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Several widely used antibiotics such as B-lactams, glycopep-
tides, and lipoglycopeptides exhibit their activity by inter-
fering with peptidoglycan biosynthesis. Ever-increasing
resistance to these and other agents has placed a renewed
emphasis on the need to understand the reactions in this bio-
synthetic pathway at the molecular level. While efficient
access to many of the biosynthetic enzymes has been gained,
the isolation of their natural substrates has proven difficult.
Chemical synthesis has provided valuable tools to circum-

vent this problem and has allowed convenient access to sev-
eral key intermediates and analogs thereof. Recent advances
in the synthesis of the late-stage intermediates, including the
Park nucleotide, lipid I, lipid II, fragments of the bacterial cell
wall, along with other biochemical probes are reviewed. A
brief discussion on the use of these substrates in study of this
important biosynthetic pathway is also included.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Bacterial peptidoglycan consists of a network of B-[1,4]-
linked carbohydrate polymers that are cross-linked by pen-
dant peptide side chains.['?! The biosynthetic pathway is
believed to occur in three distinct stages (Scheme 1). The
first stage takes place within the bacterial cytoplasm re-
sulting in the conversion of UDP-N-acetylglucosamine
(UDP-GIcNAc) into UDP-N-acetyl muramic acid penta-
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peptide (Park nucleotide).” The initial step in this pathway
is facilitated by the MurA enzyme and involves incorpora-
tion of an enolpyruvyl group onto the C(3) hydroxyl group
of the UDP-GIcNAc precursor. Subsequent reduction
mediated by MurB, an NADPH-dependent enolpyruvyl re-
ductase, provides UDP-N-acetylmuramic acid (UDP-
MurNAc, 2) that contains the lactate handle that serves as
the anchor for incorporation of the pentapeptide (or stem
peptide) side chain. The stem peptide side chain is then in-
corporated through a series of reactions mediated by ATP-
dependent amino acid ligases (MurC-F). The ligases facili-
tate sequential incorporation of L-Ala, D-Glu, L-Lys,"*! and
D-Ala-D-Ala to provide UDP-N-acetylmuramic acid penta-
peptide, also known as the Park nucleotide 3.[4
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Scheme 1. The bacterial cell wall biosynthesis pathway.

The second stage of the peptidoglycan biosynthetic cas-
cade takes place at the cytoplasmic surface of the bacterial
cell membrane. The first reaction is a pyrophosphate ex-
change reaction wherein the UDP-MurNAc-pentapeptide
precursor is coupled to a membrane-anchored Css lipid car-
rier to provide undecaprenylpyrophosphoryl-MurNAc-
pentapeptide, also known as lipid I 4. In a second reaction,
MurG catalyzes the transfer of GIcNAc from a UDP-
GIcNAc precursor to the C(4) hydroxyl group of the lipid-
linked MurNAc-pentapeptide. The product of this reaction,
lipid II 5, is the final monomeric intermediate utilized in
the peptidoglycan biosynthetic cascade.®

In the third and final stage of peptidoglycan biosynthesis,
lipid II is translocated to the extracellular surface of the
bacterial cell membrane where the membrane-anchored di-
1400
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saccharyl pentapeptide is polymerized into B-[1,4]-linked
glycan strands through the action of the membrane-bound
bacterial transglycosylases. The undecaprenyl carrier lipid
released during the glycosylation reaction is subsequently
translocated across the cytoplasmic membrane to be recy-
cled. In reactions mediated by the bacterial transpeptidases,
the glycan polymers are then cross-linked through amide
bond formation between the terminal amino group of the
lysine residue, or the amino terminus of an attached peptide
chain (vide supra), and the penultimate D-Ala residue of a
neighboring glycan strand. The amide bond is established
with concomitant loss of the terminal D-Ala residue.
Mature peptidoglycan is a single macromolecule, which
may contain multiple layers of cross-linked glycan strands,
and precisely defines the size and shape of the bacterial cell.

Eur. J. Org. Chem. 2007, 13991414
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Chemotherapeutic agents that inhibit bacterial cell wall
(peptidoglycan) biosynthesis have dominated treatment reg-
imens for bacterial infections in both hospital and out-
patient settings for over fifty years.[l Glycopeptide antibiot-
ics (e.g., vancomycin) and B-lactams, two of the most widely
utilized classes of antibiotics, derive their antibiotic activity
through inhibition of the enzyme-mediated transglycosyla-
tion and/or transpeptidation reactions that occur on the ex-
tracellular surface of the bacterial cell membrane.[®” The
rapid emergence of antimicrobial resistance has now begun
to erode the once dependable clinical efficacy of these che-
motherapeutic agents and has become an increasingly sig-
nificant threat to public health.

In response to the rapid increase in bacterial resistance,
a renewed emphasis has been placed on the study of the
bacterial enzymes within the peptidoglycan biosynthesis
pathway. Structural and mechanistic information gained
from these studies could make possible the design of che-
motherapeutic agents with novel mechanisms of action. Ad-
vances in protein biochemistry and molecular biology have
now provided efficient access to the enzymes utilized for
peptidoglycan biosynthesis; however, isolation of their re-
spective substrates from natural sources remains a signifi-
cant problem. Access to substantial quantities of the bio-
synthetic precursors is necessary to enable detailed study of
peptidoglycan biosynthesis and resistance mechanisms that
have evolved through use of cell wall active agents.

Isolation of the biosynthetic intermediates from bacterial
sources poses some significant challenges. First, each of the
intermediates is present in very low copy numbers. For ex-
ample, in E. coli, the copy numbers for lipid I and lipid
I are estimated to be approximately 700 and 1000-2000
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Scheme 2. Park nucleotide retrosynthetic analysis.
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molecules per cell, respectively.’] Second, separation of
miniscule amounts of the cell wall precursors from the com-
paratively large amounts of cellular lipid and membrane
components is technically challenging and further compro-
mises the ability to isolate sufficient quantities of the natu-
ral substrates to enable detailed mechanistic studies.

Over the last decade, efforts have leveraged organic syn-
thesis as a vehicle to procure these valuable biosynthetic
intermediates. Here we discuss the recent advances in this
area that have targeted the late-stage intermediates; namely,
the Park nucleotide, lipid I, and lipid II. This review will
focus on methods, both chemical and chemoenzymatic, for
the preparation of these intermediates. Substrate analogues
of the lipid intermediates, while having demonstrated their
utility in the development of assay systems to identify inhib-
itors, and for kinetic characterization of the biosynthetic
enzymes, will not be discussed in significant detail. These
have already been the subject of an excellent review.[’) We
will also present a brief discussion on how the cell wall bio-
synthetic intermediates, and cell wall fragments, can be used
to study peptidoglycan biosynthesis along with the struc-
ture of peptidoglycan itself.

Synthesis of Park Nucleotide

The total synthesis of Park nucleotide!'”? demonstrated
the power and utility of chemical synthesis as a means to
procure advanced intermediates utilized in the peptidogly-
can biosynthetic pathway and provided the foundation for
subsequent synthetic approaches directed toward lipid I
and lipid II. The synthetic strategy relied upon a Khorana—
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Moffatt coupling!!!l protocol for introduction of the glyco-
syl nucleoside diphosphate linkage (Scheme 2). This process
couples glycosyl phosphates (e.g., 6) with nucleoside 5'-
phosphoromorpholidates (e.g., 7) and is typically per-
formed, after global deprotection, as a final step in glycosyl
nucleoside diphosphate syntheses. These reactions are often
limited by the insolubility of unmasked glycosyl phosphates
in suitable organic solvents. Because the pentapeptide chain
present in the muramyl coupling partner was likely to ex-
acerbate this problem, the coupling reaction was performed
on a protected form of peptidomuramyl phosphate 6.

Protecting groups were chosen that allowed base-medi-
ated global deprotection in a single step in order to preserve
the acid sensitive anomeric pyrophosphate moiety. Peptidyl-
muramyl phosphate 6 was prepared by peptide coupling of
the protected pentapeptide 9 with an activated ester deriv-
ing from the protected muramic acid derivative 8.

The synthesis began with conversion of the benzyl N-
acetyl-4,6-benzylidenemuramic acid 10, available in three
steps from N-acetylglucosamine, to the corresponding
phenylsulfonylethyl ester. Acid-mediated cleavage of the
benzylidene acetal followed by acetylation provided the di-
acetate 11.

A phosphitylation/oxidation protocol was utilized for in-
troduction of the anomeric phosphate.'? This choice was
made based on the premise that methods that employ elec-
trophilic carbohydrate components with participating
groups at C(2) generally favor formation of 1,2-trans-linked
(B-anomer) glycosyl phosphates. The anomeric hydroxyl
group was unmasked by hydrogenolytic cleavage of the ben-
zyl ether protective group. Treatment of the intermediate
lactol with dibenzyl N,N-diethylphosphoramidite in the
presence of 1,2,4-triazole afforded the anomeric phosphite
12 as the major component of a 2.5:1 (¢/p) anomeric mix-
ture. The labile anomeric phosphites were oxidized to their

1. PhSO,{(CH,),0H

respective phosphates and purified by silica gel chromatog-
raphy (Scheme 3).

Under these conditions, the a-anomer 8 was obtained ex-
clusively in 42% overall yield from 11; the B-anomer (1,2-
trans) was not isolable likely due to rapid oxazoline forma-
tion involving the acetamido group at C(2).

The carboxyl group of 8 was unmasked through DBU-
mediated B-elimination. The pentapeptide side chain 9 was
assembled from commercially available Cbz-pD-Ala-D-Ala-
(OMe) using standard Boc protection and EDC coupling
procedures. Coupling of peptide 9 with the muramyl car-
boxyl fragment provided the muramyl pentapeptide 13 in
70% overall yield from 8. Hydrogenolytic debenzylation of
13 in the presence of cyclohexylamine provided the corre-
sponding cyclohexylammonium salt, a salt chosen to en-
hance solubility of the phosphate intermediate in organic
solvents. Khorana-Moffatt coupling of the cyclohexyl-
ammonium phosphate salt with uridine 5’-phosphoromor-
pholidate under anhydrous conditions in DMF afforded the
protected UDP-N-acetylmuramyl pentapeptide. Global de-
protection with aqueous sodium hydroxide followed by
reverse phase HPLC purification provided pure UDP-
N-acetylmuramyl pentapeptide in 32% overall yield
from 13.

Wong and co-workers have disclosed a chemoenzymatic
route to the Park nucleotide (Scheme 4).'31 In this synthe-
sis, UDP-GIuNAc was transformed into UDP-N-acetylmu-
ramic acid upon treatment with MurA and MurB. Stereose-
lective reduction of the intermediate UDP-GIcNAc enolpy-
ruvate (mediated by MurB) was facilitated through in situ
generation of NADPH from NADP using glucose and a
thermostable glucose dehydrogenase. A depsipentapeptide
analog 17, which served as a vancomycin resistant cell wall
precursor, was also efficiently accessed using depsipeptide
16 in the peptide-coupling step.
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Scheme 3. Chemical synthesis UDP-N-acetylmuramyl pentapeptide (Park nucleotide).
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Scheme 4. Chemoenzymatic synthesis of Park nucleotide and UDP-N-acetylmuramyl depsipentapeptide.

Although the chemoenzymatic strategy is generally ef-
ficient and obviates the need of lengthy protecting group
manipulations, it suffers from some inherent limitations.
First, isolation and purification of enzymes on preparative
scale is necessary. This can be difficult to achieve especially
with the downstream, membrane associated enzymes. Sec-
ond, enzyme-mediated synthesis may not be suitable for an-
alog preparation due to substrate specificity of the enzymes.
Thus, chemical synthesis offers the most versatile and reli-
able route for large-scale preparation of all the advanced
cell wall intermediates and their analogs.

Synthesis of Lipid I

Compared to the Park nucleotide, lipid I is a much more
challenging synthetic target due to presence of the unsatu-
rated undecaprenyl side chain. The lipid side chain is linked
to the carbohydrate backbone by an anomeric diphosphate.
The anomeric diphosphate linkage is extremely acid sensi-
tive because it is both allylic and glycosidic. Thus, any syn-
thetic transformations that take place after introduction of
the lipid diphosphate linkage cannot utilize acidic reaction
conditions. This consideration also mandated that base-
cleavable protective groups must be utilized for the carbo-
hydrate core and the peptide side chain if a late-stage global
deprotection was desired. In addition, the hydrophobic na-
ture of the lipid side chain raised the possibility that solubil-
ity issues or micelle formation might interfere with synthetic
transformations subsequent to its introduction. Taken to-
gether, these considerations clearly suggested a strategy that
involved a late-stage introduction of the lipid diphosphate
while minimizing the number of synthetic transformations
required after its introduction.

Two groups have independently reported a chemical syn-
thesis of lipid I and both were qualitatively similar to the
synthetic route developed by Hitchcock for synthesis of the
Park nucleotide.l'”7 The first synthesis was reported by
Walker within the context of an effort directed toward the
identification of an optimal substrate for a bacterial trans-

Eur. J. Org. Chem. 2007, 1399-1414
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glycosylase assay.'¥! The synthetic lipid I served as a sub-
strate for conversion into lipid II through incubation with
purified MurG isolated from E. coli. VanNieuwenhze and
co-workers subsequently reported a total synthesis of lipid
L.I'ST The synthetic routes used by each group were qualita-
tively very similar; the latter of these two synthetic efforts
will be discussed in the paragraphs that follow.

One of the shortcomings of the Park nucleotide synthesis
was the lack of anomeric selectivity for the phosphitylation/
oxidation sequence utilized to install the anomeric phos-
phate. For example, a-lactol 18 (the product deriving from
hydrogenolysis of the benzyl ether 11, Scheme 3) displayed
only a modest preference (2.5:1) for the desired a-phosphate
(Scheme 5). In related work, directed toward the synthesis
of lipid I analogues for use in the development of an assay
to measure MurG inhibition, Walker reported a similar
phosphitylation/oxidation sequence for a related substrate
that provided the a-anomer as the exclusive product in good
chemical yield (Scheme 5).[161

1) Et,NP(OBzl),, CH,Cl,

AcO S AcO
AgO o HN\/E AgO o
AGHN Oy AcHN OB -0Bn
O 18 2) H,O,, THF 0 g OBn
RO ~78 °Crt. RO

R = PhSO,CH,CH, 42% overall
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Ptho o H NRN Phg%O
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>$QCHN OH —20°C-0°C —_giCHN O—l%—OBn
RG O 19 2) MCPBA (5.0 equiv.) RG © 20 oBn
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R = Cl;CH, single diastereomer

Scheme 5. Comparison of phosphitylation/oxidation protocols.

Although different protective group schemes were used
in each example, we felt that the enhanced a-selectivity ob-
served by the Walker group could be due to the enhanced
acidity of 1H-tetrazole (pK, = 4.9) relative to 1,2,4-triazole
(pK, = 10.0). The greater acidity of 1H-tetrazole would pro-
1403
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vide a greater equilibrium concentration of the activated
phosphoramidite reagent such that capture by the a-lactol
occurs at a much faster rate than anomerization and cap-
ture by the more nucleophilic B-lactol. Improving the an-
omeric selectivity for this reaction was important in terms
of providing a sufficient throughput of material to complete
the lipid I and lipid II synthetic efforts (vide infra).

Thus, as depicted in Scheme 6, exposure of a-lactol 18 to
dibenzyl-N,N-diethyl-phosphoramidite and 1H-tetrazole in
dichloromethane followed by oxidation of the intermediate
anomeric phosphite with 30% hydrogen peroxide provided
the target a-phosphate 8 in 86% yield. The lactyl handle
required for incorporation of the peptide side chain was
cleanly unmasked upon exposure of 8 to DBU and provided
carboxylic acid 21 in 95% yield. Activation of 21 (EDCI,
NHS, DMF) followed by addition of pentapeptide 9 and
iPr,NEt provided differentially protected muramyl penta-
peptide 13 in 75% yield.

Having achieved efficient access to a differentially pro-
tected version of phosphomuramyl pentapeptide 13, the
stage was now set for incorporation of the lipid diphosphate
and completion of the lipid I total synthesis. A number of
methods, both chemical and enzymatic, were available for
preparation of glycosyl diphosphates. Application of the

1. (BnO),PNEt,

AcO AcO

Khorana-Moffat protocol,l'!l mentioned earlier within the
context of the Park nucleotide synthesis, would have re-
quired independent synthesis of a phosphoromorpholidate
deriving from the lipid or carbohydrate fragment. Given
this limitation, and the potential instability of such acti-
vated glyosidic or allylic phosphate intermediates, we chose
to investigate in situ activation protocols for installation of
the prenyl-linked diphosphate.

Several procedures have been developed for the construc-
tion of lipid-linked glycosyl diphosphates. For example,
phosphoric anhydrides,!'”? phosphoryl dichlorides,!'8! and
phosphoroimidazolidates!!®>°! have been used as electro-
philes for the addition of nucleophilic phosphate salts. The
phosphoroimidazolidate protocol?®! was selected because,
of the three methods highlighted above, it was the only
method that proceeded through initial activation of the
carbohydrate component. This allowed the use of commer-
cially available undecaprenyl monophosphate directly in a
coupling reaction with the activated carbohydrate compo-
nent and allowed facile introduction of the chemically sensi-
tive diphosphate linkage under relatively mild reaction con-
ditions.

Thus, cleavage of the benzyl ether protective groups from
the anomeric phosphodiester was easily achieved by hydro-
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Scheme 6. Synthesis of lipid 1.
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genolysis; the intermediate anomeric phosphate was iso-
lated as its monopyridyl salt 22 and used directly without
purification. Addition of 1,1’'-carbonyldiimidazole (CDI) to
a solution of 22 in a solution of THF/DMF (4:1) provided
the intermediate phosphoroimidazolidate. After careful
quenching of excess CDI by slow addition of methanol, a
solution of undecaprenyl monophosphate diammonium salt
and 1 H-tetrazole was added by syringe. The progress of the
reaction was conveniently monitored by mass spectrometry
until complete disappearance of activated phosphoroimid-
azolidate intermediate was observed. This crude reaction
mixture was concentrated in vacuo, dissolved in a dioxane/
water (1:1) solvent mixture, and treated with 1 N NaOH.
After stirring at room temperature for two hours, the mix-
ture was filtered and purified by reverse-phase HPLC.
Lyophilization of the pure fractions provided pure lipid I in
40% overall yield from muramyl pentapeptide 13.

Synthesis of Lipid IT

Lipid IT is the ultimate monomeric intermediate utilized
in bacterial cell wall biosynthesis and has been the target
of synthetic efforts by three research groups. Walker and
co-workers have published a chemoenzymatic approach to
lipid II. In this route, lipid I was prepared by chemical syn-
thesis and was then converted to lipid II, and various ana-
logues containing modified lipid side chains, using purified
MurG from E. coli (vide supra).l'* A series of lipid 11 ana-
logues (25a-25e) was prepared in this manner. Unfortu-
nately, even though it is the natural substrate for MurG,
lipid T (4) itself reacted slowly and provided the lowest
amount of product — in this case, lipid IT (5) — when com-
pared to the other precursors containing modified lipid side
chains (Scheme 7). Thus, this approach was not optimal for
preparative scale synthesis of endogenous lipid II.

Two chemical syntheses of lipid II have been reported;
one by VanNieuwenhze and co-workers®'l and a second by
Schwartz and co-workers.”?”) Both share a qualitatively

HO
HOZ 0
T N o o
—%ACHN O-p-0-p-OR
O | |
o o

MurG, UDP-(C)-GlIcNAG (2 equiv.)

identical synthetic pathway and differ from one another
with respect to the protecting group scheme that was em-
ployed.[??]

The retrosynthetic analysis from the VanNieuwenhze
synthesis of lipid II is presented below and will illustrate
the general strategy used by both groups (Scheme 8).**! The
analysis further shows that although the strategic bond con-
structions closely parallel those used for the lipid I total
synthesis, the additional carbohydrate residue, N-acetylglu-
cosamine (NAG), and its B-[1,4] linkage to the adjoining N-
acetylmuramic acid (NAM) residue added further complex-
ity to the overall synthetic strategy.

Starting from the lipid II target 5, and in analogy to the
lipid I synthesis presented above, the lipid diphosphate was
incorporated at a late stage of the synthesis. This minimized
the number of subsequent synthetic transformations that
this chemically sensitive linkage needed to withstand and
diminished any solubility-related issues that might arise
upon incorporation of the lipid side chain. In addition, this
left only a global deprotection as a final step. Thus, the first
disconnection revealed disaccharyl pentapeptide 26 and
commercially available undecaprenyl monophosphate 27.
Base-cleavable protective groups were used for all periph-
eral functionality in 26 in order to insure the acid-sensitive
lipid diphosphate linkage would survive the subsequent
global deprotection step.

A second retrosynthetic disconnection revealed disac-
charyl monopeptide 28 and tetrapeptide 29. The tetrapep-
tide fragment could be prepared using standard peptide
chemistry. Disaccharyl monopeptide 29 employed a triply
orthogonal protective group scheme in order to insure selec-
tive unmasking of the C-terminal carboxyl group for pep-
tide coupling. This disconnection, however, brought with it
the risk for epimerization of the a-stereocenter of the L-Ala
residue upon carboxyl activation for peptide coupling. Our
original synthetic plan called for introduction of the entire
pentapeptide side chain in a single operation. The rationale
for this change in strategy will be discussed below.
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O | |
o O

X

O~ 'NH

H
W N NH,
I ]/\/\/\/
O~ 'NH H
)\WNTCOZH
0
24a: R = citronellyl
24b: R = farnesyl
24c: R = geranylneryl
24d: R = betulaheptaprenyl

24e: R = solanesyl
4: R = undecaprenyl (lipid )

HO,C™

Scheme 7. Enzymatic conversion of lipid I to lipid II.
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R? = PhSO,(CH)2. OBn
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07 “OR?
P 2
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AA(%O
C
AcO—/ ©
30

Pg? = Troc, Phth

Scheme 8. Retrosynthetic analysis for lipid II.

The anomeric phosphate in 28 would be introduced by
a two-step sequence involving unmasking of the anomeric
hydroxyl group (protected as its benzyl ether) followed by
application of the identical phosphitylation/oxidation se-
quence utilized for lipid I. Tt is again important to note
here that the protective group scheme needed to be triply
orthogonal in order to allow selective unmasking of the an-
omeric hydroxyl and lactate carboxyl groups in the presence
of other protected functionality. In turn, disaccharide 28
could be obtained from a Konigs—Knorr glycosidation reac-
tion between glycosyl donor 30 and acceptor 31. A carba-
mate protective group was chosen for the C(2) amino sub-
stituent of glycosyl donor 30 based upon its ability to par-
ticipate in neighboring group stabilization of the oxonium
ion intermediate and thus favoring selective production of
the desired B-glycosidic linkage.

Glycosyl donor 30 was prepared on three steps from glu-
cosaminel®’! while acceptor 31 was easily prepared in three
steps from a commercially available muramic acid derivative
32 (Scheme 9).1>!
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The identification of 31 as the optimal glycosyl acceptor
was based upon the premise that an ether protective group
for the C(6) hydroxyl would result in more efficient nucleo-
philic capture of the donor by the adjacent C(4) hydroxyl
during the Konigs—Knorr glycosylation reaction when com-
pared to donors possessing acyl protective groups at C(6).
This, in turn, required a protecting group interconversion
(benzyl to acetate), subsequent to the glycosylation reac-
tion, in order to achieve global deprotection in a single op-
eration in the final stages of the synthesis.

A second consideration was also involved in the selection
of 31 as the glycosyl acceptor for the Konigs—Knorr reac-
tion used for preparation of disaccharide 28. This consider-
ation arose from the need to execute a regioselective re-
ductive opening of benzylidene acetal 34, or a derivative, in
order to selectively unmask the C(4) hydroxy group of the
acceptor for capture of the glycosyl donor. Preliminary in-
vestigation of the reductive ring-opening, using conditions
previously reported by DeNinnol?®! for regioselective ring
opening of 4,6-O-benzylidene acetals resulted in isolation
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CoH HZN\_/”\O/\/SOZPh
Me
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Scheme 9. Synthesis of glycosyl acceptor 31.12¢]
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CO,H ~ CO,Me ~ 6% Me O._-Ph
32 34 ° 35

Scheme 10. Reductive lactonization of muramic acid derivative 32.

of the lactone 35 as the major reaction product
(Scheme 10). The simplest solution to this problem was to
install the first amino acid residue present in the stem pep-
tide side chain. While this very effectively suppressed lac-
tonization during the reductive ring opening, this modifica-
tion came with the inherent risk of epimerization at the L-
Ala o-stereocenter during the carboxyl activation necessary
for introduction of the remainder of the pentapeptide side
chain ]

When the glycosyl donor 30 (Pg> = Troc) and the ac-
ceptor 31 (R?> = CH,CH,SO,Ph, R = Bzl) were combined
under rigorously anhydrous Koénigs—Knorr conditions (Ag-
OT{/CH,Cl,), the anticipated B-linked disaccharide was iso-
lated in 74 % yield (Scheme 11). The choice of the Troc pro-
tective group was driven by two major considerations: First,
we needed a participating group that would favor pro-
duction of the desired B-[1,4] linkage during the glycosyla-
tion reaction without the risk of competitive oxazoline for-
mation. Second, previous work by Wong and co-workers
had demonstrated that Troc-protected 2-amino-2-deoxyglu-
copyranose donors showed a forty-fold rate enhancement in

Troc\ BzIO
HO O
O

their glycosylation reactions when compared to phthaloyl-
protected 2-amino-2-deoxyglucopyranose donors.*"!

At this point it was necessary to change the protective
group scheme believed to be necessary for maximizing the
efficiency of the of glycosylation reaction with a scheme
optimized for late-stage global deprotection. This was con-
veniently achieved in a one-pot reaction that accomplished
two protective group exchange reactions. Glycosylation
product 36 was dissolved in acetic anhydride/acetic acid.
Exposure of this solution to anhydrous zinc chloride cleanly
removed the C(6) benzyl ether, revealing a free hydroxyl
group, that was rapidly acylated in situ. Zinc dust was then
added to the same reaction mixture to facilitate reductive
cleavage of the Troc group from the glucosamine nitrogen;
the free amino group was also acylated under the reaction
conditions. Disaccharide 37 was obtained in gram quantity
in 67% overall yield after purification by silica gel
chromatography.

Access to an ample supply of an orthogonally protected
NAG-NAM disaccharide subsequently enabled our final
approach to lipid IT (Scheme 12). The synthetic operations

AgOTf (3.0 equiv.)

TrocHN BzIO
; AASWO ;x;ﬂo
i c
4 A mol. sieves AcO 0 0

HN Br
AcO
ACO# + AcHN
AcO O >S:O O._Ph

30 HNI
o O/\/802Ph

AcHN
—g: CAN O __Ph
37 ©
HN]/\/

Scheme 11. Preparation of NAG-NAM disaccharide 37.
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ACHNOR 2 30% H,0,, THF ACHN §_11_0oBzl
0 ~78 0Cr.1. 0 OBz
HN ]: 78% HN I
O,Ph
07 o SO0Ph o502
H,, Pd/C |:37, R =Bn 1. DBU, CH,Cl,
MeOH/THF 2 EDCI, NHS, DMF
38, R=H
94% 3. 29, iProNEt
AcHN 46% overall

AcO

ACO\?ﬂ\

1) CDI, DMF/THF, then MeOH

2) undecaprenyl
monophosphate 27

3) NaOH, H,0/1,4-dioxane
24% overall from 39

H,, Pd/C, MeOH,;
then pyridine
94%

HN]:
5

Scheme 12. Completion of the lipid II synthesis.

are virtually identical to those utilized for the synthesis of
lipid I. The lipid II end game began with liberation of the
anomeric hydroxy group through hydrogenolysis of the cor-
responding benzyl ether 37. The alcohol 38 was obtained
in 94% yield and exposed to the two-step phosphitylation/
oxidation procedure described above. Anomeric phosphate
28 was obtained in 78% overall yield from 38. DBU-initi-
ated B-elimination of phenyl vinyl sulfone provided an inter-
mediate carboxylate salt that was activated for peptide
coupling by conversion to the corresponding NHS ester.
Exposure of the activated ester intermediate to tetrapeptide
29 — prepared by standard amino acid coupling chemis-
tries — provided the disaccharyl pentapeptide 39 in 46%
overall yield for the three step deprotection/activation/coup-
ling sequence. Reductive cleavage of the phosphodiester
1408
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protective groups, followed by exposure of the intermediate
phosphate to pyridine, provided the monopyridyl salt 26 in
94% yield. Finally, activation of the anomeric phosphate
as its phosphoroimidazolidate, coupling with undecaprenyl
monophosphate 27, and a final global deprotection pro-
vided lipid IT 5 as a white solid after reverse phase HPLC
purification.

Peptidoglycan Fragments

Recently, there has been a great deal of activity directed
toward study of the final stages of bacterial cell wall biosyn-
thesis. For example, Mobashery and co-workers have de-
vised versatile synthetic routes to cell wall fragments of

Eur. J. Org. Chem. 2007, 13991414
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Scheme 13. Synthesis of cell wall fragments used to characterize penicillin binding proteins.

varied architecture in order to study the balance between
D,D-transpeptidase and D,D-peptidase activity of a soluble
version of a penicillin binding protein*® and to develop a
model for the three-dimensional structure of bacterial cell
wall peptidoglycan.[3!]

With respect to the former goal, the Mobashery group
developed efficient synthetic routes toward peptidoglycan
fragments 40 and 41 (Scheme 13). Each is an analog of lipid
I (proceeding from 42), and lipid II (proceeding from 46),
lacking the full undecaprenyl diphosphate side chain. The
synthetic route to 40 also demonstrated the feasibility for
late-stage introduction of the lactate handle onto the pro-
tected NAG-NAM disaccharide; a modification that
avoided the possibility of unwanted side reactions [e.g., in-

HO o Ho 5 Ho o
HO&N/ &\ﬁ/ /&N/
HO o5 °%

AcHN AcHN i AcHN i AcHN

HoN 07 NH
/L [e] H ; (¢} N ©
HOLC )IVN\HANJ\A‘/NH
o " COH
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tramolecular lactonization (Scheme 10), and racemization
at the lactate stereocenter during peptide coupling].>%

The Mobashery group has also prepared a bacterial cell
wall fragment 47 that is comprised of a NAG-NAM-NAG-
NAM tetrasaccharide with two pendant stem peptides.
Their synthesis relied on use of the tetrasaccharide 48 con-
taining orthogonal protective groups (e.g., benzyl vs. ace-
tate) to differentiate the C(3) hydroxyl groups in the emerg-
ing NAG and NAM carbohydrate subunits (Scheme 14).
The C(3) acetate groups in 48 were cleaved by treatment
with NaOMe and the lactyl ethers were installed by alky-
lation of the free hydroxyl groups in the presence of excess
(S)-2-chloropropionic acid. The pentapeptide 45 was then
coupled with the free carboxylic acids through generation

HO o
O&SIOCHa

0~ 'NH

(@] =
H :
HN\/\)LN N%NACOQH
H o H

NH,
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1) NaOMe, 74%
2) NaH Cl\_-COH
46%  :

Ph/v(%&/BnO o BnO

AcHN

AcHN
CO,H
COZH

Scheme 14. Synthesis of cell wall fragment 47.

of a p-nitrophenol ester intermediate. Finally, cleavage of
the benzylidene acetal and subsequent global deprotection
afforded the target cell wall fragment 47.131

The preceding sections highlight the impact that chemi-
cal synthesis has had on the preparation of intermediates
utilized in the peptidoglycan biosynthesis pathway. This
capability, when coupled with access to the biosynthetic en-
zymes, and/or compounds that in some way disrupt the bio-
synthetic pathway, has provided new avenues for the study
and development of novel agents for the treatment of bacte-
rial infections. In the following section, we will highlight
some of the recent applications of these tools toward the
study of novel antibacterial agents and peptidoglycan bio-
synthesis.
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Ultility of Bacterial Cell Wall Intermediates

Although agents have been identified that inhibit many
of the steps in the peptidoglycan biosynthetic pathway,?!
most antibiotic agents that inhibit bacterial PG biosynthe-
sis exert their activity at the later stages of this biochemical
pathway.[33 Therefore, availability of the advanced interme-
diates involved in the process has greatly facilitated studies
on such antibiotics.?* These studies have been mainly di-
rected toward identification of the precise cellular targets
and delineating the binding mode between the antibiotic
and its target substrate at the molecular level. Recent work
on mechanism of action of ramoplanin A, serves as an
illustration. 33

CONH,

50
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Initial reports by Somner and Reynolds suggested that
ramoplanin likely inhibits a membrane-associated step in
bacterial cell wall biosynthesis, although it did not block
the formation of lipid I1.¢! Thus, they proposed that ramo-
planin inhibited the glycosyltranferase reaction catalyzed by
MurG through binding and sequestering the lipid I inter-
mediate. This hypothesis gained broad acceptance over the
next decade.

The cellular location of MurG was unknown at the time
of the Somner and Reynolds work. Moreover, because there
was no reliable source of lipid I at the time, there was no
means to directly monitor MurG activity nor was there a
straightforward method to assess ramoplanin binding to li-
pid I. Later, with the natural substrate(s) available by syn-
thetic routes, Walker and co-workers carried out systematic
kinetic studies of the reactions mediated by the MurG and
transglycosylase (E. coli PBP1b) enzymes. They unambigu-
ously showed that ramoplanin inhibits transglycosylation
by binding to lipid II (in 2:1, ramoplanin: lipid IT stoichi-
ometry).’”) Additional data suggested that MurG inhibi-
tion by ramoplanin may involve direct binding to MurG
rather than binding to lipid 1.B® Furthermore, the Walker
group also showed that ramoplanin inhibited MurG at con-
centrations at least 10-fold higher than the MIC values. On
the other hand, the kinetics for translycosylase inhibition
indicated that ramoplanin bound tightly to lipid II (at
107 M), which was in accordance with the MIC values.[?”)
These experiments strongly suggested that the trans-
glycosylasylation reaction was the preferred target of ramo-
planin, not the MurG-mediated glycosyltransferase reac-
tion as originally proposed by Somner and Reynolds.[*!

Research efforts in our laboratories have been focused on
chemical synthesis and biological studies on peptide anti-

H,NOC.__LOH
N i N ML _N_o
HN o)ﬁ/ H
HeNG 0 © 07w Ho o %R, b HN
HOW_~__N -

biotics that active against vancomycin- and methicillin-re-
sistant Gram-positive strains. We are currently investigating
three peptides, katanosin B 51, plusbacin Az 52, and mersa-
cidin 53 with the ultimate goal of developing novel peptide
antibiotics with enhanced antibacterial activity. All three
peptides are believed to exert their activity through seque-
stration of the lipid intermediates (i.e., lipid I and lipid II);
however, competition experiments have suggested their re-
spective binding sites are different than that used by vanco-
mycin.[3*#! Their precise mechanism of action remains to
be unequivocally established although the available evi-
dence suggests that each may inhibit the transglycosylation
reaction. It may also be possible that each has a secondary
mode of action; namely, inhibition of MurG through seque-
stration of lipid I. Plusbacin A; and katanosin B are potent
against vancomycin-resistant enterococci as well as methic-
illin-resistant Staphylococcus aureus (MIC = 0.39-3.13 pg/
mL).*!1 We are interested in determining the substrate spe-
cificities, and the correlation between the binding affinity
for the lipid intermediate(s) and antibacterial activities of
these peptides and their synthetic analogs. Also, the knowl-
edge of the three-dimensional structure of the antibiotics
bound with their lipid substrates, in a lipid-like environment
will be extremely useful. To achieve these goals, access to
the late stage lipid intermediates is of paramount impor-
tance.

Mersacidin is active against several Gram-positive bacte-
ria including streptococci, bacilli, and methicillin-resistant
Staphylococcus aureus.*>*1 Its mode of action is believed
to involve complex formation with the lipid II intermediate
and inhibition of the transglycosylation reaction.?*4%1 The
mersacidin-lipid II complex appears to be selective for lipid
II because none of the lipid II biosynthetic precursors were

H2N\I¢NH
HO HN\/\
AL\ i A 1
HO “
v N \ 4
.OH : \g/\H

B H
HO ~ (@] N
N
g N
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able to antagonize the activity of the antibiotic. Because
several of these precursors possess peptide side chains term-
inating in D-Ala-D-Ala, it seems likely that complex forma-
tion does not involve the vancomycin-binding site. Binding
of mersacidin to growing cells and isolated membranes was
not inhibited by vancomycin, thus implicating simultaneous
adsorption at two distinct binding sites. In addition, mersa-
cidin was found to have activity against vancomycin-resist-
ant Enterococcus faecium, a strain that synthesizes PG pre-
cursors terminating in D-Ala-pD-Lac.?]

Studies with mersacidin have demonstrated that it has a
preference for complexation with lipid IT as compared to
other biosynthetic intermediates. Bonvin has recently pub-
lished a report on NMR study of mersacidin and lipid IT
interaction in dodecylphosphocholine (DCP) micelles,
which were used to mimic the membrane environment. This
study showed that the compact, globular structure of mer-
sacidin opens up at a hinge region (Ala-12 and Abu-13)
upon complexation with lipid I11.4 This structural change
directly affects the exposure of charged groups suggesting
that electrostatic interactions might dictate the binding
mechanism. The structure of mersacidin is highly sensitive
to the surrounding environment. Therefore, such structural
data when obtained in a lipid bilayer environment, which
better mimics the cell surface, might provide more relevant
information.

Synthetic derivatives of the late-stage biosynthetic inter-
mediates have also found several other applications in the
study of the mechanics of bacterial cell wall biosynthesis,
assay development for the identification of inhibitors of this
process, and for bacterial cell wall engineering. For exam-
ple, Mobashery has reported the synthesis of cell wall frag-
ments 40 and 41 (Scheme 13) as probe substrates to assess
the balance between D,D-transpeptidase activity (i.e., the
stem-peptide cross linking reaction) and D,D-peptidase ac-
tivity.?% The latter reaction results in the cleavage of the C-
terminal D-Ala residue and serves as a control to modulate
the extent of cross-linking by the D,D-transpeptidases. Both
40 and 41 were shown to be substrates for cloned and puri-
fied PBPS from E. coli and enabled determination of the
kinetic parameters for the reactions mediated by this en-
zyme. In addition, Mobashery has developed a model for
the three-dimensional structure of cell wall fragment 470311
wherein the carbohydrate backbone of peptidoglycan

HO
HOO&O:
o} o}
#ACHN O\B’O\B’O\/Y\/ﬁ/
(6] | |
o~ O

NaHCO;, H,O/dioxane, r.t., 2 h

adopts a right-handed helix of defined periodicity — three
NAG-NAM repeats per helix turn. This information has
provided the foundation for a proposed model for the three-
dimensional structure of bacterial cell wall peptido-
glycan.*]

In addition to the elegant work elucidating the likely
mode of action of ramoplanin A,, the Walker group has
made several important contributions to the study of the
peptidoglycan biosynthetic pathway; specifically, the MurG
and transglycosylation reactions, that have made use of
modified peptidoglycan precursors. Lipid 1 derivative 54
was prepared for use as a substrate in the development of
a MurG assay system.[!®4%] The citronellyl lipid side chain
enhances the solubility of 54, relative to lipid I itself, and
improves stability by removing the chemically sensitive al-
lylic double bond. The substrate was prepared by a syn-
thetic route that was qualitatively similar to that illustrated
for lipid I (vide supra); the major difference being the pres-
ence of a citronellyl diphosphate linkage in place of the nat-
ural undecaprenyl diphosphate linkage.l'®**) Compound 54
was incubated with UDP-('#C)-GIcNAc and MurG. Reac-
tion progress was monitored through measuring the
amount of radiolabeled lipid IT product. Initial attempts to
use 54 in this assay system uncovered problems with separa-
tion of the radiolabeled product from excess UDP-('4C)-
GIcNAc. This issue was conveniently addressed by conver-
sion of 54 into the biotin-tagged derivative 56 thus allowing
the radiolabeled product to be easily separated from other
radioactive components in the reaction mixture through use
of an avidin-derivatized resin.[!6-:46]

The Walker group has also reported a detailed study of
the relationship between lipid chain length, along with ge-
ometry of the allylic double bond, and substrate reactivity
in transglycosylase assays employing lipid II derivatives
(Scheme 7). Interestingly, lipid II analogs bearing lipid
chains much shorter than the natural C55 substrate, or ana-
logs having a trans geometry at the double bond proximal
to the diphosphate linkage (e.g., 25b,e) did not react, while
an analog containing a lipid side chain with seven prenyl
units (25d) was an excellent substrate (Scheme 15).14

Schwartz and co-workers (vide supra) have used lipid II
for the development of an assay system for observation of
the glycosyl transfer and transpeptidation reactions cata-
lyzed by PBP1b of E. coli (Scheme 16).22] Progress of the
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Scheme 15. Synthesis of a biotin-tagged lipid I derivative for MurG assay development.
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glycosyl transfer reaction was readily monitored by incu-
bation of lipid II with recombinant PBP1b and removal of
aliquots of the reaction mixture at specified time points.
After adjusting the pH of the reaction mixture (pH=9),
fluorescamine 57 was added to the reaction mixture. Unre-
acted lipid II formed the fluorescent condensation product
58, whose presence was readily monitored by HPLC. Signif-
icantly, the transpeptidation reaction could also be moni-
tored by the same reaction system through visualization of
the fluorescent adduct 59 formed through condensation of
the by-product of the transpeptidation reaction, the ter-
minal D-Ala residue of the stem peptide, with fluoresc-
amine. This, in principle, would allow simultaneous moni-
toring of the transglycosylation and transpeptidation pro-
cesses from a single reaction mixture.*?!

The Schwartz group has also developed a continuous
fluorescence assay system that utilizes a dansylated lipid 11
reporter substrate in order to determine the effect of pH on
the glycosyl transfer reaction.#7]

lipid 1l AcHN
HO
5 o 0 0
Ho—/ © 0
PBP1b
PG (E. coli.)
HN
unreacted pH>9 I
lipid 1l
5 0O~ "NH

58
fluorescamine
o) 57

Finally, Nishimura has used derivatives of the Park nu-
cleotide to provide functional handles to derivatize the sur-
face of bacterial cell walls (Scheme 17).14839 This method
relies upon the display of ketone functional handles on cell
surfaces that are presented for capture by external nucleo-
philes. Compound 61 was prepared by a simple carbodi-
imide-mediated coupling reaction between the g-amino
group if the lysine residue in the Park nucleotide (UDP-
MurNAc-pentapeptide) and 4-oxopentanoic acid 60.

Bacterial cells were incubated with 61 that resulted in its
incorporation into the cell wall. After collection of the bac-
teria by centrifugation, the bacteria were resuspended in
buffer and treated with a fluorescent dye (e.g., Alexa Fluor®
388 hydrazide 62) or oligomannose derivative 63. Fluor-
escent labeling of the cell wall was easily confirmed by
fluorescence microscopy;[*¥ display of oligomannose on
the surface of bacterial cell walls was demonstrated by an
increase in adhesion of the sugar-displaying bacteria onto
concancavalin A films as measured by surface plasmon res-

#QCHN o\g—o\gzo

Scheme 16. Lipid II labeling for monitoring transglycosylation reaction.
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Scheme 17. Display of fluorescent and epitope tags on bacterial cell surface.
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onance.’Y! Chemical engineering of the bacterial cell sur-
face may allow for a variety of epitopes to be displayed on
the bacterial cell surface that could find several applica-
tions, such as in the development of novel drugs and vac-
cines or in the modulation of bacterial pathogenicity.

In summary, the intent of this review was to highlight the
significant contributions that organic synthesis has made to
the study of bacterial cell wall biosynthesis. This survey was
not intended to be an exhaustive review of this field, but
rather to illustrate how organic chemistry has contributed
to this important field of research. Organic synthesis has
provided powerful solutions to the problems of substrate
availability along with biochemical tools to enable more de-
tailed study of the peptidoglycan biosynthetic pathway.
This, in turn, has provided the foundation to conceptually
novel approaches (e.g., epitope tagging) for treatment of in-
fections due to pathogenic bacteria. With the continued in-
crease in bacterial resistance, increasing emphasis will be
placed upon the quest for new antibacterial agents with
novel mechanisms of action. As the examples presented in
this review illustrate, organic synthesis can have a signifi-
cant role in support of this quest.
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