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Enterococcus faecalis EnpA (EF1473) is a 1721-residue predicted protein
encoded by prophage 03 that displays similarity to the staphylolytic glycyl–
glycyl endopeptidases lysostaphin and LytM. We purified a catalytically
active fragment of the protein, EnpAC, comprising residues 1374–1505 and
showed that the recombinant polypeptide efficiently cleaved cross-linked
muropeptides generated by muramidases, but was poorly active in intact
sacculi. Analysis of the products of digestion of purified dimers by mass
spectrometry indicated that EnpAC cleaves the D-Ala-L-Ala bond formed by
the D,D-transpeptidase activity of penicillin-binding proteins in the last
cross-linking step of peptidoglycan synthesis. Synthetic D was identified as
the minimum substrate of EnpAC indicating that interaction of the enzyme
with the donor peptide stem of cross-linked dimers is sufficient for its
activity. Peptidoglycan was purified from various bacterial species and
digested with mutanolysin and EnpAC to assess enzyme specificity. EnpAC
did not cleave direct cross-links, but tolerated extensive variation in cross-
bridges with respect to both their length (one to five residues) and their
amino acid sequence. Recognition of the donor stem of cross-linked dimers
could account for the substrate specificity of EnpAC, which is significantly
broader in comparison to endopeptidases belonging to the lysostaphin
family.
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Introduction

Bacterial cell integrity and shape are ensured by
peptidoglycan (PGN), the major component of the
cell wall.1,2 PGN is a gigantic bag-shaped molecule
composed of glycan strands alternating β-1,4-linked
N-acetylglucosamine (GlcNAc) and N-acetylmura-
mic acid (MurNAc) residues, cross-linked by short
peptides stems.3 Peptide stems are bound to the
D-lactoyl residue of MurNAc through their N-
terminus and contain amino acids with L and D
configurations (Fig. 1). The peptide stem is usually
made of L-alanine, D-glutamic acid linked by its γ/
carboxyl group to the L center of the following
residue, a diamino acid, and two D-alanines.4 In
Gram-positive bacteria, the α-carboxyl of D-Glu is
generally amidated (D-iGln). The pentapeptide stem
(L-Ala-D-iGln-L-Lys-D-Ala-D-Ala) is conserved in
pathogens belonging to the genera Enterococcus,
Streptococcus, and Staphylococcus. The ɛ/amino
group of L-Lys is substituted by a side chain of
variable lengths and compositions:4 two L-Ala in

Enterococcus faecalis,5 five Gly in Staphylococcus
aureus,6 the sequence L-Ala-L-Ser or L-Ala-L-Ser-
L-Ala in Weissella viridescens,7 and D-Asn or D-Asp
in Enterococcus faecium8 and Lactococcus lactis.9
L-Amino acids andglycine are activated as aminoacyl
tRNAs and transferred to precursors by a family of
nonribosomal peptide-bond-forming enzymes (Fem
enzymes).10 Incorporation of D-amino acids into
PGN precursors involves a distinct class of enzymes
that use aminoacyl phosphates as substrates.
Branched PGN precursors are polymerized by D,D-
transpeptidase activity of multimodular penicillin-
binding proteins (PBPs),11 which link the carbonyl
of D-Ala4 of a peptide stem (acyl donor) to the
N-terminal residue of the side chain (acyl acceptor),
thereby forming PGN cross-bridges (Fig. 1).
During growth, the PGN network constantly

undergoes partial hydrolysis for incorporation of
PGN precursors, septum cleavage after division, or
assembly of macromolecular structures such as
secretion apparatus or flagella.12 Genome analyses
revealed that most bacteria contain a rather large

Fig. 1. Site of action of PGN amidases. N-Acetylmuramyl-L-alanine amidases (Ami) hydrolyze the amide bonds
between the lactyl group of MurNAc and the L-alanine of the stem peptide. Endopeptidases (L,D-EPase and D,L-EPase)
cleave amide bonds in the peptides. Carboxypeptidases (D,D-CPase, L,D-CPase, and D,L-CPase) hydrolyze peptide bonds
to remove C-terminal D-amino acids or L-amino acids. Three major variations found in Gram-positive PGN are shown:
L-amino acid in position 2 (AA2) can be either D-iGlu or D-iGln; L-diamino acid in position 3 (AA3) is most often L-Lys, but
can also be meso-DAP or its amidated derivative; and PGN cross-bridges have variable lengths and compositions.
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