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a b s t r a c t

Muramyl di- and tri-peptides are putative activators of the innate immune system through stimulation of
the NOD2 receptor. To provide tools for the clarification of the mechanism of this activation we isolated
different UDP-muramyl tripeptides (Lys- and DAP-type) from bacteria and used them to synthesize bio-
tinylated derivatives. All biotinylated compounds retained their ability to activate NOD2 in a cell-based
test system and are therefore suitable for binding studies aimed at identifying the appropriate pattern
recognition receptor(s).

� 2011 Elsevier Ltd. All rights reserved.
The cytosolic nucleotide binding oligomerization domain-
proteins (NOD-proteins) NOD1 and NOD2 play an important role
in innate immunity as sensors for components derived from bacte-
rial peptidoglycan (PGN). These proteins are assigned to the NLR-
family whose members share a tripartite domain structure of
which the LRR domains of NOD1 and NOD2 are thought to interact
with bacterial PGN part structures as an initial step in the induc-
tion of pro-inflammatory processes.1,2 Although the pathogen-
associated molecular patterns (PAMPs) of NOD1 and NOD2 have
been identified,3 the molecular mechanism of the induction re-
mains unknown.4 Both proteins are associated with human inflam-
matory diseases. For example, three common mutations in or near
the LRR-domain of NOD2 (R702W, G908R, L1007insC) have been
found in Crohn’s disease patients.5,6 That these mutations occur
in the supposed ligand binding region of NOD2 clearly demon-
strates the need for specific tools for analyzing interactions be-
tween (the LRR domains of) NOD-proteins and their respective
peptidoglycan PAMPs.

The required minimal motif for triggering NOD2 muramyl dipep-
tide 1 (MDP; MurNAc-L-Ala-D-Glx, Fig. 1) has been identified. If the
second amino acid is a D-iso-glutamine (iQ, 1a) or a D-glutamate
(E, 1b) there is no significant effect on the potency of stimulating
proinflammatory processes as measured by the triggering of TNF-
a production in the whole blood test.7 The Lys-type muramyl tri-
peptide 2a (MTP (Lys); MurNAc-L-Ala-D-Glu-L-Lys, Fig. 1) as well
as the bacterial cell wall precursor UDP-MTP (Lys-type (2b) and
DAP-type (3b), Fig. 1) have been found to possess approximately
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equal NOD2-activity as MDP (E, 1b).3 Thus, biotinylated derivatives
of such muropeptides should be very attractive tools for binding
studies.

Presently only one biotinylated MDP is commercially available
(4, Fig. 1).8 Here, the biotin-label is bound via a 6-(6-(6-amino-
hexanamido)hexanamido)hexanoic acid-linker to the O-6-position
of the N-acetyl-muraminic acid. A similar derivatization strategy
has been used by Grimes et al.9; they synthesized C6-amino deriv-
atives of biotinylated MDP. Alternatively, we considered the carbo-
hydrate moiety of MDP to be the key element for specific
interaction with NOD2. Hence, we used the distal e-amino function
of (UDP-)MTPs (2, 3, Fig. 1) for biotinylation. In this way the min-
imal motif for recognition by NOD2 — the MDP — is chemically
unmodified, which may be ideal for the envisaged binding studies.

We isolated the bacterial cell wall precursor UDP-MTP (Lys-
type) (2b) and UDP-MTP (DAP-type) (3b) from Staphylococcus aur-
eus SA113 and from Bacillus cereus T, using a modification of the
protocol of Kohlrausch and Höltje.10 As a first synthesis strategy,
these precursors were reacted with Sulfo-NHS-Biotin (5a) or Sul-
fo-NHS-LC-LC-Biotin (5b) in phosphate buffer (pH 8.0) for 1 h at
27 �C to give the respective biotinylated derivatives 6a,11 6b and
7 after HPLC purification. We found that the use of at least
1.5 equiv of biotinylation reagent (5a or 5b) was necessary to
achieve sufficient yields (Table 1). In case of the biotinylation of
3b with 5a, only the reaction at higher temperature (50 �C) led to
a full conversion, but resulted in a decreased yield (of compound
7). It is noteworthy that only in the reaction of 2b with 5b the com-
plete conversion of starting material resulted in the highest yield.
Subsequent acidic hydrolysis of 6a, 6b and 7 followed by another
HPLC purification step led then to the biotinylated muropeptides
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Figure 1. Chemical structures of muramyl dipeptides 1, (UDP-)muramyl tripeptides 2 and 3 as well as commercially available biotin-MDP 4.

Table 1
Yields of biotinylation of UDP-muropeptides 2b and 3b using different conditions

UDP-muropeptide Equiv of biotinylation reagent Temperature (�C) Yield

2b 2.0 equiv of 5a 27 59% (of 6a)⁄a

2b 1.5 equiv of 5a 27 71% (of 6a)
2b 1.25 equiv of 5a 27 32% (of 6a)
2b 1.0 equiv of 5a 27 23% (of 6a)
2b 2.0 equiv of 5b 27 66% (of 6b)⁄

2b 1.5 equiv of 5b 27 42% (of 6b)
3b 2.0 equiv of 5a 27 48% (of 7)
3b 2.0 equiv of 5a 50 34% (of 7)⁄

3b 1.5 equiv of 5a 27 45% (of 7)

a The marked reactions (⁄) showed a full conversion of starting material (2b or 3b).
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8a12 (81%), 8b (70%) and 9 (65%). The reaction steps for this syn-
thetic route I, including the yields for the respective best condi-
tions (see Table 1), are depicted in Scheme 1.

A second possible synthesis strategy was to hydrolyse the UDP-
muramyl tripeptides 2b and 3b first to prepare the respective MTPs
2a (98%) and 3a (96%). Biotinylation of these compounds led to
compounds 8a, 8b and 9. These biotinylations were performed
with a reaction time of 1 h at 27 �C with 1.5 or 2.0 equiv of biotin-
ylation reagents 5a or 5b (Table 2). In the biotinylation reaction of
2a the use of 2.0 equiv 5a led to a twofold yield compared to the
reaction with 1.5 equiv. In contrast, in the LC-LC-biotinylation of
2a, the use of 1.5 or 2.0 equiv 5b led to 8b in comparable yields.
As it was the case with UDP-MTP (DAP) (3b) the biotinylation of
MTP (DAP) (3a) resulted in a much lower yield compared to the
reaction of the respective Lys-type counterpart. The steps for syn-
thetic route II including the yields for the respective best condi-
tions (see Table 2) are summarized in Scheme 1, too. Comparing
the reaction strategies for the synthesis of 8a both routes resulted
in comparable overall yields (58% (I) vs 60% (II) over two steps). For
the synthesis of 8b strategy II is more advantageous (46% (I) vs 71%
(II) over two steps). In case of 9 the synthesis via strategy I is
slightly improved (32% (I) vs 24% (II) over two steps).

In summary, we synthesized biotinylated derivatives of both
cell wall precursors (UDP-MTPs) and possible cell wall degradation
products (MTPs) from Gram-positive (Lys-type) and Gram-nega-
tive (DAP-type) cell walls via two different two-step synthetic
routes in acceptable to good yields.
To determine if the modified (UDP-)muramyl tripeptides were
able to induce an inflammatory response via the activation of
NOD2, all muramyl peptide derivatives were tested in NOD2-trans-
fected HEK293 cells and compared with their unmodified counter-
parts.13 As depicted in Figure 2 all modified compounds retained
their ability to activate NOD2. Only biotin-MTP (DAP) (9) as well
as its unmodified counterpart (MTP (DAP), 3a) were unable to
stimulate NOD2 (as it is known for the latter compound).3 Compar-
ing the values for biotinylated MTPs (Lys) 8a and 8b to 2a it can be
stated that at low concentration (0.1 lM) direct biotinylation of
the e-amino function of lysine without a LC-LC-linker seems to
be favorable. Comparing biotinylated UDP-MTPs (Lys) 6a and 6b
to 2b as well as biotinylated (7) and unmodified (3b) UDP-MTP
(DAP) the chemical modification had no significant influence on
the stimulatory potency in NOD2-transfected HEK293 cells. In con-
clusion, biotin-MTP (Lys) (8a) and biotinylated UDP-MTPs (6a, 6b,
7) are not only as active as their unmodified counterparts but have
also a similar NOD2 activity compared with MDP (iQ) (1a). Further-
more, 8a has a significantly higher potency to stimulate NOD2 than
commercially available biotin-MDP (iQ) (4) especially at low and
therefore physiological concentrations. This is an additional proof
for our observation that for the biotinylation of muropeptides the
use of a long chain-linker is not advantageous.

The biotinylated (UDP-)MTPs we have synthesized, especially
compound 8a, are very promising tools for clarifying the molecular
mechanism(s) whereby the human immune system recognizes
bacterial peptidoglycan part structures and in identifying the



Scheme 1. Synthetic routes I and II. a0.1 M HCl, 100 �C, 10 min. b5a or 5b, phosphate buffer (pH 8.0), 27 �C, 1 h.

Table 2
Yields of biotinylation of muropeptides 2a or 3a using different equivalents of biotinylation reagent 5a or 5b

Muropeptide Equiv of biotinylation reagent Yield

2a 2.0 equiv of 5a 61% (of 8a)
2a 1.5 equiv of 5a 32% (of 8a)
2a 2.0 equiv of 5b 69% (of 8b)
2a 1.5 equiv of 5b 72% (of 8b)
3a 2.0 equiv of 5a 25% (of 9)
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Figure 2. Test for the ability of unlabeled and biotinylated (UDP-)muropeptides to activate NOD2 in transiently NOD2-transfected HEK293 cells. Cells were incubated with
different concentrations (0.01, 0.1, 0.35, 0.7 lM) of the indicated stimulant and the secretion of IL-8 was measured by ELISA as a marker of cell activation; dark grey bar:
negative control, light grey bars: unmodified (UDP-)muropeptides, black bars: biotinylated (UDP-)muropeptides, white bars: (LC-)LC-LC-biotinylated (UDP-)muropeptides.
Data shown as means ± SEM and represent one of three independent experiments; assays were performed in triplicates.
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receptor(s) for these potent immunostimulatory bacterial
compounds.
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