin V >1 > 1 1,500 : 2.8 x 107 &0
CephalosporinC | > 1 >1 1,150 |1 x 10—* 14,200
Cephaloglycine 0.4 0.0085 | 21 3 x10* 3,700

Experiments were carried out in 10 mM phosphate pH 7.0.

BULL. INSTITUT PASTEUR, — 1975, N° 2. 9
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Tanre 1I. — Values of the constants for the inleraction betw
the exocellulor transpeptidose of Streplomyces H39
and B-lactam antibiotics according to model 110 :

E+I2EIBE*®E T X

. Half-life
Ka _ of
Antibiotic (M 7] (al?{{}%;)(l} complex EI**
(at 200 C) {at 370 C} -
(min)
Benzylpenicillin 100,000 2.7 x 108 4,250
Carbenicillin 3,000 5.4 x 108 2,125
Ampieillin 67,000 b 1078 2,600
Methicillin 1,100 2.4 x 1076 545
Cephalosporin G 35,400 <3 x 10 > 40,000
Cephalexin 3,300 2.4 % 107¢ 4,800
Cephaloglycine 74,000 <3 x 1077 > 40,000
{Unpublished data]. These experiments were carried out by Miss Noha:
Fuad (University of Lidge). The buffer used was 0.1 M Tris-HC] buffer pH 7. 7 ;
supplemented with 0.2 M NaCl and 0.05 M MgCl,.

jatter value being determined independently on the basis of the
half-lives of the complexes) {or the interactions between the Rﬁi
and K39 enzymes and various ff-lactam antibioties,

3} Sensitivity and resistance.

At relatively low concentrations of antibiotic, the important
parameter for activity is the ratio kg/K (tables I and II). The higher
this ratio, the more active Is the anlibiotic. A high ratio value may
be caused by a high k; value {R61 enzyme - benzylpenicillin} o
by alow K value (R61 enzyme 4 carbenicillin}. At very low concen:
trations of antibiotic, the activity of the inhibitor is also much
dependent upon the k, value. Indeed, the higher the k, value, the
smaller is that part of the total enzyme which is immobilized in the
form of complex EI*. Therefore, at equal K and k, values, the
enzyme is more resistant to an antibiotic for which the k, value is
bigh than to another antibiotic for which the k, value is low. It thus
follows that alterations in the structure and/or conformation of the
transpeptidases that would not affect their catalytic activity but
would alter the relevant K, k; or k, values, may lead to « resistance ¥
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antibiotics [12]. Comparison between the data of tables I and II
d those of table III well illustrates this phenomenon. IDs, values
i. e. the antibiotic concentrations required to inhibit by 50 9%,
e activity of the enzymes in the presence of a low concentration
tripeptide donor— had heen used previously [9] to estimate the
nsitivity of these enzymes. These IDg, values (table III) show
at, depending upon the antibiotic, the R61 enzyme is 3 (for benzyl-
jenicillin) to 2,750 (for cephalexin) times more « resistant » than the,
139 enzyme. If, under the conditions where they were determined,
ese 1Dgy values were totally independent of the k, values for the
interaction between the enzyme and the antibiotic, then they should
directly related to the reciprocals of the k,/K values. Such a

TasrLe [1I. — Effect of f-lactam antibiotics on activity
of the exocellular DD-carbozypeptidases-transpeptidases
of Streptomyces H39 and R61.

1Dy, value (&) {10-8 M)
Antibtotic —
R39 enzyme (4} R6l enzyme

Benzylpenicillin 5 14
Carbenicillin 200 800
Ampicillin 3 2,600
Methieillin 50 14,000
Penicillin V 4 190
Cephalosporin G 5 45
Cephalexin 20 55,000
Cephaloglycine 6 6,900

@) The 1Dy values are the antibiotic concentrations which decrease by
50 9% both the amount of D-Ala released from Ac,-L-Lys-D-Ala-D-Ala in
the absence of acceptor and the amount of tramspeptidation product foxr-
med from the system Ac,-L-Lys-D-Ala-D-Ala -~ [14C]Gly, under standard
conditions as described in [9]. In both tests, the Acy-L-Lys-D-Ala-D-Ala
concentration was 1.23 mM, i. e. about 10 times lower than the Km value.
For the transfer reaction, the molar ratios of [MC]Gly to the iripeptide were
10:1 for the R61 enzyme and 20:1 for the R39 enzyme.

b) With the R39 enzyme and benzylpenicillin, ampicillin, penicillin V,
cephalosporin C and cephaloglycine, the enzyme concentration used in the
experiments was very close to the IDg, values, Consequently, thesc values
most probably reflect a titration phenomenon, The IDg, value is independent
of the enzyme concentration only if IDyy 3 enzyme concentration. Under
conditions when 1D, ~ enzyme concentration, the IDy, value experimen-
tally obtained is higher than the real one.
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correlation should appear by comparing either the action of variou
antibiotics on one specific enzyme or the response of various enzym
to one specific antibiotic. From the data so far accumulate;
table IV-A shows that, with both R61 and R39 enzymes, the ratio

k,/K {for carbenicillin) h . IDg (for other antibiotic
ks/K (for other antibiotics) and the ratios IDvyo (for carbenicillin)
are similar or at least are of the same order of maguitude. Similarl
table IV-B shows that, for the various antibiotics tested, the ratio
ko/K {for the R39 enzyme) . ID;y (for the R61 enzyme)

and the ratios

Iy /K (for the R61 enzyme) 1D, (for the R39 enzym
are also similar. This fair correlation between kyfK and ID,, value
is true with antibiotics for which the ky/K values range from 21 +t
13,700 M—%s~* in the case of the R61 enzyme, and from 1,400 ¢
100,000 M~'s=1in the case of the R39 enzyme. :

4) Penicillin as substrate of the ewocellular transpeptidases.

Both R61 and R39 enzymes convert the antibiotie into a biolg
gically inactive compound, i. e. catalyze the reaction I — X, wit
a low efficiency. The rate constant k, value for the isomerisatio
El— EI*, however, may be very high (179 s for the interactio
between the R61 enzyme and benzylpenicillin; see table I} and simila
to the k., value of a true enzymatic reaction. On the other hand
the breakdown of the complexes EI* into E + X is always a slo
process. Infact, tables I and I show the specificity profiles of the R6
and R3Y enzymes for various antibiotics considered as substrates [12]

The exact nature of the alteration undergone hy the antibioti
molecule during its interaction with the R61 and R39 enzymes 1§
still unknown. The radicactive compound X arising through th
action of both enzymes on [“C]henzylpenicillin has an electropho
retic migration at pH 6.0 which is intermediate between those o
benzylpenicillin and benzylpenicilloie acid. Moreover, it does not:
react with the iodine reagent as benzylpenicilloic acid does. Severa
mg of this compound have been prepared. Its identification is under
current study.

The structure ol the modified antibiotic melecule as it oceurs i
the complexes EI* (and before the release) is also unknown. Most.
likely, differences at this stage occur between the R61 and the R39
enzymes. Thus, for instance, by using the chromogenic cephalospo
rin  87-312 (3-[2,4-dinitmstyryl]—[GR-TR]-7—[2-thienylacetamide] __
ceph-3-em-4-carboxylic acid, E isomer), the absorption spectrum:
of the complex EI* formed with the R39 enzyme is identical to that:
of cephalosporin 87-312 hydrolyzed by penicillinase {i. e. the absorp
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tion spectrum shifts from 386 to 482 nm) [15]. On the contrar
the absorption specirum of the complex EI* formed with the Rg
enzyme, has a maximum at 440 nm. In this case, a spectrum identic
to that of cephalosporin 87-312 hydrolyzed by penicillinase, on}
appears after the breakdown of the complex accompanied by resi
ration of enzymic activity [16].

The possible analogy between transpeptidase and penicillinas
is also a problem of interest. In addition to the transpeptidas
Streptomyces strain R39 excretes a soluble, exocellular penicillina
during growth, This penicillinase has heen separated from the tran
peptidase. Comparative biochemical studies of these two enzym
are in progress [28].

5) Titration of the exocellular transpeptidases.

Owing to the rapidity of formation of the complexes EI* and their
relatively high stability, both R61 and R39 enzymes can he « titr
ted » by addition of a f-lactam antibiotic solution (and vice versa
Details of these techniques can bhe found elsewhere [15, 16, 36
The titration of the enzymes may be based on the loss of enzym
activity, on the fluorescence quenching {with the R61 enzyme)
on the changes in the absorbance of the solution at a proper wav
length (by using cephalosporin 87-312 or cephaloridin).

F} Interacrion serween thE R61 EnzvME, Peniciiuin anp THE

PEPTIDE DONOR Acy,-L-Lys-D-Ala-D-Ala

1) Lineweaver-Burk linetics.

Early experiments had shown that by incubating together enzyme,
tripeptide donor and antibiotic for some time (30-60 min) at 379,
and on the basis of the residual activity measured under thess
conditions, the R61 enzyme was « competitively » inhibited by the
antibioties [30]. With the R39 enzyme the inhibition seemed to
be of an « allosteric » type [32]. These experiments had been carried
out at a time when the enzymes available were only partially pur
fied (and their molecular weight not known). It was found sub
sequently that the antibiotic concentrations that had heen used
were roughly equivalent to that of the enzyme. In fact the experi
ments carried out with the R39 enzyme should have been interpreted
as a case of enzyme « titration » With the R61 enzyme, however;
the mterpretation was more difficult and therefore additional expe-
riments were made. The enzyme used had been purified to protein
homogeneity and the antibiotic concentrations were much higher
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1 that of the enzyme. Once more, « competitive » inhibition was
rved [16]. Thus for instance, Dixon plots gave with penicillin V,
values with regard to the peptide donor of 0.33 uM for the inhi-
on of hydrolysis in the absence of acceptor, 0.62 pM for the
tion of hydrolysis in the presence of acceptor and 0.65 uM
the inhibition of transpeptidatlon On the other hand, the inhi-
on of this latter reaction was non-competitive with regard to
‘acceptor [16].

Competitive and non-competitive inhibition according to model 11C.

he theory of competitive inhibition is based on the assumption
at the step(s) in which the inhibitor is involved -are rapid equi-
ium processes. Hence, model TIC in which two steps are irre-
le processes and in which an interruediate complex relatively
able is Tormed, could not give rise, at least at first sight, to compe-
ive inhibition kinetics.

According to model TIC, a competitive inhibition (characterized
‘ the fact that a ternary complex ESI cannot be formed) would
oceed as follows:

ELT=RISEIFSELX

{
K Y, where P = hydrolysis product
BS
K , . .
’ by and K, = @
E4 P k;

Assuming that P, is the amount of hydrolysis product formed
alter time t if all the enzyme were in the form ES and P is the amount
of hydrolysis product formed after the same time t in the presence
of inhibitor (and in the presence of non-saturating concentrations
of substrate), it can be shown that

p k, ¥ s
T a i (1(4 -i—kn)t
B, bk k) bkt k) 1 |

K
[ [1] < K, then b =14 )

tant for the {formation of complex EI*) =

and k; (z. e. the apparent rate cons-

k1]
(1 i)

- vesults]. The above equation is only valid if the enzyme concentration
" is much smaller than the antibiotic concentration and if the concen-

Tunpublished
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tration of the hydrolysis product formed is negligible when compa
to the initial concentration of substrate.
On the basis of the preceding equation, a Lineweaver-Burk p]

1 1
[P] "[s]
rise to a series of curves. Unexpectedly, however, under the followi
conditions: 1) by giving to the K_ constant the Michaelis cons
value of the R61 enzyme found experimentally for the tripepti
Acy L-Lys-D-Ala-D-Ala (10 mM); 2) by assigning the K, k; and:
values of table I; and 3) by using the substrate concentratio
antibiotic concentrations and incubation times that had be
actually used for the kinetics published previously [16] (in which
cases both conditions [E] < [I] and [1] « K were fulfilled), 1t wa

for various concentrations of antibiotic should gi

found that the theoretical plots {P} {S] thus obtained for vario
antibiotic concentrations gave rise to series of « curves » that we
indistinguishable from straight lines and that these hnes converged
to the same value of the ordinate axis. In other words, the ple
were typical of classical competitive inhibitions. Moreover, t
theoretical plots thus obtained coincided remarkably well with the
experimental plots ohtained previously (fig. 8B) and the theoretical K

values estimated from Dixon plots were identical or at least s:rmlar
to the experimental ones:

— penicillin Vi 0.33 gM (theoretical and experimental);
— carbenicillin: 0.73 yM {theoretical) and 1.05 uM (experimental);
— benzylpenicillin: 64.5 nM (theoretical) and 80 oM (experimental}

Competitive inhibition means that fixation of the substrate
(i. e. the tripeptide domor) and fixation of the antibiotic on the
same form of enzyme are mutually exclusive. Therefore, the question
arose whether or not the above results excluded the possibility of
the formation of the ternary complex enzyme-substrate-antibiotie
(ESI). According to model IIC, a non-competitive inhibition would
proceed as follows:

E+I=EISErEBELX

+ 4
5 5
KmH ‘HK;H

-
ES 41 = ESI The four steps in the loop ar
i rapid equilibrium processes and
E+P therefore KK’ = KK/, '



- BACTERIAL TRANSPEPTIDASES AND PENICILLIN 123

prisingly, mathematical treatment showed that if as above
< [I] « K and if, in addition, [I] < K’, then such a non-compe-
e model gives rise to linear plots that are those of a classical
mpetitive inhibition ! [unpublished results].

he above studies showed that the inhibition of the R61 enzyme
penicillin may appear to be competitive with regard to the pep-
Je donor in Lineweaver-Burk plots althoughit involves the formation
n intermediate complex IS1* exbibiting a rather long half-lile.
ese studies also showed that these plots do not exclude the possibi-
y that the inhibition proceeds through a non-competitive mechanism.
The above conclusion strictly applies to the inlibition of the
1 enzyme by f-lactam antibiotics. Most likely, however, it also
plies Lo other similar enzymes, such as the DD-carboxypeptidases
rom B. subtilts and B. stearothermophilus for which both « competi-
ve » inhibition by f-lactam antibiotics and formation of rather
able enzyme-anlibiotic complexes were described [4, b, 48, b3l
ntrary to a suggestion made by Blumberg and Strominger [4],
the present studies support the idea that all DD-carboxypeptidases
d transpeptidases are probably inhibited by penicillin according
o the same general mechanism, although, depending upon the
enzyme andfor the technique used, the inhibition may appear as
competitive » (in Lineweaver-Burk plots) or as « irreversible »
4. e. involving the formation of rather stable complexes ET*),
The present studies demonstrate that a structural analogy bet-
ween penicillin and denor substrate cannot be justified on the basis
f a « competitive » inhibition. The type of inhibition of the exocellu-
ar R61 enzyme by penicillin, however, remains undetermined since
t is not possible to distinguish between competitive and non-compe-
itive models. Results obtained in other laboratories with the mem-
yrane-bound DD-carboxypeptidases from B. stearothermophilus [2],
S, faecalis [40]) and Proteus mirabilis [34] would be best explained
n the hasis of a non-competitive model. These data, however, are
till incomplete. Indeed, the stability of the complexes EI* and the
molar ratios enzyme/antibiotic used in these experiments are not
known. Under these conditions, a definite choice requires further work.

IiI. — THE MEMBRANE-BOUND TRANSPEPTIDASE
OF STREPTOMYCES R61

A) SYNTHETIC SUBSTRATES

. By analogy with what had been observed with the exocellular
- R61 enzyme, one could assume that the tripeptide Ac,-L-Lys-D-Ala-
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(an analog of the natural peptide donor) and the dipeptide
ly. (an analog of the natural peptide acceptor) would be also
ed and utilized by the membrane-bound transpeptidase.
swmption was right. By incubating together these two peptides
solated plasma membranes, the tetrapeptide Acy-L-Lys-D-
1y-Gly was synthesized and an equivalent amount of D-alanine
berated [9]. In addition to Gly-Gly, free glycine, D-alanine
iot L-alanine), various peptides possessing a N-terminal glycine
¢ and other amino compounds also functioned as acceptors
he reaction [9], . e. the specificity profile of the membrane-
d “transpeptidase for acceptors closely resembled that of the
dlular R61  enzyme. With the membrane-bound enzyme,
ever, the liberation of D-Ala from the tripeptide donor was
ndent on the simultaneous presence of an acceptor. Within
limits of the technique used, a DD-carboxypeptidase activity
“not be detected in the isolated membranes. Gly-Gly was one

he experiments described below.

mverics |10]

om Lineweaver-Burk plots, the Km,,, value of the isniate.('i:."'
ibranes for the dipeptide acceptor (at infimte concentration:

_8.. —— Interaction between RGI enzyme, tripeplide Acz—L-Lys—D—Ala.—D-Ald:
i 1

P\i
B-lactam antibiotics. Theoretical and experimental plois of B oversus iS] iR
e absence and in lhe presence of various concentrafions of carbenicillin () and.
rleillin V (b),

Py .
enzyme concentration was 17 ni ?‘ ;see lext {Py is the amount of

ydrolysis product which would be fermed at tune ¢ il all the enzyme were
1 the formy ES; hence Py 18 a constant).

he carbenicillin concentrations were: zero (0 and e); 1.13 pM {0 and =);
25 uM {A and A} and 3.4 pM (v and w). The experimental plot
i [I] = 3.4 pM (v} and the theoretical plot at [I] = 2.25 uM {A] were practi-
ally superimposable.

he penicillin V concenirations were: zero {0 and e); 0.33 pM (o and m;
L76 wM (A and &) and 1.52 pM (v andyw}. In all cases, the theoretical and
experimental plots were superimposable.

should be noted that less than 13 %) of subsirate was utilized in each case.
Henece, it was assumed that the substrate concentration remained constant
hroughout the experiment. '

e best acceptors. It has been used routinely as standard acceptor - >

ted symbols: theoretical plots (sec text); open symbaols: experimentat plots [16] L
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of donor) was 4 mM, and the relevant value for the tripeptide don
(at infinite concentration of acceptor) was 40 mM. At 379, the Vm
value (at infinite concentrations of both donor and acceptor) w
about 1.7 nmoles of transpeptidation product formed/min/m
protein. . .

Mixtures of substrates and membranes, once prepared, we
immediately immersed in liquid nitrogen and then incubated in th
frozen state at temperatures ranging from — 5° to — 70°. Surpri
singly, the enzyme functioned normally at least down to a tempe
rature of — 300! At lower temperatures, no transpeptidation produe
was formed. In the frozen state, the Kmgy, value for the accepto
was the same as that measured with liquid membrane suspension
but that for the donor was 4 mM. Experiments were carried on
at — 50 simultaneously in the frozen state and in the liquid stat
(if not immersed in liquid nitrogen prior incubation, reaction mixture
remain liquid at — 5°). The Vmax value was 4 times higher in th
frozen state than in the liquid state. Obviously, such a behavi
suggested that the membrane-bound transpeptidase functions
lipid environment which remains remarkably fluid at very loy
temperatures. Moreover, the frozen state somehow imparts to th
enzyme a conformation which favours both its interaction with th
tripeptide donor and its catalytic activity.

C) MEMBRANE-BOUND TRANSPEPTIDASE AND PENICILLIN BINDIN

sitE [33]

Isolated membranes fix 25 picomoles of [“Clbenzylpenicilli
per mg ol protein under the following conditions. Membranes an
[*“C]benzylpenicillin were incubated for 20 min at 22° in phosphat
buffer pH 7.0, washed twice with the same buffer by centrrfugatlo
at 49 and the radioactivity of the pellets was measured.

The fixation of other non-radioactive penicillins and cephalospo
rins by the isclated membranes was estimated by determining
the amount of non-radioactive antibiotic required to exclude [“Clben
zylpenicillin from 50 9 of its binding sites {Exclusion D, values)
These Excl. Djy values were found to be identical or at least ver
similar to those required to inhibit by 50 9, the growth of Strepto
myces R61 (LDy, values) and to inhibit by 50 % the in oitro activit
of the membrane-bound transpeptidase (at a low concentration ¢
tripeptide donor; 1Dy, values). This correlation was true with anti
biotics of which the inhibiting concentration in vire and tn ettr
ranged from 2-5 % 10~ M to 100-510 x 10— M (table V). Thus
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st likely, the membrane-bound transpeptidase as revealed by
synthetic substrates Ac,-L-Lys-D-Ala-D-Ala and Gly-Gly was
Physw?oglcal one and the penicillin hinding sites were, at least
majority of them, the transpeptidase molecules.

te V. — Compelition between B-lactam antibiotics for the bin-
ding sites of the Streptomyces R61 membrane (Excl. Dy, values)
nd its correlation with the in vitro inhibition of the membrane-
ound transpeptidase (IDs values) and the in vivo inhibition
of the growth of Streptomyces R61 (L.Ds, values) by the same
antibtotics, Excl. Dy, IDg and LD, values "are expressed
in pM.

e Excl. D D LD, Exel. Dgy | Excl. Dy
Antibiotics valuesﬁu valuﬁgs vallfgs 1D, LDy,
UM

enzylpenicillin 3 2 h 1.50 0.60
& 18 5 0.22 0.80
9 8 5 1.10 1.80
Aminopenictlianic acid 13 80 18 0.16 0.72
arbenieitlin 30 34 33 0.90 0.91
ephaloglycine 34 62 29 0.55 1.46
Methicillin 37 35 &b 1.06 0.84
Cloxacillin 45 39 50 1.16 0.90
Oxacillin 65 88 47 0.74 1.40
Cephalothin 65 70 14 0.93 4.64
Cephalexin 78 60 21 1.30 3.70

Cephalosporin G 220 810 112 0.43 2

For more details, see text and ref. [33]. For the determination of the 1Dy,
values, the Acy-L-Lys-D-Ala-D-Ala concentration was 1.35 mM (i. e. about
30 times lower than the Kmapp value at infinite concentration of acceptor}
nd the acceptor [¥0]Gly-Gly concentration was 13.5 mM (i. e. about 3 times
higher than the Kmapp value at infinite concentration of donor).

D) PENICILLIN, A SUBSTRATE OF THE MEMBRANE-BOUND TRANS-
PEPTIDASE [33]

© Membranes previously saturated (and inactivated) by a f-lactam
‘antibiotic, were resuspended, in the absence of free antibiotic, in
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phosphate buffer pH 7.0 and incubated at 37° in the presence of th
substrates. As observed previously with the exocellular transpept
dase, the membranes underwent spontanecus reactivation and durin
the process, the antibiotic was released in a modified and biologicall
inactive form. At pH 7.0 and 370 the first order reaction rate cons-
tant s~ varied depending upon the antibiotic initially fixed o th
membranes (table VI). The value with benzylpenicillin wa
1.1 X 10~%s~*. Remarkably, a same rate constant value for [“Clbén
zylpenicillin was obtained on the basis of the release of the radis
activity from the membrane-[“C]benzylpenicillin complex. Releas
of the antibiotic and reactivation of the enzyme was thus the sam
phenomenon and this observation gave further support to the ide
that transpeptidase molecules and penicillin binding sites were i
very same compounds, The characterization of the released com
pound thus also became a problem of major importance. Because
of the paucity of the transpeptidase molecules in the membranes
{as they were prepared), it was obvious that this problem could not:
be solved as long as isolated membranes were the only source of
enzymes available.

E) SOLUBILIZATION OF THE MEMBRANE-BOUND TRANSPEFTIDAGE [10]:

Osmotic shoeks, treatments with urea, various non-ionic detergen
sodium dodecylsulphate and 1-butanol were either totally unsuccess
tul or at least not satislactory. Eventually, cetyltrimethylammoniu
bromide (CTAB) was found to be a solubilizing agent of high effi
ciency. Morcover, treatment with CTAB could be applied directl
to the washed mycehum The yield in solubilized enzyme was even
much higher than that obtained {rom the isclated membranes:

The CTAB-extracted transpeptidase does not sediment by centri-
lugation at 200,000 X g lor 2 hours; it passes throngh membranes:
devised to retain substances of molecular weight higher than 50,000
and 1t is included in gels of Sephadex G-100 (K, value: 0.45), B
using this latter technique, the enzyme could he separated I'rom
bulk of contaminating proteins and a preparation exhibiting a:
Vmax value (at saturating concentration of both substrates) of
0.2 pmoles of transpeptidation product formedjmin/mg protein
was obtained (a value to be compared with that of 1.7 nmoles/min/mg
protein with the isolated membranes). '

The extracted transpeptidase has no activity in the frozen state.
Its Km,,, value for the donor {(at infinite concentration of acceptor)
is about 4 mM and that for the acceptor {at infinite concentration
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s1E V1. — Breakdown of the complexes between B-lactam antibiotics -

and isolated membranes of Streptomyces R61
in 0.017 M K,HPO, at 87°C.

Antibiotios Rate constants s—t Half-life (min)
Ampicillin 3.3 x 108 35
Cephalosporin C 3.3 x 1078 3.5
Cephalothin 83 x 10+ 14
Penicillin V 2.8 x 10-¢ ' 41
Methieillin 21 x10-¢ 55
6-Methylpenicillin V 1.7 x 104 68
6-Aminopenicillanic acid 1.4 > 1070 82.5
Cloxacillin 1.23 x 10~ 94
Benzylpenicillin 110 x 104 104
Carbenicillin 0.78 x 104 160

{(For more details, see [33]}.

f donor) i1s smaller than 0.2 mM. These values are much smaller
han those obtained with a liquid suspension of isolated membranes.
f one takes into account that drastic changes have been caused to
he environment ol the enzyme as a result of its extraction, such
ifferences are not surprising. Nevertheless, the sensitivity to benzyl-
entcillin of the extracted enzyme is identical to that of the mem-
rane-bound enzyme in liquid suspension (1D 5 x 10-% M). In
hosphate buffer pH 7.5 containing CTAB and at 37°, the complex
ormed between the extracted enzyme and ampicillin has a half-life
f 60 minutes [unpublished resulis).

The extracted and partially purified enzyme (specif.: 0.2 pmoles/
min/mg protein) possesses an activity that could not be detected |
ith the membranes [unpublished results]. It reacts with the tri- .
peptide danor and water in the absence ol acceptor, according to
the equation Acy L-Lys-D-Ala-D-Ala + H,0 — D-Ala 4 Acy-L-
Lys-D-Ala. Thus, the membrane-bound transpeptidase is also a
DD-carboxypeptidase. The DD-carboxypeptidase activity, however,
s low. The amount of D-alanine liberated in the absence of acceptor
and in the presence of a saturating concentration of donor is about
89, of the amount of D-alanine liberated when the enzyme functions
“in the presence of saturating concentrations of both denor and
‘acceptor.
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F) MEMBRANE-BOUND TRANSPEPTIDASES OF Streptomyces Sp. of
tHAN Streptomyces B61 [unpublished results] .

The membrane-bound transpeptidase of S. rimosus is very si
(but not identical) to that of Streptomyces RG1. It 1s Soluhlhz
either from the membranes or from the washed mycelium ?
CTAB and it can be partially purified by chromatography on Sep
dex G-100 (specific activity at saturating concentrations of subst
tes: 0.6 pmoles/min/mg protein}. The extracted enzyme reacts w
benzylpemelllm to form a complex of which the hall-lfe at 3703
in phosphate buffer pH 7.5 containing CTAB, i1s about 200 m
Finally, it also performs a low DD- carboxypeptldase activity.. Th
interest of S. rimosus rests upon the fact that its genome has bee
mapped, at least partially [18].

The isolated membranes of Streptomyces K15 possess two enzymes
One of them is essentially a transpeptidase which performs a loy
DD-carboxypeptidase activity. The other is essentially a D
carboxypeptidase which performs a low transpeptidase activi
Both enzymes are extracted directly from the washed myeceliu
with CTAB. They can be separated from each other and partiall;
purified by chromatography on Sephadex G-100. The K, value
are (.35 for the DD-carboxypeptidase and 0.4 for the transpeptida
At 370 and in phosphate buffer pH 7.5 containing CTAB, the half
life of the complex formed between the transpeptidase and benzyl
penicillin is 100 min. The peptide crosshinking enzyme system:i
Streptomyces K15 is a bi-enzyme complex and henece is more comple:
than those of Streptomyces R61 and S. rimosus. When obtained in:
state of protein homogeneity, the two K15 enzymes will provid
useful models for the study of the nature of the « determinan
which forces this type of membranous enzyme molecules to reac
preferentially with an amino acceptor (transpeptidase activity
or with water (DD-carboxypeptidase activity).

IV. — MEMBRANE-BOUND TRANSPEPTIDASES
FROM BACTERIA OTHER THAN STREPTOMYCES

Streptomyces are gram-positive eubacteria which form a charac
teristic mycelium and multiply by means of special spores. It was:
desirable to extend the present study to more « conventional »
eubacteria, Streptococcus foecalis ATCC 9790, a  Gram-positive
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ceus, and Lscherichia coli K12 strain 44, a Gram-negative rod-
ed bacterium, were selected because they are being used by
Kers for very extensive studies concerning the cell division process
d the topography of wall growth {25]. Moreover, E. coli Ki2
din 44 (a mutant almost completely devoid of penicillinase)
uld be one of the best models if genetic studies were to be under-
ten. The same approach as that used for the Streptomyces enzymes
s used for the study of both 8. faecalis and E. coli systems, which
s to estimate directly the membrane-bound transpeptidase(s)
th the help of appropriate, well-defined peptide substrates.

StrEPTOCOCCUS FAECALIs » ATCC 9790

Like Streptomyces K15, S. faecalis possesses a membrane-bound
D-carboxypeptidase which catalyzes the reaction Acy-L-Lys-D-Ala-
Ala -+ H,0 — D-Ala + Ac,-L-Lys-D-Ala, and like the Strepio-
jces enzymes, the S. faecalis enzyme has a considerable specificity
- peptides with a C-terminal L-Ry-D-Ala-D-Ala sequence and
ong side-chain on the R, residue [8]. More recently, a transpep-
idase activity which utilizes (in carbonate buffer pII 10.0; T = 0.05}
¢ above tripeptide as donor and at least D-alanine and Gly-Gly
acceptors was shown to also occur in the isolated membranes of
foecalis [unpublished results]. Its specificily profile for more com-
x acceptors is under study.

The peptide cross-linking enzyme complex in the membranes of
faecalis, however, contrasts with that of the membrarnes of Strepto-
wees in that, in addition to the « classical » DD-carboxypeptidase-
anspeptidase systern, it also contains an LD-transpeptidase which
alyzes reactions of the type Ac,-L-Lys-D-Ala 4 acceptor — D-Ala
Acy-L-Lys-acceptor [8]. Hydrolysis of the dipeptide Ac,-L-Lys-
la in the absence of acceptor (i. e. the corresponding LD-carboxy-
tidase activity) was not detected. This LD-transpeptidase has a
onsiderable specificity for peptide donors that have a C-terminal
Ry-D-Ala sequence with a free w-amino group at the end of a long
de-chain oun the Ry residue, and a considerable specificity for
mino group acceptors located on a D-carbon in a-position to a free
arboxyl group. Since at least the majority of the peptide cross-
nking bonds in 8. feecalis extend between two D centers and are not
a-position to a free carboxyl group (fig. 3), it was hypothesized
hat this LD-transpeptidase might be involved in some « specialized »
modeling function as, for instance, wall thickening. In spite of many
forts, however, the possible physiological role of this enzyme
‘still unknown. Both interestingly and unexpectedly, the LD-trans-

BULL. INSTITUT PASTEUR., — 1975, N¢ 2, 10
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peptidase, like the DD-carboxypeptidase and the « classical » tr
peptidase, is iphibited by penicillin [8]. The relative sensitivit
of these enzymes, however, differ according to the particular an
biotic used. 3
The S. faecalis enzymes are irreversibly inactivated by CTA
The DD-transpeptidase is completely extracted from the membrane
with the help of « Genapol X-100 » (in carbonate buffer pH 10.
" The purification of the extracted enzyme is under study. As observ
with the Streptomyces transpeptidases, the benzylpenicillin-inae
vated DD-transpeptidase of S. faecalis, when incubated at 379
carbonate buffer pH 10.0 supplemented with Genapol X-100 an
in the ahsence of free antibiotic, spontaneously undergoes reag
vation. The half-life of the complex is 11 hours.

B) « E. cort » K12, srrarv 44

E. coli possesses two memibranes in its cell envelope: the i
cytoplasmic membrane and the O-antigen containing outer mel
brane. A lipoprotein-peptidoglycan complex is sandwiched betw
these two membranes. The peptide crosslinking system in E. o
is exclusively located in the inmer membrane [43]. It is exceeding
complex. Moreover, its specificity profile is such that 1t neither utiliz
nor recognizes the tripeptide Acy-L-Lys-D-Ala-D-Ala. Hence, st
strate systems specific to E. coli had to be devised.

1) The E. coli multi-enzyme complex {38, 39, 43].

UDP-N-aeetylmuramyl-L-A}a-'y-D-Glu-(L)-nwso-Awm-(L)-D»A_{
D-Ala is a substrate of the E. coli membrane-bound DD-carbox;
peptidase (and the hydrolysis product thus obtained is a substra
of the membrane-bound LD-carboxypeptidase; see the Introductior
The free pentapeptide L-Ala-y-D-Glu-{L}-meso-A;pm-(L)-D-Ala
Ala is also a substrate of the DD-carboxypeptidase (and the resulti
free tetrapeptide a substrate of the LD-carboxypeptidase). Whereat
the nucleotide precursor is not a substrate for transpeptidatio
the free pentapeptide is also utilized hoth as a donor (through ¥
D-Ala-D-Ala sequence) and as an acceptor {through its amino gro
of the D-center of meso-diaminopimelic acid) by the membran
hound transpeptidase according to the reaction shown in figure
According to this reaction, the transpeptidation product formed i
nonapeptide. This nonapeptide, however, can lose one of its C-termina
D-alanine residue or even both of them under the sequential actiol
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f the DD and LD-carboxypeptidases, thus giving rise Lo a mixture
f various dimers: nonapeptide, octapeptide and heptapeptide.
i fact, these dimers are identical to those which occur in the com-
eted wall peptidoglycan [49, b1].

Since both the substrate for transpeptidation (i. e. the penta-
eptide) and the transpeptidation product (i. e. the nonapeptide)
re hydrolyzed by the DD-carboxypeptidase, a more specific test
r the transpeptidase was devised. It consists of a mixture containing
a low concentration of radioactive pentapeptide 1.-Ala-y-D-Glu-
({L)-meso-A,pm-(L)-D-[4C]Ala-D-[C]Ala and a high concentration
of non-radioactive, amidated tetrapeptide L-Ala-y-D-Glu{NH,)
{L)-meso-A,pm-(L)-D-Ala. D-[#C]Ala is Kberated and the mono-
amidated octapeptide dimer is formed:

——

L-Ala-D-v-Glu(NH,) % _ -D-Ala
A,pm
L-Ala-y-D-Glu (L)-meso-A,pm-(L)-D-[1C]Ala- %(OH)

The advantages of this improved system are the [ollowing: 1} the
amidated telrapeptide functions only as an aeceptor; 2) neither
the amidated tetrapeptide acceptor nor the mono-amidated octa-
peptide dimer are subsirales of the DD-carboxypeptidase; 3) at
high concentration, as it is used, the amidated tetrapeptide acceptor
inhibits, at least partially, the DD-carboxypeptidase activity on
the pentapeptide; 4) the occurrence of one amide group in the radio-
_ active iranspeptidation product makes it readily separable by
- electrophoresis from the other radioactive compounds present in
the reaction mixture, i. e. the liberated D-Ala, that part of the
- pentapeptide which is not utilized in the reaction and the radicactive
tetrapeptide L-Ala-y-D-Glu-(L}-A,pm-(L)-D-[“C]Ala produced hy
the residunal DD-carboxypeptidase activity.

Although already complex, the situation is made still more compli-
cated by the fact that the interpeptide bond D-Ala-(D)-meso-diamino-
pimelic acid made by transpeptidation extends hetween two D-
centers and is in a-position to a free carboxyl group. In principle,
such a bond 1s, in turn, susceptible to hydrolysis by a DD-carboxy-
peptidase fonctioning as an endopeptidase by hydrolyzing the
peptide dimer in two monomers. In fact, such an endopeptidase
activity also occurs in the cytoplasmic membrane of E. coli. It may
play an important role in the « continued remodeling » of the wall
peptidoglycan during the cell division cycle [44].

The membrane-bound activities described above were extracted
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with the help of non-ionic detergents (Brij 36T and Genapol X-10
and the extracted enzymes were submitted to various fractionatio
The results so far accumulated suggested the occurrence of: 1
DD-carboxypeptidase which is mainly active on the pentapept,
erther [ree or as it occurs in the form of the nucleotide precu
2) a transpeptidase of which the main function is to catalyze dir
rization; 3) an endopeptidase of which the main function is to hydg
lyze into monomers the dimers formed by transpeptidation. Altho
devised in order to perform one of these specific jobs with k
efficiency, each of these enzymes, however, seems to be able
perform both other jobs with low efficiency. Ohviously, this ovep
lapping specificity profile makes the {ractionation especially diffic

Finally, m addition to the multi-enzyme complex just describe
and which acts specifically on D-D peptide bonds, the E. coli eyt
plasmic membrane also possesses an LD-carboxypeptidase (s
the Introduction) and probably a corresponding LD-transpeptidas
This latter enzyme activity has not yet been detected hut its existeri
has been postulated. It would be responsible for the synthesis
the Ne-{meso-A,pm-(L)]-L-lysine bonds through which a particulate
lipoprotein of the outer membrane of the cell envelope is covalent}
linked to the underlying wall peptidoglycan [6].

2) Penicillin senstiieisy.

The analysis of the membrane-extract obtained with the hel
of Brij 36T suggested that this multi-enzyme (DD- carboxypeptldas
transpeptidase-endopeptidase) complex may well oceur in tw
distinet forms, one of them being sensitive to very low dose levels
of ampicilln (and perhaps specifically involved in the septation i
the cell) and the other being sensitive only to much higher do
levels of ampicillin (and perhaps specifically involved in the elon:
gation of the cell). Actually, two fractions, each of them performin
the three above activities but exhibiting largely different ampicilli
sensitivities, were prepared from Brij 36T-membrane-extracts [3
39, 43]. If such two groups of enzymes of low and high sensitivity
to ampicillin, respectively, function in rieo {and are not artefacts
caused by the isolation of the membranes and the various treatments
to which they were submitted), the well-known observation tha
low dose levels of ampicillin induces the transformation of the rod
shaped E. coli into long filaments [44] would then rest upon a bio-
chemical bhasis.

The DD-carboxypeptidase and the transpeptidase present in
Genapol X-100 membrane extracts exhibit a high ampicillin sensi-
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y (IDsq values: about 5 X 10-* M), When incubated at’ 376'1'[.11.
M Tris-HCI buffer pH 7.9, supplemented with Genapol X-100,
n the absence of free antibiotic, both ampicillin-enzyme cori=

plcxes do {unpublished results].

V., — CONCLUSION

he use of peptides that are direct and, as much as possible;
ific substrates of the membrane-bound activities invelved in
wall peptidoglycan crosslinking enzyme systein, revealed that -
- complexity of this system largely varies depending upoen the
cteria. It consists, at least to all appearances, of one enzyme .
treptomyces R61 and S. rimosus {a transpeptidase with a low.
~carboxypeptidase activity), of two enzymes in Streptomyces K15
transpeptidase with a low DD-carboxypeptidase activity and a
carhoxypeptidase with a low transpeptidase acu\rlty) whereas
a multi-enzyme complex in S. faecalis and in E. coli. Very‘
abtle mechanisms must exist.in this latter organism in order to
pordinate and control a system of wvery high complexity, some
mponents of which have antagonistic actions. On the basis of
e simplicity ‘of their membrane-bound enzyme system and the
ility of at least some of them, to excrete DD-carboxypeptidases-
nspeptidases in soluble forms, Streptomyces sp are models of
hoice for the study of these enzymes. At present, the Streptomyces
iembrane-bound enzymes have not heen studied as thoroughly
 the exocellular ones. The results so far accumulated, however,
how that the mechanisms through which these two types of enzymes
iteract hoth with the substrates and with the f-lactam antibioties,
éspectively, are at least similar and are probably identical. In
articular, f-lactam antibiotics are « substrates » of these enzymes.
he interaction between these compounds and the exocellular
nzymes involves three sequential steps: 1) formation through a
pid equilibrium process, of an equimolar inactive complex; 2) irre-
ersible isomerization into a modified complex with a rate constant
alue which may be similar to that ol a true enzymatic reaction;
) spontaneous and irreversible breakdown of this latter complex
with reactivation of the enzyme and the release of the antibiotic
molecule into a chemically modified form. In all cases studied so
far, this last step is a slow process. The values of the various constants
volved in the interaction have been determined and the parameters

¢s undergo spontaneous reactivation with a same half-life of
t 90 min, i. e. bechave as the Streptomyses enzyme- antlblotlc_'
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that are imporiant for the activity of the antibiotics have he
defined. Although it involves two irreversible steps and the form
tion of a rather stable intermediate, the above mechanism is comipa
tible with kinetics of inhihition whlch in plots of Lineweaver-Bui
may be of the competitive type Wlth regard to the peptide donos
In spite of this behaviour, however, formation of a ternary compl
{enzyme + peptide donor - aritibiotic) cannot be excluded. Clearly
the identification of the chemical modifications undergone by
antibiotic during its interaction with these (exocellular and mé
brane-bound} enzymes as well as the identification of the enzy
centers involved in hydrolysis and transfer reactions and in %
breakdown of the antibiotic molecule, respectively, ate the ne
problems which must be solved in order to {ully understand ho
penicillin kills bacteria.
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