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Abstract

The peptidoglycan fragments y-D-glutamyl-meso-diaminopimelic acid (iE-DAP) and muramyl-
dipeptide (MDP) are microbial-specific metabolites that activate intracellular pattern recognition
receptors and stimulate immune signaling pathways. While extensive structure-activity studies
have demonstrated that these bacterial cell wall metabolites trigger NOD1- and NOD2-dependent
signaling, their direct binding to these innate immune receptors or other proteins in mammalian
cells has not been established. To characterize these fundamental microbial metabolite-host
interactions, we synthesized a series of peptidoglycan metabolite photoaffinity reporters and
evaluated their crosslinking to NOD1 and NOD2 in mammalian cells. We show that active iE-DAP
and MDP photoaffinity reporters selectively crosslinked NOD1 and NOD?2, respectively, and not
their inactive mutants. We also discovered MDP reporter crosslinking to Arf GTPases, which
interacted most prominently with GTP-bound Arf6 and co-immunoprecipitated with NOD2 upon
MDP stimulation. Notably, MDP binding to NOD2 and Arf6 was abrogated with loss-of-function
NOD2 mutants associated with Crohn’s disease. Our studies demonstrate peptidoglycan
metabolite photoaffinity reporters can capture their cognate immune receptors in cells and reveal
unpredicted ligand-induced interactions with other cellular cofactors. These photoaffinity reporters
should afford useful tools to discover and characterize other peptidoglycan metabolite-interacting
proteins.

Peptidoglycan is a complex glycopeptide polymeric network that governs the structural
integrity and shape of bacteria.l The structure of peptidoglycan is composed of repeating
disaccharide units of N-acetylglucosamine-B—1,4-muramic acid crosslinked via variable
peptide stems, which differ between bacterial species and are remodeled during bacterial
growth and division.! As a highly conserved and unique feature of bacteria, peptidoglycan is
a target of antibiotics and specifically recognized by plant, insect and animal immune
systems for host defense and symbiosis.2 2 Mammals have evolved a number of
peptidoglycan recognition proteins and processing enzymes to detect and target bacteria in
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different tissues and cells.? 3 Notably, the discovery of nucleotide-binding oligomerization
domain-containing protein 1 and 2 (NOD1 and NOD?2) revealed the key intracellular pattern
recognition receptors in mammals that sense peptidoglycan fragments.* 5 Structure-activity
studies have shown that NOD1 and NOD?2 are activated by -y-D-glutamyl-meso-
diaminopimelic acid (iE-DAP) and muramyl-dipeptide (MDP),® respectively (Figure 1a),
which revealed an important link to earlier fractionation studies and active components of
Freund’s adjuvant.” The detection of iE-DAP and MDP is proposed to induce the
oligomerization of NOD1 and NOD?2, respectively, recruit RIPK2 binding and activate
phosphorylation of downstream signaling factors to trigger the expression of NF-xB and
MAP kinase-dependent genes involved in host immunity and pathogen clearance.# ®

NODL1 is ubiquitously expressed in many cell types and plays an important role in sensing
iE-DAP that is most prevalent in Gram-negative bacteria.* ® Alternatively, NOD2 is
selectively expressed in activated epithelial cells, Paneth cells, Lrg5* intestinal stem cells,
macrophages and dendritic cells and senses MDP, a conserved feature of Gram-negative and
Gram-positive bacteria as well as mycobacteria. ® Indeed, genetic ablation of Nod2in mice
revealed defects in both innate and adaptive immune responses.8 Moreover, intestinal
inflammation was also observed in the absence of pathogenic microbes, which suggests
NOD2 may also sense commensal bacteria from the gut microbiota.9 For example, our
recent studies show that specific species of commensal bacteria such as Enterococcus
faecium encode a secreted peptidoglycan hydrolase that can remodel peptidoglycan
fragments and confer protection against intestinal pathogens 7 vivo, 10 which requires the
expression of NOD2 in micell. Importantly, genetic analysis of inflammatory bowel disease
patients has revealed several loss-of-function polymorphisms of NOD?2 that are associated
with Crohn’s disease, 12 13 suggesting NOD2 is crucial for maintaining intestinal barrier
function and host immunity to invasive and inflammatory microbes.1* Alternatively, a
constitutively active R334W mutant in the nucleotide-binding domain is associated with the
inflammatory disorder Blau syndrome.1>

Extensive structure-activity studies of iE-DAP and MDP have demonstrated their selective
activation of NOD1- and NOD2-expressing cells, respectively.16-21 Nonetheless, the direct
binding of iE-DAP and MDP to NOD1 and NOD?2, respectively, as well as other proteins in
mammalian cells has not been investigated (Figure 1a). Biotinylated analogs of MDP have
suggested direct binding to NOD2 from cell lysates by streptavidin-bead pulldown22 or
recombinant protein by surface plasma resonance (SPR) studies?3-26, Similar SPR studies
have also been performed for iE-DAP analogs.2” However, the use of biotinylated iE-DAP
and MDP derivatives may affect cellular uptake and/or activity, which precluded their
analysis with NOD1 and NOD2 in mammalian cells. To characterize the direct interaction of
iE-DAP and MDP with NOD1 and NOD2 in living cells, we synthesized a series of
peptidoglycan metabolite photoaffinity chemical reporters containing a diazirine for
photocrosslinking in cells and an alkyne tag for bioorthogonal detection of covalently-
labeled proteins (Figure 1b,c). The analysis of these peptidoglycan metabolite photoaffinity
reporters demonstrate that iE-DAP and MDP can directly bind to NOD1 and NOD2 in
mammalian cells. The crosslinking of these peptidoglycan metabolite photoaffinity reporters
only occur with active variants of NOD1 and NOD2. Beyond direct binding to NOD2, the
active MDP photoaffinity reporter selectively crosslinked Arf GTPases in NOD2-expressing
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cells and did so most prominently with GTP-bound Arf6. Additional labeling and co-
precipitation experiments suggest that MDP induces a complex between NOD2 and GTP-
Arf6. This study highlights the utility of peptidoglycan metabolite photoaffinity reporters for
characterizing their direct binding to intracellular pattern recognition receptors and
identifying unpredicted cellular cofactors. The applications of these microbial-specific
metabolite reporters should enable the discovery of other receptors, transporters and
regulatory enzymes in host cells and microbes.

RESULTS AND DISCUSSION

Analysis of peptidoglycan metabolite photoaffinity reporters with NOD1 and NOD2 in
mammalian cells.

To evaluate potential covalent and non-covalent interactions of peptidoglycan metabolites,
we synthesized bifunctional iE-DAP and MDP photoaffinity chemical reporters bearing a
diazirine for photocrosslinking and a terminal alkyne for bioorthogonal detection (Figures
1b,c, S1 and S2), inspired by previous studies from our laboratory?8 and others?°=32, For iE-
DAP photoaffinity reporter, we appended the diazirine and alkyne on the A-terminus of D-
glutamate, which has been shown to tolerate functionalization with long-chain fatty acids
that improve its activity towards NOD1 in cells.33 Indeed, x-alk-iE-DAP activated NOD1,
but not NOD2, in HEK293T cells in a dose-dependent manner similar to iE-DAP derivatives
(Figures 2a,b). NOD1-expressing HEK293T cells treated with x-alk-iE-DAP were then
subjected to in-cell UV-crosslinking, and total cell lysates were reacted with azide-
rhodamine and analyzed by in-gel fluorescence profiling (Figure S3). We observed UV- and
dose-dependent crosslinking of x-alk-iE-DAP with HA-tagged NOD1 in total cell lysates
(Figure 2c) and not with HA-NOD2, which expressed at lower levels. The UV-crosslinking
of x-alk-iE-DAP only occurred with active NOD1 (Figure 2e,f) and was abrogated with
inactivating mutations in the ATPase (K208R) and CARD (V41Q) domains that are
proposed to mediate oligomerization and downstream signaling (Figure 2d)34, respectively.

To investigate MDP interactions with NOD?2 in cells, we installed the bifunctional alkyne
and diazirine crosslinker on the A-acyl group of MDP (x-alk-MDP), which is known to
tolerate modifications,® and evaluated its activity as well as protein crosslinking in NOD2-
expressing HEK293T cells. This bifunctional MDP reporter activated NOD?2 in a dose-
dependent manner (Figure 3a) and crosslinked immunoprecipitated HA-NOD?2 (Figure 3b).
While x-alk-MDP activation of NOD2 saturated at approximately 200 nM, robust
photocrosslinking by in-gel fluorescence was only detected with 20 uM of the photoaffinity
reporter (Figure 3b), which likely reflects the differential sensitivity of direct metabolite-
protein crosslinking versus enzyme-mediated transcriptional reporter assays that we also
observed with x-alk-iE-DAP and NOD1 (Figure 2a,c). Unlike x-alk-iE-DAP crosslinking of
NOD1, x-alk-MDP crosslinking to HA-NOD2 was not readily observed in total cell lysates
(Figure S4a), perhaps due to lower levels of HA-NOD?2 expression (Figure 2¢) and/or MDP
reporter uptake, affinity and crosslinking efficiency. Interestingly, x-alk-MDP also
crosslinked proteins around 20 kilodaltons (kDa) in the HA-NOD2 immunoprecipitated
samples (Figure 3b) and total cell lysates (Figure S4a), which could be competed away with
MDP as well as GIcNAc-MDP (Figure S4b,c). The ~20 kDa protein crosslinking was
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specific to active x-alk-MDP-L, D and did not occur with the inactive x-alk-MDP-D, L
diastereomer, the peptide stem-modified MDP-x-alk isomer or muramic acid derivative (x-
alk-MurNAc) at the 20 pM in HA-NOD2 immunoprecipitated samples w(Figure 3c,d) or
total cell lysates (Figure S4d). Notably, x-alk-MDP-L, D protein crosslinking was not
observed with NOD1 and TLR2 expression and activation (Figure S5a,b), demonstrating x-
alk-MDP crosslinking to the 20 kDa proteins is specific to NOD2 expression and not due to
indirect activation of NF-xB. These results provide direct evidence for the binding of active
iE-DAP and MDP analogs to NOD1 and NOD2 in mammalian cells.

Discovery of muramyl-dipeptide photoaffinity reporter crosslinking to Arf GTPases.

To identify the ~20 kDa x-alk-MDP-crosslinked proteins in NOD2-expressing HEK293T
cells (Figure 3d), the corresponding total cell lysates were reacted with azide-biotin and
affinity purified with streptavidin beads. Our initial analysis of trypsin-digested streptavidin
beads did not reveal any selective x-alk-MDP-crosslinked proteins (data not shown). The
streptavidin-captured proteins were therefore eluted, separated by SDS-PAGE, and
polypeptides around 100 and 20 kDa were processed for identification by mass spectrometry
(Figures S6a). LC-MS/MS analysis of the gel slices around 100 kDa did not reveal any
tryptic peptides for NOD2 or other proteins specifically crosslinked by x-alk-MDP-L,D
reporter (Figures S6b,c and Tables S1 and S2). However, the comparative analysis of two
different control samples (no UV-crosslinking and inactive D,/L-diastereomer) with four
independent replicates by label-free quantitation revealed that Arf GTPases (6, 4 and 1) were
candidate x-alk-MDP-crosslinked proteins around 20 kDa (Figure 3e, S6d and Tables S3 and
S4). Western blot analysis of the biotinylated and affinity-purified proteins showed that
endogenous Arf6 was indeed captured by x-alk-MDP-crosslinking in HEK293T cells
(Figure S6e). Our x-alk-MDP reporter also crosslinked endogenously expressed NOD2 and
Arf6 and stimulated TNF-a expression in primary bone marrow-derived macrophages from
wild-type (Nod2**) but not Nod2™'~ mice (Figure 3f and Figure S7), suggesting MDP
interacts with Arf6é and NOD2 expressed at physiological levels.

Specificity of muramyl-dipeptide photoaffinity reporter crosslinking to Arf GTPases.

The Arf GTPases are important regulators of membrane trafficking in eukaryotic cells.3®
These small GTPases are targeted to cellular membranes by A-terminal myristoylation and
are regulated by guanine nucleotide loading, which alters their conformation and recruits
specific protein effectors responsible for membrane fusion and vesicle trafficking.36 The
guanine nucleotide state is regulated by guanine nucleotide exchange factors (GEFs) that
afford GTP-bound Arfs that are hydrolyzed to their guanosine-5’-diphosphate (GDP)-bound
forms by GTPase-activating proteins (GAPs).3% As key regulators of membrane trafficking,
the Arf GTPases have not only been implicated in cellular homeostasis,3® but also play
important roles in controlling the turnover of cell surface receptors and uptake of antigens
involved in host immunity3” and specifically targeted by microbial pathogens38. Arf6 in
particular has been suggested to regulate the endocytosis of Toll-like receptors (4 and 9) and
affect their downstream signaling.39-42 We therefore further characterized NOD2-dependent
MDP interaction with Arf GTPases.
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To validate and determine the specificity of x-alk-MDP crosslinking, we evaluated the
expression and immunoprecipitation of C-terminal myc-tagged GTPases. Indeed, x-alk-
MDP selectively crosslinked myc-tagged Arf6 (Figure 4a), but not Arfs (1, 3, 4 and 5) or
other prominent small GTPases Cdc42 or Racl, which have been suggested to modulate
NOD1 and NOD?2 activity.*3 Our x-alk-iE-DAP reporter also did not photocrosslink Cdc42,
Racl or RhoA in HA-NOD1 expressing cells (Figure S8), nor did we observe co-
immunoprecipitation of x-alk-iE-DAP-crosslinked NOD1 with any GTPase. In contrast,
immunoprecipitation of x-alk-MDP-crosslinked Arf6-myc with anti-myc beads readily
recovered HA-NOD2, which did not occur with the inactive x-alk-MDP diastereomer
(Figure 4a). The x-alk-MDP crosslinking appears to be selective for the membrane-
associated and GTP-bound form of Arf6, as the AFmyristoylation mutant (G2A) and GDP-
bound Arf6 (T27N) were both not crosslinked compared to the wild-type and GTP-bound
Arf6 (Q67L) (Figure 4b). Interestingly, we observed two fluorescent crosslinked bands upon
transfection with Arf6-myc, suggesting that labeling of endogenous Arfs can still be
observed in the presence of over-expressed Arf6-myc (Figure 4a,b).

We then explored the effects of Arf6 variants on x-alk-MDP crosslinking and observed that
expression of the wild-type Arfé and GTP-Arf6 (Q67L) mutant afforded similar levels of x-
alk-MDP-NOD?2 crosslinking, which also competed for the crosslinking of endogenously
expressed Arf6, 4 and 1 (Figure 4c,d). The A-myristoylation mutant Arf6 mutant (G2A) was
only modestly crosslinked by x-alk-MDP and did not significantly compete for crosslinking
of endogenous Arfs (Figure 4c,d). In contrast, expression of the GDP-Arf6 (T27N) mutant
was not crosslinked by x-alk-MDP and even abrogated crosslinking with endogenously
expressed Arf6, 4 and 1 (Figure 4c,d). To independently confirm that GDP-Arf6 interferes
with x-alk-MDP crosslinking of NOD2 and Arf GTPases, we expressed the Arf GTPase-
activating protein ACAP144 and also observed that x-alk-MDP crosslinking to NOD2 and
endogenous Arf6, 4 and 1 were abrogated (Figure 4e). This effect was ACAP1 activity-
dependent as the catalytically inactive ACAP1-R448Q mutant** did not diminish x-alk-
MDP crosslinking to HA-NOD2 or endogenous Arf-GTPases (Figure 4e).

MDP induces the co-immunoprecipitation of NOD2 and Arfé GTPase.

In addition to x-alk-MDP crosslinking, only wild-type and GTP-bound Arf6 (Q67L)
immunoprecipitated HA-NOD?2 in the presence of unmodified MDP without UV-
crosslinking (Figure 5a), suggesting MDP forms a non-covalent, ternary complex with GTP-
Arf6 and NOD?2 in cells. Inverse immunoprecipitation of HA-NOD?2 also recovered
endogenous and transfected Arf6-myc only upon MDP treatment (Figure 5b), further
supporting the formation of a NOD2:MDP:Arf6 ternary complex. Co-immunoprecipitation
of Arf6 was also observed with x-alk-MDP photocrosslinking, but was not with its inactive
diastereomer or an inactive ATPase-deficient NOD2 mutant (D379A) (Figure 5c),
underscoring the chemical and functional selectivity of the complex.

MDP interacts with Arf4 and 1 in the absence of Arf6.

To explore the effects of GTP-Arf6 on NOD2 activity, we generated Arf6-KO HEK293T
cells by CRISPR-Cas9 gene editing (Figure 6a). Surprisingly, the Arf6-KO cells afforded
similar levels of NOD2 activation compared to wild-type HEK293T cells (Figure 6b), even

ACS Chem Biol. Author manuscript; available in PMC 2020 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 6

at higher doses of MDP (Figure S9). We then performed further crosslinking experiments in
the Arf6-KO cells and discovered that x-alk-MDP crosslinked to NOD2 and Arf4 and 1 in
the absence of Arf6 (Figure 6¢), which suggests Arf4 and 1 binding may compensate for
Arf6 depletion and regulate NOD?2 activity. Indeed, our proteomic data indicated that x-alk-
MDP did crosslink to endogenous Arf4 and 1, but at lower levels compared to Arf6 (Figure
3e, S6d and Table S3). These results and the analysis of transfected Arf4 and 1 (Figure 4a)
suggest MDP selectively binds to NOD2 and GTP-Arf6 but may also interact with Arf4 and
1 in the absence of Arf6, which can be disrupted with increasing levels of GDP-Arf6.

MDP binding to the NOD2 and Arf6 is associated with NOD2 disease mutations.

To determine the significance of the NOD2:MDP:GTP-Arf6 interaction, we evaluated
disease mutations and candidate MDP binding mutants of NOD2 (Figure 7a). For these
experiments, we focused on the constitutively active R334W mutant associated with the
Blau syndrome, 15 and the most prominent loss-of-function Crohn’s disease mutant 1007fs,12
which encodes a frameshift mutation in the LRR domain. Based on the X-ray structure of
monomeric NOD2, we also evaluated R877A and W907A mutants in the LRR domain that
were proposed to mediate MDP binding.#> The analysis of these NOD2 variants showed that
x-alk-MDP crosslinked to the active NOD2 R334W Blau syndrome mutant and Arf6 at
similar levels as wild-type NOD2 (Figure 7b—d). In contrast, x-alk-MDP crosslinking to
Arf6 was abrogated with the inactive NOD2 LRR R877A, W907A (potential MDP binding)
and 1007fs Crohn’s disease mutants, similar to ATPase- and oligomerization-deficient
D379A mutant (Figure 7b—d). These results demonstrate x-alk-MDP crosslinking with Arf6
only occurs with active NOD2 variants (wild-type and R334W Blau syndrome mutant) and
suggests that MDP and Arf6 binding is impaired in loss-of-function NOD2 LRR mutants
associated with Crohn’s disease in humans.

CONCLUSIONS

Peptidoglycan metabolites are sensed and remodeled by diverse protein receptors and
enzymes in animals to activate and regulate host immunity.2 3 Nonetheless, the direct
biochemical interactions of these microbial-specific metabolites with their proposed
receptors and enzymes have been difficult to observe due to potential transient and non-
covalent interactions. Indeed, iE-DAP and MDP were discovered to activate the intracellular
pattern recognition receptors NOD1 and NOD2, respectively, over a decade ago,* ® but their
direct binding to these intracellular pattern recognition receptors in cells has not been
demonstrated. To address this key question, we synthesized active photoaffinity reporters of
iE-DAP and MDP and showed that they can directly and specifically crosslink active NOD1
and NOD2 in mammalian cells, respectively (Figures 2 and 3). Unexpectedly, we discovered
that MDP also binds to Arf GTPases, predominantly Arf6 in mammalian cell lines and
primary macrophages (Figure 4 and 5). The analysis of Arf6 variants showed MDP and
NOD?2 preferentially binds to the A-myristoylated GTP-bound form of Arf6 (Figure 4).

Our discovery of direct MDP binding to both NOD2 and GTP-Arf6 reveals a novel and
direct biochemical mechanism for regulating innate immune receptor activation. Previous
studies have shown that Rho-family GTPases can modulate NOD1 and NOD?2 activity,*3 but
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these proteins do not appear to directly interact with peptidoglycan metabolites, as we did
not observe crosslinking to Racl, RhoA or Cdc42 with x-alk-MDP or x-alk-iE-DAP
(Figures 4a and S8). Alternatively, both GTP- and GDP-variants of Arf6 have been
suggested to inhibit the endocytosis and signaling of TLR4 and 9 indirectly.3-42 In contrast,
we observed that only GDP-bound Arf6 via Arf6-T27N or ACAP1 expression inhibits
MDP:NOD2:GTP-Arf6 interactions (Figure 4). Moreover, we observed direct x-alk-MDP
crosslinking as well as MDP-induced co-immunoprecipitation of GTP-Arf6 and NOD2
(Figure 4c,d and 5), which suggests that these Arf GTPases may directly regulate NOD2
localization, oligomerization and/or recruitment of downstream signaling components. In the
absence of Arf6, MDP-induced NOD?2 binding to Arf4 and 1 (Figure 6), which suggests
NOD?2 interaction with Arf GTPases is crucial and retains activity in Arfé deficient cell-
types. GTPase regulation of cytosolic pattern recognition receptors could be a general
mechanism, as interferon-induced GTPases such as guanylate binding protein 5 (GBP5)
have also been suggested to regulate the assembly of NLRP3 inflammasomes.4®

Notably, formation of the NOD2:MDP:Arf GTPase complex is abrogated with loss-of-
function NOD2 LRR and Crohn’s disease mutants (Figure 7) and also disrupted by GDP-
Arf6 (Figure 5), suggesting this complex is important for NOD2 activation in human disease
and is regulated by GTP loading of Arf GTPases. These results are consistent with previous
studies that also demonstrate ACAP1 expression inhibited NOD2 activity,*6 which we now
demonstrate is associated with MDP and NOD2 binding of Arf (6, 4 and 1) GTPases.
Interestingly, patients with inflammatory bowel disease (IBD) were found to harbor
inactivating mutations in C1orf106/INAVA, an upstream regulator of GTP-Arf6 levels.0
Clorf106/INAVA is proposed to inhibit the activity of cytohesin-1, an Arf6 guanidine
exchange factor (GEF). C1orf106 mutant cells thus exhibit higher levels of GTP-Arf6,
which enhanced the endocytosis of tight junction factors such as cadherin that may result in
compromised intestinal barrier.%% Our discovery of MDP:NOD2:GTP-Arf6 complex
formation suggests loss-of-function mutants in GTP-Arf6 regulators such as C1orf106/
INAVA and cytohesin-1 may also affect NOD2 activity. Indeed, recent additional studies
have shown that expression of C1orf106/INAVA modulates ARNO (GTP-Arf6 GEF)
regulation of MDP-induced NOD?2 activation.®! The cellular mechanisms and structural
basis by which MDP directly binds NOD2 and GTP-Arf6 is unknown and ongoing in our
laboratory, which should provide important insights into innate immune activation and
intestinal barrier homeostasis. As bacterial pathogens such as Salmonella enterica serovar
Typhimurium?’ and enterohaemorrhagic £scherichia col*® inject proteins into host cells that
modulate or directly bind Arf GTPases, these bacterial virulence factors may also suppress
innate immune detection by interfering with MDP binding to NOD2 and GTP-Arf6, which
should also be an interesting area of future investigation in pathogen immune evasion. In
summary, this study highlights the utility of peptidoglycan metabolite photoaffinity reporters
for characterizing direct receptor binding in cells and discovering unpredicted regulatory
factors, which should afford useful tools for exploring additional peptidoglycan metabolite-
protein interactions in other cell types, tissues, whole animals and microbes.
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Figure 1. Photoaffinity reportersfor investigating peptidoglycan metabolite interactions with
intracellular pattern recognition receptorsin mammalian cells.

(a) Proposed interactions of iE-DAP and MDP with NOD1 and NOD?2, respectively. NOD1
and NOD2 contain leucine-rich repeat (LRR) domains (stripped rectangle), nucleotide-
binding domain (NBD) domains (blue rectangle) and caspase recruitment domain (CARD)
(green rectangles) required for activation of NF-xB-dependent genes involved in immune
signaling and pathogen clearance. Dotted lines highlight proposed binding of peptidoglycan
metabolites with LRRs. (b) Structure of iE-DAP photoaffinity reporter. (c) Structures of
MDP photoaffinity reporters. Stereochemistry of key amino acids in MDP are indicated.
Diazirine crosslinker and alkyne detection tag are highlighted in pink and blue, respectively.
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Figure 2. iE-DAP photoaffinity chemical reporter reveals activity-dependent crosslinking with
NOD1in célls.

(a) NOD1-specific and x-alk-iE-DAP concentration-dependent activation of NF-xB reporter
in HEK293T cells. (b) Activity of x-alk-iE-DAP in comparison to known NOD1 (iE-DAP
and N-fatty-acylated C12-iE-DAP) and NOD2 (MDP) agonists. (¢) UV- and concentration-
dependent crosslinking of x-alk-iE-DAP to HA-NODZ1, but not HA-NOD?2, in HEK293T
cells. Total cell lysates were reacted with az-rhodamine via click chemistry and visualized
by in-gel fluorescence profiling. Anti-HA western blot was also performed to evaluate HA-
NOD1/2 expression levels. (d) Human NOD1 is 953 amino acids in length composed of
CARD, NBD and LRR domains. Key inactive mutants are highlighted. (e) In-gel
fluorescence profile of total cell lysates from x-alk-iE-DAP (50 uM) photocrosslinking with
HA-NOD1 mutants in HEK293T cells. (f) Quantitation of x-alk-iE-DAP crosslinking with
HA-NOD1 variants by ImageJ analysis. Data represent average and standard deviation of
three independent replicates in ().
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Figure 3. MDP photoaffinity chemical reportersreveals activity-dependent crosslinking with
NOD2 and Arf GTPasesin mammalian cdlls.

(a) Analysis of NOD?2 activation by x-alk-MDP in HA-NOD2-transfected HEK293T cells.
(b) In-gel fluorescence analysis and click chemistry labeling with az-rhodamine of
immunoprecipitated HA-NOD?2 after x-alk-MDP photocrosslinking in HEK293T cells. (c)
NOD?2 activation by MDP and different x-alk-MDP photoaffinity reporters at 20 uM. (d) In-
gel fluorescence analysis and click chemistry labeling with az-rhodamine of
immunoprecipitated HA-NOD?2 after photocrosslinking with different x-alk-MDP
photoaffinity reporter (20 uM) in HEK293T cells. (e) Volcano-plot analysis of ~20 kDa
proteins recovered from NOD2-transfected HEK293T cells crosslinked with active x-alk-
MDP-L,D versus inactive D,L-diastereomer, reacted with az-biotin, enriched with
streptavidin beads and separated by SDS-PAGE. (f) Western blot analysis of endogenous
Arf6, 4 and 1 in primary murine bone marrow-derived macrophages from wild-type and
NodZ™!= mice, treated with x-alk-MDP (20 pM), + or - UV crosslinking. The cell lysates
were then reacted with az-biotin, enriched with streptavidin beads and separated by SDS-
PAGE. TNF-a expression in total cell lysates were also analyzed in parallel to evaluate
activation of endogenous Nod2 in primary murine bone marrow-derived macrophages.
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Figure 4. x-alk-M DP selectively crosslinksto GTP-Arf6.
(@) In-gel fluorescence analysis and click chemistry labeling with az-rhodamine of anti-Myc

immunoprecipitated C-terminal myc-tagged small GTPases after x-alk-MDP (20 uM)
crosslinking in HA-NOD?2 co-transfected HEK293T cells. (b) x-alk-MDP (20 pM)
crosslinking and anti-myc immunoprecipitation of wild-type and Arfé mutants with HA-
NOD2 from HEK293T cells, as performed in (a). (c) In-gel fluorescence profile and click
chemistry labeling with az-rhodamine of anti-HA immunoprecipitated HA-NOD2 and Arf6-
myc variants as well as endogenous Arf6, 4 and 1 after x-alk-MDP (20 pM) crosslinking in
co-transfected HEK293T cells. (d) Quantification of x-alk-MDP crosslinking Arf6-myc
variant in (c) by ImageJ analysis. Data represent average and standard deviation of
independent replicates shown in (c). (e) In-gel fluorescence profile of x-alk-MDP (20 pM)
crosslinking with endogenous Arfs in HEK293T cells co-transfected with HA-NOD2 and
Arf6-myc variants, wild-type or inactive ACAP1 (Arf6-GAP).

ACS Chem Biol. Author manuscript; available in PMC 2020 January 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al. Page 15
4 b IP: HA < IP: HA
MDP  x-alk-MDP +UV =Y v
IP: myc \ g \3
Y - LD LD DL LD LD '{»é‘é“&
Yy Afémyc - + - - - 4 N2 £ £& §
kD:
ate £ & & & 2 Fluor HA-NOD2 x-alk-MDP DL LD LD DL LD LD
MDP - + + + 100 kDa
KkDa Fluor HA-NOD2
25 100
a-myc 100 a-HA
a-HA
25 =y oo | D —
Pr— FluorArfs 36
100 -— w— a-HA = Fluor Arfs
5 - -
a-Arf6 -
— em—— — a-myc

Figure 5. M DP induces co-immunopr ecipitation NOD2 and Arf6.
(a) Western blot analysis of anti-myc immunoprecipitation of wild-type and Arf6é mutants in

HA-NOD2-transfected HEK293T cells + 1 uM MDP. (b) In-gel fluorescence analysis and
click chemistry labeling with az-rhodamine of anti-HA immunoprecipitated HA-NOD2 from
HEK293T cells co-transfected with Arf6-myc £ MDP (1 uM) or x-alk-MDP (20 uM) with
UV-crosslinking. Western blot analysis of HA-NOD2 and Arf6 expression levels. (c) In-gel
fluorescence analysis and click chemistry labeling with az-rhodamine of
immunoprecipitated HA-NOD2 (wt and D379A mutant) from HEK293T cells co-transfected
with wt Arf6-myc + x-alk-MDP (20 uM) crosslinking.
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Figure 6. MDP bindsto NOD2, Arf4 and 1 in the absence of Arf6.
(a) Western blot analysis of endogenous Arf6, Arf4 and Arfl in wt and Arf6-KO HEK293T

cell lines. (b) NF-xB luciferase activity in wt and Arf-KO HEK293T cell lines transfected
with HA-NOD?2 and treated with iE-DAP (20 uM) or MDP (20 pM). (c) In-gel fluorescence
analysis (reacted with az-rhodamine) and western blot analysis of wt and Arf6-KO
HEK?293T cells treated with x-alk-MDP (20 uM) reporters, + or - UV-crosslinking. For
streptavidin pulldown, total cell lysates were reacted with az-biotin, incubated with
streptavidin beads and eluted for western blot analysis with antibodies to endogenous Arf6,

Arf4, Arfl and HA-NOD?2.
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Figure 7. MDP reporter crosslinking to the NOD2: Arf6 complex is associated gain- and loss-of -
function human NOD2 mutations.

(a) Human NOD?2 is 1040 amino acids in length composed of tandem-CARD, NBD and
LRR domains. Key mutants are highlighted. (b) MDP-dependent NF-xB activation activity
of wt and NOD2 variants in HEK293T cells. (c) In-gel fluorescence profile of x-alk-MDP
(20 uM) crosslinking and expression of immunoprecipitated HA-NOD2 mutants as well as
endogenous Arf6, 4 and 1. Each HA-NOD?2 variant was analyzed in triplicate. (d)
Quantitation of x-alk-MDP crosslinking of HA-NOD2 mutants by ImageJ analysis. Data
represent average and standard deviation of independent replicates shown in (c).
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