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Nucleotide-binding oligomerization domain (NOD) protein 1 (NOD1) and NOD2 are pathogen recognition
receptors that sense breakdown products of peptidoglycan (PGN) (muropeptides). It is shown that a number
of these muropeptides can induce tumor necrosis factor alpha (TNF-a) gene expression without significant
TNF-a translation. This translation block is lifted when the muropeptides are coincubated with lipopolysac-
charide (LPS), thereby accounting for an apparently synergistic effect of the muropeptides with LPS on TNF-a
protein production. The compounds that induced synergistic effects were also able to activate NF-kB in a
NOD1- or NOD2-dependent manner, implicating these proteins in synergistic TNF-a secretion. It was found
that a diaminopimelic acid (DAP)-containing muramyl tetrapeptide could activate NF-kB in a NOD1-depen-
dent manner, demonstrating that an exposed DAP is not essential for NOD1 sensing. The activity was lost when
the a-carboxylic acid of iso-glutamic acid was modified as an amide. However, agonists of NOD2, such as
muramyl dipeptide and lysine-containing muramyl tripeptides, were not affected by amidation of the «-car-
boxylic acid of iso-glutamic acid. Many pathogens modify the a-carboxylic acid of iso-glutamic acid of PGN,
and thus it appears this is a strategy to avoid recognition by the host innate immune system. This type of

immune evasion is in particular relevant for NOD1.

The ability to rapidly recognize microbial components and
respond by initiating an acute inflammatory response is a cru-
cial first line of defense against a microbial challenge. Overac-
tivation of this inflammatory response can, however, lead to
the clinical symptoms of septic shock and results in 100,000
deaths annually in the United States (33, 34). It has been
estimated that 1% of hospitalized patients and 20 to 30% of
patients in intensive care units develop sepsis. The advent
of new antimicrobial resistance patterns, the increasing use of
chemotherapeutic agents, and the emergence of diseases char-
acterized by immunosuppression have caused the incidence of
septic shock to increase dramatically.

Lipopolysaccharide (LPS), peptidoglycan (PGN), and lipo-
teichoic acid are three principal bacterial cell wall components
implicated in inducing the clinical manifestations of septic
shock (47). These components exert their biological effects by
stimulating the host’s monocytes and macrophages to produce
proinflammatory mediators, such as tumor necrosis factor al-
pha (TNF-a), interleukin-1 (IL-1), and IL-6. These mediators
in turn elicit a variety of inflammatory responses in the host.

LPS, a vital component of the outer leaflet of the gram-
negative bacterial outer membrane, comprises three structural
units: an outer polysaccharide component, a core oligosaccha-
ride region, and the innermost portion, lipid A (5, 32). The
lipid A region is largely responsible for the proinflammatory
activity of LPS and generally consists of a hexa-acylated bis-
1,4’-phosphorylated glucosamine disaccharide. The results of
recent studies indicate that the lipid A region (11, 15, 32) of
LPS initiates inflammatory responses by interacting with the
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Toll-like receptor 4 (TLR4)/MD2 complex (1, 2, 30, 41) on the
surfaces of mononuclear phagocytes.

PGN is particularly abundant in gram-positive bacteria, in
which it accounts for approximately one-half of the cell wall
mass. On the other hand, gram-negative bacteria contain only
a relatively thin PGN layer in the periplasmic space (17, 29, 35,
37, 48, 49). PGN is a large polymer composed of alternating
B(1-4)-linked N-acetylglucosamine and N-acetylmuramic acid
residues, cross-linked by short peptide bridges (Fig. 1). These
peptides consist of four or five alternating L and p amino acids
that are attached to the carboxylic acid of N-acetylmuramic
acid. Among different bacterial species the structure of the
sugar chain is rather conserved, while the composition of the
peptide subunits varies considerably. For example, lysine is
commonly the third amino acid of the peptide moieties of PGN
of most gram-positive bacteria, while gram-negative and most
rod-shaped gram-positive bacteria have a diaminopimelic acid
(DAP) residue at this position. Furthermore, the a-carboxylate
of the iso-D-Glu moiety is often amidated or linked to addi-
tional amino acids such as Gly or p-Ser (17, 23, 24, 37, 43).
Although, it was initially thought that the p-Ala-p-Ala moiety
was invariant, it has been discovered that, in antibiotic-resis-
tant gram-positive strains, the terminal pD-Ala residue can be
replaced by D-Lac or D-Ser (37). There is also considerable
heterogeneity in the nature of the interpeptide bridge, which
connects the e-amino group of the lysine or DAP moiety to the
penultimate p-Ala of another PGN chain, resulting in loss of
the terminal p-Ala (37).

It has been proposed that PGN is recognized by TLR2 in
combination with TLR1 or TLR®6, resulting in the production of
cytokines (38, 42, 51). Recent studies using highly purified PGN
have, however, provided conflicting results, and hence it is unclear
whether TLR1/2 or TLR2/6 can initiate cellular activation after
binding PGN (14, 45). In addition, it has been shown that pepti-
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FIG. 1. Structure of PGN. (a) Common primary structure of PGN.
(b) Variations in the peptide chain of PGN. Residues in parentheses may
replace corresponding amino acids. The a-carboxylic acid of iso-D-Glu
may be modified by an amide, Gly, or D-Ser. Dab, 2,4-diaminobutyric
acid; DAHP, 2,6-diamino-3-hydroxypimelic acid; Hyg, threo-3-hydroxy-
glutamic acid; Hyl, hydroxylysine; Lan, lanthionine; Orn, ornithine.

doglycan recognition proteins (PGRPs) (3, 12, 13, 19, 39) can
either bind or enzymatically cleave PGN. There are convincing
data that nucleotide-binding oligomerization domain (NOD) pro-
tein 1 (NOD1) and NOD?2 are pattern recognition receptors for
PGN (6, 13, 19, 25). Structure-activity relationship studies have
indicated that NOD1 recognizes muramyl tripeptide containing
DAP (MTP-DAP) (7, 18), whereas NOD2 mediates cellular ac-
tivation induced by muramyl dipeptide (MDP) and lysine-con-
taining muramyl tripeptide (MTP-Lys) (20, 26).

Recently, we demonstrated that MDP induces TNF-a gene
expression without significant TNF-a protein production (50).
This block in translation is, however, removed in the presence
of LPS and PGN, thereby accounting for an apparently syner-
gistic effect of MDP with LPS or PGN on TNF-a protein
production. It is unclear whether any PGN breakdown prod-
ucts other than MDP can induce a synergistic effect with LPS
and PGN. In this respect, it has been found that Bordetella
pertussis, the causative agent of the respiratory disease pertus-
sis, releases relatively large quantities of the muropeptide tra-
cheal cytotoxin, a subunit of gram-negative bacterial PGN (16).
When applied to hamster trachea epithelial cells, muropeptide
tracheal cytotoxin and LPS were found to be highly synergistic
in the induction of IL-la and nitric oxide synthase. Others,
however, have found that this compound and other PGN part
structures do not induce a synergistic effect (44).
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As part of a study to determine in detail the immunological
properties of PGN part structures, we have examined the abil-
ity of a relatively large range of synthetic muropeptides to
induce TNF-a mRNA and protein production in a human
monocytic cell line. Furthermore, TNF-a secretion induced by
LPS alone was compared to that of LPS coincubated with the
muropeptides. The resulting data have been correlated with
cellular activation studies using HEK293T cells transfected
with NOD1 or NOD2 and a reporter gene.

MATERIALS AND METHODS

Reagents. The synthesis of compounds 1 to 9 has been reported elsewhere (9, 10,
22, 28, 36, 40). Escherichia coli 055:B5 LPS was obtained from List Biological
Laboratories, polymyxin B (PMB) from Bedford Laboratories, and recombinant
human TNF-a from Endogen. All data presented in this study were generated using
the same batch of E. coli 055:B5 LPS. Plasmids expressing human NOD1 and NOD2
(pcDNA3-NOD1-HA and pcDNA3-NOD2-HA, respectively) were generously pro-
vided by G. Nunez (University of Michigan, Medical School, Ann Arbor).

Cell culture. Mono Mac 6 (MM6) cells, provided by H. W. L. Ziegler-Heit-
brock (University of Munich, Munich, Germany), were cultured in RPMI 1640
medium with L-glutamine (BioWhittaker) supplemented with penicillin (100
U/ml)-streptomycin (100 wg/ml; Mediatech), OPI supplement (containing oxa-
loacetate [1 mM], pyruvate [0.45 mM], and bovine insulin [0.2 U/ml; Sigmal]), and
fetal bovine serum (10%; HyClone). New batches of frozen cell stock were grown
up every 2 months, and growth morphology was evaluated. Before each exper-
iment, MMB6 cells were incubated with calcitriol (10 ng/ml; Sigma) for 2 days for
differentiation into macrophage-like cells. The human embryonic kidney cell line
(HEK293T), obtained from ATCC, was grown in Dulbecco’s modified Eagle’s
medium (ATCC) with L-glutamine (4 mM), glucose (4.5 g/liter), and sodium
bicarbonate (1.5 g/liter) supplemented with penicillin (100 U/ml)-streptomycin
(100 pg/ml; Mediatech) and fetal bovine serum (10%; HyClone). All cells were
maintained in a humid 5% CO, atmosphere at 37°C.

TNF-a ELISA. Differentiated cells were harvested by centrifugation, gently
suspended (10° cells/ml) in prewarmed (37°C) medium, and incubated with
different combinations of stimuli for 5 h in the presence or absence of PMB as
described below. To study the synergistic effect of the muropeptides, cells were
first preincubated with the muropeptides for 30 min. Concentrations of TNF-« in
culture supernatants were determined in duplicate by a solid-phase sandwich
enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates (Nalge
Nunc International) were coated with purified mouse anti-human TNF-a mono-
clonal antibody (MAb; Pharmingen). TNF-« in standards and samples was al-
lowed to bind to the immobilized MAD for 2 h at room temperature, after which
biotinylated mouse anti-human TNF-a MAb (Pharmingen) was added. After
addition of avidin-horseradish peroxidase conjugate (Pharmingen) and ABTS
[2,2"-azino-di(3-ethylbenthiazoline-6-sulfonate)] peroxidase substrate (Kirkegaard
& Perry Laboratories), the absorbance was measured at 405 nm using a micro-
plate reader (Molecular Devices). LPS concentration-response data were ana-
lyzed using nonlinear least-squares curve fitting in Prism (GraphPad Software,
Inc.). These data were fit with the following logistic equation: Y = E_ . /[1 +
(ECs/X)Hill slope] "where Y is the TNF-« response, X is the LPS concentration,
E ..« is the maximum response, and ECs, is the concentration of LPS producing
50% stimulation. All TNF-a values are normalized for either the E,,, or ECs,
of LPS (100%) and presented as the means * standard deviations (SD) of
duplicate cultures, with each experiment being repeated three times.

Preparation of RNA and quantification of TNF-o mRNA by real-time PCR
analysis. Cells were harvested by centrifugation, gently suspended (1.25 X 10°
cells/ml) in prewarmed (37°C) medium, and incubated with stimuli in the pres-
ence or absence of polymyxin B. After 1.5 h the cells were harvested and total
RNA isolated using the Absolutely RNA miniprep kit (Stratagene). TNF-a gene
expression was quantified in a two-step reverse transcription-PCR (RT-PCR)
using random hexamers from TaqgMan RT reagents, the Tagman universal PCR
master mixture, and TagMan predeveloped assay reagents for human TNF-a
(Applied Biosystems). Measurements were performed using the ABI Prism 7900
HT sequence detection system (Applied Biosystems). As an endogenous control,
18S rRNA gene expression was measured using the TagMan rRNA control
reagents (Applied Biosystems). Results represent means *= SD of quadruplicate
measurements. Each experiment was repeated three times.

Evaluation of materials for LPS contamination. To ensure that any increase in
TNF-a production was not caused by LPS contamination of the solutions con-
taining the various stimuli, the experiments were performed in the absence and
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FIG. 2. Structures of synthetic muropeptides.

presence of PMB, an antibiotic that avidly binds to the lipid A region of

thereby preventing LPS-induced monokine production (46). TNF-a concentra-

tions in supernatants of cells preincubated with PMB (30 wg/ml) for 30

before incubation with E. coli O55:B5 LPS (10 ng/ml) for 5 h were reduced from
2,330 = 111 pg/ml to 10 = 7 pg/ml. Similarly, preincubation with PMB before
incubation with E. coli O55:B5 LPS (100 pg/ml) for 90 min decreased TNF-a
mRNA induction from 16.65-fold to 1.03-fold. Preincubation with PMB had no

LPS,

min was inconsequential.

INFECT. IMMUN.

effect on either mRNA expression or TNF-a synthesis by cells incubated with
synthetic compounds 1 to 9. Therefore, contamination of the latter preparations

Transfection and NF-kB activation assay. The day before transfection,
HEK293T cells were plated in 96-well cell culture plates (16,000 cells/well). The
next day, cells were transiently transfected with expression plasmids using Poly-
Fect transfection reagent (QIAGEN). Briefly, pcDNA3-NODI1-HA (0.05 ng/
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well) or pcDNA3-NOD2-HA (0.005 ng/well) was cotransfected with pELAM-
Luc (NF-kB-dependent firefly luciferase reporter plasmid; 50 ng/well) (8) and
PRL-TK (Renilla luciferase control reporter vector; 1 ng/well; Promega) as an
internal control to normalize experimental variations. The empty vector
pcDNA3 (Invitrogen) was used as a control and to normalize the DNA concen-
tration for all of the transfection reactions (total DNA, 70 ng/well). Forty-four
hours posttransfection, cells were exposed to the stimuli for 4 h, after which cell
extracts were prepared. The luciferase activity was measured using the dual-
luciferase reporter assay system (Promega), according to the manufacturer’s
instructions, and the Fluoroskan Accent FL combination luminometer/fluorom-
eter (Thermo Electron Corporation). Expression of the firefly luciferase reporter
gene was normalized for transfection efficiency with expression of Renilla lucif-
erase. The data are reported as the means * SD of triplicate treatments. The
transfection experiments were repeated at least twice.

Statistical analysis. All data were analyzed using the unpaired Student # test.
A P value of <0.05 was regarded as statistically significant.

RESULTS

Synthetic derivatives of peptidoglycan. A number of synthetic
muropeptides (Fig. 2; compounds 1 to 9) (9, 10, 22, 28, 36, 40)
were employed to determine structure-activity relationships for
the secretion of TNF-a protein in the absence or presence of LPS,
the transcription of TNF-a mRNA, and the activation of
HEK293T cells transfected with either NOD1 or NOD2 in com-
bination with a reporter gene. The experiments were designed in
such a way to uncover which important PGN part structure can
induce synergistic TNF-a production when coincubated with
LPS. Furthermore, the data should reveal whether NOD1 and
NOD?2 are involved in this effect. Also, it was expected that novel
structure activity relationships for the activation of NOD1/2 pro-
teins would be obtained, because a number of muropeptides with
a unique structure were employed.

Muropeptides 1 (MMP) and 2 (MDP) are part structures of
PGN of gram-negative and -positive bacteria. Lysine-contain-
ing muramyl tripeptides 3a to 3c (MTP-Lys), muramyl tet-
rapeptide 4a and 4b (MTrP-Lys), and muramyl pentapeptide 5
(MPP-Lys) are derived from PGN of gram-positive bacteria.
On the other hand, compounds 7 to 9 are part structures of
PGN of gram-negative and rod-shaped gram-positive bacteria
and structurally similar to muropeptides 3 to 5, with the ex-
ception that the lysine residue is replaced by a DAP moiety. A
unique feature of the range of compounds is that the «-car-
boxylic acid of the iso-p-Glu is either in the acid or amide form.
This modification is biologically relevant, because several
strains of bacteria modify this functionality as an amide or
extend it by amino acids (Fig. 1) (4, 17, 29, 37, 49). Further-
more, the importance of the a-carboxylic acid of the lysine and
DAP moieties of the peptides has been investigated by the use
of an acid- or amide-modified derivative. Thus, MTP deriva-
tives 3a and 7a have amide-modified a-carboxylic acids at the
iso-D-Glu and lysine or DAP moieties, whereas in compounds
3b and 7b these functionalities are in the acid form. MTP
derivatives 3c and 7c are mixed structures in which a-carbox-
ylic acid of iso-p-Glu is in the acidic form and the lysine or
DAP moiety is modified as an amide. Also, the a-carboxylic
acids of the iso-pD-Glu’s of MTrPs 4 and 8 are either modified
as an amide (4a and 8a) or as a carboxylic acid (4b and 8b). In
this case, the a-carboxylic acid of the lysine or DAP moiety is
extended by a D-Ala residue and thus is in the amide form.

Transcription and translation of TNF-a and activation of
NOD1 and NOD2 by lysine-containing peptidoglycan deriva-
tives. The effect of incubation of MM6 cells with MDP on the
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FIG. 3. Effect of MDP (muropeptide 2) on dose response of LPS.
Mono Mac 6 cells were preincubated with muropeptide 2 (100 uM)
(®) or medium (A) as control for 30 min at 37°C. Increasing concen-
trations of LPS were added, and after an incubation of 5 h, TNF-a
protein was measured by ELISA. TNF-a values were normalized for
the £, of LPS (2,305 pg/ml; 100%). Stimulation with muropeptide 2
alone (100 pM) resulted in a TNF-a concentration of 69 = 12 pg/ml
(3% of control).

TNF-a secretion induced by a wide concentration range of
LPS was compared with incubation with LPS alone (Fig. 3).
Culturing the cells with muropeptide 2 (MDP; 100 uM) re-
sulted in an LPS dose-response curve having a higher maximal
level, whereas the ECs, and Hill slope values did not differ
significantly from those obtained in the absence of MDP. Stim-
ulation with MDP alone resulted in virtually no TNF-a protein
production.

After the dose-response curve for LPS had been established,
the MM6 cells were incubated with gram-positive-bacterium-
derived muropeptides 1 to 5 (100 uM each) in the presence of
LPS at its EC, value. This concentration was selected because
a relatively large synergistic effect would be expected. As can
be seen in Fig. 4, muramyl tripeptides 3a to 3c induced a
similar synergistic effect as muropeptide 2 (MDP), whereas
muropeptides 1 (MMP), 4a and 4b (MTrP-Lys), and 5 (MPP-
Lys) were inactive. Compounds 1 to 5 did not produce appre-
ciable levels of TNF-a production when used alone (data not
shown).

Previously, we had observed that MDP can induce the tran-
scription of TNF-ao mRNA without translation to the protein
(50). This translational block was, however, lifted when muro-
peptides were coincubated with another stimulus such as LPS
or PGN, resulting in an apparently synergistic effect. As ex-
pected, stimulation of MM6 cells for 90 min with LPS and
compounds 2 and 3a to 3c resulted in TNF-o mRNA expres-
sion, whereas derivatives 1, 4a and 4b, and 5 showed no activity
(Fig. 5).

Several studies have indicated that the NOD proteins are in-
volved in synergistic TNF-a production, when particular muro-
peptides are cocultured with LPS. In this respect, MM6 cells
express NOD1 and NOD2 mRNA as determined by RT-PCR
and agarose gel electrophoresis (data not shown). Further-
more, recent studies with HEK293T cells transiently trans-
fected with NOD1 or NOD2 in combination with an NF-kB-
luciferase reporter construct have demonstrated that these
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FIG. 4. Induction of TNF-a production by MMG6 cells treated with
muropeptides 1 to 5 and LPS. Mono Mac 6 cells were preincubated
with medium as control, peptides 1 and 2, or lysine-containing muro-
peptides 3 to 5 (100 uM each) for 30 min at 37°C. After 5 h of
stimulation with LPS (ECsy; 0.5 ng/ml) TNF-a was determined. TNF-a
values were normalized for the ECs, of LPS (100%). Asterisks indicate
significant differences from cells incubated with LPS alone (P < 0.05).

proteins can induce NF-kB activation when stimulated with
particular PGN fragments (7, 18, 20, 26). Thus, it was expected
that incubation of HEK293T cells transfected with NOD2 with
compounds 1 to 5 would yield similar structure-activity rela-
tionships as observed for TNF-a mRNA transcription and a

N [)
(=] o
1 ]

TNF-a mRNA (fold increase)
o

o_

FIG. 5. Induction of TNF-ao mRNA by MM6 cells incubated with
muropeptides 1 to 5. Mono Mac 6 cells were stimulated with medium
alone (control), medium containing LPS (10 and 0.1 ng/ml), peptides
1 and 2, or lysine-containing muropeptides 3 to 5 (100 wM each) for
1.5 h before RNA was isolated for RT-PCR analysis of TNF-a message
(40 PCR cycles). mRNA of the 18S ribosomal gene amplified under
the same conditions was used as an internal control. Asterisks indicate
significant differences from untreated (control) cells (P < 0.05).
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FIG. 6. Response of HEK293T cells expressing NOD2 to muro-
peptides 1 to 5. Induction of NF-kB activation was determined in
triplicate cultures of HEK293T cells transiently transfected with the
pcDNA-NOD2 expression vector in the presence of pELAM-Luc,
pRL-TK, and pcDNA3 plasmids. Forty-four hours posttransfection,
cells were treated with synthetic compounds 1 to 5 (5 pM each) or
were left untreated (control). Forty-eight hours posttransfection,
NF-«B activation, as firefly luciferase activity relative to Renilla lucif-
erase activity, was determined. In the transfection experiment shown,
human TNF-a (10 ng/ml) induced 14.0-fold = 1.7-fold activation of
NF-kB. Asterisks indicate significant differences from untreated (con-
trol) cells (P < 0.05).

synergistic effect for TNF-a secretion. Indeed, compounds 2
and 3a to 3c induced approximately a 10-fold increase in
NF-kB activation in cells transfected with NOD2, whereas
compounds 1, 4, and 5 were inactive (Fig. 6). None of these
derivatives showed activity in cells transfected with NOD1
(data not shown).

Transcription and translation of TNF-« and activation of
NOD1 and NOD2 by DAP-containing peptidoglycan deriva-
tives. Next, similar cellular activation studies were performed
with compounds 6 to 9, which contain the unusual amino acid
DAP, unique to PGN from gram-negative bacteria. Although
each compound displayed similar activities for synergistic ef-
fects (Fig. 7), TNF-o mRNA transcription (Fig. 8), and acti-
vation of NOD1 (Fig. 9), the structure-activity relationship was
unusual. In this case, dipeptide 6, MTP-DAPs 7b and 7c, and
MTrP-DAP 8b displayed activity in each assay. Interestingly,
MTP-DAP 7a, which has amide functions at the a-carboxylic
acids of both the iso-glutamic acid and DAP moieties, was
inactive. Thus, it appears that for NOD1 ligands the chemical
nature of the a-carboxylic acid of the iso-glutamic acid residue
is critical for biological activity, whereas this is not the case for
lysine-containing derivatives. As expected, none of the DAP-
containing derivatives showed activity in cells transfected with
NOD?2 (data not shown).

DISCUSSION

The results presented here demonstrate that lysine- and
DAP-containing muropeptides 2, 3a to 3c, 6, 7b and 7c, and 8b
induce TNF-a gene expression without significant TNF-a
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FIG. 7. Induction of TNF-a production by MM6 cells treated with
muropeptides 6 to 9 and LPS. Mono Mac 6 cells were preincubated
with medium as control or DAP-containing muropeptides 6 to 9 (100
M each) for 30 min at 37°C. After 5 h of stimulation with LPS (ECsy;
0.5 ng/ml) TNF-a was determined. TNF-a values were normalized for
the ECs, of LPS (100%). Asterisks indicate significant differences from
cells incubated with LPS alone (P < 0.05).

translation. The block in translation is, however, removed in
the presence of LPS, thereby accounting for an apparent syn-
ergistic effect of these compounds on TNF-a protein produc-
tion. Importantly, MTP-DAP 7a did not induce TNF-a gene
expression nor did it exhibit a synergistic effect with LPS. The
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FIG. 8. Induction of TNF-ao mRNA by MM6 cells incubated with
muropeptides 6 to 9. Mono Mac 6 cells were stimulated with medium
alone (control), medium containing LPS (10 and 0.1 ng/ml), or DAP-
containing muropeptides 6 to 9 (100 wM each) for 1.5 h before RNA
was isolated for RT-PCR analysis of TNF-a message (40 PCR cycles).
mRNA of the 18S ribosomal gene amplified under the same conditions
was used as an internal control. Asterisks indicate significant differ-
ences from untreated (control) cells (P < 0.05).
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FIG. 9. Response of HEK293T cells expressing NOD1 to muro-
peptides 6 to 9. Induction of NF-kB activation was determined in
triplicate cultures of HEK293T cells transiently transfected with the
pcDNA-NODI1 expression vector in the presence of pELAM-Luc,
pRL-TK, and pcDNA3 plasmids. Forty-four hours posttransfection,
cells were treated with the synthetic compounds 6 to 9 (5 WM each) or
were left untreated (control). Forty-eight hours posttransfection,
NF-«B activation, as firefly luciferase activity relative to Renilla lucif-
erase activity, was determined. In the transfection experiment shown,
human TNF-a (10 ng/ml) induced 10.8-fold + 0.9-fold activation of
NF-kB. Asterisks indicate significant differences from untreated (con-
trol) cells (P < 0.05).

structure of muropeptide 7a is similar to that of the muramyl
tripeptide 7b, except that the a-carboxylic acids of the iso-
glutamic acid and DAP moiety are modified as amides. The
observation that mixed compound 7c is active indicates that the
iso-glutamic acid moiety needs a free a-carboxylic acid for
TNF-a mRNA transcription. The importance of the acidic na-
ture of this functionality was also observed for MTrP derivatives
8a and 8b. Interestingly, amidation of the a-carboxylic acids of the
iso-glutamic acid moiety of lysine-containing MTP (muropeptides
3a to 3c) did not affect the biological properties. However, for this
series of compounds no activity was observed for the lysine-con-
taining MTrPs (MTrP-Lys 4a and 4b).

The observation that the DAP- and lysine-containing
muramyl tripeptides display different structure-function rela-
tionships indicates that they initiate cellular activation through
different receptors. In this respect, TLR2, PGRPs, and the
NOD proteins have been implicated in PGN-mediated innate
immune responses (13). Initially, it was thought that PGN is
recognized by TLR2 in combination with TLR1 or TLRG6,
resulting in the production of cytokines (38, 42, 51). However,
recent studies have cast doubt on the involvement of this re-
ceptor, because extensive purification of PGN resulted in a loss
of activity when PGN was exposed to cells transfected with
CD14 and TLR2 (45). However, others have not observed loss
of activity upon extensive purification of PGN (14), and hence
the involvement of TLR2 in PGN recognition is still contro-
versial. It has been shown that PGRPs (3, 12, 13, 19, 39) can
either bind or enzymatically cleave PGN. Little is, however,
known about the mode of cellular activation mediated by



712 WOLFERT ET AL.

mammalian PGRPs. Crystal structure and binding studies are
beginning to shed light on the ligand requirements of these
PGRPs (22, 28), which may provide important clues for deter-
mining their biological functions. There are convincing data to
support the hypothesis that NOD receptors (NOD1 and
NOD?2) are pattern recognition receptors that sense PGN (6,
13, 19, 25). For example, previous studies have shown that
NODL1 recognizes DAP-containing MTP (7, 18), and NOD2
has been implicated in cellular activation by MDP and lysine-
containing MTP (20, 26). Furthermore, it has been shown that
mice pretreated with MDP are sensitized to endotoxic shock
induced by LPS, whereas NOD2-deficient mice were resistant
to such a challenge (27). In addition, it has been observed that
a synergistic effect of lipopeptide Pam;CS(K), and MDP in
wild-type mice is absent in mouse macrophages deficient in
NOD?2. Also, down regulation of NOD?2 in vascular endothelial
cells by interfering RNA reduced synergistic effects (31). Thus,
these studies indicate that the NOD proteins are involved in
the apparently synergistic effect of muropeptides with LPS.

In this study, we have observed similar structure-activity
relationships of compounds 1 to 9 for TNF-a mRNA produc-
tion, synergistic TNF-a secretion on costimulation with LPS,
and NF-«kB activation mediated by NOD1 or NOD2, further
implicating the NOD proteins in synergistic TNF-a secretion.
Thus, it appears that activation of the NOD proteins leads to
TNF-a mRNA transcription without translation to the protein.
This translation block is lifted when the muropeptides are
coincubated with a TLR agonist.

The structure-activity relationship that we have established
is unusual. Previously, it was proposed that the NOD1 sensing
system requires an exposed DAP moiety (7, 18). However, we
have found that MTrP-DAP 8b can activate NF-kB in a
NOD1-dependent manner, demonstrating that an exposed
DAP moiety is not essential for sensing by NOD1. The activity
was, however, lost when the a-carboxylic acid of the iso-glu-
tamic acid moiety was modified as an amide. On the other
hand, amidation of this function does not affect the activity of
MDP (muropeptide 2) and MTP-Lys (muropeptides 3a to 3c),
which are compounds sensed by NOD2.

Many bacteria modify the a-carboxylic acid of iso-glutamic
acid of PGN by amidation (4, 17, 29, 37, 49) or by addition
of Gly or p-Ser. For example, Staphylococcus aureus, Staphylo-
coccus epidermidis, Arthrobacter crystallopoietes, and various
strains of lactobacilli, micrococci, and streptococci are only a
few of many gram-positive bacterial strains that have the a-car-
boxyl group of glutamic acid present as an amide (37, 43). Also,
many strains of gram-negative bacteria modify the carboxylic
acids of glutamic acid or DAP as amides, and based on this
modification three subtypes of PGN have been identified (37).
Thus, E. coli and Bacillus megaterium have none of the carboxyl
groups amidated. In Bacillus licheniformis, the «-carboxyl
group of glutamic acid is modified as an amide, whereas most
of the peptide subunits of B. subtilis and B. licheniformis have
an amide substituent on the carboxyl group of the p-asymmet-
ric carbon of DAP. Cell walls of Lactobacillus plantarum and
Corynebacterium diphtheriae have both amidated carboxyl
groups.

Our results suggest that modification of the structure of
PGN can be a strategy to avoid recognition by the host innate
immune system. Previously, it was found that PGN fragments
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from B. subtilis also do not activate NOD1 (7, 18). Interest-
ingly, PGN of this gram-positive bacterial strain contains DAP
as the third amino acid, which is 95% amidated (20, 37). Thus,
modification of the §-carboxylic acid of DAP may be another
way to avoid detection by NOD1.

It is well established that gram-negative bacteria avoid de-
tection by the host immune system by modification of the lipid
A component of LPS (11, 15, 32). For example, pathogens such
as Helicobacter pylori and Chlamydia trachomatis, which are
associated with chronic infections, contain LPSs of low biolog-
ical activity. Reduction in toxicity of LPS is due to removal or
modification of acyl chains or changes in phosphorylation
state. It appears that bacteria employ a similar strategy to avoid
host detection of PGN. In particular, there is evidence sup-
porting modification of carboxylic acids of iso-glutamic acid
and DAP as an effective strategy to avoid immune detection by
NODL. Interestingly, NOD?2 is not affected by modification of
the iso-glutamic acid moiety. It may well be possible that
NOD2, which is a general sensor for PGN, has been under
greater evolutionary pressure to sense a wide range of PGN
modifications. However, it is important to realize that almost
every amino acid of PGN can be modified (4, 17, 29, 37, 49).
Furthermore, a number of pathogens change their PGNSs’ car-
bohydrate backbones by acetylation or 1,6-anhydropyranose
formation. Thus, a larger range of PGN derivatives need to be
prepared to determine their effects on NOD1 and NOD?2 sens-
ing. It is also important to realize that small structural differ-
ences of muropeptides may be the origin of conflicting reports
(16, 44).

Finally, the stem peptides of peptidoglycan contain usually
four or five amino acids, which can be cross-linked with peptide
fragments of various lengths (Fig. 1), and thus a key issue is
how biologically active muropeptides, such as the various
muramyl tripeptides discussed in this paper, are formed in the
host. Serum enzymes of the host, including amidases and ly-
sosyme, are involved in PGN processing; however, to the best
of our knowledge no mammalian enzyme that can produce
muramyl tripeptides has been identified. On the other hand,
bacteria express a relatively large variety of enzymes that can
hydrolyze peptidoglycan, including those that can produce im-
munologically relevant muramyl tripeptides (17, 23, 24). In this
respect, D,L-carboxypeptidases can cleave the peptide bond
between alanine and isoglutamine of muramyl tetrapeptides,
leading to the formation of muramyl tripeptide-containing
fragments. Furthermore, the carbohydrate backbone can be
hydrolyzed by N-acetylmuramidases and N-acetylglucosamini-
dase, and finally, endopeptidases, such as lysostaphin, can
cleave the peptide bond between lysine- and glycine-rich bridg-
ing peptides. Peptidoglycan biosynthesis is highly dynamic, and
as much as 50% is turned over per generation. It has been
estimated that during this process as much as 6 to 8% of
peptidoglycan is lost due to the release of short fragments (21),
which can be released in the host, taken up by macrophages
and related cells, and then sensed by NOD proteins.
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