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Abstract

Natural modifications of peptidoglycan modulate the innate immune response. Peptidoglycan
derivatives activate this response via the intracellular innate immune receptor, Nod2. To probe how
these modifications alter the response, a novel and eficient carbohydrate synthesis was developed
to allow for late-stage modification of the amine at the 2-position. Modification of the
carbohydrate was found to be important for stabilizing Nod2 and generating the proper response.
The native Nod2 ligands demonstrate a significant increase in the cellular stability of Nod2.
Moreover, changing the identity of the natural ligands at the carbohydrate 2-position allows for the
Nod2-dependent immune response to be either up-regulated or down-regulated. The ligand
structure can be adjusted to tune the Nod2 response, suggesting that other innate immune receptors
and their ligands could use a similar strategy.

The innate immune system must recognize and destroy pathogenic bacteria while
maintaining the proper balance of the trillion commensal bacteria. One method by which the
innate immune system detects bacteria is via the peptidoglycan, a strong polymer of
carbohydrates and peptides that provides protection to the vulnerable bacterial cell.
Peptidoglycan fragments such as A-acetyl-muramyl dipeptide (MDP) (1, Figure 1) and N-
glycolyl-MDP (2, Figure 1) activate an immune response.> Compound 1 is a highly
conserved component of peptidoglycan and is found in both Gram-positive and Gram-
negative bacteria, while 2 is specific to the Gram-positive bacteria Mycobacterium avium,
the bacterium commonly found in patients suffering from Crohn’s disease, a debilitating,
noncurable, inflammatory bowel disease. In order to evade an innate immune response,
pathogenic bacteria such as Staphylococcus aureus, Listeria monocytogenes, and Bacillus
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cereus utilize acetylation and deacetylation strategies to avoid detection,® generating
fragments such as 2-amino-MDP (3, Figure 1). However, it is not known how specific
immune receptors respond to these peptidoglycan modifications (Figure 1).

Recently, 1 was shown to directly interact with the human innate immune receptor protein
Nod2,4 ultimately resulting in the activation of a signaling cascade known as the
inflammatory response via the NF-xB and MAP kinase pathways,® while 2 has been
demonstrated to elicit a more robust Nod2-dependent inflammatory response via the same
pathways.6 The differential effects of both the presence and identity of acyl substituents
could have broad implications in immune recognition of bacteria. Here we investigate how
acetylation/deacetylation of these peptidoglycan fragments modulates molecular recognition
by Nod2.

To further study the interaction of A-substituted MDPs (Figure 1) and Nod2, we required a
synthetic route for MDP that offers selective functionalization of the 2-position. Existing
synthetic strategies require extensive carbohydrate manipulation,” troublesome dipeptide
couplings,8 or expensive carbohydrate starting materials,® and to date, no existing syntheses
allow for a facile, late-stage modification at the 2-position.1% Additionally, no syntheses exist
for the deacetylated peptidoglycan derivatives. We thus examined a rapid and modular
synthesis that would allow for alterations at the 2-position and provide a divergent route for
a variety of peptidoglycan and peptidoglycan-like derivatives. We present here a synthetic
route that (1) allows general exploration of function via acylation at the carbohydrate 2-
position and (2) utilizes an azide, a sterically unobtrusive acid-and base-stable protecting
group,!! to mask the amine in the synthetic approach.

The synthesis begins with the inexpensive and readily obtainable starting material
glucosamine hydrochloride, which is easily converted to 5 in six high-yielding steps using
notably a diazo transfer to install the azide 4 and a Koenigs-Knorr-type reaction to protect
the anomeric position (Scheme 1).12 The coupling reactions of a dipeptide fragment to
modularly protected muramic acid derivatives were low yielding; thus, we opted to perform
the amino acid couplings sequentially. Global deprotection was performed using Pd/C and
H> to expose the 2-amino functionality and yield 3, an A-deacetylated naturally occurring
MDP. Acetylation of the 2-amino position under mild conditions furnished the N-acetyl-
MDP target 113 and the Aglycolyl-MDP target 210 in 10 linear steps from glucosamine
hydrochloride with overall yields of 33% and 28%, respectively. The synthesis provides a
simplified route to the minimal peptidoglycan fragments known to activate Nod2.6:14

Having established a synthesis that allowed for the late-stage modification of the 2-amino
position and the potential to yield a variety of new, 2-amino-functionalized MDPs via the
naturally occurring deacetylated MDP 3, we set out to produce other peptidoglycan-like
derivatives (Table 1) to explore their effect on Nod2 signaling. Functionality was chosen for
coupling that would produce MDP derivatives applicable for use as chemical tools to study
biological systems from peptidoglycan biosynthesis to peptidoglycan-induced innate
immune system activation. We synthesized 8 and 9, the acetylated and methyl ether versions
of 2, to probe how altering the glycolyl substitution affects Nod2 recognition. Compound 10
inverses the electronics from the parent compound 1. Compounds 11 and 12 represent
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extended acetylations reminiscent of 1 and 2. Finally, 13-15 represent MDP derivatives that
are applicable to click chemistry, fluorophore-based assays, and anchoring to avidin/
streptavidin, respectively. Additionally, this strategy allows for installation of orthogonal
modification, permitting the synthesis of peptidoglycan derivatives with chemical tools at
locations other than the 2-position (Scheme 2). Finally, one can envision the installation of
a 13C- or 14C-labeled acetate to yield the isotopes of 1, tools that are important in studying
innate immunity, for NMR analysis and other biological studies.

To directly determine how modification at the 2-position affects innate immune system
activation, the MDP derivatives 1-3, 8-17 were assayed for activity (Figure 2, Table 2) using
a Nod2-dependent NF-xB reporter assay.18 All compounds were tested at 20 1M, as we have
shown in an /n vitro binding assay that Nod2 binds to 1 with a Kp of 51 nM.%2 In addition,
select compounds (1-3, 12, 13) were tested at a range of concentrations (0.2, 2, 20, and 200
4M) to ensure NF-xB activation studies were done at an effective concentration (Figure S1).
As expected, 1 and 2 activate NF-xB in a Nod2-dependent manner (Figure 2, Table 2).
Compound 3, the N-deacetylated-MDP, did not activate NF-xB, thus suggesting that A-
acylation is an important feature for recognition by the Nod2 signaling cascade. Most
modifications are tolerated at the 2-position, with 9-13 activating Nod2 ~2-fold greater than
the untreated control. The fluorescent derivatives 14, 16, and 17 do not activate, regardless
of fluorophore position. In contrast, placement of a biotin molecule, containing four
methylenes (separating the amide from the heterocycle), at the 2-position (15) still allows
activation of NF-xB, albeit to a lesser extent than the other acylated derivatives. These data
suggest that the installation of a fluorophore is possible with increased linker length. The
data also show that there is significant NF-xB activation in HEK293T cells, which follows
the same trend as the Nod2-induced effect. This could be from the endogenous Nod2 and/or
other targets of the bacterial cell wall ligands. Overall these data demonstrate that
modification of the 2-position can be used for optimization/modulation of the Nod2
response.

Nod?2 is a transiently stable protein.1® It is well-known that ligand binding can affect the
stability of a receptor.1® We considered that the interaction of peptidoglycan derivatives with
Nod2 could alter the stability of the protein. To determine if ligand interaction changes the
half-life of Nod2, we analyzed the naturally occurring MDPs 1-3 and a subset of the
peptidoglycan derivatives with increased activity (12, 13) or structural similarity (9, 10) to 1
or 2. We made use of a tetracycline-induced Nod2-expressing cell line,18 an excellent match
for endogenous Nod2 cell lines, and cycloheximide inhibition of protein synthesis to
determine the half-life of Nod2 in the presence of the MDP derivatives.2? Half-life was
determined by first-order decay according to literature precedent.? Treatment with either 1
or 2 significantly increases the Nod2 half-life (Figure 3, Table 2). When Nod2 is not treated
with a peptidoglycan derivative, the half-life is 7.1 + 1.4 h. However, when cells are treated
with 1, the half-life is 15.9 £ 4.1 h, and if cells are treated with 2, the half-life is 23.1 + 2.2
h. The A-deacetylated derivative 3 provided no stabilization of Nod2 (Table 2). Notably, the
N-glycolyl derivative 2 promotes greater stabilization of Nod2 than the N-acetyl derivative
1, suggesting that Nod2-dependent NF- B activation and Nod2 stabilization are correlated
for the naturally occurring compounds 1-3 (Table 2). As 3 is the only compound tested that
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contains an amine, which will be positively charged at cellular pH, we were concerned that
cell permeability may be a factor. We analyzed the ability of 6-amino-MDP (18, Table 2), a
MDP derivative that replaces the 6-primary-hydroxy group with an amine. This compound is
known to activate NF-xB in a Nod2-dependent manner.112 Despite the presence of the
charged ammonium ion, 18 increased the half-life of Nod2 by nearly 3-fold (Table 2),
indicating that the presence of a free amine does not prevent cellular access.

Other A-substituted derivatives tested significantly stabilized Nod2 compared to the
untreated control (Table 2), indicating that these modifications likely do not alter the ability
of the ligand to bind and/or stabilize Nod2. The correlation between Nod2-dependent NF-xB
activation and Nod2 stabilization was not as strong for these compounds as for the natural
compounds 1-3, indicating that these compounds may have differential permeabilites and/or
cell degradation pathways. It is important to note that 3 and 16, which did not activate, also
did not stabilize (Table 2). The half-life data demonstrate that peptidoglycan derivatives are
capable of altering the stability of the receptor, implying that ligand recognition is important
for the signaling processes by initiating and maintaining the response. We note earlier
studies using mouse Nod2 showed that treatment with very high concentrations (200 M) of
1 led to the degradation of Nod222 when protein synthesis is not inhibited, suggesting there
are other feedback mechanisms to control Nod2 levels in the cell. The data presented here
demonstrate the ability to modulate Nod2 stability via natural or unnatural variation at the
site of acetylation.

In their natural environments, virulent bacteria modify their peptidoglycan to evade
detection by the innate immune system.3:23 Acetylation of the 6-position of the carbohydrate
and deacetylation of the 2-postion prevents cell wall degradation by lysozyme.3¢.d
Interestingly, these data demonstrate that deacetylation of the 2-postion also eliminates the
ability of the peptidoglycan fragment to signal through the Nod2-dependent pathway.
Acetylation of the 6-position does not affect the ability to stimulate the Nod2-dependent
immune response.112 These data suggests that the deacetylation strategy used by bacteria is
two-pronged in that the modification (3) yields lysozyme-resistant peptidoglycan that does
not elicit an immune response via the Nod2-dependent pathway.

In addition to its role in recognizing pathogenic bacteria, Nod2 is critical for maintaining the
proper balance of commensal bacteria.?# Interestingly, Nod2 mutations that correlate with
development of the inflammatory bowel disease, Crohn’s disease, are unable to activate
Nod2.5 Previous experiments have shown that these mutations are unstable compared to the
wild-type protein, and signaling can be restored via stability of Nod2 by the chaperone
protein, Hsp70.18 This report shows that simple peptidoglycan derivatives stabilize Nod2
and modifications at the 2-position alter the stability of Nod2. Thus, peptidoglycan
derivatives produced by these methods may stabilize Crohn’s-associated Nod2 mutations,
providing therapeutic leads.

In conclusion, acylation of peptidoglycan derivatives at the 2-position allows for the tuning
of Nod2 stability and NF-xB response. This new, rapid, tunable, high-yielding synthesis of
peptidoglycan derivatives allowed the production of analogues to probe the substrate

requirements for activation and stabilization effects on the protein. Nature produces ligands
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(1, 2) that are capable of stabilizing Nod2 and other ligands (3) that produce no stabilizing
effect. Moreover, synthetic, novel peptidoglycan-like derivatives can activate and stabilize
Nod2, informing on requirements for modulating the innate immune signaling cascade in
response to bacterial cell wall fragments.
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Figure 1.

Naturally occurring muramyl dipeptides (MDPs) with modifications at the 2-position.
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M (-) Nod2 plasmid
M (+) Nod2 plasmid

*p <005 (+)Nod2
relative to () Nod2

NF-#B activation with standard deviation for peptidoglycan derivatives. HEK293T cells
were transfected using lipofectamine with (x) Nod2 plasmid, NF-xB reporter, and a renilla
control for 16 h. The cells were treated with stimuli for 12 h, harvested, and tested for
luciferase activity (* = P< 0.05, activates in a Nod2-dependent manner). All compounds
were tested at 20 £M. Procedures and tabulated data (Table S1) can be found in the
Supporting Information. Two effects are seen: (1) the native effect of the MDP derivatives
(gray bar vs control) on NF-xB signaling, which could be due to native Nod2 or other targets
activated by MDP; and (2) the induced effect of the MDP derivatives (gray bars vs black

bars for a given compound) on overexpressed Nod2.16:17
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Figure 3.

Peptidoglycan derivatives stabilize Nod2. HEK 293T-Nod2myc/Tet-op cells were incubated
with MDP derivatives or water (control), and lysates were collected after cycloheximide
treatment during the indicated time intervals. Equal amounts of lysates were subjected to
Western blot and probed using rabbit anti-myc antibody. f-actin was used as a loading
control. Procedures and all Western blots for half-lives shown in Table 2 are in the
Supporting Information (Figures S2-S8).
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Scheme 1.
Synthetic Route for the Preparation of A-Acetyl-and N-Glycolyl-Muramyl Dipeptides?

“Reagents and conditions: (a) hydrazine acetate, DMF, 80%; (b) 1. oxalyl chloride, cat.
DMF, DCM; 2. benzyl alcohol, cat. Ag,COs3, cat. AgOTT, DCM, 85%; (c) cat. NaOMe,
MeOH, quantitative; (d) cat. pTSA, benzaldehyde dimethyl acetal, DMF, 95%; (e) NaH,
(S)-2-chloropropionic acid, DMF, 76%; (f) 1. HBTU, A-methylmorpholine, DMF, 2. L-
alanine methyl ester hydrochloride, 81%; (g) 1. KOH, MeOH, 2. HOBt, EDC, DMF, 2,4,6-
collidine, 3. D-isoglutamine benzyl ester perchlorate, 89%; (h) Pd/C, H,O, MeOH, AcOH,
quantitative; (i) H,O, NaHCOg3, Ac,0, quantitative (j) MeOH, Na,COs, acetoxyacetic acid
NHS ester, 85%.
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Orthogonal Reactions for Chemical Tools?

4Reagents and conditions: (a) HOBt, EDC, 2,4,6-collidine, MeOH, 5-
dimethylaminonaphthalene-1-(A-(2-aminoethyl))sulfonamide, quantitative.
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Table 1

Generation of Peptidoglycan Derivatives from 2-Amino-MDP (3)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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HO
HO ° HO . O
o}
MeOH, Na,CO3, o..ﬁ
1 HN, OH  Electrophile \LRHN L
[e] _—
HN RT, 1-3h HN. O
o¥‘ o
Q NH
)\/*L 3 2 NH 815
HO
0 How
HoN il 2

Entry Electrophile Product Yield
14b | Acetoxyacetic acid NHS ester 8,R=C(0)CH,0Ac 48%
2 Methoxyacetic anhydride 9,R = C(O)CH,OMe 78%
3 Ethyl triflouroacetate 10,R=C(O)CF3 92%
4¢ Succinic anhydride 11,R = C(O)(CH,)2CO,H 66%
5d Levulinic acid NHS ester 12, R = C(0)(CH,),C(O)Me | 77%
69 2-Azidoacetic acid NHS ester 13,R=C(O)CH;N; 88%
76.€ Dansyl chloride 14, R= Dansyl 48%
8 Biotin NHS ester 15, R = Biotin 79%

aEIectrophiIe prepared according to literature precedent.15

bPer-formed in H2O with NaHCO3.
CSti rred 24 h.
dEIectrophiIe prepared with EDC/NHS.

EPerformed in H2O/DMF.
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Table 2

Cellular Effects of Peptidoglycan Derivatives on Nod2 Signaling and Stability?

Compound NF-xB Fold Activation + SD | Half-life (h)x SD

Control No activation 7.1+14
1 1.820.3 15.9+41%
2 31203 23.1422%
3 No activation 7.70.7
8 2.2+0.3 Not tested
9 2604 105+26%
10 19203 15.0+18%
11 2.3+0.3 Not tested
12 2403 11.7427%
13 1.8£0.3 8.9+09%
15 25+0.3 Not tested
16 No activation 8.0+0.7

¢ 2.80.1%9 19018~
HiN
HO O
0
\QCHN OH
HN =
o~
o~"
HO H2N (o)

18

a(+) Nod2 plasmid NF-xB activation normalized to the (-) Nod2 plasmid. Nod2 band intensities were plotted against time assuming first-order
decay (In(#) vs time). The rate constant was calculated using the negative slope of the line (k= -slope), and the corresponding half-life was

calculated (71/2 = In(2)/4).21 SD = standard deviation.

*
= P<0.05, stabilizes compared to the untreated control. The control, 3, and 16 did not significantly activate.
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