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Automated glycan assembly of peptidoglycan
backbone fragments†
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We report the automated glycan assembly (AGA) of different oligo-

saccharide fragments of the bacterial peptidoglycan (PGN) back-

bone. Iterative addition on a solid support of an acetyl glucos-

amine and a new muramic acid building block is followed by clea-

vage from the solid support and final deprotection providing 10

oligosaccharides up to six units.

Peptidoglycans (PGN) are an essential component of the cell
wall of both Gram-positive and Gram-negative bacteria. PGN
serve a structural function, counteracting osmotic pressure
and maintaining cell shape, and protect against external
threats.1,2 The main PGN structure is made of linear glycan
strands cross-linked by short peptide chains (Fig. 1b).3 Several
structural modifications at both the glycan part, such as acetyl-
ation, and the stem peptide are possible in order to give rise to
hundreds of structural variants.4 Nevertheless, the structure of
the glycan backbone is generally conserved and it is composed
of two alternating amino sugars (Fig. 1a), N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc), linked by a
β-1–4 bond. The D-lactoyl group of each MurNAc residue is con-
nected through an amide bond to a stem peptide that can be
up to five amino acid residues long.5 Many modifications can
occur at the peptide chain,2 in particular at the third amino
acid. The majority of Gram-positive bacteria have an L-Lys at
position three, while the majority of Gram-negative bacteria
have a non-proteinogenic amino acid A2pm (2,6-diaminopime-
lic acid). The final dipeptide might present some modifi-
cations due to acquired resistance to antibiotics.6 Stem pep-

tides from different glycan strands may be cross-linked either
directly or by an interpeptide bridge consisting of one to seven
amino acid residues.2

In the past two decades, PGNs drew interest not only as a
possible target for antibiotics,7 but also for their role as immu-
nostimulatory molecules,8–11 as well as in mouse brain devel-
opment and behavior.12 It was suggested that PGN fragments
have many diverse roles as signalling molecules, including
communication between bacteria and bacteria with the host,
as well as pathogenesis in animals and plants.5 PGNs have
also been correlated with some autoimmune and chronic
inflammatory diseases.13–16 In particular, some studies14,17–19

have demonstrated that peptidoglycan fragments are present
within phagocytes in the brain of multiple sclerosis patients
and that anti-PGN antibodies are present in cerebrospinal
fluid during active disease, suggesting a possible link between

Fig. 1 (a) Symbolic representation and structures of the two amino
sugars, N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid
(MurNAc). (b) Schematic representation of the peptidoglycan structure.
The different glycan strands are branched on the MurNAc residues with
a sequence of amino acids (dark green circles) called stem peptide. An
interpeptide bridge (light green box) may connect the two stem
peptides.
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these molecules and disease. Therefore, the level and identity
of PGNs in the blood, urine, and tissues, might serve as a
potential marker for progression of autoimmune and inflam-
matory diseases, and, hence, as a tool in therapy monitoring.13

Given the biological relevance of these molecules, insight
into PGN structure is essential to understand the role of PGNs
in pathogenesis, discovering the mechanisms involved in their
release, and how they are detected by bacterial versus human
host cells.5 Even though different proteins with PGN binding
activity have been identified, the exact epitopes they recognize
remain poorly characterized.20 A major drawback in the
characterization of the binding motif is the complexity in the
purification of the PGN fragments from biological sources.20

Therefore, to obtain pure compounds it is necessary to resort
to chemical synthesis. The chemical synthesis of such oligo-
saccharide libraries is not trivial and requires an immense syn-
thetic effort.21–24 Automated glycan assembly (AGA)25 has
already proven its versatility in the generation of oligosacchar-
ide collections.26,27 Iterative coupling of different building
blocks (BB) on a solid support allows for the synthesis of well-
defined oligo- and polysaccharide structures in a fast manner.

Here, we report the AGA of ten fragments related to the
glycan strands of PGNs using two different monosaccharide
BBs. To prepare the compound collection, we designed BBs 1
and 2 (Scheme 1) that can be synthesized starting from an
unprotected glucosamine. The amine at C2 was equipped with
a trichloroacetyl (TCA) as participating protecting group, to
ensure β selectivity during glycosylation. The TCA can be con-
verted into the desired acetyl group upon reduction during the
final deprotection.

Fluorenylmethoxycarbonyl (Fmoc) was installed at C4 and
used as a temporary protecting group for β1–4 chain elonga-
tion. A lactic ester was installed in position three of the BB 2
as precursor for the lactic acid moiety of the muramic acid. All
other positions were protected with benzyl (Bn) permanent
protecting groups. The phosphate leaving group was preferred
to other leaving groups due to observed higher coupling
efficiency in AGA for glucosamine BBs.28 The two desired BBs
1 and 2 are accessible starting from the unprotected glucos-

amine with a divergent synthetic pathway from glucosamine
thioglycoside 3.29 Glycosyl phosphate building block 1 was pre-
pared in nine steps, following published procedures.28–30

BB 2 was synthesized starting from thiogycoside 329

(Scheme 2) that was treated with NaH and (–)-ethyl (S)-2-trifluro-
methanesulfonyl propionate, previously prepared in situ from
ethyl L-(–)-lactate and triflic anhydride,31 to obtain the monosac-
charide 4 with the ethyl propionate at C3. Different solvents
were tested. Initially, DMF was used, but only starting material
was recovered. In THF the reaction appeared to proceed to com-
pletion, but the desired compound was obtained in an insepar-
able mixture with different side products. Compound 3 proved
insoluble in dichloromethane. Therefore, we added some drops
of DMF, to completely dissolve the starting material. This
mixture gave the best result, affording 4 in 53% yield. The regio-
selective opening of the benzylidene was attempted using the
Broensted acid trifluoroacetic acid and triethylsilane32 as
hydride donor. These conditions provided a low yield since a
side product originated from the condensation of the free
hydroxyl group on position 4 and the ethyl ester. This side
product was previously reported when Kinzy et al. used a
Broensted acid to hydrolyze the benzylidene acetal.33

Therefore, another strategy for the selective benzylidene
opening, involving Me3N·BH3 and the Lewis acid BF3·OEt2 in
acetonitrile was adopted.34 Under these conditions, the for-
mation of the lactone side product was not observed. Finally,
the hydroxyl group on C4 was protected with Fmoc to give 6
and subsequently, the thioglycoside was transformed into the
corresponding α-glycosyl phosphate 2.

With BB 1 and 2 in hand, we moved forward with the syn-
thesis of our collection of oligosaccharides using AGA
(Scheme 3). Merrifield resin functionalized with a photocleavable
linker was used as solid support.35 The BBs were coupled to the
solid support using TMSOTf-promoted glycosylation, employing
one cycle and five equivalents of BB. Then, an acidic capping
solution was used to acetylate the unreacted hydroxyl groups
and, thereby, minimizing deletion sequences.36

Subsequently, the Fmoc carbonate was cleaved from the
structure, preparing the monosaccharide for the installation of

Scheme 1 Retrosynthetic approach to obtain the glycan backbone of
PGN and the two BB required for the synthesis.

Scheme 2 Synthesis of the MurNAc BB 2. Reagents and conditions: (a)
(–)-ethyl (S)-2-trifluoromethylsulfonyloxy propionate, NaH, DMF/
CH2Cl2, 0 °C → rt, 53%; (b) Me3N·BH3, BF3·OEt2, CH3CN, 0 °C → rt, 65%;
(c) FmoCl, pyridine, CH2Cl2, rt, 93%; (d) (BuO)2P(O)OH, NIS, TfOH, 0 °C
→ rt, 83%.
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the next unit. This cycle of coupling, capping, and deprotection
was repeated until the desired sequence was achieved. Once
AGA was completed, the oligosaccharides were cleaved from the
resin using UV light (365 nm) in a continuous flow photo-
reactor.35 After purification of the desired oligosaccharides from
the deletion sequences, the basic hydrolysis of the lactoyl esters
to carboxylic acids was performed using LiOH in a solution of
THF/dioxane/H2O.

31 The remaining protecting groups were
cleaved by hydrogenolysis with Pd/C and H2. Under these con-
ditions, the TCA group was reduced to acetamide. This last step
was more problematic, since after several days of hydrogenoly-
sis, we still observed the presence of multiple chlorine atoms by
MALDI. Therefore, for the hexamers were hydrogenated under
high pressure to achieve complete conversion in 48 h. The rela-
tively low yield is caused by the inefficiency of the photocleavage
from the resin together with the rather low reactivity of the
building blocks, which led to the presence of deletion
sequences. Finally, ten different PGN glycan backbones of alter-
nating MurNAc and GlcNAc moieties, equipped with an amino-
linker were obtained: the two monomers 8 and 9, two disac-
charides 10 and 11, two trimers 12 and 13, two tetramers 14
and 15, and two hexamers 16 and 17.

Conclusions

Ten oligosaccharide fragments of the PGN backbone were
synthesized. The use of a new MurNAc BB enabled the fast
synthesis of a collection of oligosaccharides up to hexamers.
These oligosaccharides can be used to create glycan micro-
arrays for the characterization of peptidoglycan directed
antibodies. Advancing the idea from recently published
approaches, where molecules on microarrays were modified
directly on the glass slide after in situ synthesis37 or print-
ing,38 we will follow a similar strategy. We envision to
couple different stem peptide variants from solution,
forming the amide bond directly with the arrayed oligosac-
charides. These arrays will support the identification of epi-
topes recognized by anti-PGN antibodies, and can poten-
tially help to close current knowledge gaps in autoimmune
disorders.

Conflicts of interest
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Scheme 3 Automated glycan assembly of PGN oligosaccharides. Reagents and conditions: (a) 1 × 5 equiv. BB1, TMSOTf, CH2Cl2, −30 °C (5 min) →
−15 °C (35 min); (b) 1 cycle of a 10% acetic anhydride and 2% methanesulfonic acid in CH2Cl2, 25 °C; (c) 3 cycles of 20% piperidine in DMF, 25 °C
(5 min) (Module B); (d) CH2Cl2, hν (365 nm); (e) LiOH, THF/1,4-dioxane/H2O, 2–24 h; (f ) H2, Pd/C, H2O/HOAc, 16–48 h. 8: 27%; 9: 42%; 10: 20%; 11:
10%; 12: 11%; 13: 9%; 14: 3%; 15: 8%; 16: 3%; 17: 2%.
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