CMLS, Cell. Mol. Life Sci. 54 (1998) 300-304
1420-682X/98/040300-05 $ 1.50 + 0.20/0
© Birkhduser Verlag, Basel, 1998

ICMLS Cellular and Molecular Life Sciences

Assembly of the monomer unit of bacterial peptidoglycan

J. van Heijenoort

Biochimie Moléculaire et Cellulaire, Université Paris-Sud, F-91405 Orsay (France), Fax +33 1 69 85 37 15,

e-mail: jean.vanheije@ebp.u-psud.fr

Abstract. The biosynthesis of peptidoglycan is a two-
stage process. The first stage concerns the endocellular
assembly of its monomer unit, whereas the second one
concerns the exocellular polymerization steps. The con-
tinued interest for this system is due to (i) the emergence
of new resistance mechanisms; (ii) the need of specific
targets in the search for new antibacterials; and (iii) the

steady progress in the study of the correlation of
peptidoglycan metabolism with cell growth and divi-
sion. The various steps of the assembly of the
monomer unit will be discussed as well as the corre-
lations between the two stages. Finally, the flexibility
of the pathway will be exemplified in Escherichia coli
and Staphylococcus aureus.
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The biosynthesis of bacterial peptidoglycan is now a
nearly half-century-old story. Its nucleotide precursors
were first isolated and characterized by Park and John-
son [1, 2] at a time when its existence as an essential cell
wall macromolecule was not yet established. The vari-
ous steps of this biosynthesis have been studied in
different species, and an overall view of the pathway
valid for all eubacteria has emerged [3]. The continued
interest in this system in recent years is primarily due to
(i) the emergence of new resistance mechanisms against
f-lactam and glycopeptide antibiotics involving subtle
modifications in peptidoglycan synthesis; (ii) the need to
overcome resistance mechanisms and to use specific
targets in the search of new antibacterials; and (iii) the
steady progress in the difficult problem of the correla-
tion of peptidoglycan metabolism with cell growth and
division.

The biosynthesis of peptidoglycan is a complex two-
stage process [4]. The first stage concerns the assembly
of its monomer unit by enzymes located in the cyto-
plasm or at the inner side of the cytoplasmic membrane.
The final product is the lipid intermediate: disaccha-
ride(pentapeptide)pyrophosphate undecaprenol. The
second stage involves polymerization reactions that take
place at the outer side of the cytoplasmic membrane
and use the lipid intermediate as initial substrate. Con-

comitantly, nascent peptidoglycan is bound to the pre-
existing cell wall and undergoes maturation reactions
that depend on the organism considered.

Three essential features characterize the assembly of
the monomer unit. 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 N-acetylmuramic
acid, D-glutamic acid involved in a p linkage, a di-
amino acid and alternating D and L residues in peptide
linkages). Second, the monomer unit is transferred
from the cytoplasm to the externally located sites of
polymerization. This implies a passage of the lipid in-
termediate through the hydrophobic environment of
the membrane. Finally, the assembly of the monomer
unit can be divided into four groups of reactions: for-
mation of uridine 5'-pyrophosphate-N-acetylgluco-
samine (UDP-GIcNac), uridine 5'-pyrophosphate-N-
acetylmuramic acid (UDP-MurNac), UDP-MurNac-
peptides and lipid intermediates (fig. 1).

Formation of UDP-/N-acetylglucosamine

Four successive steps are required for the synthesis of
UDP-GIcNac from fructose-6-phosphate (fig. 2). The
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first reaction is catalysed by glucosamine-6-phosphate
synthase [5]. The next step concerns the conversion of
glucosamine-6-phosphate into glucosamine-1-phosphate
by the GImM mutase coded by the recently identified
glmM gene [6]. The last two steps, acetylation and
uridylation, are catalysed by the glmU gene product,
which is a bifunctional enzyme [7-9]. Its N-terminal
domain catalyses uridylation, whereas its C-terminal
domain catalyses acetylation [8, 9].

There is apparently no cooperativity between the two
domains [9]. The pool of UDP-GIcNac is a limiting
factor for the subsequent steps in the peptidoglycan
pathway and is greatly increased on inhibition of
protein synthesis [10]. The conversion of glucosamine-6-
phosphate into glucosamine-1-phosphate may be the
step regulating this process; only 5% of the abundant
GImM protein (1% of cell protein) is in an active state
in growing cells, owing presumably to the phosphoryla-
tion of its active-site serine [6].
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Figure 1. Assembly of the peptidoglycan monomer unit.
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Formation of UDP-N-MurNac

The formation of UDP-MurNac from UDP-GlcNac is
a two-step process (fig. 1). In the first step, the transfer
of enolpyruvate from phosphoenolpyruvate to position
3 of the GlIcNac residue is catalysed by transferase
MurA to yield UDP-GlcNac-enolpyruvate. In the sec-
ond step, the reduction of the enolpyruvyl moiety to
D-lactoyl is catalysed by reductase MurB to yield UDP-
MurNac. Both enzymes have been crystallized, and
their three-dimensional (3D) structures determined.
Their catalytic mechanisms are being actively investi-
gated [11-15].

Formation of the UDP-MurNac-peptides

The assembly of the peptide subunit is carried out by
the stepwise addition in most cases of L-alanine, D-glu-
tamic acid, a diamino acid (usually diaminopimelic acid
or lysine) and a dipeptide D-alanine-X (X = D-alanine,
D-lactate, or D-serine) on the D-lactoyl group of UDP-
MurNac (fig. 1). Each step is catalysed by a highly spe-
cific synthetase using adenosine 5'-triphosphate (ATP).
These synthetases (MurC, MurD, MurE and MurF)
have been extensively investigated in Escherichia coli
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Figure 2. Metabolism of N-acetylglucosamine.
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[16]. Their genes have been identified, cloned and se-
quenced, and their products overproduced and purified.
They all catalyse the same type of reaction and operate
via an essentially similar mechanism. This entails car-
boxyl activation of a C-terminal amino acid residue of
the nucleotide substrate to an acyl-phosphate intermedi-
ate, 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 acyl-phosphate and tetrahe-
dral intermediates has now been substantiated for these
reactions [17-21].

The sequence comparison of 20 Mur synthetases from
various bacterial organisms revealed common invari-
ants: seven amino acids and the ATP-binding consensus
sequence [22, 23]. The Mur synthetases thus appear as a
well-defined class of functionally closely related proteins
originating presumably from a common ancestor. The
determination of the crystal structure of the MurD
synthetase at 1.9-A resolution [24] is the first step to the
study of a possible common architecture for these en-
zymes. Moreover, it will be a great help in understand-
ing not only their precise catalytic mechanisms but also
the structural basis of their high specificity for their
substrates.

Formation of the lipid intermediates

The membrane steps (fig. 1) involve, first, transferase
MraY, which catalyses the transfer of the phospho-
MurNac-pentapeptide moiety of UDP-MurNac-pen-
tapeptide to the membrane acceptor undecaprenyl-
phosphate to yield MurNac(pentapeptide)-pyrophos-
phoryl undecaprenol (lipid I). Thereafter, transferase
MurG catalyses the addition of N-acetylglucosamine
yielding GlcNac-MurNac(pentapeptide)-pyrophospho-
ryl-undecaprenol or lipid II [3, 4]. Comparison of amino
acid sequences from six organisms clearly indicates a
structure for MraY which has regularly repeated hydro-
phobic and hydrophilic domains. Computational mod-
elling suggests that the protein has eight membrane
segments and three main cytoplasm-oriented hy-
drophilic domains. The MraY transferases from Bacil-
lus megaterium and E. coli have been solubilized and
partially purified [25, 26]. Transferase MurG appears as
a peripheral membrane protein located on the inner side
of the cytoplasmic membrane [27] and has been par-
tially purified [28].

In the formation of lipid I (fig. 3) the equilibrium is
greatly in favour of the nucleotide precursor [4]. In
growing E. coli cells, the ratio of UDP-MurNac-pen-
tapeptide to lipid I is greater than 100:1 [29, 30]. This
indicates that the pool level of undecaprenyl-phosphate
is a main limiting factor in these membrane steps. The
very low pool levels [31] of lipids I and IT (700 and 2000

Monomeric assembly in bacterial peptidoglycan
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Figure 3. Formation of the peptidoglycan lipid intermediates.
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at most, respectively) imply high turnover rates of less
than 1 s. This suggests that the lipid intermediates do
not freely diffuse over the whole membrane and that
they are in some way associated with transferases MraY
and MurG. There could be a coupling between these
two activities and also with the subsequent transport of
lipid II across the membrane to the sites of polymeriza-
tion. Evidence for lipid intermediate-protein interac-
tions, which could indicate an association with the
transferases in a peptidoglycan-synthesizing complex,
has been obtained with Staphylococcus aureus [32].

It should be stressed that the described two-step forma-
tion of the lipid intermediates is valid only for peptido-
glycan with a direct cross-linkage between its peptide
subunits. However, in many organisms the final pepti-
doglycan material has more or less complex interpeptide
cross-bridges between the subunits [3]. It has been
shown in S. aureus that the extra cross-bridge amino
acids were added to lipids I and II, thereby leading to a
much more complex population of lipid intermediates
[33].

Recently [34], analysis by high performance liquid chro-
matography (HPLC)-mass spectrometry of the UDP-
MurNac-peptide pools of enterococci and staphylococ-
ci revealed that inhibition of the formation of lipid I
by tunicamycin led to a sharp increase of the UDP-
MurNac-pentapeptide pool and to the accumulation
of UDP-MurNac-hexapeptide and -heptapeptides
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carrying the extra cross-bridge amino acids. This indi-
cates, first, that the pools of lipid intermediates are very
limited and, second, that the transferases catalysing the
addition of these extra amino acids are presumably
located on the inner side of the cytoplasmic membrane.

Correlations between the two stages of peptidoglycan
synthesis

In the formation of the lipid intermediates transferases
MraY and MurG have a very low specificity for the
peptide moiety of the monomer unit. In fact, UDP-
MurNac-di-,tri-,tetrapeptides as well as UDP-MurNac-
acylpeptides can be processed. This lack of specificity is
true both in vivo and in cell-free systems, and extends to
the steps of polymerization by transglycosylation [3, 4,
31]. This great flexibility of the pathway has recently
been examplified in E. coli and S. aureus. In E. coli it
was shown that the high accumulation of UDP-Mur-
Nac-tripeptide brought about by D-cycloserine leads to
the in vivo formation of lipid II tripeptide and to the
presence of stem tripeptides in the final peptidoglycan
material [31]. It has been suggested that this lipid inter-
mediate could normally be involved in the formation of
septum peptidoglycan [35]. In S. aureus it has been
shown that the gene coding for the lysine-adding en-
zyme is a fem gene essential for methicillin resistance
[36]. Mutation RUSA235 in this gene had a consider-
ably increased UDP-MurNac-L-Ala-D-Glu pool leading
to a peptidoglycan with many stem dipeptides, pre-
sumably formed via a lipid II dipeptide intermediate. In
both cases, a lower but still detectable pool of UDP-
MurNac-pentpeptide provided the pentapeptide stems
nessary for transpeptidation.

—

Park J. T. and Johnson M. J. (1949) Accumulation of labile
phosphate in Staphylococcus aureus grown in the presence of
penicillin. J. Biol. Chem. 179: 585-592

Park J. T. (1952) Uridine-5'-pyrophosphate derivatives. J. Biol.
Chem. 194: 877-904

Rogers H. J., Perkins H. R. and Ward J. B. (1980) Biosynthe-
sis of peptidoglycan. In: Microbial Cell Walls and Membranes,
pp. 239-297, Chapman and Hall, London

4 van Heijenoort J. (1995) Biosynthesis of the bacterial peptido-
glycan unit. In: Bacterial Cell Wall, pp. 39-54, Ghuysen J. M.
and Hakenbeck R. (eds), Elsevier, Amsterdam

Dutka-Malen S., Mazodier P. and Badet B. (1988) Molecular
cloning and overexpression of the glucosamine synthetase gene
from Escherichia coli. Biochimie 70: 287—290
Mengin-Lecreulx D. and van Heijenoort J. (1996) Characteri-
zation of the essential gene glmM encoding phosphoglu-
cosamine mutase in Escherichia coli. J. Biol. Chem. 271: 3239
Mengin-Lecreulx D. and van Heijenoort J. (1993) Identifica-
tion of the g/lmU gene encoding N-acetylglucosamine-1-phos-
phate uridyltransferase in Escherichia coli. J. Bacteriol. 175:
6150-6157

Mengin-Lecreulx D. and van Heijenoort J. (1994) Copurifica-
tion of glucosamine-1-phosphate acetyltransferase and N-
acetyl-glucosamine-1-phosphate uridyltransferase activities of
Escherichia coli: characterization of the glmU gene product as

NS

W

wn

(=)}

-3

oo

o

10

1

—

12

13

16

17

18

20

2

—_

22

23

Multi-author Review Article 303

a bifunctional enzyme catalyzing two subsequent steps in the
pathway for UDP-N-acetylglucosamine synthesis. J. Bacteriol.
176: 5788-5795

Gehring A. M., Lees W. J., Mindiola D. J., Walsh C. T. and
Brown E. D. (1996) Acetyltransfer precedes uridyltransfer in
the formation of UDP-N-acetylglucosamine in separable ac-
tive sites of the bifunctional GImU protein of Escherichia coli.
Biochemistry 35: 579585

Mengin-Lecreulx D., Siegel E. and van Heijenoort J. (1989)
Variations in UDP-N-acetylglucosamine and UDP-N-acetyl-
muramyl-pentapeptide pools in Escherichia coli after inhibition
of protein synthesis. J. Bacteriol. 171: 3282-3287
Schonbrunn E., Sack S., Eschenburg S., Perrakis A., Krekel
F., Amrhein N. et al. (1996) Crystal structure of UDP-N-
acetylglucosamine enolpyruvyltransferase, the target of the
antibiotic fosfomycin. Nature Struct. Biol. 4: 1065-1075
Skarzynski T., Mistry A., Wonacott A., Hutchinson S. E.,
Kelly V. A. and Duncan K. (1996) Structure of UDP-N-
acetylglucosamine enolpyruvyl transferase, an enzyme essential
for the synthesis of bacterial peptidoglycan, complexed with
substrate UDP-N-acetylglucosamine and the drug fosfomycin.
Nature Struct. Biol. 4: 1465—1474

Benson T. E., Walsh C. T. and Hogle J. M. (1996) The
structure of the substrate-free form of MurB, an essential
enzyme for the synthesis of bacterial cell walls. Nature Struct.
Biol. 4: 47-54

Constantine K. L., Mueller L., Goldfarb V., Wittekind M.,
Metzler W. J., Yanchunas J. et al. (1997) Characterization of
NADP™ binding to perdeuteriated MurB: backbone atom
NMR assignments and chemical-shift changes. J. Mol. Biol.
267: 12231246

Benson T. E., Walsh C. T. and Massey V. (1997) Kinetic
characterization of wild-type and S229A mutant MurB: evi-
dence for the role of Ser 229 as a general acid. Biochemistry
36: 796-805

van Heijenoort J. (1996) Murein synthesis. In: Escherichia coli
and Samonella, vol. 1, pp. 1025-1034, Neidhardt F. C. (ed.),
2nd ed., American Society for Microbiology, Washington DC
Tanner M. E., Vaganay S., van Heijenoort J. and Blanot D.
(1996) Phosphinate inhibitors of the D-glutamic acid-adding
enzyme of peptidoglycan biosynthesis. J. Org. Chem. 61:
1756-1760

Vaganay S., Tanner M. E., van Heijenoort J. and Blanot D.
(1996) Study of the reaction mechanism of the D-glutamic
acid-adding enzyme from Escherichia coli. Microbial Drug
Resist. 2: 51-54

Falk P. J., Ervin K. M., Volk K. S. and Ho H. T. (1996)
Biochemical evidence for the formation of a covalent acyl-
phosphate linkage between UDP-N-acetylmuramate and ATP
in the Escherichia coli UDP-N-acetylmuramate: L-alanine lig-
ase-catalyzed reaction. Biochemistry 35: 14171422
Anderson M. S., Eveland S. S., Onishi H. R. and Pompliano
D. L. (1996) Kinetic mechanism of the Escherichia coli UDP-
MurNac-tripeptide D-alanyl-D-alanine-adding enzyme: use of
a glutathione S-transferase fusion. Biochemistry 35: 16264—
16269

Emanuele J. J., Jin H., Yanchunas J. and Villafranca J. J.
(1997) Evaluation of the kinetic mechanism of Escherichia coli
uridine diphosphate-N-acetylmuramate: L-alanine ligase. Bio-
chemistry 36: 72647271

Eveland S. S., Pompliano D. L. and Anderson M. S. (1997)
Conditionally lethal Escherichia coli murein mutants contain
point defects that map to regions conserved among murein
and folyl poly-y-glutamate ligase: identification of a ligase
superfamily. Biochemistry 36: 62236229

Bouhss A., Mengin-Lecreulx D., Blanot D., van Heijenoort J.
and Parquet C. (1997) Invariant amino acids in the Mur
peptide synthetases of bacterial peptidoglycan synthesis and
their modification by site-directed mutagenesis in the UDP-
MurNac: L-alanine ligase from Escherichia coli. Biochemistry
36: 1155611563



304

24

25

2

N

27

2

oo

29

30

J. van Heijenoort

Bertrand J. A., Auger G., Fanchon E., Martin L., Blanot D.,
van Heijenoort J. et al. (1997) Crystal structure of UDP-N-
acetylmuramoyl-L-alanine: D-glutamate ligase from Escherichia
coli. EMBO J. 16: 34163425

Taku A. and Fan D. P. (1976) Identification of an isolated
protein essential for peptidoglycan synthesis as the N-acetylglu-
cosaminyltransferase. J. Biol. Chem. 251: 6154-6156
Brandish P. E., Kimura K., Inukai M., Southgate R., Lonsdale
J. T. and Bugg T. D. H. (1996) Modes of action of tunicamycin,
liposidomycin B and mureidomycin A: inhibition of phospho-
N-acetylmuramyl-pentapeptide translocase from Escherichia
coli. Antimicrob. Agents Chemother. 40: 16401644

Bupp K. and van Heijenoort J. (1993) The final step of
peptidoglycan subunit assembly in Escherichia coli occurs in the
cytoplasm. J. Bacteriol. 175: 18411843

Auger G., Crouvoisier M., Caroff M., van Heijenoort J. and
Blanot D. (1997) Synthesis of an analogue of the lipoglycopep-
tide membrane intermediate I of peptidoglycan biosynthesis.
Lett. Peptide Sc. 4: 371-376

Mengin-Lecreulx D., Texier L., Rousseau M. and van Hei-
jenoort J. (1991) The murG gene of Escherichia coli codes for
the UDP-N-acetylglucosamine: N-acetylmuramyl-(pentapep-
tide) pyrophosphoryl-undecaprenol N-acetylglucosamine trans-
ferase involved in the membrane steps of peptidoglycan
synthesis. J. Bacteriol. 173: 4625-4636

Kohlrausch U., Wientjes F. B. and Holtje J. V. (1989) Determi-
nation of murein precursors during the cell cycle of Escherichia
coli. J. Gen. Microbiol. 135: 1499-1506

3

—

32

33

34

35

36

Monomeric assembly in bacterial peptidoglycan

van Heijenoort Y., Gomez M., Derrien M., Ayala J. and van
Heijenoort J. (1992) Membrane intermediates in the peptidogly-
can metabolism of Escherichia coli: possible roles of PBP 1b and
PBP 3. Bacteriol. 174: 3549-3557

Weppner W. A. and Neuhaus F. C. (1979) Initial membrane
reaction in peptidoglycan synthesis. Interaction of lipid with
phospho-N-acetylmuramyl-pentapeptide translocase. Biochim.
Biophys. Acta 552: 418427

Matsuhashi M., Dietrich C. P. and Strominger J. (1967)
Biosynthesis of the peptidoglycan of bacterial cell walls. III. The
role of soluble ribonucleic acid and of lipid intermediates in
glycine incorporation in Staphylococcus aureus. J. Biol. Chem.
242: 3191-3206

Billot-Klein D., Shlaes D., Bryant D., Legrand R., Gutmann L.
and van Heijenoort J. (1997) Presence of UDP-N-acetylmu-
ramyl-hexapeptides and -heptapeptides in enterococci and
staphylococci after treatment with ramoplanin, tunicamycin or
vancomycin. J. Bacteriol. 15: 46844688

Begg K. J., Tagasuga A., Edwards D. H., Dewar S. J., Spratt
B. G., Adachi H. et al. (1990) The balance between different
peptidoglycan precursors determines whether Escherichia coli
cells will elongate or divide. J. Bacteriol. 172: 6697-6703
Ornelas-Soares A., de Lencastre H., de Jonge B. L. and Tomasz
A. (1994) Reduced methicillin resistance in a new Staphylococ-
cus aureus transposon mutant that incorporates muramyl
dipeptides into the cell wall peptidoglycan. J. Biol. Chem. 269:
27247-27250



