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DISCUSSION

STEWART What is the activity on ileum of your all-D-retro-

[-Ala7]-AII compared to AII ? T believe its ac-
tivity would be similar to that of all-D-retro-
bradykinin

Our retroenantiomers have been assayed by direct

Comparison with their respective parent peptides.
I do not think that you should refer their acti-

vity to that of AII, while all-D-retro bradykinin
should be compared with bradykinin.

PENICILLIN-TRANSPEPTIDASE INTERACTION

J.Mm. FRERE, M. LEYH-BOUILLE, J. DUSART, J. COYETTE and
J.M. GHUYSEN

Service de Micnobiologie appliquie aux sciences pharmaceutiques,
Facugte de Médecine, Univensité de Liege, Tnatitut de Botanique,
Sant Tilman, 4000 LiZge, Belgium.

1. INTRODUCTION

Peptidoglycan is a giant macromolecule in the form of a
three-dimensional network which surrounds completely the bac-
terial cell and is responsible for the shape and the rigidity
of the bacterial wall, It consists of parallel saccharidic
chains that are cross-linked by short peptide bridges. The sacchar-
idic chains are copolymers of alternating N-acetylglucosamine
and N-acetylmuramic acid residues and the D-lactyl substituents
of these latter residues serve as attachment sites for the
peptides (Fig. 1).

Figure 1: Genenal structure of the bacterial wall pepiidoglycans,
G = N-acetylglucosamine; M = N-acetylmuramic acid. The dots xe-
present amino-acid residues (from [1] ),
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precursor is L-Ala—D-Glu-L—Ra—D—AlawD—Ala. Depending upon the bac-
terial species, the residue L-Rz may be a diamino-acid (such
as lysine) oT & diamino-diacid (LL or meso-diaminopimelic acid)
and its w amino group may be either free OT substituted by one
additional amino-acid residue or 2 short peptide (for 2 comple-
te review on the structure of peptidogliycan, see [11). The
closure of the pep two peptide unit precur-
sors is made by tT eaction that does not re-
quire any exogenous energy. m is such that the

¢ = 0 of the pen i i peptide (the
donor peptide) is tranferre amino group at the
L-Ry position of another peptide (the acceptor peptide); con-
comitantly, the c-terminal D-alanine residue of the donor pep-
tide is released. Figure 3 shows the transpeptidation reaction
as it occurs in Stneplomyces Sp. Yarious strains of Stkheptomycesd

have been used in our studies.
L-Ala—~D-Glu-(NHy)

:’r—-oD—Ala-D-A'IrOH
m
HZN'GW -~ _3%- -0H

2%

~G-M-G-
~G-M-6- (-Ala-eD-Ghu-(NH)
- Ala~D-Glu-(NHy) Lo L p-ata—D-Am-OH
L ol
LD Alaebly——m-OH o+ OAR

L

H,N-G izf_f_n
" y-—1 - QH

Figure 3¢ Thanspeptidation neaction in Stheptomyaed Ré&1.




In 1965, penicillins w
) 5 ere shown to inhibi
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because, at that time, a transpeptidase could oniy be assayed
by using complex systems consisting of membrane suspensions
and of exogenously added precoursers UDP-N-acetylglucosamine
and UDP-N-acetylmuramyl-peptide precursors. With such systems,
a series of complex reactions had to take place before the
peptide cross-linking could occur 50 that it was not possible
to study the transpeptidation reaction independently from the
preceding steps in the biosynthesis.

In 1972, in our laboratory, Acotinomadusa strain R39 and
several strains of Streplomyces were shown to be good sources
of exocellular and membrane-bound enzymes that were able to
catalyze transpeptidation reactions in simple, uncoupled systems,
by using synthetic peptides as substrates {7,8]. On the basis
that these "artificial” transpeptidation reactions thus catalyzed
were identical or, at least, very similar to those occuring in
vive, 1t was postulated that the relevant transpeptidases were
closely related or identical to the physiological ones.

2. THE SOLUBLE ENZYMES FROM STREPTOMYCES STRAIN R61 AND
ACTINOMADURA STRAIN R39,

2.1, GENERAL PROPERTIES

The R61 and R3O enzymes that are excreted ian the culture
media during growth of the relevant strains, were purified to
protein homogeneity [9,101. In additien to the transpeptidation
reaction, they catalyze a simple hydrolysis of the donor substrate:

R-D-Ala + D-Ala

HZV

R-D-Aja-D-Ala

R‘NH2
R-D-Ala-NH-R' + D-Ala

In fact, the two pathways are in competition with each other and
an increase of the ratic of transpeptidation to hydrolysis can
be obtained [11,121 by:

(1) increasing the acceptor concentration;

{2} increasing the pH;
(3) decreasing the water content of the reaction mixture (e.g.
by replacing up to 90% of the water by a mixture of glycerol

and ethylene glycol).

2.2, FORMATION OF PEPTIDE DIMERS AND POLYMERS

Substrates acting both as donor and acceptor in transpep-
tidation reactions are utilized by the R61 and R39 enzymes.
Thus for example, the R39 enzyme [12] catalyzes the formation

of the dimer




L-Ala-D-Glu
Azpm

L-Ala-D—G{Bh_j—fL-D—Ala.-!r—

A,pm

D-Ala-D-Ala

b

from the naturat pentapeptide

L-Ala-bB-Glu D-Ala-D-Ala

This pentapeptide can be obtained from various bacilli. These
bacteria contain a peptidoglycan that is very similar to that
of Aetinomadura R39, From the accumulated UDP-N-acetylmuramyl
péntapeptide, the free pentapeptide is prepared by chemical
removal of the UDP moiety followed by the enzymic splitting of
the N-acetylmuramyl-L-alanyl linkage. The above dimerization
is identical to the one which occurs when the nascent peptido-
glycan of Actinomadura R39 becomes cross-linked Ain vive,

A more..complete stud
was carried out with the R
the synthetic tetrapeptide

y [14,15] of polymerization reactions
61 enzyme. With this latter enzyme,

[!%Clacetyl-L-Lys-D-Ala-D-Ala
[

H-Gly

used as substrate and the following observations were made:
the formation of dimers, trimers (Table 1) and of minute
amounts of tetramers was demonstrated;

the formation of trimers was not a random process, It occur-
red preferentially by reaction between a donor monomer and
an acceptor dimer. The dimer was a very poor donor;

tetramer formation could not be detected upon incubation of
the intact dimer alene. Consequently, it was proposed that

tetramer synthesis might proceed through the addition of a
monomer to a trimer.

{ 1
Tabke 1: Peptide polymenization by the Strepitomyced R&

éxdceffular enzyme:

substrate

and products.

Substrate
[14C]Ac—L-Lys—D—Ala—D—Ala—OH
E

H-Gly

M. W. = 387

with [14%C] =

389

Products

[ 1 uchc_L—Lys-D“Ala'OH
E
H-Gly

M.W. = 316

with [1#C] =

[1“C]Ac-L-Lys—D"Ala*D-Ala—OH
€

{14C)Ac-L-Lys-D-Ala-Gly

I
H-Gly

M.W. = 685

with [1*C] =

[14C1Ac-L-Lys-D-Ala-0OH

€
[1%C]Ac-L-Lys-D-Ala-Gly
€

H-Gly

M.W. = 614

with [1%CT =

318

689

618

[14C]Ac-L-Lys-D-Ala-(D-Ala)-OH

[1%CJAc-L-Lys-D-Ala-Gly

£
[1#C}Ac-L-Lys-D-Ala-Gly
E
H-Gly

£

M.W, = 983 or 912

with [14C] = 989 or 918
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2.3, THE

INTERACTION BETWEEN THE SOLUBLE ENZYMES AND PENICILLINS
2.3.1. REACTION PATHWAY

The ki 5 % X

— VariouEIEZEEEi%?gisogfaé“eﬁ with both R61 and R39 enzymes
5 e :

on the basis of the reaction gcﬁeﬁzporlns are best explained

K k ®

This model invol
ves three steps
1) th i i e
cons%anteoﬁeg§§51815 formation of complex EI (K = dissociati
s s Tt omplex EI is assumed to be in rapid e '1'10]1
(enzyme) and I (inhibitor, i.e Eenic??iiig'

2) the irreversi
sible transfo i .
rather - sformation of EI in T
Biotle ;gﬁzielcomplex in which both the enzymetgngItﬁ ontio
SEARE o ules are altered; k3 is the first ¢ amtls
or this transformation; order rate con-

3 ; : .
actiietggzlﬁgeger51ble breakdown of EI* into a native, ful
antibiotjcyactivzgi.akpeglctﬁlin metabolite deprived of Zniy

g i
the breakdown of EIX, | e first order rate constant for

hat ngglggsﬁIimpogtant and novel feature of this pathway i
gl Sowion undergoes spontaneous breakdown wigh they e
e o, X ease of a fully active enzyme. On this basis
snvisaged whiSﬁSFaﬂCE against p-lactam antibiotics aan b » ®
e enzymé target1?¥§é¥gs %22'deitruction of the antibiotic by
o : ‘ values of the i
proiigzez mﬁazgreg w1th several antibiotics.V%ﬁéggsvggﬁgzants
oF B gibenpaztiﬁa basis for the understanding of the activi
116 iotic as an inhibitor of one ifi s ¥
LD specific enzyme

2.3. E
2. THE DEGRADATION OF BENZYLPENICILLIN

The first studie
e k S were erf .
benzylpenicillin [19C]-1labeilnd in. the 5¥a§§§E§;nas SUbsEEates

]
CBHS—CHZ—[1“C]~NH-CH——Cﬁ/ \‘CiigHs
//C —N —— CII\
0 COOH

The radioactive degradation product was purified by taking i
advantage of the fact that it exhibited an abnormal behaviour DY
filtration on Sephadex G-25. An NMR spectrum in D,0 revealed

no other bands than those characteristit of the protons of the
phenyl ring and of two CHy groups, respectively. No methyl

group appeared to be present. The metabolite was indistinguishable
from phenylacetylglycine by co-chromatography, co-electrophoresis,

co-crystallization and mass spectrometry (Fig. 4) [181.

®

@'CHECO'NH'CHiCOOH
M.W. = 193

®

Compound X

| qlll

50

Mass spectha of authentic phenylacetylglycine (above)
glycine arising from the EI” complex

Figure 4:
repiinted by permission of Nature.

and of phenylacetyl
{compound X) |from [181).

The fate of the thiazolidine moiety of the molecule was 1nves-

tigated [191 by NMR analysis. After chromatography on Sephadex

G-25, the fractions corresponding to the salt volume contained

a compound which exhibited those bands characteristic of the
between the bands, however,

methyl groups (Fig. 5). The distance
indicated that the thiazolidine ring had been opened. The spec-

trum was identical to that of N—formyl—D-penicillamine or
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di«N-formyl-D- ici i

T penicillamine disulphide i i

gggridgFlon experiments, the compound %agnighe §eiis Of Rrious
ulphide derivative. entified as the

Y product

®
H
O‘FC/H S/
! cl
H-H é’“3©
e ey ®

A v Ncoon !
®
o H

A

I
|
N
(!

a

g
] (I:,crc, ©

A e oy @ B
i @4~ “coon " I\ % ]
8 6 ; . ! HMH“
ppm H o0ss

Figure 5: NMR &
A pectaum of the ,
zolidi { . compound obta :
Sondine molety of benzylpenicillin after ntenastion wich she
Labelied ar enzyme. The an
were attniéﬁigda;g ghgeﬁgﬂLﬂatze ratio I/I/;?@{ u?gifatgingjﬂdé
due % 2 tebeased compound,
unknoZnaiﬁ:&iitgﬂ gﬁgkgfﬁtoic %cid ﬁnd bangazigeﬁggstfaggpagic
tie N-formyl-0-penicd igure afac shows the spectr

. pendcillamine and ; e specina of authen-
Reprinted by peamission of Natgag?ﬁ its disulphide (from [197]

Since thi
tion (Seizrggmggugd had bgen obtained after a prolonged i o
tion (several days) at 37°, the formation of the disul i oo
Cillin (obtained fooion. Comsequently, [*H1g-methyl b phide could
ined from P, Adriaens and H Vﬂnderhazgh enzylpeni-
. e,

Ratholie i itei
ke Universiteit, Leuven) was incubated with the enzyme

for a sh i i i
0Tt period of time and in a N, atmosphere, The tritiated -

metabolite chbtained under these conditions was N-formyl-D-
penicillamine. This latter compound itself, however, might not
be the primary product of the breakdown of complex EI . Indeed,
in aqueous solutions, thiazolines are known to decay into a
mixture of N-acyl and S-acyl derivatives{20] . It thus remains
possible that the primary product to be released is a thiazoline
derivative 1 which, in turn, is hydrolyzed into N-formyl
penicillamine 2. Eventually, oxidation of this latter compounds

yields the disulphide 3.

6H5-CH2-CO—NH—CH2—COOH : phenylacetylglycine

S
/\ /CHg HS

H
CH C~CHj CHO \_CH:

1 I i
N——CH-COOH NH —— CH-COCH

o -/

CHO ?HO

|
NH-(llH—C{CH3] ,-8-5-C(CH;) 2—(|‘,H—NH

cooH 3 COCH

A similar fragmentation of peniciilin V into phenoxyacetylglycine
and N-formyl-D-penicillamine has been shown to occur. At present
the nature of the degradation products arising from cephalosporins

is not known.

In conclusion, penicillins which, on the basis of their
biosynthetic pathway, can be regarded as the condensation products
of N-acyl-L-cysteine and D-valine 4, are degraded through the
action of the exocellular R61 and T39 enzymes into a mixture of
N-acylglycine and Naformyl—D-penicillamine_i
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R-NH-CH —— cH”” y 4 ,fCHa
Co
I ‘ CH3 R‘NH-?H CH)(S\C<EE3
| | 3

€N CH-COOR

4 Vi

N —— CH-COCOH

0

N-acyl-
L-cysteine D-valine

4

N- -
slycine N-formyl-D-
s penicilliamine

3. THE MEMBRANE-BOUND ENZYMES
3.1. PROpP
ERTIES OF THE MEMBRANE PREPARAT JONS

Isolatea .
R61, K15 and Cytoplasmic membran
b es [
Amosus and from St&eptocggguftgiziggqjeiTgtrains
AL C 9790

contain a trans ?

; peptidas ivi

by using the model Syst:maCtIVItY {8,21,22] which can be assayed
. ye

Aco,-1- -
D-ﬁli.LKSsE;?i?;g_Ala + Gly-Gly » Ac,-
Streptomyces _property of the
R& membra .
L e O Pl ey
activity relati i B . More ToZen state
point of theaiiiEifép(§XhlE%§s 2 discont innity g the erosires
¥ a sharp i  Led = the fro the freezin
P increase in the toéal trans;:;tfgigg be;gg BCCOmpaﬁied
activity,

The vari
boxypept idase actinsiolane preparatio i
ydrolysis 32r§§t1v1ty agd the ratio E? giSO exhlpit a DD-car-
membranes from S;kicgordlng to the strain 3?§Peg§}d§t10n Lo
catalyzing t ptocoecud faecalis tain o ipoiom
catalys 0% A?j_tffnSfer of the Carbonyiﬂgzﬁﬁn afLD—traﬁSpeptidase
Ala + R-NH, » Ac —{fiDHAla O & suitabple accg go Fhe Llysyl
only the LA-irac2 L-Lys-NH-R + D-Ala. Amon 211 thess e sl
insensitive to peﬁ?ggfg?se from s, 6422a£i§ is rt?es? Sipivities
and the N ins. The m - elativel
the sameDD carboxypeptidases reacgmBTaﬁe bound DD-t :
particulasie il Pathway as t b1
breakcggiglgn;mportant Lo not
A major difference. poive enzyme and an ]
: ere ) nd an in i
is released upogciéahoweve?, is that the dg;i;gaz?
an N-acylglycine d ctivation of the Stnept o maproduct which
benzy gLy ) erivative. The product fefzgczﬁ ?embranes ts not
: C se
cille Ess side~chain}, beha;gg as peni-
e 6222&2Y pape{ electrophorgsi;
amounts ;§ Elgc;gggeniY1peniCiliin
i nylacetyl i
d behav1ng as penici{loic zcgéyc1ne
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SOLUBILEZATICN OF THE ENZYMIC ACTIVITIES WITH DETERGENTS

The membrane-bound activities can be soiubilized with the
The quateTrnary ammonium cetyltrimethyl-

heip of proper detergents.

ammonium bromide is used for the Streptomyced enzymes and

the non-ionic Genapel X-100 is used for the Streptococcoud en-
zymes. The solubilized transpeptidase and DD-carboxypeptidase
activities from Strepfomycesd K15 can be partially separated
from each other by molecular sieve chromatography (M. Levh-

Bouille, unpublished results). In other cases, the same
ide any separations between the two

technique failed to provi
activities which therefore might be attributed to a single
protein. All the solubilized enzymes are sensitive to penicil-
1ins and the enzyme-penicillin complexes break down into active
enzyme and a degradation product deprived of antibiotic acti-
vity. Solubilization, however, might change the value of the
first-order rate constant invelved in the degradation of the
complex. Similarly, the nature of the inactivated antibiotic
also appears to depend upon the physico—chemical environment
which prevails during the degradation of the complexes (M. Leyh-
Bouille, J. Coyette and J. Dusart, unpublished results). Thus,
for example, benzylpenicillin which is degraded into 2 peni-
cilloic acid-like compound by the membrane-bound enzymes of
Stheptomyces strain R61 and aimosus, is degraded into phenyl-

acetylglycine by the corresponding detergent-solubilized enzy-
tion of the penicillin

mos. The fate of the thiazolidine por
molecule during interaction with these solubilized enzymes is

under investigation.

REFERENCES

32 (1968) 425-464.

3.M. Ghuysen, Bacteriol. Rev.
Nat. Acad. Sci.

p.J. Tipper and J.L. $trominger, Proc.

U.S.A. 54 (1965) 1133-1141.

Pharmacol. 24 (1975) 1153-1160.
H.R. Perkins,

M. Leyh-Bouille, J.M. Ghuysen, M. Nieto,
K.i. Schleifer and 0. Kandler, Biochemistry 9 (1970}

2971-2975.

R.R. Rando, Biochenm.

M. Leyh-Bouille, J.M. Frére and

M. Nieto, H.R. Perkins,
131 (1973) 163-171.

J.M. Ghuysen, Biochem. J.
P. Blumberg and J.L. Strominger, Bacteriel. Rev. 38
(1974) 291-335.

M.R.J. Salton,
J.M. Frére and
69 (1972)

J.M. Ghuysen, R. Linder,
M. Nieto, M. Leyh-Bouille,
Nat. Acad, Sci. U.5.A.

J.J. Poliock,
H.R. Perkins,
K. Johnson, Proc.
662-666.




J. Dus
art, A. Marquet, J.M. Ghuysen, J.M. Frére, R DISCUSSION
» R.

%@“ggg’gggl“é‘éging‘iﬁz‘éi?1Eﬁt§;,iiiﬁﬁﬂg.Cehéﬁﬁiﬁé;.”gR'

Moinons 5! 5 ShYoTss R Perkine and M. wiewo,
Dicrickx and L. bescarve, Biochin 3. 153 Frasi%si uno e
Biochon. 3. 135 (1675 Rhs iy, TTEInE #nd M. Nieto, | NORLEY
JuM. .

ok B N el 1 Gl ¢ eree

) 1243-1251, ins, Bioche-

Lo s Pyl heyotte, R, perking, s prove
?é%é i:i%g;; géME1§;§§eizg:¥és?huysen and H.R. Perkins, FRERE

J.M. Frére, J.M. Gh
M. uysen R, 3 .
REBS Letters 63 (19747 112.116,  ger and H.R. Perkins

J.M. Frére, J.M. Gh
. +« M, uyse
Biochem. 57 (1975) sa3ogss . T [wetsube, Bur. J

N. Fuad, J.M. Fr&
» e re, J.M.
Iwatsubo, Biochem. J. 155 %?g¥g?“ézglzguez and M,

J.M. Frére, J.M
e, J.M. Ghuysen, J. D
H.R. Perkins, Nature 258,(1975§g§ég?§50A. Loffet and

J.M, Fré&re, J.M. Gh
T Peenore, J.M. uysen, H. Vanderhaeghe, P i
gelaen and J. De Graeve, Nature 2%0 61956?d£;?52§3

R.B. Martin, §
» 5. Lowey, E.L, Els
in. Chem. Soc. 81 (1059) Sss3-3059. o - Casall, J.

J. Dusart, A. M
, A Marquet, J.M.
Eur. 7. Biochem. 96 (1975) s7oel- " *nd H.R. Perkins,

J. Coyette H.R. 3 - ) L. s
» Per klIlS I FolacllECk G.D S]lockmall
a]ld ‘J.Iﬂ, G!luysen, EuI- J. Blochem- 44 (1974) 459"468

Is penicilleic acid split hydrolytically by your
bacterial enzymes to give the same products as
pentcillin gives?

No, penicilloic acid seems to be quite stable in
the presence of our enzymes.

Have you examined the new penicillins derived from
glycine and tyrosine?

We had not the oppertunity to use these new
penicillins.

Do you get the same results with "amino-acyl

penicillins' such as ampicillin?

cillin appears to follow the
same general pathway as with benzylpenicillin,
However we have not tried to isolate the corres-
ponding N-acylglycine derivative.

what do you obtain if you allow the glycine deri-
vative and N-formylcysteine to react?

The reaction EI —— enzyme * N-acyl-Gly + N-Formyl
penicillamine seems to be irreversible.

We have not yet studied the interaction between
the enzyme and the fragmentation products.

We intend to try it in the mear future.

Interaction with ampi
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