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Some of the best antibiotics function by interfering with the
biosynthesis of the peptidoglycan polymer that surrounds bacterial
cells. With the emergence of bacterial pathogens that are resistant
to common antibiotics it has become imperative to learn more
about the enzymes involved in peptidoglycan biosynthesis.
Although remarkable progress has been made in characterizing
some of the early enzymes in the biosynthetic pathway,1 the
downstream enzymes have proven exceedingly difficult to study.
This is partly because the downstream enzymes are membrane-
associated,2 making them intrinsically hard to handle, and partly
because substrates for many of the enzymes are not readily
available.3 These problems have impeded the development of
activity assays suitable for detailed mechanistic investigations of
the downstream enzymes.4

MurG, a cytoplasmic membrane-associated enzyme, catalyzes
the transfer of UDP-N-acetylglucosamine (UDP-GlcNAc) to the
C4 hydroxyl of an undecaprenyl pyrophosphateN-acetylmuramyl
pentapeptide substrate (lipid I), assembling the disaccharide-
pentapeptide building block (lipid II) which is incorporated into
polymeric peptidoglycan (Scheme 1).5 No mammalian homo-
logues of this enzyme have been identified, and the muramyl
pentapeptide substrate is unique to bacteria. These features
suggest that it will be possible to design specific MurG inhibitors.
However, despite decades of effort spent characterizing MurG
activity, there is virtually no structural or mechanistic information
on the enzyme.6 Difficulties isolating lipid I have prevented the
development of a simple, direct assay for MurG activity.3,7 In
this paper we report the synthesis of a substrate for MurG and
demonstrate its use in an activity assay.

Our first synthetic target,5a (Scheme 2), differs from lipid I
in that the 55-carbon undecaprenol chain has been replaced by
the 10-carbon chain of citronellol. A shorter lipid chain was
chosen because long-chain lipids are difficult to handle; a lipid
containing a saturated isoprenol unit was chosen because allylic
pyrophosphates are unstable. Although MurG is a membrane-
associated enzyme which recognizes a lipid-linked substrate, the
chemistry takes place on the C4 hydroxyl of the lipid-linked
substrate, which is far away from the lipid anchor; therefore, we
anticipated that it would be possible to alter the lipid without
destroying substrate recognition. To make5a (Scheme 2),
muramic acid derivative1 (Sigma) was converted to the anomeric
dibenzyl phosphate2 in five steps and coupled to the protected
pentapeptide3.8,9 Hydrogenolytic deprotection produced the
anomeric phosphate4, which was treated with diphenyl citronellol
pyrophosphate.10,11 The pyrophosphate exchange reaction took
place readily in the presence of the unprotected sugar hydroxyls.
Finally, the side chain protecting groups on the peptide were
removed with TBAF, which also hydrolyzed the C-terminal
methyl ester to give the desired product5a. It should be noted
that5a is both acid- and base-sensitive. The synthesis minimizes
exposure to acid and base, while providing for a convergent
approach that allows independent modification of all three
building blocks: the peptide, the carbohydrate, and the lipid. Thus,
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Scheme 1.The Reaction Catalyzed by MurG in the Context of
Peptidoglycan Biosynthesisa

a The composition of the pentapeptide varies with microorganism,
particularly at the third position (shown here asL-Lys).13
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using the same general scheme we should be able to make a
variety of compounds to define the requirements for substrate
binding.
Initial attempts to use substrate5a in MurG activity assay

revealed problems in separating radiolabeled product from excess
labeled UDP-GlcNAc. The evidence suggests, however, that
MurG is relatively insensitive to the identity of the third amino
acid in the peptide chain.12,13 Therefore, we attached biotin
(Scheme 2)14 to theε amino group of the lysine residue so that
radiolabeled product can be readily separated from other radioac-
tive components in the reaction mixture using an avidin-
derivatized resin (Tetralin Tetrameric Avidin Resin, Promega).
The ability of MurG to recognize the biotin-labeled substrate5b
was evaluated by counting the radioactivity that binds to the resin
after incubation of various crude membrane preparations with5b
and [14C]UDP-GlcNAc.15 Reaction is rapid and efficient with a
bacterial culture that overexpresses MurG but barely detectable
with a culture expressing only endogenous levels of MurG (Figure

1; cf. curves A and E).16 Heat treating the overexpressing cell
lysate prior to adding it to the substrates prevents the reaction
(Figure 1; cf. A and D). Hence, the reaction depends on the
presence of active MurG. Furthermore, both the initial reaction
rate and conversion to product increase with the concentration
of 5b (Figure 1; cf. A, B, and C).
In conclusion, the synthetic substrate functions efficiently in a

direct assay for MurG activity despite having a different, and
dramatically shorter, lipid chain. It should be possible to use
this synthetic substrate to evaluate enzyme activity in overex-
pressing cell lysates following structural modifications to the
murG gene that produce amino acid truncations, additions,
deletions, or mutations. The synthetic substrate can also be used
to assay for enzyme activity during purification, as well as for
detailed mechanistic studies on wholly or partially purified
enzyme. These types of experiments will lay the foundation for
high-resolution structural analysis of MurG. In addition, by
evaluating the ability of other synthetic substrates to compete with
5b for [14C]UDP-GlcNAc, it should be possible to identify simpler
acceptors for use in direct screens for MurG inhibition.
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Scheme 2a

a (a) (1) 2 equiv of CCl3CH2OH, 1.5 equiv of DCC, 0.1 equiv of
DMAP, THF, room temperature, 4 h, 80%; (2) H2/Pd, EtOAc, room
temperature, 0.5 h; 10 equiv of PhCH(OCH3)2, 0.1 equiv of TsOH, DMF,
room temperature, 10 h, 81%, 2 steps; (3) 2 equiv ofiPr2NP(OBn)2, 4
equiv of 1H-tetrazole, CH2Cl2, -20 °C f 0 °C, 0.5 h, then 5 equiv of
mCPBA,-40 °C f 25 °C, 2 h, 75%; (4) Zn dust, 90% AcOH/H2O,
room temperature, 1 h, 91%. (b) (1) 2 equiv of HOBt, 2 equiv of Py-
Bop, DIEA, DMF, 0 °C, 0.5 h, 92%; (2) H2/Pd, CH3OH, room
temperature, 0.5 h, then DIEA. (c) (1) 2 equiv of (R)-(+)-â-citronellol-
OPO3PO(OPh)2, py, DMF, room temperature, 48 h, 30%, 2 steps; (2) 20
equiv of TBAF, DMF, room temperature 24 h, 57%. (d) 2 equiv of
6-[(biotinoyl)amino]hexanoic acid succinimide ester, 5 equiv of NaHCO3,
H2O/Dioxane, room temperature 2 h, 76%.

Figure 1. GlcNAc transfer as a function of [5b] and [active MurG]. All
reactions were run in 100 mM Tris-HCl, pH 7.6, 1 mM MgCl2, with
0.5-1.0µg total protein and 9.4µM [14C]UDP-GlcNAc (265 mCi/mmol).
Reactions for curves A, B, C, and D were carried out using a cell lysate
from a transformed BL21(DE3)pLysS strain that overexpresses MurG:
(A, 9) 7.1 µM 5b; (B, [) 3.5 µM 5b; (C, b) 0.71µM 5b; (D, O) 7.1
µM 5b + heat-treated cell lysate (65°C, 5 min). Reactions for curve E
were carried out using a BL21(DE3)pLysS cell lysate expressing only
endogenous levels of MurG: (E,4) 7.1 µM 5b.
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