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Bacterial DD-transpeptidases
and penicillin

Marc Jamin, Jean-Marc Wilkin and
Jean-Marie Frere*

Laboratoire d’Enzymologie and Centre d’Ingénierie des Protéines,
Institut de Chimie, B6, Université de Liége, B-4000 Sart-Tilman, Liége
1, Belgium.

Introduction: the bacterial bp-transpeptidases
and the peptidoglycan

D-Alanyl-D-alanine peptidases (DD-peptidases) are membrane-bound enzymes
involved in the synthesis and remodelling of the peptidoglycan (or murein), a
macromolecular sacculus composed of linear glycan chains cross-linked by
short peptides (Figure 1), which completely surrounds the cytoplasmic mem-
brane of bacterial cells and is responsible for their shape and mechanical resis-
tance to their own osmotic pressure!.

The peptidoglycan is a dynamic structure that is continuously remodelled
during the cell cycle under the regulated control of two conflicting synthetic
(transpeptidase and transglycosylase activities) and hydrolytic (endopeptidase,
carboxypeptidase and glycosidase activities) machineries. While the external
face of the murein shell is eroded by these autolytic enzymes,
disaccharide—peptide precursors linked to an isoprenoid lipid carrier are
formed in the cytoplasm, either by de novo synthesis or by recycling the liber-
ated peptides. These building blocks are translocated across the cell membrane
and incorporated into the peptidoglycan by reactions which occur in the extra-
cellular compartment; disaccharide—peptide units are added to the growing
glycan chains and the peptide bridges are subsequently formed by transpepti-
dation between the peptide chains of adjacent strands. The R-D-alanyl group
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oD -Transpeptidase
D-Ala-D-Ala + D-Ala-D-Ala ——

‘Donor' peptide AC

Acceptor' peptide

D-Ala—Dp-Ala + p-Ala
p-Ala-NH
HoN

Figure |. Formation of the peptide bridge in peptidoglycan synthesis

The heavy lines represent the glycan chains composed of alternating N-acetylglucosaminyl and N-
acetylmuramyl residues. The peptide moiety attached to the lactyl side-chain of the latter
exhibits specific variations in the different bacterial genera. In Gram-negative bacteria, a

—L-Ala —D-Glu — m-A2pm — D-Ala-D-Ala

sequence is found, where the free ‘acceptor’ amino group is on the D centre of meso-
diaminopimelic acid (m-A,pm; a detailed structure of the C-terminal tetrapeptide can be found in
Figure 3b). For more details, see references | and 2 and references therein.

The reaction can also be represented by the simple scheme:
R,-D-Ala-D-Ala + R,-NH, —R -D-Ala-NH-R, + D-Ala

where R-D-Ala-D-Ala and R,-NH, are the donor and acceptor peptides, respectively.

of a D-alanyl-D-alanine-terminated ‘donor’ precursor is transferred to the
amino-group of a neighbouring ‘acceptor’ peptide and the C-terminal D-ala-
nine of the former is released (Figure 1). The equilibrium of that reaction is
displaced to the formation of the murein by the insolubilization of the poly-
mer and the diffusion of D-alanine away from the reaction site2.

How penicillin kills bacteria

All DD-transpeptidases discovered so far are active-site serine enzymes whose
catalytic pathways involve transient acylenzyme adducts (Figure 24) where the
penultimate D-alanine residue of the ‘donor’ substrate is ester-linked to the
active-site serine side-chain.

Penicillins, cephalosporins (Figure 25) and other B-lactam antibiotics
inhibit peptidoglycan biosynthesis by inactivating the DD-transpeptidases; they
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form a covalent, stable acylenzyme with the same residue (Figure 2), thus
blocking the bacterial growth and division®*. Uncross-linked peptidoglycan is
unable to resist the cell osmotic pressure and lysis most often occurs, but a
triggering of the bacterial autolytic system also appears to play an important
role in this phenomenon, at least in some species. The specificity of B-lactams
as antibacterial agents results from the fact that the peptide moiety of peptido-
glycan is unique to the bacterial world, and that no similar transpeptidation
reaction involving D-alanyl-D-alanine-terminated peptides exists in eukaryotic
organisms.

Figure 2. Catalytic pathway of bp-transpeptidases (E-OH) and inactivation by peni-
cillins (a) and structures of penicillins and cephalosporins (b)

(a) Hydrolysis or aminolysis of the penicilloyl-enzyme is so slow that this reaction is generally
devoid of physiological importance. It can also involve an additional breakdown of the penicilloyl
moiety. (b) The structures of penicillins and cephalosporins are shown in detail. The B-lactam
ring is shown in blue. Typical examples are (c) benzylpenicillin and (d) cephalosporin C. In
6-amino-penicillanate, the amino group of the side-chain is unsubstituted (R,-CO- is replaced
by H).

(@)
R2-NH2
I\ -p-Ala-R » R.-p-Ala-NH-R, +
e 1 Fast 1 2
ﬁ-\ s +p-Ala
k\/‘;\\ R.-CO-NH
y S
aCo, O H,0, R,~NH
My 25 Tgrmig
\\ —————————————————— > + products
A -C N__/ Slow
S il H  coo
~
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(b)
R -00—le R -CO-N
: ; 0N 5
6 5 A7 )CH3 7 6 MY AN
2 CH,
4
% e Na
“Co0 | - 5
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The physiological bb-transpeptidases

The physiologically important DD-transpeptidases are membrane-bound pro-
teins which can be labelled with radioactive or fluorescent penicillins and sepa-
rated by SDS/PAGE. These techniques reveal the presence of several ‘peni-
cillin-binding proteins’ (PBPs) in the membrane of all eubacteria’. The role of
these various enzymes in peptidoglycan synthesis and cell division is presently
best understood in Escherichia coli (Table 1). The position of the active-site
serine in the sequence allowed the PBPs to be divided into low- and high-mol-
ecular-mass enzymes. The low-molecular-mass PBPs (LMM-PBPs) exhibit
carboxypeptidase (PBPs 4, 5 and 6) activities which seem to be dispensable to
the survival of the bacteria but which take part in the regulation of the cell
cycle. The high-molecular-mass PBPs (HMM-PBPs) are two-domain proteins
with a C-terminal, penicillin-binding domain responsible for the transpepti-
dase activity. Genetic and morphological approaches highlighted the roles of
the HMM-PBPs, and of the products of additional genes, in cell wall elonga-
tion, septum formation during the cell division and in shape determination®5-.
Intimately associated with the autolysins in the regulation of the cell cycle, the
different DD-transpeptidases undergo activation and deactivation in the differ-
ent steps of this cycle®. However, the catalytic and regulation mechanisms of
these enzymes remain poorly understood, since large quantities of purified
proteins have never been available.

The cloning and sequencing of the genes coding for various PBPs of sev-
eral species have supplied detailed information on the primary structures of the
corresponding proteins and, more recently, the elimination of the DNA region
coding for the membrane-anchoring peptide has allowed the production of
some apparently functional, soluble penicillin-binding domains of these
enzymes. Nevertheless, most of the information which has been accumulated
on the catalytic properties of penicillin-sensitive DD-transpeptidases, and on
their interactions with B-lactams, has been obtained with soluble DD-pep-
tidases synthesized by some members of the Actinomycetales order.

The pD-peptidases of Streptomyces R61, Streptomyces K15
and Actinomadura R39?2

The DD-peptidases of Streptomyces R61 and Actinomadura R39 are secreted in
the extracellular medium as soluble proteins, and that of Streptomyces K15 is
loosely bound to the cytoplasmic membrane and can be solubilized in the
presence of 0.5 M NaCl. The purified proteins catalyse the cleavage of the C-
terminal D-alanine of simple synthetic peptides, such as N% Ne-diacetyl-L-
lysyl-D-alanyl-D-alanine (Ac,KAA) and N*-acetyl-L-lysyl-D-alanyl-D-alanine
(AcKAA). In the presence of acceptor compounds exhibiting a suitably located
amino group, they also perform transpeptidation reactions according to the
scheme depicted in the legend of Figure 1. The Streptomyces K15 enzyme is so
efficient as a transpeptidase that it only hydrolyses a minor proportion of the



