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1 Introduction

Peptidoglycan (or murein) is a continuous covalent macro-
molecular structure found on the outside of the cytoplasmic
membrane of almost all eubacteria and exclusively in these
organisms. Its main function is to preserve cell integrity by

Jean van Heijenoort is a CNRS
Director of Research at the
Department of Biochemistry of
the University of Orsay,
France. His work on bacterial
cell walls has been mainly
devoted to the study of the
structure and metabolism of
peptidoglycan, and to that
of antibiotics inhibiting its
biosynthesis.

withstanding the internal osmotic pressure. Peptidoglycan is
also responsible for the maintenance of a defined cell shape,
and it is intimately involved in cell growth and cell division.1–4

Its absence from cells will lead in a hypotonic medium to their
swelling and to the rupture of the cytoplasmic membrane.
Under certain conditions, cells lacking peptidoglycan can be
maintained as protoplasts or spheroplasts, but the cell shape is
lost and cell division is greatly perturbed.5 The main structural
features of this giant macromolecule (Fig. 1) are linear glycan
chains interlinked by short peptides.1,6 The glycan chains are
composed of alternating units of N-acetylglucosamine (Glc-
NAc) and N-acetylmuramic acid (MurNAc), all linkages
between sugars being β,1 4. The carboxy group of each N-
acetylmuramic acid residue is substituted by a peptide subunit,
which is most often -alanyl-γ--glutamyldiaminopimelyl(or
-lysyl)--alanyl--alanine in nascent peptidoglycan, and which
subsequently loses one or both -alanine residues in mature
peptidoglycan. Neighboring glycan chains are interlinked either
by a direct peptide linkage between a peptide subunit of a chain
with one of another chain, or by a short peptide bridge between
two peptide subunits.

Fig. 1 Scheme of the primary structure of bacterial peptidoglycan.
Abbreviations: GlcNAc: N-acetylglucosamine; MurNAc: N-acetyl-
muramic acid; DA: diamino acid (generally diaminopimelic acid or
-lysine); n: number of amino acids in the cross-bridge depending on
the organism; (-Ala): often missing in the peptidoglycan of many
organisms; : CO–NH–.
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1.1 Biosynthesis of bacterial peptidoglycan

The biosynthesis of bacterial peptidoglycan is now a half-
century old story. Its nucleotide precursors were first isolated
from penicillin-treated Staphylococcus aureus and characterized
by Park 7 at a time when its existence as an essential cell wall
macromolecule was not yet recognized. The various steps have
now been studied in different species and an overall view of the
pathway valid for all eubacteria has emerged.1,8 It is a complex
two-stage process. The first stage concerns the assembly of its
monomer unit by enzymes located in the cytoplasm or at the
inner side of the cytoplasmic membrane.9–11 The final product is
the lipid intermediate disaccharide-(peptide)-pyrophosphate
undecaprenol. The second stage involves polymerization
reactions taking place at the outer side of the cytoplasmic
membrane and using as substrate the lipid intermediate which
has been translocated through the membrane. Two major types
of membrane-bound activities are involved in polymerization:
glycosyltransferases that catalyse the formation of the linear
glycan chains 12,13 and transpeptidases that catalyse the form-
ation of the peptide cross-bridges between the new chains and
the binding to the preexisting cell wall.1,8,12,14,15

Another historically important aspect of the metabolism of
peptidoglycan is the specific inhibition of certain steps by
various families of antibiotics, some of which are well-known
drugs in clinical use (β-lactams, glycopeptides, fosfomycin,
bacitracin, etc.) or in use as animal growth promoters (moeno-
mycin etc.). Their targets, mode of action, and effects on bac-
terial cells have been extensively investigated in close correlation
with that of the metabolism of peptidoglycan (references in
refs. 1, 8, 9, 12, 13, 16). The continued interest for this system in
recent years is primarily due to: (i) the emergence of new resist-
ance mechanisms against β-lactam and glycopeptide antibiotics
involving subtle modifications in peptidoglycan synthesis; (ii)
the need to overcome resistance mechanisms and to use specific
targets for the search of novel antibacterials; and (iii) the steady
progress in the difficult problems of correlating peptidoglycan
metabolism with cell growth and division. The aim of this
review is to focus more specifically on the abundant genetic,
biochemical, and physiological data published over the past ten
years on the biosynthesis of the peptidoglycan monomer unit.

1.2 Assembly of the monomer unit

The assembly of the monomer unit proceeds by a well defined
linear sequence of reactions from fructose-6-P to the final lipid
intermediate via UDP-N-acetylglucosamine (Fig. 2). This path-
way was established by characterizing its precursors and by
developing a specific in vitro enzymatic assay for each step.1,8–11

In particular, convenient methods for the isolation, quantitative
analysis and preparation of the various nucleotide precursors
were developed (refs. in ref. 10). Two essential features char-
acterize the pathway. First, the high specificity of each step
reflects the unusual structural characteristics of peptidoglycan,
many of which are already encountered in its monomer unit
(presence of muramic acid, of -glutamic acid involved in a γ
linkage, of a diamino acid, and of alternating  and  residues
in peptide linkages). Secondly, the monomer unit is transferred
from the cytoplasm to the externally located sites of poly-
merization. This implies a passage of the lipid intermediate
through the hydrophobic environment of the membrane. At
least in Escherichia coli, all the genes directly involved in the
assembly of the monomer unit have been identified, cloned and
sequenced. Most of their products have been overproduced,
purified to homogeneity, and characterized. The availability of
large amounts of purified enzymes has greatly facilitated the
development of structural and mechanistic studies. Owing to
their high specificity and their occurrence only in bacteria, they
are potential targets of particular interest for the search of
novel antibacterial agents and important efforts have been
made to elucidate their catalytic mechanisms. In the assembly

of the monomer unit (Fig. 2) four successive groups of reactions
will be considered: formation of UDP-N-acetylglucosamine
(steps GlmS, GlmM, and GlmU); formation of UDP-N-acetyl-
muramic acid (steps MurA and MurB); formation of the
UDP-MurNAc-peptides (steps MurC to MurF); and formation
of the lipid intermediates (steps MraY and MurG).

2 Formation of UDP-N-acetylglucosamine

In bacteria UDP-N-acetylglucosamine (UDP-GlcNAc) is not
only an essential peptidoglycan precursor but is also used in the
synthesis of many other cell wall N-acetylglucosamine-
containing macromolecules such as, for instance, teichoic

Fig. 2 Stepwise assembly of the peptidoglycan monomer unit.
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acids 17 in Gram-positive organisms, or lipopolysaccharides 18

and the enterobacterial common antigen 19 in Gram-negative
organisms. Four successive steps (1 to 4 in Fig. 3) are required
for its synthesis from fructose-6-phosphate.20,21 They have been
investigated in detail at both genetic and biochemical levels.

2.1 GlmS synthase

In the first step, the conversion of -fructose-6-phosphate into
glucosamine-6-phosphate is catalysed by -glutamine : -
fructose-6-phosphate amidotransferase, which is encoded in E.
coli by the glmS gene.22 The amide functionality of glutamine
is used as ammonia source. The GlmS transferase was purified
to homogeneity from E. coli and Thermus thermophilus, and
characterized.23,24 It is a bienzyme complex with two structur-
ally and functionally distinct domains. The N-terminal glut-
aminase domain catalyses hydrolysis of glutamine to glutamate
and ammonia, whereas the C-terminal isomerase domain
utilizes the ammonia for fructose-6-phosphate to glucosamine-
6-phosphate conversion. Each domain was overproduced,
crystallized and its 3D-structure determined at high reso-
lution.25,26 The glutamine and fructose-6-P binding sites were
studied using substrate analogues and the residues involved in
their binding were identified.27–29 In particular, there is evidence

Fig. 3 Metabolic pathway leading to UDP-N-acetylglucosamine
(UDP-GlcNAc) in bacteria.

for the close proximity of the two sites. A chemical mechanism
for the isomerase activity of GlmS was proposed.30 Naturally
occurring and synthetic inhibitors of the GlmS synthase have
been described (refs. in refs. 9, 16 and 29). Recently, novel
electrophilic glutamine analogues based on 6-diazo-5-oxo-
norleucine were reported as very potent inhibitors.31

2.2 Phosphoglucosamine mutase

In the second step the phosphoglucosamine mutase catalyses the
interconversion of glucosamine-6-phosphate and glucosamine-
1-phosphate (Fig. 3). In E. coli it was initially characterized as
the product of the glmM gene 32 which was later identified as the
ureC gene in Helicobacter pylori,33 as the femD or femR315 gene
in Staphylococcus aureus,34 and as ORF540 in Pseudomonas
aeruginosa.35 The glmM gene was shown to be essential in E.
coli,32 but genetic data recently suggested that in S. aureus there
could be an alternative pathway for glucosamine-1-phosphate.36

Purified E. coli GlmM was shown to be active only in a phos-
phorylated form containing one bound phosphate and separ-
able from the unphosphorylated form.32,37 Phosphorylation
could be a factor regulating the flow of metabolites in the
pathway. The enzyme catalyses the reaction according to a
ping-pong bi-bi mechanism involving GlcNAc-1,6-diphosphate
as intermediate.37 The phosphorylation site was clearly identi-
fied as Ser-102 and GlmM also catalyses the interconversion of
glucose-1-phosphate and glucose-6-phosphate.37 In vitro GlmM
can undergo autophosphorylation with ATP.38

2.3 GlmU synthase

The last two steps, acetylation and uridylation (Fig. 3), are
catalysed in E. coli by the product of the glmU gene located
just upstream from glmS at 84 min on the chromosome.39,40 The
gene has now been identified in several other bacterial species
(refs. in ref. 41). The GlmU protein from E. coli is a bifunctional
enzyme which was overproduced and purified.40,42 Its C-terminal
domain catalyses acetylation of glucosamine-1-phosphate into
N-acetylglucosamine-1-phosphate, whereas its N-terminal
domain catalyses uridylation to yield UDP-GlcNAc.40,42 The
two domains are functionally independent 40,42 and each one is
essential for cell viability as clearly established, in particular, by
the study of N- and C-terminal truncated forms.41,42 Acetyl-
ation precedes uridylation with apparently no cooperativity
between them.40,42 By using radiolabelled substrates, it was
demonstrated that intermediate GlcNAc-1-P is released from
the acetyltransferase domain prior to transformation by the
uridyltransferase domain.42 The substrates, products, and
effectors of the acetyltransferase reaction have no effect on the
uridyltransferase activity and vice versa.40,42 Nonetheless, it is
noteworthy that GlmU catalyses in vitro the uridylation of
glucosamine-1-phosphate, although at a 15-fold slower rate
than GlcNAc-1-P.41 The acetyltransferase, but not the uridyl-
transferase, is inactivated by thiol-specific reagents.40 The
GlmU cysteine residues are exclusively located in the acetyl-
transferase domain and their possible role in the catalytic
process was studied.43 A truncated form of E. coli GlmU carry-
ing the complete uridylation N-terminal domain but only part
of the acetylation C-terminal domain was crystallized and
its structure determined.44 The molecule is composed of two
distinct domains connected by a long α-helical arm and three
GlmU molecules assemble into a trimeric arrangement. In
addition, the structure of the GlmU : UDP-GlcNAc complex
revealed the structural bases required for the uridyltransferase
activity. Recently, the crystal structures of Streptococcus pneu-
moniae GlmU and its complex with UDP-GlcNAc and Mg2�

were determined.45 Here too GlmU forms trimers. UDP-
GlcNAc and Mg2� are bound at the uridyltransferase active site
which is in a closed form. A uridyltransferase mechanism was
proposed. Chromatography of the E. coli GlmU protein on gel
filtration was in agreement with a trimeric arrangement.41 The
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Table 1 Leading references revelant to the genes, overproductions, purifications, crystallizations, and 3D structures of the various enzymes of the
assembly of the peptidoglycan monomer unit

Enzyme (gene) Gene identification Purification/characterization Crystallization 3D structure

GlcN-6-P synthase 22 23, 24 25 26
(glmS)
GlcN-1-P mutase 32–35 32, 37 — —
(glmM)
UDP-GlcNAc synthase 39, 40 40, 42, 45 44, 45 44, 45
(glmU)
Transferase 46, 51, 52 51, 54–57 63, 64 64, 67
(murA)
Reductase 47–50 58–62 62, 65, 66 62, 68, 69
(murB)
-Ala-adding enzyme 48, 88–92, 115 115, 121–130 128 —
(murC)
-Glu-adding enzyme 93–99 131–135 133 145–147, 165
(murD)
A2pm or Lys-adding enzyme 100–106 136–141 141 141
(murE )
-Ala--X-adding enzyme 88, 100, 107–109 109, 142–144 144 148
(murF )
Transferase 190, 191 — — —
(mraY )
GlcNAc transferase 89, 198, 213, 214 219, 220 221 221
(murG)

study of heterotrimers formed in the presence of truncated
forms showed that trimerization is absolutely required for
acetyltransferase activity and that its catalytic site involves
regions of contact between adjacent monomers.41 Trimerization
is determined by the acetyltransferase domain, and it is clearly
not essential for uridyltransferase activity.

3 Formation of UDP-N-acetylmuramic acid

The formation of UDP-N-acetylmuramic acid (UDP-MurNAc)
is a two-step process (MurA and MurB in Fig. 2). First, the
transfer of enolpyruvate from PEP to position 3 of the GlcNAc
residue is catalysed by a transferase to yield UDP-GlcNAc-
enolpyruvate. In the second step, the reduction of the
enolpyruvate moiety to -lactoyl is catalysed by a reductase to
yield UDP-MurNAc. Early genetic studies indicated that
the murA and murB genes coding for the transferase and the
reductase, respectively, were both located at ca. 90 min on the
E. coli chromosome (refs. in Table 1). The position of murB at
89 min was confirmed after its physical and genetic mapping in
the 15 kb btuB-rpoBC cluster which contained no identifiable
murA gene.49,50 Finally, a murA gene encoding a UDP-GlcNAc
enolpyruvoyl transferase was cloned, located at 69 min 51 and
found to be essential.52 Sequence analyses have now shown
more generally that Gram-negative bacteria have only one
murA gene, whereas low-G�C Gram-positive bacteria have two
distinct genes.53

Transferase MurA and reductase MurB were initially puri-
fied from various bacterial species (Table 1). More recently,
MurA from E. coli 51 and E. cloacae 57 as well as MurB from
E. coli 60,61 and S. aureus 62 were overproduced and purified. This
enabled their crystallization 62–66 which subsequently led to the
determination of their 3D structure.62,64,67–69 NMR studies of
MurB have also been developed.70,71 The ready availability
of MurA and MurB has also been useful for the large-scale
preparation of UDP-GlcNAc-enolpyruvate,60 which is at a
very low pool level,72 and for the preparation of labelled
UDP-MurNAc.60,73

3.1 Transferase MurA

The reaction pathway of E. coli MurA has been investigated
using rapid kinetics, PEP analogues and site-directed
mutagenesis (ref. 74 and refs. therein). From these studies an
addition–elimination mechanism was proposed which proceeds
through a tetrahedral intermediate, where C-3 of PEP becomes

a methyl group and C-2 a ketal with phosphate and
UDP-GlcNAc substituents (Fig. 4). The ketal adduct
phospholactoyl-UDP-GlcNAc formed between the two
substrates is non-covalently bound to the enzyme.75 Its
structure and its chirality were determined from the structure
of the complex between the fluoromethyl tetrahedral ketal
analogue and the C115A mutant of MurA. The stereochemical
course of the enzymatic enolpyruvyl transfer was determined
by use of PEP analogues. Addition to the double bond of PEP
is anti whereas elimination of H� from C-3 and Pi from C-2 is
syn.74 Another tetrahedral intermediate covalently bound to
the enzyme has also been demonstrated.75–77 In this covalent
enzyme intermediate Cys-115 is attached to the C-2 of PEP to
form an O-phosphothioketal intermediate. A mechanism was
proposed in which the formation of the covalent adduct pre-
cedes that of the non-covalent one with Cys-115 participating
first as an enzyme nucleophile and thereafter as a general acid.
However, it was proved that the covalent intermediate is
dispensable for catalysis and appears to be off the main
catalytic pathway.78

Small angle X-ray scattering fluorescence experiments car-
ried out with E. cloacae MurA 79 and comparison of the struc-
tures of various E. coli MurA crystal complexes 74 indicated
that the 112–121 loop with Cys-115 is flexible and can assume
three conformational states which are likely to correspond to
different stages of the catalytic process. The open form would
be nonligated MurA, the intermediate form one arising after
ligand binding just before the addition reaction leading to the
tetrahedral adduct, and the closed form present before the pro-
ton transfer and elimination of Pi. It was sugested that Lys-22,
which is strictly conserved in the active centre of MurAs, is
involved directly in the binding of PEP and participates in the
conformational change leading to the catalytically competent
enzyme complex.80 Recently, the homogeneous isomerization
of Asn-67 to an -isoaspartate residue was recognized and it
was suggested to be critical for the induced-fit mechanism.81

Furthermore, site-directed mutageneses in E. cloacae MurA
emphasized the dual role of Asp-305 as a general base and as
an essential binding partner of UDP-GlcNAc in the active
site.82 The best known inhibitor of MurA is fosfomycin which is
a PEP analogue clinically used as antibiotic.16,83 The inacti-
vation of MurA by fosfomycin results from its covalent linkage
to the active site cysteine residue.64,83 Fosfomycin resistance in
Mycobacterium tuberculosis was recently shown to be due to the
replacement of the cysteine residue by an aspartate residue.84
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3.2 MurB reductase

The MurB reductase from E. coli is a flavoprotein and its
chemical mechanism (Fig. 5) involves a sequence of two-half-
reactions.60 In the first one, FAD is reduced by the two-electron
transfer from NADPH to the tightly bound flavin. In the
second one, the same two electrons are transferred from E-
FADH2 to the C-3 of the enol ether and the reduction of the
vinyl bond is completed by quenching at C-2 of the carbanion
equivalent with a solvent-exchangeable proton. Active-site
Ser-229 is a general acid catalyst serving as the proton donor to
quench the carbanion/enol intermediate and delivers the proton
to C-2 to yield the -configuration of the lactyl ether product.85

A study of the kinetic mechanism of the E. coli MurB reductase
was undertaken by characterizing the steady state initial
velocity patterns and determining the inhibition constants of
reaction products.86 These experiments suggested the absence
of simultaneous binding of NADPH and UDP-GlcNAc-EP to
MurB. The NMR study of Mur B indicated that NADPH
binds to the same pocket as UDP-GlcNAc-EP and that
NADPH transfers a hydride to the si face of the FAD iso-

Fig. 4 Mechanism of MurA. EP-UDP-GlcNAc: UDP-N-acetylglucos-
amine-enolpyruvate.

alloxazine ring.70,71 Furthermore, the binding of NADPH
induces structural changes in MurB. To date there are few
known potent inhibitors of MurB.87

4 Formation of UDP-MurNAc-peptides

The assembly of the peptide of the monomer unit proceeds by
the stepwise addition of -alanine, -glutamic acid, a diamino
acid (usually diaminopimelic acid or -lysine), and a dipeptide
-alanine-X (usually X is -alanine, less frequently -lactate or
-serine) onto the -lactoyl group of UDP-MurNAc (steps
MurC to MurF in Fig. 2). Each step is catalysed by a highly
specific cytoplasmic ADP/peptide-forming enzyme using ATP/
Mg2� and designated as Mur synthetase, ligase or adding-
enzyme (Fig. 6(A)). The biochemical study of these activities
as well as the isolation of conditional-lethal mutants, charac-
terized by a cell-lysis phenotype, were developed in both
Gram-positive and Gram-negative organisms (refs. in refs. 1, 8,
9, 10, 11). However, the Mur synthetases have been studied in
greater detail in E. coli where their genes (murC, murD, murE
and murF ) have been identified, cloned, sequenced, and char-
acterized as unique and essential for viability (refs. in Table 1).
They are located at 2 min on the E. coli chromosome in the
large mra cluster that contains both peptidoglycan synthesis
and cell division genes (refs. in refs. 110 and 111). Their

Fig. 5 Mechanism of MurB: reductive and oxidative half-reactions
according to Benson et al.85
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expression was shown to be regulated by the Pmra promoter.110,111

Cognate mur gene sequences from a wide variety of bacterial
genera are now known. Some have been identified and cloned
(refs. in Table 1). As observed in the bacterial genomes so far
available many of them also belong to a division-cell wall (dcw)
cluster similar to mra (refs. 92, 96–99, 112–115, and refs.
therein). In E. coli there is yet another Mur synthetase, Mpl,
which is not essential and which catalyses the addition of
tripeptide -Ala-γ-Glu-meso-A2pm to UDP-MurNAc in the
peptidoglycan recycling process.116,117

Comparison of the amino acid sequences of various Mur
synthetases and other related enzymes revealed the existence of
common invariants: seven amino acids plus the ATP-binding
consensus sequence.118–120 Moreover, the conservation of con-
stant lengths between certain invariants suggested possible
common structural motifs.120 Among the other known ADP-
peptide forming synthetases, only folylpoly-γ--glutamate
synthetase (FPGS), the capB gene product involved in the
synthesis of capsular poly-γ--glutamate, and part of the
cyanophicin synthetase share the same conserved amino acids
(refs. in refs. 119 and 120). Wild type and fusion forms of
the four Mur synthetases from E. coli and some from other
organisms have been overproduced, purified to homogeneity,
and characterized (Table 1). Crystallization of all four syn-
thetases has as yet led to the determination of the 3D structure
of different forms of MurD, MurE and MurF (Table 1). All
three differ from one another by the topology of their N-
terminal domain. The resulting high resolution models of the
closed active forms of MurD and MurE reveal that they share
the same three-domain topology and a similar active site
architecture. The remarkable structural similarity with the
FPGS of Lactobacillus casei 149 clearly suggests that the Mur
synthetases and FPGS are all members of the same
superfamily.

The kinetic properties and the catalytic mechanism of
the Mur synthetases have been investigated in detail. They all
catalyse the formation of an amide or peptide bond with
concomitant cleavage of ATP into ADP and inorganic phos-
phate (Fig. 6(A)). They operate by an essentially similar
chemical mechanism (Fig. 6(B)). This entails the carboxy
activation of a C-terminal amino acid residue of the nucleotide
substrate to an acyl phosphate intermediate followed by
nucleophilic attack by the amino group of the condensing
amino acid or dipeptide, with the elimination of phosphate and
subsequent peptide bond formation. The existence of an acyl

Fig. 6 Synthesis of the peptide subunit (A) and mechanism of the
Mur synthetases (B). R: nucleotide substrate. R�–NH2: amino acid or
dipeptide substrate.

phosphate intermediate was substantiated by enzymatic
kinetics and chemical approaches.9,124,126,150–152 The reversibility
of the reaction 9,123,131,132,137,140 as well as the catalysis of an
exchange reaction between the amino acid or dipeptide
substrate and the nucleotide reaction product, in the
presence 123,137,140,153 or absence 9,150 of ADP, have been estab-
lished. These results are consistent with the reversible form-
ation of an acyl phosphate. The formation of adenosine
5�-tetraphosphate observed with MurD in the absence of -
glutamate, but not with the other Mur synthetases in the
absence of their amino acid or dipeptide substrate, further
confirmed the existence of an acyl phosphate.152 Phosphinate
analogues of the nucleotide substrates were found to be potent
competitive inhibitors.154–156 The tight binding of compounds
which mimic the structure of the putative tetrahedral
intermediate strongly suggests that a tetrahedral transition state
follows the acyl phosphate in the reaction scheme (Fig 6(B)).

The Mur synthetases thus appear as a well-defined family of
closely structurally and functionally related proteins, presum-
ably originating from a common ancestor. However, it is note-
worthy that the enzymatic properties of a given Mur synthetase
can vary to some extent with the bacterial species as recently
established with MurD.135 As far as we are aware no natural
inhibitor of these synthetases has yet been identified.

4.1 MurC synthetase

Purified E. coli MurC exists in equilibrium between monomeric
and dimeric forms and its specific activity is independent of
its oligomerization state.127 The specificity of various MurC
synthetases for -alanine and UDP-MurNAc was investigated
with closely structurally related analogues accepted as substrate
or functioning as competitive inhibitors.121–123,125,128,157–159

Several compounds structurally related to -alanine are good
inhibitors. Although MurC can efficiently ligate serine and
glycine to its nucleotide substrate, the preferential in vivo use
of alanine is presumably due to its higher intracellular pool.
However, in Corynebacterium 160 and Mycobacterium spp 115

glycine is found in position 1 of the peptide subunit. In the first
case this corresponds to a high specificity of the MurC
synthetase for glycine, whereas in the second case it appears to
be due to growth conditions. The nucleotide products formed
with alanine analogues functioning as alternative substrates
were isolated and characterized.121,128 The kinetic mechanism of
MurC was investigated by initial velocity methods and the data
were consistent with an ordered mechanism in which ATP
binds first, UDP-MurNAc binds second, -alanine binds last,
and the last product released is ADP.151 The replacement in
E. coli MurC of amino acid residues well conserved among
20 Mur paralogues was undertaken by site-directed muta-
genesis.120 Some residues were essential for the catalytic process,
whereas others led to variations of the Km values for one or
more substrates, thereby indicating their involvement in the
structure of the active site. The observed variations of Km

values confirmed the binding-order of substrates. The replace-
ment of the two cysteine residues of E. coli MurC showed
they played no role in the catalytic process.161 A phylogenetic
analysis of the amino acid sequence of MurC orthologues was
recently undertaken.130

4.2 MurD synthetase

Practically, only a -glutamic acid residue is found in position
2 of the peptide subunit.6 The high specificity of MurD for
-glutamate was confirmed by studying structurally related
analogues tested as substrates or inhibitors.159,162 In particular,
a -glutamate configuration, possibly recognized by MurD,
was proposed. In a similar way, but to a lesser extent, the spec-
ificity of MurD for the UDP-MurNAc--Ala substrate was
studied.159,162 The specificity was found not to be too strict since
phospho-MurNAc--Ala was substrate. Various transition-
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state analogues of the nucleotide substrate have been
designed.154,156,163,164 The best IC50 value (<1 nM) was obtained
with a phosphinate compound mimicking very closely the
transition state.156 Conversely, the fact that phosphonic or
phosphinic derivatives of alanine are nearly devoid of inhib-
itory activity 163,164 indicates that both the -Ala and -Glu
moieties are essential for good inhibition. The specificity for the
nucleoside triphosphate was examined with S. aureus MurD.131

The crystal structures of six different forms of MurD have
now been solved.145–147,165 The structure is composed of three
domains of topologies reminiscent of a nucleotide-binding fold.
The N- and C-terminal domains have a dinucleotide-binding
fold whereas the central domain has a mononucleotide-binding
fold. The structure reveals the binding site for UDP-MurNAc-
-Ala, and comparison with known NTP complexes allows the
identification of residues interacting with ATP. A comparison
of the MurD structures suggests large C-terminal rotation,
loop rearrangement and subdomain movements occurring on
substrate binding. Similarly, conformational changes induced
by substrate binding in the reaction mechanism of folylpoly-
glutamate synthetase results in the movement of the domains
towards each other.149 In parallel to structural studies, site-
directed mutagenesis showed that the invariant amino acids
common to all orthologues are all located in the active site.166

4.3 MurE synthetase

Depending on the organism, generally either an A2pm or -
lysine residue is located at position 3 in the peptide subunit,
more rarely an ornithine, diaminobutyric acid, homoserine,
lanthionine, or 3-hydroxy-A2pm residue (refs. in refs. 6, 167,
168). By its ε-amino group, A2pm or lysine is involved in the
cross-linking between the peptide subunits of the glycan chains
and thus plays a key role in the integrity of peptidoglycan. In a
given organism A2pm and -lysine are both present as cell
metabolites, but its MurE synthetase generally efficiently dis-
criminates between the two amino acids by catalysing the addi-
tion of only one of them to the UDP-MurNAc--Ala--Glu
precursor.136,137,139,169–171 This is also true in Corynebacterium
poinsettiae where -homoserine is specifically incorporated
in position 3,160 but not in Bifidobacterium globosum where
the same enzyme catalyses the incorporation of both -
ornithine and -lysine.138 B. sphaericus is unique in its choice of
the diamino acid.139,169,172 During vegetative growth a MurE
synthetase catalyses the incorporation of -lysine whereas
during spore cortex formation another enzyme catalyses the
incorporation of meso-A2pm. The specificity of E. coli MurE
for meso-A2pm has been assessed with various analogues both
in vivo and in vitro (refs. 140, 168, 173–175, and refs. therein).
Although very high, certain A2pm analogues can be accepted as
substrate in vivo and in vitro, whereas others have an inhibitory
effect. Similarly, hydroxylysine can replace -lysine at position 3
in a number of Gram-positive bacteria grown in its presence
(refs. in ref. 176).

The specificity of E. coli MurE with respect to UDP-
MurNAc--Ala--Glu was shown to be high.177 It was studied
with structural analogues mimicking to various extents either
end of this complex linear substrate. None was substrate and
only a few had a limited inhibitory effect, which suggested that
no particular portion of the molecule is predominantly respon-
sible for its recognition by the enzyme. Multiple sites located
over the whole molecule are thus required for a proper recog-
nition and determine the high specificity of the activity. The
search for irreversible or transition state inhibitors was sub-
sequently undertaken.155,178,179 The best IC50 value was observed
with a phosphinate analogue.155

The crystal structure of E. coli MurE complexed with its
nucleotide reaction product is now solved to 2.0 Å resolution.141

Comparison with the known structures of MurD has allowed
the identification of residues involved in the enzymatic mech-

anism. Interestingly, as observed with Lys-198 of MurD,145

homologous Lys-224 of MurE is carbamylated. It was
proposed that this modification is crucial for Mg2� binding and
thus for the positioning of the γ phosphate of ATP. Further-
more, a structural determinant responsible for the specificity for
the diamino acid substrate was identified.

4.4 MurF synthetase

Initial velocity and dead-end inhibitor studies with MurF are
consistent with a sequential ordered kinetic mechanism for the
forward reaction in which ATP binds to free enzyme, followed
by UDP-MurNAc-tripeptide and -Ala--Ala in sequence
prior to product release.109 Substrate inhibition by UDP-
MurNAc-tripeptide is suppressed by 0.5 M NaCl 109 but no
product inhibition is observed.143,159 ADP-ATP or ATP-Pi

exchange reactions were described.137,142 The specificity of
MurF with respect to the UDP-MurNAc-tripeptide substrate
has been investigated to a limited extent.159,160,168 However,
its insensitivity to various replacements of the amino acid
in position 3 of the nucleotide substrate was clearly
assessed.106,160,168,173,176 The specificity profile for the dipeptide
substrate has been studied with -Ala--Ala analogues
accepted as substrates or functioning as inhibitors, and
with different in vivo systems.9,143,158,176,180–185 The C-terminal
-alanine can be replaced by -lactate, -hydroxybutyrate,
glycine, or various -amino acids, whereas the N-terminal
-alanine can be replaced by glycine, -aminobutyrate, -serine
or -valine. Pseudo-tri- and tetrapeptide aminoalkylphosphinic
acids of general structure X-LysΨ(PO2H-CH2)-Gly-Ala were
synthesized as transition state analogues for MurF.186 Kinetic
assays revealed they act as inhibitors of MurF with Ki values in
the range 200–700 µM.

The crystal structure of the E. coli MurF apoenzyme was
determined to 2.3 Å resolution and revealed an open conform-
ation with three α/β-sheet domains juxtaposed in a crescent-like
arrangement.148 The substrate-free MurF resembles an open
form of substrate bound-MurD. It was proposed that ATP, the
first substrate to bind, may be responsible for inducing
the proper domain rearrangement required for forming a
functional enzyme–substrate complex.109

5 Formation of the lipid intermediates

The first membrane step in the formation of the lipid inter-
mediates (MraY in Figs. 2 and 7) involves a phospho-N-acetyl-
muramoyl-pentapeptide transferase (or translocase) which
catalyses the transfer of the phospho-MurNAc-pentapeptide
moiety of UDP-MurNAc-pentapeptide to membrane acceptor
undecaprenyl phosphate to yield MurNAc-(pentapeptide)-
pyrophosphoryl undecaprenol (lipid I). Thereafter, an N-acetyl-
glucosamine transferase (MurG in Figs. 2 and 7) catalyses the
addition of N-acetylglucosamine yielding GlcNAc-MurNAc-
(pentapeptide)-pyrophosphoryl undecaprenol (lipid II). After
its transfer to the outer side of the cytoplasmic membrane, lipid

Fig. 7 Formation of lipid intermediates I and II. GlcNAc: N-acetyl-
glucosamine; MurNAc: N-acetylmuramic acid; DA: diamino acid; pep:
pentapeptide;                 undecaprenyl phosphate.
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II is used as the substrate for the polymerization reactions.13

Early work on both transferases has been reviewed.1,8–10

5.1 Phospho-N-acetylmuramoyl-pentapeptide transferase
(MraY)

The transferase catalysing the formation of lipid I was initially
investigated in E. coli, Micrococcus luteus and S. aureus.187–189 In
E. coli it was identified as the product of the mraY gene which
was located in the dcw cluster at 2 min on the chromosome,
cloned, and sequenced.190,191 The mraY gene is dependent on
the Pmra promoter.110,111 Moreover, the MraY protein was
demonstrated to be essential 192 and unique in all the eubacterial
genomes so far available.193 The high hydrophobicity of the
E. coli MraY protein was clearly substantiated by its amino
acid sequence, which has repeated hydrophobic and hydro-
philic domains,190 and by the requirement of a lipid micro-
environment for its activity.187,189,194 Recently, a common
two-dimensional membrane topology model was established
for the E. coli and S. aureus MraY transferases.193 It possesses
ten transmembrane segments, five cytoplasmic domains and six
periplasmic domains including the N- and C-terminal ends.
The agreement between the topologies of E. coli and S. aureus,
their agreement to a fair extent with predicted models and a
number of features arising from the comparative analysis of 25
orthologue sequences strongly suggested the validity of the
model for all eubacterial MraYs. The primary structure of the
ten transmembrane segments diverged among orthologues, but
they retained their hydrophobicity, number and size. The simi-
larity of the sequences and distribution of the five cytoplasmic
domains in both models, as well as their conservation among
the MraY orthologues, point to their possible involvement in
substrate recognition and catalysis.

MraY was solubilized from E. coli, M. luteus and S. aureus
by treatment with Triton X-100 or by repeated freezing and
thawing.187–189 Except for a radiolabelled in vitro translation
product,192 to date no MraY protein has been overproduced up
to levels detectable by SDS-PAGE.93,195 The transferase activity
is fully reversible and was found to catalyse also an exchange
reaction between UMP and UDP-MurNAc-pentapeptide in
the absence of undecaprenyl phosphate. Both reactions have
been extensively studied and mechanisms proposed.188,196 In
E. coli the in vivo equilibrium was shown to be greatly in favour
of the nucleotide precursor.197,198 MraY has two substrates:
undecaprenyl phosphate and UDP-MurNAc-pentapeptide.
The first one is assumed to be the same in all eubacteria, but the
nucleotide substrate can vary and the specificity profile of
MraY towards the peptide subunit is well documented. On the
basis of glycine substitution MraY was shown to have a high
specificity for -alanine in position 1 and -alanine in position 4
but a low one for -alanine in position 5.199,200 On the contrary,
a low specificity was observed for the diamino acid in position 3
as exemplified by the acceptance of A2pm or -lysine analogues
(refs. 106, 168, 173, 193, 199, refs. in refs. 168 and 199) or
acylated forms.201–203 For instance, S. aureus MraY will accept
the A2pm-containing nucleotide as substrate 193 and vice versa
E. coli MraY the -lysine-containing nucleotide.106 It is also
noteworthy that shorter or longer peptide subunits can be
accepted.103,200,204–206

There are a number of efficient naturally occurring inhibitors
of the MraY transferase activity (refs. in refs. 207–209):
tunicamycin, liposidomycins, peptidylnucleotide antibiotics
(mureidomycins, pacidamycins, napsamycins). None are clinic-
ally used as antibiotics for reasons of toxicity, or lack of activity
against whole bacteria, owing to a too high hydrophobicity
presumably impeding cell penetration. However, considering
its specificity and its ubiquity limited to bacteria, MraY
remains an interesting potential target for the search of novel
antibacterial agents. Several studies of the mode of action and
of structure–activity relationships of the peptidyl nucleotide

inhibitors 195,208–211 and of liposidomycins 212 have been under-
taken.

5.2 N-Acetylglucosaminyl transferase MurG

The E. coli N-acetylglucosaminyl transferase was identified as
the product of the murG gene 198,213 which had been cloned and
sequenced.89,214 Its transcription is mainly dependent on the Pmra

promoter.110,111 Moreover, as MraY, it appears to be unique and
essential, since a strain with a murG amber mutation in a
thermosensitive mutation suppressor background was found to
lead to ovoid cells and lysis at the non-permissive temper-
ature.198,215 E. coli MurG was shown to be associated with the
cytoplasmic face of the cytoplasmic membrane,216 thereby
establishing that the entire peptidoglycan monomer unit is
assembled before being transferred across the membrane
(Fig. 7).

The N-acetylglucosaminyl transferase was initially solubil-
ized from Bacillus megaterium by LiCl treatment and puri-
fied.217,218 Recently, wild type and His-tagged MurG proteins
from E. coli were overproduced.219,220 Although solubilized by
detergents, they did not appear to be intrinsic membrane pro-
teins since they could be purified without detergent. This is in
agreement with the absence of any large hydrophobic segment
in its sequence.89,214 Amino acid sequences of various MurG
orthologues confirm its extrinsic and cationic characters. The
preparation of a soluble dimer form of E. coli MurG enabled
its crystallization and the determination of a 1.9 Å crystal
structure consisting of two domains separated by a deep
cleft.221 The interdomain linker and the peptide segment joining
the last helix of the C-domain to the last helix of the N-
terminal domain define the floor of the cleft. Amino acid
sequence analysis of MurG orthologues indicates that there are
several invariant and highly conserved residues. The location of
most of them at or near the cleft between the two domains
suggests their implication in substrate binding and catalysis.
In the N-terminal domain there is a hydrophobic patch
surrounded by basic residues. It was proposed that this is
the membrane association site and that the association involves
both hydrophobic and electrostatic interactions with the
negatively charged membrane. Functioning as a moderately
hydrophobic cationic peripheral protein, MurG is thus a key
enzyme at the junction between the two stages of peptidoglycan
synthesis.

MurG catalyses the coupling of soluble donor UDP-GlcNAc
to membrane-anchored acceptor lipid I. Attempts to develop
an efficient one-step assay for MurG using directly lipid I as
substrate have unfortunately been hampered by the difficulty in
obtaining large amounts of this intermediate 188,218 and assays
were initially based on a reaction coupled with MraY.198,222,223

Only recently have direct assays been developed with synthetic
analogues of lipid I containing C10 and C35 chains.220,224,225

The availability of reasonable amounts of such substrates has
led to the determination of kinetic parameters and to the
study of enzymatic specificities.220 In particular, both the
acceptor and donor specificities of E. coli MurG were studied
with substrate analogues.220 Interestingly, UDP-MurNAc-
pentapeptide functions as an acceptor substrate, albeit much
less efficiently than lipid I. Structural considerations suggest
that the C-terminal domain of E. coli MurG is the UDP-
GlcNAc binding site, whereas the primary acceptor binding
site is located in the N-terminal domain.221 Ramoplanin is
a glycolipodepsipeptide antibiotic which inhibits cell wall
peptidoglycan biosynthesis in Gram-positive bacteria.226–228 Its
target is the MurG reaction as shown with cell-free systems 222

and with purified MurG.219 The ability of ramoplanin to
interact also with lipid II and to thereby function as an
inhibitor of polymerization was recently reported.229 An
evaluation of certain lipid I analogues as inhibitors of MurG
was recently made.230
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6 Side pathways

The functioning of the main pathway (Fig. 2) is dependent on a
number of secondary metabolites (coenzyme A, UTP, PEP,
ATP, - and -alanine, -glutamic acid, diaminopimelic acid or
lysine, dipeptide -Ala-X, undecaprenyl phosphate) used as
substrate at one step or another. Many are involved in various
other metabolic reactions. However, the formations of -
glutamic acid and dipeptide -Ala-X are more specific of
peptidoglycan biosynthesis and that of undecaprenyl phos-
phate of cell wall polymer syntheses. Only these three
side-pathways will be considered here. The formation of A2pm,
which is the precursor of -lysine in bacteria and which is
incorporated into the peptidoglycan pathway at the MurE step
in Gram-negative and in some Gram-positive organisms, has
been critically reviewed.231–233

6.1 Formation of D-glutamate

-Glutamic acid is a constituent unique to bacteria, not only
found in position 2 of the peptide subunit 6 but also in the
capsular exopolypeptides of a few organisms.234 Two different
routes (Fig. 8) have been identified for its synthesis: a direct
racemase-catalysed conversion of -glutamic acid into
-glutamic acid or a transamination process catalysed by a -
alanine aminotransferase using -alanine and α-ketoglutarate.

Glutamate racemase activity has been detected in various
bacteria and to date only in bacteria (refs. in ref. 235). Race-
mases from five organisms were more specifically investigated:
Pediococcus pentosaceus,236,237 Lactobacilli fermenti 238 and
brevis,239 E. coli,240–246 and Aquifex pyrophilus.247 This involved
the identification of a glutamate racemase gene, its cloning, its
sequencing, and the overproduction of its product followed by
purification to homogeneity. In the case of E. coli the racemase
gene murI was shown to be essential.241 The enzyme from
A. pyrophilus was recently crystallized 248 and the 3D structures
of the apoenzyme and of the enzyme complexed with -
glutamine were resolved.249 The enzyme forms a dimer with
each monomer consisting of two α/β fold domains.

Contrary to most amino acid racemases, glutamate race-
mases are cofactor-independent, and a two-base mechanism
involving two cysteines as essential catalytic residues (Fig.
8(A)), was identified for the enzymes from P. pentosaceus 250 and
L. fermenti.251,252 A similar mechanism was established for the
E. coli racemase.246,253 The involvement of two cysteine residues
was also confirmed by the structural and mutational analyses
of MurI from A. pyrophilus.249 Furthermore, the E. coli MurI
racemase was shown to have an absolute requirement for UDP-
MurNAc--alanine (Fig. 8(B)), the substrate of the -glutamic

Fig. 8 Formation of -glutamate via a racemase, (A) and (B), or a
-amino acid aminotransferase (C).

acid-adding enzyme MurD.241,242 The affinity of this activator
for racemase MurI is particularly high (KD = 4 µM) and is most
likely the basis for a physiological mechanism regulating its
in vivo activity. The formation of -glutamic acid is thus
adjusted to the requirements of peptidoglycan synthesis,
thereby avoiding excessive racemization of the -glutamic acid
pool. No such activating mechanism was observed with the
glutamate racemase from P. pentosaceus.246 A synthetic
analogue, aziridino-glutamate, was shown to irreversibly inhibit
glutamate racemase from Lactobacillus.254 The racemase from
P. pentosaceus is inactivated with -serine O-sulfate.255

The transaminase route (Fig. 8(C)) has been demonstrated in
various bacterial species which possess a -amino acid
transaminase capable of synthesizing -glutamate, among a
broad range of -amino acids, from a keto acid precursor using
-alanine as amino donor (refs. in refs. 256 and 257). The
enzymes from Bacillus subtilis, B. sphaericus and B. sp. YM-1
were purified and characterized as pyridoxal phosphate
dependent. The 3D structures of various forms of the -amino
acid transaminase from B. sp. YM-1 were determined and have
allowed a description of the enzymatic reaction in structural
terms (ref. 258 and refs. therein). A number of compounds
(β-chloro--alanine, -vinylglycine, - and -serine O-sulfate)
have been shown to be potent inhibitors of the -amino acid
transaminase activity (refs. in refs. 259 and 260).

B. subtilis, B. sphaericus, and staphylococci were shown to
possess both routes of -glutamate synthesis.257,261,262 The genes
for the racemase and transaminase activities were cloned,
and each one was functional in a -Glu-requiring E. coli
mutant.257,261 In B. sphaericus it was shown that either enzyme
may be able to synthesize sufficient -glutamate to sustain cell
growth.257 It was speculated that the glutamate racemase may
be sufficient to provide the necessary -glutamate for peptido-
glycan synthesis, whereas the -amino acid transaminase
is required to provide a broader range of -amino acids for
secondary metabolite syntheses. It is also noteworthy that
certain bacilli are susceptible to produce -glutamate-
containing exopolypeptides.234

6.2 Formation of dipeptide D-alanyl-D-X

-Alanyl--alanine is formed by condensation of two mole-
cules of -alanine catalysed by a specific ATP-dependent amide
bond forming ligase as first identified in E. coli, Streptococcus
faecalis and S. aureus (refs. in ref. 263). Detailed kinetic and
specificity studies of the reaction were initially carried out with
the ligase purified from S. faecalis 264 and provided evidence
for two -alanine-binding sites which have different specificity
patterns and Michaelis constants.265 In E. coli a ligase gene was
identified as ddl in the mra cluster.266,267 Further studies demon-
strated the existence in E. coli and Salmonella typhimurium of
two distinct genes, ddlA and ddlB.268,269 Both were cloned, their
products overproduced and purified, and their very similar
kinetic characteristics described.268–270 In some other bacteria it
was shown that there is only one Ddl ligase.271

Until recently, -alanyl--alanine was assumed to be the only
in vivo dipeptide substrate of the MurF synthetase.1,6,8 However,
it has now been established that the inducible resistance to
glycopeptide antibiotics such as vancomycin was due in entero-
cocci to the partial or complete replacement of -alanyl--
alanine by -alanyl--lactate or -alanyl--serine.9,272,273

Depsipeptide -alanyl--lactate has also been elicited in a
number of non-clinical naturally occurring vancomycin-
resistant Gram-positive bacteria.274–276 In a few low-level
vancomycin resistant enterococcal species -alanyl--alanine
is partially replaced by -alanyl--serine.274,277 Depsipeptide -
alanyl--lactate and dipeptide -alanyl--serine are synthesized
by different ligases, which were designated as VanA, VanB, and
VanC according to the vancomycin-resistance phenotype con-
sidered,273,278 and which were purified.279–281 Homology analysis
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of the -alanyl--X (X = -alanine, -lactate or -serine) bac-
terial ligases revealed five subfamilies: two that are -alanyl--
alanine ligases, two that are -alanyl--lactate ligases, and one
-alanyl--serine ligase subfamily.278,282

The chemical mechanism proposed for -alanyl--X form-
ation (Fig. 9) is a two-step process.9,283,284 The first step concerns
the rapid formation of the -alanyl phosphate intermediate by
transfer of the γ-phosphate of ATP to -alanine. In the second
step, the acyl phosphate is captured by the nucleophile substrate
(-alanine, -lactate or -serine) to produce a tetrahedral
intermediate that then eliminates phosphate to give the
dipeptide or depsipeptide product. The reaction is reversible
and ligases can also catalyse an ADP-independent exchange
reaction. These results are consistent with the formation of an
acyl phosphate. Ligase activity is strongly inhibited by
its reaction product -alanyl--alanine.268,285–287 This tight
regulation of the -alanyl--alanine pool appears to be a
physiological requirement to avoid depletion of the -alanine
pool. The DdlB ligase from E. coli, and the -alanyl--lactate
ligases from E. faecium and Leuconostoc mesenteroides, all three
complexed with ADP and a phosphorylated phosphinate
analogue of the tetrahedral intermediate, were crystallized,
their X-ray structure determined, and a catalytic mechanism
proposed.288–292 Many of the residues of the E. coli DdlB ligase,
which had been shown by site-directed mutagenesis 293 and
structural studies 288 to be involved in substrate binding and
catalysis, are highly conserved among the entire Ddl
superfamily.

There is an absolute requirement of the -alanyl--X ligases
for the -configuration of the donor and acceptor substrates.259

The specificity of the donor site in the first step of the reaction
is fairly high since only glycine, -serine and -aminobutyric
acid have been shown to replace -alanine.158,176,181,264,268

The specificity of the acceptor site in the second step of
the reaction is far less strict since, aside -alanine, it can
accept glycine, various -amino acids and α--hydroxy
acids.158,176,181,182,264,268,279 Although the X acceptor determines
the type of ligase (Ddl, VanA, VanB, VanC, etc.) some mixed
specificities are observed. For instance, the VanA ligase is
capable of utilizing a variety of both α-hydroxy acids and
-amino acids as substrate.182,279 Moreover, it was established
that the switch from ester to peptide bond formation is pH
dependent and furthermore that single site-directed mutagen-
eses of active site residues of E. coli DdlB lead to important
variations in the specificities for both the donor and acceptor
substrates.294

Many analogues of -alanine and -alanyl--X have been
considered as inhibitors of the -alanyl--X ligases for the
study of their specificities, their reaction mechanisms, and their
potential antibacterial activity.259 In particular, the Ddl ligases
are one site of action of -cycloserine.259,263 This antibiotic acts
as a reversible competitive inhibitor with a preferential binding
to the donor site.259,263,268 Ligases are also inhibited by
phosphinic, phosphonic, and boronic acid analogues of -
alanine,259,295–298 as well as by phosphinate and phosphonamide

Fig. 9 Mechanism of -alanine : -alanine ligases according to
McDermott et al.303

analogues of -Ala--X.299–303 Some of them act as
ATP-dependent slow-binding inhibitors. The mechanism of the
slow-binding inhibition was determined to proceed via phos-
phorylation at the active site to give a phosphinophosphate
transition-state analogue, which dissociates very slowly from
the enzyme.303 Phosphonic acid analogues of the acyl phos-
phate intermediate are also effective ligase inhibitors.304

6.3 Undecaprenyl phosphate cycle

In bacteria undecaprenyl phosphate is a key intermediate not
only for the synthesis of lipid I but also for that of the glycosyl
carrier lipids involved in the synthesis of many other cell
wall polymers (refs. 1, 17, 18, 19, refs. in ref. 305). Our present
knowledge of its metabolism (Fig. 10) is based on fragmentary
data from various organisms, most of which was critically
reviewed.1 It originates by dephosphorylation of undecaprenyl
pyrophosphate (step 2 in Fig. 10) or by phosphorylation of
undecaprenol (step 3 in Fig. 10). Undecaprenyl pyrophosphate
is synthesized by addition of isoprene units to farnesyl pyro-
phosphate (step 1 in Fig. 10) and it is also generated in the
course of peptidoglycan polymerization when the disaccharide–
peptide units are transferred to the extending glycan strands.13

In one instance, it was established that 63% of the undecaprenyl
pyrophosphate originates as a recycled product of peptidogly-
can polymerization and 37% by de novo synthesis.306 Therefore,
undecaprenyl phosphate and undecaprenyl pyrophosphate
form a cycle in which step 1 has been more specifically studied.
A cis-prenyl pyrophosphate synthase catalyses Z-prenyl chain
elongation onto (all-E )-farnesyl diphosphate to yield undeca-
prenyl pyrophosphate with E,Z-mixed stereochemistry (step 1).
This activity has been described in several bacteria and most
extensively studied in Lactobacillus plantarum.307 More recently,
its gene was identified in E. coli 308,309 and Micrococcus luteus,310

and it was shown to be essential. Soluble over-produced forms
of the enzyme from E. coli 308 and M. luteus 310 have now been
purified to homogeneity. Subsequently, the M. luteus synthase
was crystallized 311 and a site-directed mutagenesis analysis
developed with the E. coli enzyme.312 Steps 2, 3, and 4 have been
characterized to a very limited extent (refs. 313–315, refs. in ref.
316). Recently, the E. coli gene for the undecaprenol phos-
phokinase catalysing step 3 was tentatively identified as bacA.317

Homologues of bacA have since been identified in the genomes
of S. aureus and S. pneumoniae.318

Although the various intermediates of the cycle (undeca-
prenol, undecaprenyl phosphate, undecaprenyl pyrophosphate,
glycosyl carrier lipids) have been identified, their pool levels
were estimated in only a few cases and never all in the same
organism (refs. in ref. 1). The presence of free undecaprenol is
intriguing. It has been suggested that it is a reserve pool for
regulating the undecaprenyl phosphate pool by control mechan-
isms involving steps 3 and 4. The pool level of undecaprenyl
phosphate is critical as exemplified by the different proposed
mechanisms of bacitracin resistance.305,317,319 By forming a
high-affinity complex with undecaprenyl pyrophosphate and a
divalent cation (refs. in refs. 1, 16, 306) this antibiotic prevents
dephosphorylation to undecaprenyl phosphate (step 2), thereby
limiting its pool and subsequently peptidoglycan synthesis.
Two resistance mechanisms imply a large increase of the undeca-
prenyl phosphate pool. In the first case,317 the amplification of
the bacA gene was shown to be sufficient to confer bacitracin
resistance and correlates with an increase in membrane-
associated undecaprenol kinase activity which presumably
leads to an increased undecaprenyl-phosphate pool. It is note-
worthy that mutations in S. aureus and S. pneumoniae bacA lead
to increased susceptibility to bacitracin.318 It was hypothesized
that the absence of undecaprenol kinase leads to a reduced
undecaprenyl phosphate pool. In the second case 305 mutations
confer resistance by eliminating the synthesis of cell wall
exopolysaccharides competing for the undecaprenyl phosphate
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Fig. 10 Undecaprenyl phosphate pathway.

pool. Similarly, partial resistance to bacitracin had been
observed in E. coli failing to synthesize membrane-derived
oligosaccharides.320 Finally, it was shown that the bacitracin
resistance of Bacillus licheniformis, a producer of bacitracin, is
mediated by the BcrC protein of the ABC transporter Bcr by
binding to the antibiotic.319

7 In vivo functioning of the monomer unit assembly

Most genes of the main pathway (Fig. 2) are unique and essen-
tial as initially suggested by the study of temperature-sensitive
alleles.48,321 This is now also substantiated by the analysis of
various bacterial genomes. In a few cases their essentiality
was firmly established by null experiments.32,41,42,49,50,52,192 The
presence of two murA genes in low-C � G Gram-positive
organisms appears as an exception.53 The reasons for the exist-
ence of isoenzymes or alternative routes in the side-pathways
leading to -glutamate,257,261,262 A2pm,233 or -alanyl--
alanine 268,269 remains elusive, all the more so that it is not always
clear which enzyme or route is preferentially functioning in vivo.

The possibility of quantitatively analysing precursor pool
levels and the availability of an accurate enzymatic in vitro assay
for each step of the pathway have opened the way to more
detailed physiological studies. The variations of the precursor

pool levels and of the specific activities of many enzymes have
been studied under various growth conditions, specific anti-
biotic treatments, or with mutants. Interesting data have also
been obtained by comparing pool levels, Km values, and rates of
peptidoglycan synthesis. To date, most of the work has
concerned the E. coli system and the overview of its in vivo
functioning that has emerged was critically reviewed.10,11

Briefly, it can be stated that many enzymes of the pathway were
found to be more or less constitutive, their specific activity
varying little with growth rate and only to a certain extent
with growth phase.286,287,322,323 When compared with the rate of
peptidoglycan synthesis, which can vary several-fold between
fast and slow-growing cells,323 these specific activities are in
excess or at least adjusted to the requirements of fast-growing
cells.32,39,72,122,287,325 A fairly high capacity for peptidoglycan
synthesis is maintained in slow-growing and stationary phase
cells. The regulation of the pathway could thus involve specific
cell effectors. A number of control mechanisms by feed-back
inhibition have been proposed for different steps of the
assembly of the monomer unit 40,54,56,72,324–326 and their possible
physiological significance discussed.1,8,10,11 Furthermore, the
functioning of the pathway from UDP-GlcNAc to UDP-
MurNAc-pentapeptide was shown to be unrestricted with a
dependence upon the rate of input of UDP-GlcNAc, which is
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controlled at some yet unidentified upstream step.327 Interest-
ingly, the inhibition of protein synthesis leads to considerable
increases of the UDP-GlcNAc and UDP-MurNAc-penta-
peptide pool levels, and this effect is to some extent dependent
on the relA gene product.327,328

8 Structural variations in the monomer unit

In principle, the most simple structure of bacterial peptido-
glycan is that of an heteropolymer in which the linear glycan
chains have repeating GlcNAc-β,1 4-MurNAc-peptide
units and in which -Ala A2pm or -Ala -Lys cross-
bridges are directly established between peptide subunits. How-
ever, in most bacteria, if not all, a great variety of additional
structural features are encountered as revealed by detailed
analyses of their peptidoglycan by chemical and enzymatic
methods.1,6,326 Such analyses have now been greatly facilitated
by the use of reversed-phase high-performance liquid chrom-
atography 329 and, more recently, by its combination with mass
spectrometry 330,331 and nuclear magnetic resonance spec-
troscopy.331 Modifications vary from one organism to another
and can concern the hexosamine residues (O-acetylation, de-N-
acetylation, O-phosphorylation, N-glycolylation, 1,6-anhydro-
MurNAc cyclization, etc.) or the peptide subunit (amidation,
addition of extra amino acids, etc.). Furthermore, under differ-
ent circumstances (growth conditions, antibiotic treatments,
mutations) the peptidoglycan of a given bacteria can undergo
important modifications in the structure of its monomer unit,
in glycan chain length, in extent of cross-linking, and in
morphology. Examples are abundant throughout the entire
peptidoglycan literature, but unfortunately only the oldest ones
have as yet been reviewed.176

Structural variations take place at different steps of peptido-
glycan synthesis: prior to, during, or after polymerization. Those
observed in the course of the assembly of the monomer unit
concern more specifically the peptide subunit. In one case, a
modification of the muramic acid residue in the nucleotide
precursor was described.332 As reported here and in previous
reviews,1,6,10 variations in the specificity of the Mur synthetases
are mainly responsible for the variations observed in the amino
acids of the peptide subunit. However, growth in the presence
of glycine,158 -serine,181 A2pm analogues (refs. 168, 173 and
refs. therein), or hydroxylysine (refs. in ref. 176) can also lead to
more or less specific replacements. Additional specific activities
catalyse modifications in the peptide subunit such as the amid-
ation of a carboxy group or the addition of extra amino acids.
Although certain modifications involve the UDP-MurNAc-
pentapeptide,333,334 most of them presumably occur at the level
of the lipid intermediates as established in some cases.335–338 It is
not always clear whether modifications take place on lipid I or
lipid II, or on both. This probably leads to complex pools of
the lipid intermediates which have not yet been in any way
analysed.206

The presence of peptide cross-bridges between two peptide
subunits (n > 0 in Fig. 1) is an important structural feature
of the peptidoglycan of a number of Gram-positive organ-
isms.1,6,326 The actual cross-linking takes place by transpeptid-
ation in the last steps of peptidoglycan synthesis,1,8,12,14,15,326 but
the cross-bridging peptides are first assembled at the level of the
precursors by the stepwise addition of the branching amino
acids to the ε-amino group of the -lysine residue of the
pentapeptide subunit. Two different mechanisms have been
described for the formation of the branched peptide subunits.
For instance, in enterococci it was found that an enzyme
preparation could catalyse the in vitro addition of aspartate to
UDP-MurNAc-pentapeptide in the presence of ATP.334 In
staphylococci, depending on the species,1,6,8,326 several glycine,
alanine and serine residues are added from an aminoacyl tRNA
intermediate to lipids I and II.336,337 The products of the femA,
femB, and fmhB genes of S. aureus were shown to be required

for incorporation of the branching glycine residues to the
pentapeptide subunit: FmhB for the first glycine, FemA for the
second and third ones, and FemB for the fourth and fifth
ones.339,340 Similarly, in S. pneumoniae the murM and murN
genes, homologous to fmhB, were found to be involved in the
formation of the branched precursors.341 A soluble UDP-
MurNAc-pentapeptide : -alanine ligase was initially purified
and characterized from Weisella viridescens.333 Recently, trans-
ferases catalysing the addition of the branching amino acids in
W. viridescens and Enterococcus faecalis were overproduced and
purified.342,343

9 Flexibility in peptidoglycan synthesis

Since the assembly of the monomer unit from glucosamine-6-
phosphate to lipid II is essentially a unique sequential process,
any variation at a given step must be accepted by the following
ones. However, the specificity requirements can differ from
one step to another in the pathway as reviewed here and
previously.1,8,10 Therefore, the cumulative effect of the different
specificities along the pathway has a restrictive effect limiting
the structural variability of the complete monomer unit. This
is particularly true for the Mur synthetases catalysing the form-
ation of the peptide subunit where only a limited number of
structural variations are encountered in its five positions.
Although studied to a lesser extent, we should have a similar
situation with the subsequent steps of peptidoglycan synthesis.
However, it has been shown that various in vivo and cell-free
systems catalysing the synthesis of peptidoglycan from UDP-
MurNAc-pentapeptide will accept important variations of the
diamino acid in position 3,106,168,173,193,199,201–203 or of the peptide
chain length.103,200,204–206,344 This indicates that the MraY and
MurG transferases as well as the glycosyltransferases catalysing
the formation of the glycan chains 13 have the same low-
specificity profile for these two structural features of the peptide
subunit.

In contrast, the specificity of the transpeptidation step is far
more dependent on the structure of the peptide subunit. This
is presumably due to the implication of two different parts of
the peptide subunit in the transpeptidation reaction. Trans-
peptidases 1,8,12,14,15 catalyse the cross-linking between two pep-
tide subunits by the formation of a peptide bond between the
carboxy group of the -alanine in position 4 of a donor peptide
subunit and the amino group of an acceptor peptide subunit,
concomitantly with the release of the donor C-terminal -Ala
(Fig. 11). Understandably, their specificity for the donor subunit
is determined mainly by the C-terminal dipeptide, whereas that
for the acceptor subunit is determined mainly by the diamino

Fig. 11 Cross-linking of two peptide subunits by transpeptidation.
GlcNAc: N-acetylglucosamine; MurNAc: N-acetylmuramic acid; DA:
diamino acid; PBP: transpeptidase; : –CO–NH–; -Ala---- DA:
direct linkage or by an interpeptide.
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acid or the N-terminus of the branching peptide. This is clearly
apparent when two different peptide subunits are involved in
transpeptidation as observed in some particular cases. For
instance, the high specificity for the diamino acid in the
acceptor is illustrated in E. coli where partial replacement
of meso-A2pm by -A2pm, -lysine or analogues results in
peptide subunits which can be used as donor but not as
acceptor.106,168,173 This replacement results in a decrease of the
extent of cross-linking. Moreover, peptide subunits with a
blocked ε-amino A2pm can still function as donors.201 Con-
versely, tetrapeptide or tripeptide subunits lacking one or both
C-terminal -alanine residues can still function as
acceptors.200,345 When the C-terminal positions 4 and 5 of the
subunit are considered, generally transpeptidases have a higher
degree of specificity for -alanine in position 4 than for the one
in position 5. This was observed with the peptidoglycan-
synthesizing system from Gaffkya homari 346 and with many
organisms grown in the presence of glycine or  amino acids
which replace -alanine.158,181,347 Here too, the replacement of
-alanine in position 4 often leads to decreased cross-linking.
The lower specificity for the C-terminal position was also
illustrated by the replacement of the -Ala--Ala dipeptide by
-Ala--lactate or -Ala--Ser, which has little effect on
transpeptidation, as observed in vancomycin-resistant Gram-
positive organisms.9,273 Aside these different examples, it was
found that transpeptidation could depend on a much more
subtle structural feature of the peptide subunit, such as the
amidation of the α-carboxy of the -glutamate residue. In
G. homari enhanced deamidation of the acceptor tetrapeptide
was correlated with the inhibition of the main cross-linking.348

Transpeptidases have been characterized as penicillin-
binding proteins (PBP) since they are specifically inhibited by
the covalent binding of β-lactam antibiotics to their active
site.1,8,12,14,15 Among the various PBPs of a given organism, it is
likely that more than one PBP is involved in the transpeptid-
ation reactions. Moreover, the specificities for the acceptor and
donor subunits as well as the affinities for β-lactam antibiotics
can differ from one PBP to another PBP. This opens the way to
many possible correlations between the synthesis of the peptido-
glycan precursors, the in vivo functioning of the transpeptid-
ases and the susceptibility to β-lactams.349 In fact, changes in
the biosynthesis of the precursors (variations of pool levels,
shortening of the peptide cross-bridge, etc.) have now been
correlated with changes in the susceptibility to β-lactam
antibiotics. This is well illustrated in staphyloccoci where some
of the numerous genes essential for high-level resistance to
methicillin are involved in the assembly of the monomer unit.350

The mechanisms underlying these correlations are yet poorly
understood. Similarly, in S. pneumoniae 341 and E. faecium 351 the
shortening of the peptide cross-bridges, subsequent to vari-
ations in growth conditions or mutations, also results in
changes in the susceptibility to β-lactams. In certain of these
examples, where low and high affinity PBPs are present simul-
taneously, the decrease in penicillin resistance is presumably
due to the preferential use of the modified peptide subunit by
high affinity PBPs rather than by the low affinity ones. Provided
that these variations are compatible with the survival of the
bacteria and that one or more of these transpeptidases are also
essential targets, their susceptibility versus resistance behaviour
towards β-lactam antibiotics will be modified.

10 Concluding remarks

In the last 10–15 years rapid and important progress has been
made in the genetic and biochemical study of the various steps
of the assembly of the peptidoglycan monomer unit. Out of the
twelve enzymes of the main pathway, only the MraY trans-
ferase has not yet been overproduced to a useful level for
purification, owing presumably to the deleterious effect of its
hydrophobicity. Furthermore, purified GlmM mutase remains

to be crystallized and the 3D structure of crystallized MurC to
be resolved. The elucidation of the mechanisms of most of
these enzymes, together with that of their 3D structures will
undoubtedly be useful for developing the rational design of
specific and potent inhibitors.

Only a few control mechanisms of possible physiological
significance have been proposed and the regulation of the
pathway as a whole is still poorly understood. In particular, the
regulation of the UDP-GlcNAc pool, which is an important
branching point in many organisms for the synthesis of the cell
wall polymers, remains to be studied, all the more so that its
four-step synthesis from the intermediate metabolism is now
well established. Progress in the study of the formation of the
membrane intermediates has been slower than with that of
the cytoplasmic precursors. However, the determination of the
topology of the MraY transferase, the resolution of the MurG
structure, the biochemical characterization of the transferases
catalysing the formation of the peptide cross-bridges, and the
availability of synthetic analogues of lipid I are encouraging
results. They should help to develop the study of the membrane
organization of the various transferases and that of the yet
unexplored translocation of lipid II to the sites of polymeriz-
ation. Appropriate methods for analysing the pools of the
different lipid intermediates as well as for the large-scale
preparation of the lipid intermediates are crucial for the
development of the study of the membrane steps.

The elucidation of different subtle mechanisms of drug
resistance and genetic engineering experiments have extended
our knowledge of the limits of the flexibility of peptidoglycan
synthesis, which was previously only accessible by analysis of
peptidoglycan structures. A better understanding of this
flexibility is important not only for evaluating the extent of
variability of its structure, but also for determining mechanisms
of drug resistance and foreseeing potential resistance mech-
anisms which could arise upon the use of new drugs.
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