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ABSTRACT

A new model for the transpeptidation reaction involved in the
biosynthesis of the bacterial wall peptidoglycan and for its
inhibition by penicillin is proposed. This model is in open
conflict with the hypotheses previously postulated. It rests
upnn the demonstration that 1) carboxypeptidase and transpep=-
tidase activities are performed by the same enzyme, 2) inhi-
bition of both activities by penicillin is carried out in the
absence of irreversible acylation of the protein, %) the en-
zyme contains multiple sites some of which are involved in
regulation, U4) penicillin does not act as a structural ana-
logue of the donor peptide involved in transpeptidation but
may act at the level of regulatory site(s).

INTRODUCTION

The bacterial wall peptidoglycan is a single macromolecule

which forms a continuous network around the cytoplasmic membrane

and provides the cell with a supporting structure of high tensile
strength. Basically, this pepticoglycan network is composed of
glycan strands- which are interconnected through peptide chains,
The glycan consists of linear chains of alternating B-1,4~linked
pyranoside N-acetylglucosamine and N-acetylmuramic acid residues.
The D-lactyl groups of the N-acetylmuramic acid residues are sub-
stituted by tetrapeptide units which have the general sequence
L-Ala-y-D-Glu-L-Rz~D-Ala. The peptide units are in turn cross-
linked through spécialized bridges. Considerable species variations
in the amino acid composition and the location of peptide cross-
linking bridges have been observed. They have been used to divide
the bacterial species into four chemotypes (1). In all cases,
however, the bridging between two peptide units involves the C-
terminal D-alanine residue of one peptide. For example, 2 peptide
dimer of the wall peptidoglycan of Streptomyces strain R39 has the
following structure :




L-Ala*»D-Gu-amide
. L-Ala»D-Glu-amide L--—‘F---D-Ala
--‘;—- ~D-Ala -%-E-
DQP

in which the interpeptide bridge is a direct bond extending
between the C-terminal D-Ala residue of one tetrapeptide and

the amino group located on the D~center of meso-diaminopimelic
acid (DAP) of another tetrapeptide (peptidoglycan of chemotype I).
By contrast, a peptide dimer of the wall peptidoglycan of Strepto~-
myces strains R61, X11 and albus G has the following structure :

L~Ala»D-Glu-amide

L-Alg-»D-Glu-amide . L»-L--D-Alu
e -D-Ala— Gly — DAP,
e ! L
L

in which an additional glycine residue extends between the C=-
terminal D~Ala residue of one tetrapeptide and one amino group
of the LL-diaminopimelic acid residue of another tetrapeptide
(peptidoglycan of chemotype II).

The biosynthesis of the wall peptidoglycan occurs at three
different sites in the cell (2). Peptidoglycan precursors made on
a uridylic acid cytoplasmic carrier are transferred from uridylic
acid to an undecaprenyl phosphate membrane carrier and from this,
to a final acceptor in the expanding wall peptidoglycan. The pep-
tide units in the precursors differ from the peptide units in the
wall peptidoglycan in that precursors end in a D-alanyl-D-alanine
sequence. At some time during the later stages of the biosynthesis,
the nascent peptidoglycan undergoes peptide crosslinking and becomes
insoluble. The closure of the bridges is achieved through a trans-
peptidation reaction (3,4) during which the penultimate C-terminal
D-alanine residue of a peptide donor is transferred to a N-terminal
- amino group of a peptide acceptor. Interpeptide bonds are formed
(in the absence of an exogenous source of energy) and equivalent
numbers of D-alanine residues are liberated from the peptide donors
so that tetrapeptide units are crosslinked.

Two examples of transpeptidation which would result in the
closure of peptide bridges are as follows :

In Streptomyces strain R39 :

et~ D-Alg~D-Ala-(OH) + o ek - D-AlG— D-Alg-(OH) e

DAP \ DAP
NHZ e « (JH \\ _JNHz-"'— OH
D S~ emmem- - D

Peptide dimer + D-Ala
In Streptomyces strains R61, X11 and albua G :
M—-uL—-—D-Alu—D-Ala (OH) + ~~~mime - D-Alg=D-Alg~{OH] ——mtm
NH3 Gly- _f— SOH o NHz Gly--'Zf-'i-OH

....... -

Peptide dimer + D-Ala
An 1mportant step in the lethal action of penicillin G upon
bacteria is the abolition of or the reduction in the efficiency of
the membrane-bound transpeptidase involved in peptide crosgllnklng
(3,4). For a long time, it was thought that penicillin action might




rest ﬁpon a combination of two features, Z.e. its resemblance
to the nascent peptidoglycan at the level of the D-alanyl-D-

-alanine donor site (thus lavouring the binding of the antibiotie

to the transpeptidase) (3) and the acylating capacity of the
penicillin molecule through cleavage of its g-lactam amide bond
(hence-resulting in the irreversible inactivation of the enzyme)
(2). In fact, however, the peptide bond between the two D-alanine
residuves of the peptide donor is about 25 % longer than the cor-
responding bond in the B-lactam ring of penicillin, and, further-
more, the angle arcund the D-Ala-D-Ala peptide bond (180°) is
considerably c¢ifferent from the angle around the corresponding
pond in the B-lactam ring (135.7°). Accordingly, the initial hypo-
thesis was slightly modified (5). Cleavage and formation of pep=-
tide bond by the transpeptidase was assumed to be preceded by

the distortion of the D-alanyl-D-alanine peptide bond to an

angle of 135.7°and penicillin was assumed to be a structural ana-
logue of this transition state.

A second enzymatic activity which is also sensitive to peni-
cillin has been detected in many bacteria and is catalyzed by a
D-alanyl-carboxypeptidase. This activity is similar to that of the
transpeptidase in that D-alanine is released from the C-terminal
end of the peptide chain. However, peptide erosslinking does not
occur. Depending uponthe bacterial species, carboxypeptidase acti-

‘vities seem to be reversibly inhibited (in Escherichia ecolt) or

irreversibly inactivated (in Baeillus subtilis) by penicillins. It
has been suggested that transpeptidase and carboxypeptidase are
independent activities performed by distinct enzymes (6).

The existence of carboxypeptidases distinct from transpepti-
dases and the above theories of penicillin action are not supported
by recent experiments which were carried out with transpeptidases
isolated from strains of Streptomyces.

TRANSPEPTIDASES FROM STREPTOMYCES STRAINS R39 AND R61

Streptomyces sp have the ability, perhaps unique in the micro-
bial worild, to release their membrane-bound transpeptidase to the

external culture medium from which they can then be easily isolated.

~ These soluble enzymes when purified act on peptides ending in a C=~

terminal D-alanyl-D-alanine sequence and can function either as car-
boxypeptidases or as transpeptidases depending upon the availability
of nucleophilic carboxylyl acceptor (HpO or NH>-R). Attack by water
leads to the simple hydrolysis of the D-alanyl-D-alanine peptide
bond of the peptide donor (carboxypeptidase activity). Attack by a
suitable amino group acceptor leads to the formation of a new
D-Ala-R peptide bond with the concomitant release of the terminal
D-alanine residue of the peptide donor.

Streptomyces strains R39 and R61 are of special interest for
the following reasons. 1) The isolated enzymes have high activity
on the synthetic peptide N“,NC-diacetyl-L-1ysyl-D-alanyl-D-a1anine.
By studying their hydrolytic action in water on a series of peptides
presenting the general structure ~~~L-R3-Rp=Rq-(OH), their specifi-
city profiles for peptide donor were defermined. 2) The amino group
acceptor involved in the transpeptidation reaction in strain R39
(see above) is located on the D-carbon of mego~-diaminopimelic acid
so that the interpeptide bond which is synthesized is a D-alanyl-D=
mego-diaminopimelic acid linkage in & position to a free carboxyl




group. In marked contrast, the amino group acceptor in strain
R61 is a N-terminal glyeyl-lL-diaminopimelic acid sequence so
that the interpeptide bond formed is a D-alanyl-glycyl linkage
in an endo-position. The study of the R39 and R61 transpepti-
dases thus allowed us to examine how closely the differences

in the structure of the wall interpeptide bridges are reflected
by the requirements of the enzymes for peptide acceptors. 3) -
Strain R39 was considerably more sensitive to penieillins and
cephalosporins than strain R61 and these differences facilitated
the study of the relationship tetween the £z vive lethal action
of the antibiotics and their £»n vitro action upon the isolated
enzymes. 4) The extracellular transpeptidases from Streptomyces
are proteins of relatively small size. The molecular weight of
the R61 enzyme, as determined by sedimentation at eguilibrium
and diffusion is about 37,000 .

SUBSTRATE REQUIREMENTS FOR PEPTIDE DONOR

The substrate requirements of the R39 and R61 enzymes for
peptide donor were studied with the help of peptides presenting
the sequence X-L-Ry-Rp-R1-(OH) . Reactions were carried out in
water and the amounf of C-terminal Ry residue released was de-
termined. The R39 enzyme and the R61 enzyme, respectively, dif-
fered in their Km and Vmax values with the various peptides
studied (7,8). Both enzymes, however, showed considerable spe-
cificity for the occurrence of 1) a D-amino acid residue, often
preferentially a D-alanine, at the C-terminal Ry position, 2)
solely D-alanine at the penultimate R» position, and 3) a rela-
tively long aliphatic side chain at the L-Rz position. In other
words, provided that the peptides have a C-ferminal D-alanyl-D-
alanine sequence preceded by a L-R3 group with a long side chain
({.e. a profile found in all nascent peptidoglycans of chemotypes
I and II), both enzymes seemed content, and were able to bind the
peptides and to hydrolyze readily the C-terminal D-alanyl-D-
alanine bond. For more details see (7,8).

SUBSTRATE REQUIREMENTS FOR PEPTIDE ACCEPTOR

In the presence of a suitable carboxyl donor - the tri-
peptide N®,N€-diacetyl-L-lysyl-D-alanyl-D-alanine - and a pro-
per amino acceptor, both R39 and R61 enzymes catalyzed trans=~
peptidations in the absence of an exogenous input of energy and
with the concomitant release of the terminal D-alanine of the
donor peptide.

Qualitative differences between the two enzymes were not
observed when free amino acids were tested as possible acceptors
(9). With either ['‘C]-D-Ala, ['*C]-Gly or [*Hl-meso-diamino=-
pimelic acid as acceptors, both enzymes catalyzed the formation
of either diacetyl-L-lysyl-D~alanyl-[!*C]-D-Alanine, diacetyl-
L-lysyl-D-alanyl-[!'“C]-glycine or diacetyl-L-lysyl-D-alanyl-D-
{*H]-meso-diaminopimelic acid. Note that with meso-diaminopime-
lic acid, only the amino group located on the D-center was uged
as acceptor. L-alanine was not a substrate for transpeptidation.
In the presence of saturating concentrations of [?‘C}-D-alanine,
the time course of transpeptidation paralleled the time course
of hydrolysis of the donor tripeptide when no acceptor other than
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water was present. In some cases, transpeptidation was shown to
occur at a_molar ratio of amino acid acceptor : water 2s low as
1:1.8 x 10 (assuming that the concentration of water in the
active site region of the enzyme is 55 M). This observation de-
monstrated the exceedingly high efficiency of the enzymes as
transpeptidases. ’
triking differences between the two enzymes were observed
when peptides instead of free amino acids were. tested as possible
acceptors in transpeptidation reactions (unpublished data). As
shown in Table I, the R39 transpeptidase only catalyzed the syn-
thesis of interpeptide bonds that are o to a free carboxyl group
whereas the R61 enzyme catalyzed the synthesis of peptide bonds -
either in an endo- or at a C-terminal position. As discussed
above, the interpeptide bond in strain R61 is a D-alanyl-glycyl
linkage in an endo-position whereas the interpeptide bond in
strain R39 is a D~alanyl-(D)-meso-diaminopimeiic acid linkage
at a C-terminal position. Hence, the differences in the require-
ments of the enzymes for peptide acceptors reflected the diffe-
rences in structure of the wall peptidoglycan of the correspon-
ding strains.

REGULATORY SITES ON THE ENZYMES

The use of peptides as acceptors also revealed the exis-
tence of control mechanisms in both R61 and R39 transpeptidases
(unpublished data).

Amidation of the tetrapeptide L-Ala-y=D~Glu~(L)~meso-DAP=-
(L)-D-Ala either on the D-center of meso-diaminopimelic aecid
(DAP-amidated tetrapeptide) or on the a~carboxyl group of D=~
glutamic acid (Glu-amidated tetrapeptide) exerted drastic and
specific influences on the activity of the R39 enzyme. For
example : 1) When increasing amounts of the non~-amidated tetra-
Peptide were used, the yield of transpeptidation with diacetyl-L- -
lysyl-D-alanyl-D-alanine as donor, increased until it reached a:
maximal value and then remained constant. 2) Amide substitution
of the (D)-COOH of megso~-diaminopimelic acid completely prevented
the DAP-amidated tetrapeptide from being recognized by the enzyme.

- In its presence, transpeptidation did not occur and hydrolysis of

the tripeptide donor was unaffected. 3) Transpeptidation with

the Glu-amidated tetrapeptide - <.e. the natural peptide which
undergoes transpeptidation in Streptomyces R39 — was maximal
within a narrow range of relative concentrations of enzyme and
substrates. At high concentrations of acceptor, both transpepti-
dation and hydrolysis were inhibited until, eventually, they

were completely abolished. Under such latter conditions, the )
tripeptide donor present in the reaction mixtures remained unused.
4) The interpeptide bond D-alanyl=-(D)-meso~-diaminopimelic acid
which is synthesized by the R39 enzyme is at a C~terminal position
and therefore is susceptible to be hydrolyzed through the carboxy-
peptidase activity of the same enzyme. These antagonisticz acti-
vities of the R39 enzyme readily explain the fact that under con=
ditions of prolonged incubation in time course experiments, the

. Product initially formed by transpeptidation is slowly reconverted

into peptide monomers. . 5) Finally, a peptide dimer formed of two
tetrapeptides (in which the D-alanyl-(D)-meso-diaminopimelic acid

interpeptide linkage was protected against hydrolysis by amidation




of the a-carboxyl group) was found not to be a substrate for
transpeptidation. However, when added to the system containing
diacetyl-L-1ysyl-D-alanyl-D-alanine as donor and Glu-amidated
tetrapeptide as acceptor, the above peptide dimer strongly
inhibited both hydrolysis of the donor and transpeptidation.

The R3§ enzyme thus exhibited many properties that were
1ikely to te involved in the regulation of its hydrolyzing and
synthesizing activities <n vivo. The R61 enzyme has not yet
been extensively studied. However, this latter enzyme was also
inhibited by an excess of acceptor peptide. At concentrations
higher than 0.01 M, the peptide acceptor glycyl-L-alanine .in=-
hibited the total amount of D-alanine liberated from diacetyl-
L-lysyl-D-alanyl-D-alanine by the R61 enzyme and decreased the
yield of tetrapeptide diacetyl-L~lysyl-D-alanyl-glycyl-L-alanine,
formed by transpeptidation.

ACTION OF PENICILLINS AND CEPHALOSPORINS ON STREPTOMYCES IN VIVO,
ON ISOLATED TRANSPEPTIDASES AND ON MEMBRANE-BOUND TRANSPEPTIDASES

Several penicillins and cephalosporins were tested as inhi- |
pitors of both the transpeptidase and carboxypeptidase activities
of the purified R39 and R61 enzymes (unpublished data) (Table II).
Inhibition of carboxypeptidase activity was estimated as the
amount of antibiotic which reduced by 50 % the release of D-alanine
from diacetyl~L-1lysyl-D-alanyl-D-alanine by the enzyme, in the
absence of any amino acceptor group. Inhibition of transpeptidase
activity was estimated as. the amount of antibiotic which reduced
by 50 % the amount of diacetyl-L-lysyl-D-alanyl transferred by
the enzyme from the tripeptide donor to a glycine acceptor. With
both R39 and R61 enzymes, inhibition of the transpeptidase acti-
vity always occurred at those concentrations of antibiotics
(ID50; Table II) which inhibited the carboxypeptidase activity,

. thus providing additional evidence that the same enzyme performed
both carboxypeptidase and transpeptidase activities. The IDS0
values greatly varied according to the antibiotics and the sensi=
tivity of the R39 enzyme was greater than that of the R61 enzyme
(Table II). ‘ _ :

The ID50 values were compared with the LD50 values on the
corresponding Streptomyces strains. The LD50 values were deter-
mined as the concentrations of antibiotics which reduced by
50 % the number of single cell colonies. In these experiments,
suspensions of conidia were spread on agar media containing various
concentrations of antibiotics and incubated at 28° for several days,
at which time the colonies were counted, There appeared to be no
correlation between the ID50 and LD50 values (Table II). For the
R39 strain, the LD50 values were usually much higher than the ID50
values on the isolated R39 enzyme. For the R61 strain, the LD50
values were either similar to, considerably higher or lower than
the corresponding IDS0 values.. .

Cytoplasmic membranes of Streptomyces strain R61 were pre-
pared which were able to utilize diacetyl-L-1lysyl-D~alanyl-D-alanine
and various amino acids and peptides in transpeptidation reactions,
as does the purified exocellular enzyme. The ID50 values of each
antibiotie for the membrane-bound transpeptidase (IDSO - membrane)
were determined as above. They were found to be very similar to: the
in vivo LD50 values on the R61 strain (Table II). Hence, the




Table II = Relationship between ID350 (soluble mnuwsmv ID50 . (membrane-bound enzyme) and
LD50 (on single cell colonies)

Streptomyces R39

Streptomyces R61

Antibiotics .

: 50 @] 1pso .mm.mm. 1ps0(® swwwm“w LD50 mwwm Hcmmu_wwsgmsm
6-aminopenicillanic 575 5,100 | 0,113 |130,000 8,000 1,850 | 70 4,34
acid
Penicillin G 4.4 70 |[0.063 14 215 s60 { 0.025| 0.38
Penicillin V 4 140 | 0.025 190 1,850 510 | 0.37 3.6
Ampicillin 3.4 240 |o0.014 | 2,900 800 560 | 5.4 1.48
Carbenicillin 197 830 |0.240 800 3,400 | 3,310 | 0.24 1.03
Oxacillin 22 710 |{0.017 1,900 8,800 | 4,710 | o0.40 1.87
Cloxacillin 38 530 |0.074 7,000 3,900 | 5,040 | 1.4 0.78
Methicillin 47 730 |o0.058 | 14,000 3,500 | 4,410 | 3.2 0.79
Cephalosporin C 5.3 19,000 {0.0006 52 51,000 {11,220 0.0046] 4.55
Cephaloglycine 6.4 120 |0.053 7,100 6,200 | 2,860 | 2.5 2.17
Cephalexin 21 15 | 1.40 55,000 6,000 | 1,900 | 27 3
Cephalothin 4.2 90 |o0.047 92 7,000 | 1,400 | 0.066| s

=8

ID50, LDSO and ID50 membrane

! see text, All results are expressed in 10

(a) the same values are for both carboxypeptidase and transpeptidase activities;

(b) for transpeptidation.

M of antibiotic.




carboxypeptidase-transpeptidase is the target of penicillins

and cephalosporins but the sensitivity of the exocellular enzyme
towards the antibiotics and that of the membrane-bound enzyme
may be very different. An increased resistance of the membrane-~
bound enzyme, compared to that of the exocellular enzyme, can be
easily explained since non-gpecific binding sites for pen1c1111ns
and cephalosporins are likely to occur on. the membrane. An in=-
creased sensitivity of the membrane-bound enzyme is much more
difficult to interpret. It suggests conformat ional changes of
the enzyme as the result of its integration in the lipophilic
environment of the membrane.

PENICILLIN BINDING SITES

The mechanism of 1nh1b1t on by penicillin of the hydroly51s
of the trlpeptlde donor diacetyl-L-lysyl-D-alanyl-D-alanine, in
the absence of amino acceptor, has been studied. Kinetically, inhi-
bition of the R39 enzyme was noncompetitive. Penicillin appeared
to combine with the enzyme at a site that was not identical with
the substrate binding site. Increa31ng the penicillin concentration
caused disproportionate decreases in the catalytic rate of hydro=-
lysis, suggesting a conformational response of the enzyme towards
the inhibitor (3).

Kinetically, the inhibition of the R61 enzyme was competitive
(7). However, competitive kinetics do not necessarily exclude an
inhibitory mechanism other than a direct competition between sub-
strate and inhibitor for the same site on the free enayme. andlng
of penicillin G to the R61 enzyme was found to cause quenching of
its fluorescence (unpublished data). The amount of enzyme required
to bind one mole of penicillin G, as measured by fluorescence quen=~
ching, was 35 to 40,000 g , a value which was in agreement with
the molecular welghu as determined by sedimentation and diffusion.
Similarly, the dissociation constant of the enz me-penicillin com-
plex as measured by fluorescence quenching (10-¢ M) was also in
close agreement with the Ki value as determined by kinetic measure=~
ments. The dipeptide glycyl-L-alanine acceptor, but not the diacetyl=
L-lysyl-D-alanyl-D-alanine peptide donor, was found to decrease the
affinity of the R61 enzyme for penicillin. A 1000 fold decrease of
the dissociation constant of the enzyme-penicillin complex was ob-
served in the presence of 24 mM glycyl-L-alanine. On the other hand,
glycine, when used at a concentration that should saturate the ac~-
ceptor site on the enzyme, did not affect the association constant
of the enzymé for penicillin. It should be borne in mind that excess
of glycyl~L-alanine inhibits the enzyme, whereas excess of glycine
does not.

The penlclllln molecule has a highly reactive CO-N bond in
its lactam ring causing it to be a powerful acylating agent. Using
different techniques (8 and unpublished data), the inhibition of
both R61 and R39 exocellular enzymes was found to be completely
reversible and to occur in the absence of detectable acylation of
the protein by the antibiotiec.

CONCLUSION

Streptomyces sp have provided an experlmental approach for
the study of the mechanism of the transpeptidation reaction in the
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biosynthesis of the bacterial walls and of its inhibition by
penicillin. The results obtained with Streptemyces strains
R39 and R61 are in open conflict with the hypotheses previous-~
ly proposed (2-6) in that they show that 1) carboxypeptidase
and transpeptidase activities are performed by the same en- :
zyme (M.W. : 37,000 for the R61 enzyme); 2) inhibition of
the isolated enzyme is not carried out by irreversible penicil-
loylation of the enzyme; 3) penicillin does not act as a struc-
tural analogue of the donor peptide involved in transpeptidation.
Both R39 and R61 enzymes show considerable specificity in
their substrate requirements for donor and acceptor peptides.
The profile for the donor peptide is that found in all nascent
peptidoglycans of chemotypes I and II, but the profile for the
acceptor peptide is much more species-specific. Both catabolic
(carboxypeptidase) and anabolic (transpeptidase) activities of
the R39 enzyme are deeply influenced by seemingly minor alte-
rations in the structure of the peptide acceptor such as the
presence and the location of amide groups. Inhibition of enzyme
activity by excess of peptide acceptor and by the products of
transpeptidation is also of prime interest for the understan-
ding of the functioning of these enzymes in vivo. All these
observations point to the existence of multiple sites on the
enzymes which function to control the rates of the two reac-
tions. Thus, the relationship between hydrolysis of the peptide
donor and its utilization for transpeptidation could be used to
control the size of the peptide moiety of the completed wall
peptidoglycan. Penicillin appears to act on such control site(s).
It may be that either minute and so far undetected amounts of
"senicillin® or penicillin like compounds are present in all bac-
teria or penicillin mimiecs a natural allosteric modifier in the
control of the transpeptidase activity in the growing cells.
There is no relationship between the in vitro sensitivity
of the isolated Streptomyces enzymes to penicillins and cephalo-
sporins and the in vivo sensitivity of the corresponding strains.
However, the in vivo sensitivity of strain R61 is closely reflec-
ted by the in vitro sensitivity of the membrane~bound enzyme.
This observation shows that components of the membrane other than
the transpeptidase are involved in the sensitivity (or resistance)
to the antibiotics and/or that the conformation of the enzyme is
modified by its integration within the membrane.
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