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SARM1 is an inducible pro-
neurodegenerative NADase. Shi et al.
show that a base-exchange reaction
underlies potent orthosteric inhibition of
SARM1 by a series of isoquinoline
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Highlights
e Base exchange underlies potent inhibition of SARM1 at the
orthosteric site

e The orthosteric site of SARM1 spans two TIR domain
molecules

e Binding of the allosteric activator NMN triggers reorientation
of ARM domains

e In the activated state, TIR domains self-associate to form
two-stranded assemblies
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SUMMARY

The NADase SARM1 (sterile alpha and TIR motif containing 1) is a key executioner of axon degeneration and a
therapeutic target for several neurodegenerative conditions. We show that a potent SARM1 inhibitor un-
dergoes base exchange with the nicotinamide moiety of nicotinamide adenine dinucleotide (NAD*) to pro-
duce the bona fide inhibitor 1AD. We report structures of SARM1 in complex with 1AD, NAD* mimetics
and the allosteric activator nicotinamide mononucleotide (NMN). NMN binding triggers reorientation of the
armadillo repeat (ARM) domains, which disrupts ARM:TIR interactions and leads to formation of a two-
stranded TIR domain assembly. The active site spans two molecules in these assemblies, explaining the
requirement of TIR domain self-association for NADase activity and axon degeneration. Our results reveal
the mechanisms of SARM1 activation and substrate binding, providing rational avenues for the design of

new therapeutics targeting SARM1.

INTRODUCTION

Pathological axon degeneration is an early and common hallmark
of many neurodegenerative disorders. SARM1 (sterile alpha and
Toll/interleukin-1 receptor motif-containing 1), the founding mem-
ber of a family of Toll/interleukin-1 receptor (TIR)-domain contain-
ing enzymes that cleaves the essential metabolite nicotinamide
adenine dinucleotide (NAD") into nicotinamide (NAM) and adeno-
sine diphosphate ribose (ADPR) (Essuman et al., 2017; Essuman
et al., 2018; Horsefield et al., 2019; Wan et al., 2019), is a key
executioner of axon degeneration (Coleman and Hoke, 2020;
Gerdts et al.,, 2015; Krauss et al., 2020; Sasaki et al., 2020).
Loss of SARM1 and its NAD* glycohydrolase activity (NADase)
protects axons in several neurodegenerative conditions including
neuropathies, traumatic brain injury, and glaucoma (Geisler et al.,
2016; Gerdts et al., 2013; Henninger et al., 2016; Ko et al., 2020;
Marion et al., 2019; Maynard et al., 2020; Osterloh et al., 2012; Tur-
kiew et al., 2017; Ziogas and Koliatsos, 2018).

L)

crote Molecular Cell 82, 1643-1659, May 5, 2022 © 2022 The Authors. Published by Elsevier Inc.
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Updates

SARM1 consists of an N-terminal allosteric regulatory
armadillo repeat (ARM) domain, two tandem sterile alpha motif
(SAM) domains, and a C-terminal catalytic TIR domain (Essuman
et al., 2017; Gerdsts et al., 2013; Horsefield et al., 2019). Several
structures of SARM1 in the inactive state have recently been
reported (Bratkowski et al., 2020; Figley et al., 2021; Jiang
et al.,, 2020; Li et al., 2021; Shen et al., 2021; Sporny et al.,
2020), showing a central octameric ring of tandem SAM domains
(Horsefield et al., 2019; Sporny et al., 2019) with the ARM
domains wrapped around the ring and the TIR domains
wedged between the ARM domains on the outside of the ring.
Self-association of the catalytic TIR domains is required for
SARM1 enzymatic function (Horsefield et al., 2019) and their
direct interaction with the ARM domains keep them separated
from each other.

A rise in the cellular level of the NAD* precursor nicotinamide
mononucleotide (NMN) promotes SARM1 dependent axon
degeneration (Di Stefano et al., 2015; Loreto et al., 2015; Sasaki
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et al., 2009), and we have recently shown that SARM1 is
activated by an increase in the cellular ratio of NMN to NAD™* (Fig-
ley et al., 2021). Both metabolites compete for binding to the allo-
steric ARM domain and while both ligand-free and NAD*-bound
SARM1 maintain regulatory ARM:TIR interactions (Bratkowski
et al., 2020; Figley et al., 2021; Jiang et al., 2020; Sporny et al.,
2020), NMN binding is likely to trigger disruption of these interac-
tions, leading to TIR domain self-association and formation of
functional catalytic sites capable of cleaving NAD*. However,
the structural details of this activation process, as well as the
requirement of TIR domain self-association for substrate recog-
nition and catalysis, remain poorly understood.

There is great interest in developing SARM1 enzyme inhibitors
as candidate therapies for neurodegenerative disorders (Hughes
etal., 2021; Krauss et al., 2020; Loring and Thompson, 2020). We
have recently reported a potent and selective isoquinoline-
derived small-molecule inhibitor (DSRM-3716) of SARM1
NADase activity and demonstrated that it provides protection
for injured axons (Hughes et al., 2021). In this study, we
uncovered the molecular mechanism of SARM1 inhibition
by this compound, demonstrating that it undergoes a base-ex-
change reaction with the nicotinamide moiety of NAD*, and
that the product, 1AD, is the bona fide inhibitor. We solved
crystal structures of the SARM1 TIR domain in complex with
1AD and mimetics of NAD* produced by similar base-exchange
reactions, revealing a substrate binding (orthosteric) site
spanning two TIR domain molecules. We further used 1AD as
atool to capture the active state structure of SARM1 and present
cryo-EM structures of the complete SARM1 octamer in complex
with the allosteric activator NMN and orthosteric inhibitor 1AD.
These structures show that the ARM domain undergoes a
significant reorientation upon NMN binding that disrupts the
ARM:TIR regulatory interactions and leads to formation of a
two-stranded TIR domain assembly with an architecture and
orthosteric site almost identical to our crystal structures.
Together, our results explain the mechanisms of SARM1
activation and substrate binding and provide a basis for rational
drug design in the treatment of axonopathies.
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RESULTS

Mechanism of orthosteric inhibition

Our recently discovered SARM1 inhibitor DSRM-3716, 1
(Figure 1A), recapitulates the Sarm1~/~ phenotype and protects
axons from degeneration induced by axotomy or mitochondrial
dysfunction (Hughes et al., 2021). Notably, 1 showed remarkably
strong inhibition (ICsq = 75 nM) for its small size (11 heavy atoms).
It has a ligand efficiency (LE) value (Hopkins et al., 2004) of
0.88 kcal mol™™ heavy atom™, significantly higher than LE values
commonly observed for compounds of this size (Hopkins et al.,
2004; Hopkins et al., 2014). To investigate the mechanism of
inhibition, we first performed real-time NMR-based NADase
assays (Figley et al., 2021; Horsefield et al., 2019) with purified hu-
man SARM1 (hSARM1) lacking the mitochondrial localization
sequence (residues 28-724). While the presence of 500 uM 1 led
to a decrease in NAD* consumption by hSARM1 (Figure S1A),
the appearance of new distinctive NMR peaks (Figure 1B) and a
concomitant decrease of the concentration of 1 (Figure 1C) indi-
cate the formation of a new species from 1. NMR resonances
of the new species appeared to be shifting downfield in
comparison to the resonances of 1 (Figure 1B), suggesting a de-
shielding effect due to loss of electron densities around the corre-
sponding protons. The appearance of new resonances within the
anomeric region (5.5 to 6.5 ppm) also indicates that the ribose
anomeric carbon is covalently attached to a new group. Thus,
we hypothesized that 1 replaced the NAM moiety of NAD* to
form a base-exchange product, 1AD (Figure 1B), which could be
responsible for the de-shielding effect because of the positive
charge on its isoquinoline ring (Figure 1B). A similar base-ex-
change mechanism has been described for the human NADase
CD38 (Preugschat et al., 2008), and hRSARM1 was recently shown
to catalyze the exchange of the NAM moieties of NAD* and nico-
tinamide adenine dinucleotide phosphate (NADP) with nicotinic
acid, 3-acetylpyridine, and vacor (Angeletti et al., 2022; Wu et al.,
2021; Zhao et al., 2019). To verify our hypothesis, we employed
hSARM1™R, which can catalyze formation of the same new com-
pound (Figures 1B and 1C), to produce and purify 1AD, and

Figure 1. Mechanism of orthosteric inhibition
(A) Proposed reaction replacing NAM with 1.

(B) Expansions of NMR spectra showing the appearance of new resonances. Top: 16 h spectra of 0.5 uM hSARM1 + NAD* and 0.5 uM hSARM1 + 1 + NAD"*.
Bottom: 16 h spectra of 10 uM hSARM1™ + NAD* and 10 uM hSARM1™R 1 + NAD*. Resonance peaks from NAD*, ADPR, NAM, 1, and the new product 1AD are
labeled as “@”, “#”, “A”, “X,” and “N,” respectively. The initial concentration of compounds (1 and NAD*) was 500 uM.

(C) Reaction progression curves of 0.5 tM hSARM1 + 500 uM 1 + 500 uM NAD* (top) and 10 uM hSARM1™R 1 500 M 1 + 500 uM NAD*.

(D) Inhibition of RSARM1 NAD* consumption by 500 uM 1AD and 500 pM 1. 0.5 uM hSARM1 was activated by 100 min NMN (500 uM) pre-incubation. Initial NAD*
concentration was 500 uM.

(E) Kinetic analyses based on ADPR production. 2.5 nM hSARM1 was activated by 120 min pre-incubation with varying concentrations of NMN. Reported values
are mean + SEM, n=3.

(F) Kinetic analyses of hSARM1, showing ADPR and 1AD production with varying initial concentrations of 1. 2.5 nM of SARM1 was pre-incubated with 25 uM NMN
for 120 min. Reported kinetic property values are mean + SEM, n = 3. No stable fit can be obtained for ADPR production in the presence of 1.5 uM 1. When fitting
for 1AD production, data with more than 100 uM NAD* were not used due to an atypical biphasic like behavior that may originate from non-uniform formation of
multiple active sites within the SARM1 octamer and their different binding to NAD*/1AD.

(G) SARM1-dependent production of 1AD in DRG neurons. Statistical analysis was performed by two-way ANOVA with Tukey post hoc test. F(2, 48) = 111.5,
p <2 x 107'® among treatments and genotypes (n = 12). *p < 0.05 and **p < 2x107'® denotes statistical significances and n.s. denotes no statistical significance
compared with the wild-type protein without 1 (control).

(H) Production of 1AD in axotomized DRG neurons. DRG neurons were treated with 1 at the concentrations indicated. Axonal 1AD and cADPR were measured 4 h
after axotomy. Data represent means + SEM, n = 3.

See also Figure S1.
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confirmed its structure by NMR and MS analyses (Figure S1C
and S1D).

1AD showed improved inhibition of hRSARM1 NADase activity
compared to 1 itself (Figure 1D). An analog of 1 unable to
undergo base exchange showed much weaker inhibition than 1
(Figure S1B), confirming the necessity of the base-exchange re-
actions to achieve strong inhibition. Further, we performed
kinetics assays with hSARM1 (Figures 1E and 1F) using MS and
determined apparent kinetic parameters (kcat, K, and keai/Kpg)
for both ADPR and 1AD productions in the presence of 1, at
concentrations up to 20 times of its reported IC5q value (Hughes
et al., 2021). In the absence of 1, we observed K, values of
between 58 to 101 uM for ADPR production depending on
NMN concentration, similar to previously reported values for
hSARM1 (Angeletti et al., 2022; Jiang et al., 2020). The presence
of NMN only leads to small increases in apparent k../Ky, values,
suggesting that a significant proportion of our purified hSARM1
particles is already in an active state under the conditions used
(Figure 1E), and we therefore decided to test the effect of 1 with
25 uM NMN. As expected from our NMR analyses, increasing
concentrations of 1 led to a significant decrease in the apparent
catalytic efficiency (keat/Kn) of ADPR production from 1.0 pM™
min~' t0 0.045 uM™" min™" with 0.5 uM 1, while the apparent cata-
lytic efficiency of 1AD production increased from 0.004 puM™
min”" with 0.05 uM 1t0 0.19 uM™" min™" with 1.5 uM 1 (Figure 1F).
The apparent k., values also revealed that the formation of 1AD
is much slower than that of ADPR within the concentration range
tested and slower than similar base-exchange reactions cata-
lyzed by CD38 (Preugschat et al., 2008).

The addition of 1 to dorsal root ganglion (DRG) neurons resulted
in the formation of 1AD (Figure 1G). By contrast, 1AD was not
produced in Sarm1~~ neurons, demonstrating that production
of 1AD in neurons is specific to SARM1 (Figure 1G). Furthermore,
upon SARM1 activation by the addition of nicotinamide riboside
(NR) in the presence of nicotinamide riboside kinase 1 (NRK1) (Fig-
ley etal., 2021), 1AD production was further increased (Figure 1G).
We also treated axotomized DRG neurons with 1 and detected
dose-dependent production of 1AD (Figure 1H). This was inversely
correlated with the level of cyclic ADPR (cADPR), a biomarker of
SARM1 activity in cells (Sasaki et al., 2020), consistent with
SARM1 inhibition by 1 in injured axons (Hughes et al., 2021) (Fig-
ure 1H). Taken together, these results demonstrated that 1AD is
the bona fide inhibitor of hSARM1, and it is generated in situ
from its pro-drug 1 by SARM1-specific catalysis in neurons.

The orthosteric site spans two TIR domain molecules

To provide structural insights into this base-exchange
mechanism, we determined the structure of a hSARM1™R
crystal soaked with equimolar concentrations of 1 and NAD™,
at 1.72 A resolution (Table 1). Continuous electron density was
observed for a compound corresponding to 1AD, and the struc-
ture revealed an unusual orthosteric site in which 1AD
interacts with both chains (defined here as hSARM1TRA and
hSARM1""B) of the asymmetric BB-loop mediated interface
(Figures 2A and 2B). This interface, which is also found in TIR
domain assemblies involved in Toll-like receptor and inter-
leukin-1 receptor signaling (Clabbers et al., 2021; Ve et al,
2017), was previously shown to be important for h'SARM1T'R NA-

1646 Molecular Cell 82, 1643-1659, May 5, 2022
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Dase activity (Horsefield et al., 2019). In the complex, the aro-
matic ring of the 5-iodo-isoquinoline group engages in interac-
tions with F603 (BB-loop), L607 (B helix), and W638 (.C helix)
of hSARM1™RA while the 5-iodo group forms a halogen bond
with the N679 carbonyl group of hSARM1™RB as well as
halogen-7t interactions with hSARM1""* F603 and the 1AD
adenine group (Figure 2C). The isoquinoline ribose is located in
the conserved cleft between the BB loop and the oB and a.C he-
lices in hNSARM1TRA, The binding mode is similar to the previ-
ously determined hSARM1™R:ribose and hSARM1™R:glycerol
complexes (Figures S1E and S1F), with the C-2 and C-3 hy-
droxyls forming hydrogen bonds with the key catalytic residue
E642 (Horsefield et al., 2019) (Figure 2C). The diphosphate
group is involved in hydrogen-bonding interactions with R569
and the backbone amide of R570 in hSARM1™R4, while the
adenine group stacks against the indole sidechain of W662 in
hSARM1""® and forms backbone interactions with hSARM1-
TIR-B | 676, F678, and G680. The adenine-linked ribose is not
involved in any direct interactions with either of the chains of
the asymmetric interface. Binding of 1AD does not lead to sub-
stantial structural rearrangements in hRSARM1™R, compared to
the glycerol-bound structure (Figure S1F) (Horsefield et al.,
2019). Only small movements in F603 and W662 and a flip of
the W638 sidechain are observed.

The binding mode of the inhibitor corroborates the structure-ac-
tivity relationships observed for a series of isoquinoline-derived
compounds (Hughes et al., 2021). The iodine group of the isoqui-
noline is crucial for high potency, consistent with a strong
halogen-bond interaction with N679, as reducing the polarizability
of the halogen decreases potency whereas its removal leads to
over a 100-fold loss in activity (Figure 2D) (Hughes et al., 2021).
Modifications at the 1- and 3-positions lead to significant reduc-
tions in activity, most likely due to steric clashes with the
adenine-linked ribose, which is consistent with the mechanism
of action and binding mode of these isoquinolines. While substitu-
tions at the 4-, 6- and 8-position reduced potency either through
steric clashes with the TIR domain or the adenine ring, the 7-posi-
tion does not affect potency as it points to the bulk solvent. Overall,
the binding mode observed in the crystal structure is in agreement
with structure-activity data, highlighting the base-exchange reac-
tion that produces an orthosteric site inhibitor 1AD as the underly-
ing mechanism of its inhibition.

Substrate recognition

The hSARM1™R:1AD crystal structure also showed that the
base-exchange product retains the same B configuration for its
isoquinoline-attached anomeric carbon as for the substrate
NAD®. This is consistent with a double-displacement catalytic
mechanism commonly observed in many glycosidases (Height-
man and Vasella, 1999; Koshland, 1953), in which a covalent
intermediate of glycosyl-enzyme complex is formed (Figure 2E).
To test this mechanism, we determined the structure of a
hSARM1 TR crystal soaked with araF-NAD*, which clearly shows
a glycosyl-enzyme intermediate with a covalent linkage between
a carboxylate oxygen of E642 and the anomeric carbon that was
attached to NAM prior to catalysis (Figure 2F). This observation
indicates that SARM1 catalysis likely occurs via a covalent inter-
mediate of glycosyl-enzyme complex, although we cannot
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Table 1. Crystallographic statistics

hSARM1™R:1AD

hSARM1TR:2AD

hSARM1TR:3AD hSARM1""F:araF-ADPR

Data collection

Space group P2,2,2 P2,2,2 P2,2,2 P2,2,2

Cell dimensions

a, b, c (A 86.40, 116.40, 32.94 86.24, 116.57, 32.91 86.19, 116.78 33.02 85.51, 117.06, 33.04

o, B, ¥ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (A) 47.93-1.72 48.29 - 1.79 48.34 -1.74 48.30 - 1.60
(1.75-1.72) (1.83-1.79) (1.77 -1.74) (1.63 - 1.60)

Total reflections 242,073 (12,092)

Unique reflections 36,259 (1830)

215,166 (12,595)
32,174 (1854)

234,341 (12,189)
35,061 (1814)

297,557 (13,571)
44,590 (2,147)

Completeness (%) 99.8 (96.5) 99.9 (97.8) 99.8 (96.7) 99.9 (98.7)
Multiplicity 6.7 (6.6) 6.7 (6.8) 6.7 (6.7) 6.7 (6.3)
Wilson plot B factor (AZ) 15.00 17.89 19.48 22.78
Rmeas (%) 6.7 (33.3) 8.0 (44.6) 6.3 (45.3) 8.4 (227.2)
Rmerge (%) 6.2 (33.7) 7.4 (41.3 5.8 (41.7) 7.7 (208.7)
Rpim (%) 2.6 (12.8) 1(16.9) 2.4(17.3) 3.2 (88.7)
<l/o(l)> 15.5 (4.3) 12.8 (3.1) 14.4 (3.0 9.9 (0.9)
CCipo 0.999 (0.957) 0.999 (0.944) 0.999 (0.952) 0.999 (0.578)
Refinement

Resolution (A) 48.27 - 1.72 43.12-1.79 43.10-1.74 35.50 - 1.60
Number of reflections used 36,195 32,116 34,995 44,479
Rwork (%) 15.11 16.83 16.57 20.02

Rfree (%) 17.52 19.94 19.70 22.65

Final model

Number of protein residues 280 280 280 280
Number of water molecules 280 202 163 123
Number of ligand atoms 92 92 92 34

Average B-factor (A?)

Protein 18 20 24 36

Solvent 31 31 34 40

Ligands 1AD: 22 2AD: 31 3AD: 38 araF-ADPR: 51
Rmsds

Bond lengths (A) 0.009 0.010 0.009 0.009

Bond angles (°) 1.195 1.074 1.000 1.041
Ramachandran plot (%)

Favored 97.10 97.46 97.46 97.10
Allowed 2.90 2.54 2.54 2.90
Outliers 0 0 0 0

The statistics were calculated using AIMLESS (Evans, 2006) and MolProbity (Chen et al., 2010). Statistics for the highest-resolution shell are shown in

parentheses. Rmerge = Y > [ty — U | / (S iyl )-
10% fraction of data that was excluded from refinement.

Rwork/ Riree = Z:I':kl|Ff?klS

F,f,?,’c |/ (X haF2Ee); Riree Was calculated using randomly chosen 5-

exclude the possibility of a mechanism involving an oxocarbe-
nium ion (Zechel and Withers, 2000) stabilized by the negatively
charged carboxylate moiety of E642. We next tested if the base-
exchange reaction observed for 1 extends to other heterocyclic
amines and observed that h\SARM1 can catalyze similar reac-
tions with multiple pyridine-fused heterocycles and NAM mi-
metics either as purified protein or in neurons (Figures 3A, 3B,
S1G-S1l, and Table S2). In our NMR assays with purified protein,
the biochemical stabilities of the exchanged products vary after

their formation, with some reaching a steady concentration and
others being cleaved after reaching a maximum concentration
(Figures 1C, 3B, S1G, and Table S2), correlating with the electron
richness of the heterocyclic ring.

In order to understand the recognition of substrates by
hSARM1, we selected 2 and 3 for crystallographic studies, as
structures of their base-exchange products, 2AD and 3AD (Fig-
ure 3A), would better mimic that of the natural substrate NAD*
than 1AD. Compound 2 is of particular interest because 2AD is
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the most similar to NAD* and is also a substrate of hNSARM1
hydrolase activity (Figure S1J). We determined structures of
hSARM1™® crystals soaked with equimolar concentrations of 2
and NAD*, and 3 and NAD*, at 1.79 and 1.74 A resolution,
respectively (Table 1). In each structure, continuous electron
density was observed for a compound corresponding to the
respective base-exchange product (Figure S1K). Similar to
1AD, both 2AD and 3AD interact with both chains of the
asymmetric BB-loop mediated interface (Figures 2C and 2D).
The adenine group and the diphosphate of these exchanged
products form similar interactions with hSARM1™R, but there
are significant differences in the binding mode between the
exchanged base of 1AD and that of 2AD and 3AD (Figures
3C-3E). Both 2 and 3 lack the halogen group attached to position
5 of the isoquinoline ring of 1. Instead, 2 has an amide group
fused into the bicyclic ring, with its carbonyl oxygen at position
8 engaging with hSARM1™R, whereas 3 has an amine group at
position 8 of its isoquinoline scaffold. In comparison to the
isoquinoline ring of 1AD, the 2,7-naphthyridine ring of 2AD and
the isoquinoline ring of 3AD have flipped 180° with respect
to the anomeric linkage and rotated almost 60° anticlockwise
about the symmetry axis of the pyridine ring, extending deeper
into the active site pocket (Figures 3C-3E) and making less
hydrophobic interactions with F603 and W638 than 1AD. While
2AD interacts with N679 via its 7-amino group, 3AD interacts
with D594 via its 8-amino group (Figure 3D). The resemblance
of 2 and 3 to NAM suggests that NAD" is very likely to have a
similar binding mode to 2AD and 3AD.

Consistent with our structural data, mutations in the binding
pocket for nicotinamide ribose and diphosphate groups
(Y568A, E642A, R569A, R570A, D594A) have previously been
shown to reduce or abolish hSARM1 NADase activity (Essuman
et al., 2017; Horsefield et al., 2019). Using mutational analysis,
we further verified the importance of residues in the exchanged
base and adenine regions of the orthosteric binding site
(mutations F603A, W638A, N679A and W662A) on both NADase
and base-exchange activities of hSARM1 and hSARM1TR
(Figures 3F and S2). The FB603A and W638A mutations would,
based on our structures, result in a loss of hydrophobic
interactions with the base (NAM, 1, or 2). Indeed, both mutants
have lower NADase activity and base-exchange activities for 1
and 2 compared to wild-type hSARM1. The N679A mutation,
which would be predicted to disrupt halogen bonding with
1AD and hydrogen bonding interactions with 2AD and likely
NAD™, has slightly lower NADase activity than wild-type hSARM1
but higher base-exchange activities. The latter is likely a result of
reduced inhibition by the base-exchange product, especially

¢ CellP’ress

1AD, upon mutation. The W662A mutation has little effect on
the NADase and base-exchange activities of hSARM1. By
contrast, W638A, W662A and N679A mutants had much less
NADase activity compared to wild-type hSARM1™R (Figures 3F
and S2), indicating that hRSARM1™'R is more susceptible to dis-
ruptions at the asymmetric dimer interface compared to
hSARM1. Taken together, these results support the importance
of the identified orthosteric site for the catalytic activities
of SARM1.

Cryo-EM structures of activated SARM1

Our crystal structures of hNSARM1™R in complex with 1AD, 2AD,
and 3AD suggest that the TIR domains need to dissociate from
the ARM domains to oligomerize and form a functional catalytic
site, which is supported by mutagenesis studies showing that
disruption of the ARM:TIR lock leads to increased hSARMH1
activity (Bratkowski et al., 2020; Jiang et al., 2020; Shen et al.,
2021). We rationalised that these base-exchange products,
which are more biochemically stable than NAD* in the presence
of SARM1, could be utilized to facilitate the self-association of
TIR domains after they dissociate from the ARM domains upon
NMN binding, ultimately trapping SARM1 in its active state. We
therefore collected cryo-EM data on a hSARM1 sample that
had been incubated with NMN and 1AD. The presence of
open-ended curved double-stranded assemblies was apparent
from both micrographs and 2D classification (Figures 4A and
S3A). Octameric SAM or ARM-SAM domain rings could in
some cases be clearly resolved together with the curved
double-stranded assemblies while a minor fraction of the
particles formed 2D classes that only had intact octameric
SAM-ARM domain rings resolved (Figure 4A). The double-
stranded assemblies were not observed in a data-set of
hSARM1 incubated with NMN alone (Figures S3B and S3E),
but we did observe them in a data-set of hRSARM1™'" incubated
with 1AD, demonstrating that they consist of TIR domains and
that the binding of 1AD stabilizes these assemblies (Figures
S3C and S3F). TIR domain assemblies are also observed in
micrographs when incubating hSARM1 with a mixture of NMN
and NAD™" (Figures S3D and S3G); however, the assemblies
are shorter and the fraction of particles forming these assemblies
is significantly smaller than hSARM1 incubated with NMN
and 1AD.

Single-particle analysis of h\SARM1 incubated with NMN and
1AD yielded reconstructions of the TIR domain assembly with
and without octameric rings (SAM-TIR:1AD; TIR:1AD), and of
the octameric ARM-SAM domain ring (ARM-SAM:NMN), at
4.6 A, 2.9 A and 3.0 A overall resolution, respectively (Figures

Figure 2. Structural basis of orthosteric inhibition and catalysis

(A) Structure of the BB-loop mediated hSARM1™R asymmetric dimer (cartoon and transparent surface; hSARM1™"A, orange; hSARM1™7B, cyan) in complex

with 1AD (yellow stick).
B) Standard omit mFo-DFc map of 1AD, contoured at 3.0 o.
C) Enlarged cutaway of the 1AD binding pocket in the hSARM1™'® structure.

E) A simplified model showing a putative catalytic mechanism for hNSARM1 base-exchange reactions.

(
(
(D) Inhibition activities of selected isoquinoline-derived compounds. Values represent mean + SEM; n = 2 (2, 29, 30, 31), 4 (6, 28, 32, 33, 34), 5 (1), and 6 (27).
(
(

F) Left, chemical structure of araF-NAD™; middle, enlarged cutaway view of the partially-resolved catalytic intermediate with araF-ADPR covalently linked to E642
of hNSARM1™'R; right, standard omit mFo-DFc map of araF-ADPR, contoured at 3.0 o. Electron density for the leaving NAM group and the adenosine moiety was

not observed.
See also Figure S1.
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S4-S6 and Table S1). The SAM-TIR:1AD reconstruction had
resolved densities for the SAM and TIR domains only and
revealed that the two-stranded TIR domain assembly is located
~15-20 A above the octameric SAM domain ring (Figures 4B and
S4E). The ARM-SAM:NMN reconstruction had well resolved
densities for NMN as well as the ARM and SAM domains, but
not for the TIR domain, which is probably due to flexibility in
the positioning of the ring relative to the TIR domain assembly
(Figures 4C, S5, and Table S1). Comparison of this structure to
ligand-free and NAD*-bound hSARM1 structures revealed that
the SAM-domain octamers are identical (Figures S7A and
S7B), but the ARM domains move upward by 19 A and
undergo a 22° clockwise rotation, with respect to the reported
NAD*-bound and ligand-free structures (Bratkowski et al.,
2020; Figley et al., 2021; Jiang et al., 2020; Shen et al., 2021;
Sporny et al., 2020) (Figures 4D and S7C). This reorientation
leads to a collision between the ARM and TIR domains
and puts strain on the SAM-TIR linker (Figures 4E, 4F, and
S7D-S7G), resulting in destabilization of the ARM:TIR lock
observed in the ligand-free and NAD*-bound hSARM1
structures (Bratkowski et al., 2020; Figley et al., 2021; Jiang
et al., 2020; Shen et al., 2021; Sporny et al., 2020). Analysis of
the allosteric site revealed that NMN, which has a similar
binding mode as in the dSARMA®M:NMN complex, is respon-
sible for this movement of the ARM domain (Figures 4G-41 and
S7H-S7K). It pulls on the loop between residues 310-325,
causing ARM7 and ARM8 to move toward NMN (Figures 4G
and S7J). Because the rigid ARM-SAM linker cannot stretch to
accommodate this compaction, it acts as a hinge, causing the
ARM domain to lift, rotate (Figures 4D, 4E, and S7C), and clash
with the neighboring TIR domain (Figures 4F, S7D-S7G, and
Video S1).

The higher resolution TIR domain assembly-only reconstruc-
tion had well resolved densities for 1AD and TIR-domains
(Figures 5A and S6G). Although we limited this reconstruction
to eight well-defined TIR domain subunits, larger assemblies
are visible in both the micrographs (Figure S3A) and 2D classes
(Figures 4A and S6A), and they were also detected by analytical
size-exclusion chromatography (@aSEC) (Figures S3H and S3I),
suggesting that 1AD can induce multiple hSARM1 octameric
particles to self-associate via TIR domain interactions under
our experimental conditions. However, the lack of larger
assemblies for hSARM1 incubated with NMN and NAD* in
aSEC (Figures S3H and S3l) and the limited number of TIR
domain assemblies in the 2D class averages (Figure S3G)
suggest that the natural substrate NAD*, which is rapidly cleaved
into NAM and ADPR, is unlikely to induce the formation of these
larger assemblies consisting of multiple SARM1 octamers. Cit-
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rate was recently reported to induce a phase transition of
hSARM1™® and a ~2,000-fold enhancement in hSARM1™R
NADase activity (Loring et al., 2021). However, we found that
the presence of citrate only leads to a minor increase in hSARM1
NADase activity and does not significantly influence its inhibition
by 1 (Figure S6H), suggesting that the effect of citrate on TIR
domain self-association is not relevant when SAM domains are
facilitating TIR domain clustering.

As expected, the hSARM1 double-stranded assemblies
consist of two antiparallel strands of TIR domain subunits
(Figures 5A-5C and S4F-S4H) and the architecture is identical
to the antiparallel two-stranded assembly observed in the
hSARM1™® crystals (Horsefield et al., 2019) (Figure 5D).
An active site involving the asymmetric BB-loop mediated self-
association interface therefore also forms in the context of full-
length hSARM1. Although these assemblies are curved with a
~13° bend per subunit (Figures 5B, 5D, and 5E), both the TIR
domain interfaces and the 1AD binding mode are almost iden-
tical to the linear assemblies observed in the hSARM1T'R crystal
structure (Figures 5E-5G). The association between the two
strands involves the EE loop and «A helices, and in particular
the EE loop stabilizes the asymmetric BB loop interface of the
adjacent strand, with the highly conserved residues H685 and
Y687 interacting with hSARM1™F* and hSARM1TRB respec-
tively (Figure 5C). Alanine mutations of both these residues
almost completely eliminate NADase and base-exchange activ-
ities for hSARM1 (Figures 3F, 6A, and S2). Both H685A and
Y687A mutants also strongly inhibit axon degeneration and
have a dominant-negative phenotype (Geisler et al., 2019) (Fig-
ure 6B), confirming the essential role of oligomerisation of TIR
domains for enzyme activity.

Interestingly, hSARM1™® displays increased NAD* consump-
tion in the presence of bases (Figure S7L) and both the
hSARM1™® H685A and Y687A mutants retained residual
NADase activity and normal base-exchange activity for 1, but
not for 2 (Figures 3F and S2). Furthermore, hSARM1™R
orthosteric site mutants W638A, N679A and W662A, all of
which have significantly lower NADase activity than the wild-type
protein, also showed normal base-exchange activity for 1 but
decreased base-exchange activity for 2, except for the W638A
mutant (Figures 3F and S2). As orthosteric ligands bind at the
asymmetric BB loop interface, both the substrate and the
product may play arole in stabilizing the TIR domain assemblies.
It is likely that 1AD, which has stronger inhibition activity than
2AD and probably better binding affinity than NAD*, can better
facilitate TIR domain oligomerisation and active site formation
of EE-loop and orthosteric site mutants. This was subsequently
verified, as 1AD was shown to activate both hRSARM1™" HE685A

Figure 3. Structural basis of substrate recognition

A) Chemical structures of 2, 2AD, 3, and 3AD. Parts of the structures are colored blue to indicate resemblance to NAM.
B) Reaction progression of 0.5 uM hSARM1 + 500 uM 2 + 500 pM NAD™ (left) and 0.5 uM hSARM1 + 500 pM 3 + 500 uM NAD™ (right).

D) Enlarged cutaway view of the 3AD binding pocket in the hSARM1T'R structure.

(s
(
(C) Enlarged cutaway view of the 2AD binding pocket in the hSARM1 ™ structure.
(
(

E) Binding modes of 1AD versus 2AD (top), 1AD versus 3AD (middle), and 2AD versus 3AD (bottom).
(F) A summary table of NADase and base-exchange activities of RSARM1 and hSARM1T'"R mutants from Figure S2. The activities are shown in percentage relative

to the wild-type proteins for 40 h ("\SARM1) and 4 h (hSARM1™'F) time points.
See also Figures S1 and S2.
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Figure 4. Cryo-EM structures of hSARM1 SAM-TIR:1AD and ARM-SAM:NMN

(A) Representative 2D class averages from hSARM1 incubated with NMN and 1AD. 2D classes consisting of octameric rings and double-stranded TIR domain
assemblies with and without octameric rings are highlighted by red, green, and blue boxes, respectively.

(B) Electrostatic potential density map of SAM-TIR:1AD. Map areas corresponding to the TIR and SAM domains are shown in green and magenta, respectively.
(C) Electrostatic potential density map of ARM-SAM:NMN. Map areas corresponding to the ARM and SAM domains are displayed in slate and magenta,
respectively.

(D—F) Structural superposition of ARM-SAM:NMN (slate) and hSARM1:NAD* (ARM-SAM, cyan; TIR, yellow; PDB: 7ANW). ARM-SAM subunits were aligned by
the SAM domain. A hypothetical TIR domain (red) was modeled in ARM-SAM:NMN based on the ARM:TIR interaction observed in hNSARM:NAD* (PDB: 7ANW).
Movement of the ARM and modeled TIR (red) domains induced by NMN binding is indicated by black dashed arrows. NMN and NAD* are shown in green and
yellow stick representation, respectively. In (D), the superposition shows that the ARM-SAM linker region acts as a hinge to facilitate the translation and rotation of
the ARM domain upon NMN binding. In (E), the effect of NMN-induced ARM domain reorientation on the TIR domain (red) is highlighted, while in (F), the resulting
clash between the TIR domain and the next ARM domain (gray) in the octameric ring is shown.

(G) Structural superposition of the ARM domains in ARM-SAM:NMN (colored by ARM motif; 310-325 region highlighted in orange) and hSARM1:NAD* (cyan;
PDB: 7ANW).

(H) Interactions between ARM domain and NMN (stick representation) in ARM-SAM:NMN. Polar contacts are shown as yellow dashed lines.

(I) Comparison of the allosteric sites in ARM-SAM:NMN (slate) and hSARM1:NAD™ (cyan; PDB: 7ANW). The superposition shows that several of the NMN and
NAD™ interacting residues adopt similar conformations. Notable exceptions are residues 320-322, which move approximately 4 A, to accommodate NMN; these
conformations appear incompatible with NAD* binding.

See also Figures S3-S5 and S7.

and Y687A mutants at certain concentrations, while 2AD only Together, these results confirm that in the active state, the TIR
showed inhibition (Figure 6C). Furthermore, 1AD could slightly = domains of hSARM1 form a substrate-stabilized two-stranded
activate the hSARM1 H685A mutant at relatively lower concen-  open-ended assembly connected to the SAM-ARM octameric
tration (Figure 6D). ring via flexible linkers.

1652 Molecular Cell 82, 1643-1659, May 5, 2022



Molecular Cell

E hSARM{TR=

Figure 5. Cryo-EM structure of hRSARM1 TIR:1AD

¢? CellPress

OPEN ACCESS

(A) Electrostatic potential density map of the two-stranded TIR domain assembly. The two antiparallel strands are shown in green and slate, respectively. 1AD is

shown in yellow.

(B) Cartoon diagram of the two-stranded TIR domain assembly (helices are depicted as cylinders).
(C) Enlarged cutaway of the TIR domain interfaces in the two-stranded assembly. 1AD and EE loop residues H685 and Y687 are highlighted in stick repre-

sentation.

(D-G) Comparison of the TIR-domain assemblies in the hSARM1TR:1AD crystal (cyan) and hSARM1 TIR:1AD cryo-EM (slate) structures. (D) Top- (left) and side-
view (right) of octameric assembly. (E) Orthosteric site. (F) Zoomed-in view of isolated 1AD from the orthosteric site. (G) Orthosteric site with residues involved in
1AD binding highlighted in stick representation. The hSARM1T""B chain was used for the alignments in (E-G).

See also Figures S3, S4, and S6.
DISCUSSION

We describe the mechanism of inhibition by a potent and
selective orthosteric SARM1 inhibitor (Figure 1) that highlights a
base-exchange reaction to generate the bona fide inhibitor in
situ. Several NAD* consuming enzymes can catalyze reactions
exchanging the NAM moiety of NAD* with nucleophilic bases
such as heterocyclic amines (CD38, Aplysia ADP-ribosyl cyclase,
and porcine brain NADase), aliphatic alcohols (porcine brain
NADase), and peptides containing Ne-thioacetyl-lysine (sirtuin-
1) (Fatkins et al., 2006; Preugschat et al., 2008; Stein et al.,
1959; Tonooka and Azuma, 1991, 1994, 1996, 1997, 1999;

Tonooka et al., 1977; Zatman et al., 1954). However, the majority
of bases able to undergo SARM1 catalyzed base-exchange
reactions (Table S2) are different to these previously reported
compounds, suggesting that SARM1 has different substrate
preferences for base-exchange reactions, consistent with the
good target selectivity of 1AD (Hughes et al., 2021). One possible
physiological function of SARM1 base-exchange activity is the
conversion of NADP to the strong calcium mobilising agent nico-
tinic acid adenine dinucleotide phosphate via the exchange of
NAM with nicotinic acid (Angeletti et al., 2022; Zhao et al., 2019).

We report active state SARM1 structures in complex with an
inhibitor (Figures 2 and 5), substrate mimetics (Figure 3) and
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Figure 6. Characterization of EE loop mutants

(A) NADase activities of 0.5 uM wild-type, H685A, and Y687A hSARM1. The initial NAD* concentration was 500 pM.

(B) DRG cultures from SARM1 knock out mice (left) or wild-type mice (right) were infected at two days in culture with lentivirus expressing either
wild-type SARM1 or the SARM1 Y687A mutant. Axotomy was performed in mature DRG neurons. Axon degeneration was monitored by the axon

(legend continued on next page)

1654 Molecular Cell 82, 1643-1659, May 5, 2022



¢? CellPress

OPEN ACCESS

Molecular Cell

Active SARM1

A Inactive SARM1

o L N
[NMNJ/[NAD*] 1 050 5s -
— OH OH o
o NH,
N—"SN
<)
oo o N"SN
) g #
OH OH
D ARM @EEsAv @B TR () NAD*

Figure 7. SARM1 activation mechanism

(A) Upon NMN binding, conformational changes in the ARM domain result in their rotation relative to the octameric SAM domain ring, which in turn causes a clash
with the TIR domains. As the TIR domains are released from the ring, they self-associate into a two-stranded antiparallel assembly to yield six catalytically-
competent active sites per SARM1 octamer. Inactive structure corresponds to PDB: 7ANW. The flexible region between the SAM and TIR domain (residues 546-
560) in the activated structure was modeled using Coot.

(B) Comparison of the TIR domain tetramers observed in the RPP1 (PDB: 7JLX) and ROQ1 (PDB: 7DFV) cryo-EM structures with the TIR-domain assembly
observed in SARM1.

the allosteric activator NMN (Figure 4). The structures turn causes a clash with the TIR domains (Figures 4D-4F and

support our recently proposed SARM1 activation model
(Figley et al., 2021), and further explain the mechanism of
how NMN binding triggers SARM1 activation. In the inactive
state, the ARM domains keep the TIR domains apart, and the
catalytic sites are not fully formed. Upon NMN binding,
conformational changes in the ARM domain result in their
rotation relative to the octameric SAM domain ring, which in

Video S1). As the TIR domains are released from the ring, they
self-associate into an open-ended assembly with a different
symmetry compared to the octameric ring, yielding up to six
catalytically-competent active sites per SARM1 octamer
(Figure 7A).

Self-association through the BB and EE loop interfaces
results in a reorientation of the BB-loop, leading to an active

degeneration index (Gerdts et al., 2013) over time. Results are mean + SD, n = 3. Axons with index values above 0.35 (dashed line) are considered

degenerated.

(C and D) Effects of 1AD and 2AD on enzymatic activity. (C) 10 uM wild-type, H685A, and Y87A hSARM1™® with varying concentrations of 1AD and 2AD.

0.5 uM wild-type, H685A, and Y87 activated by 100 min pre-incubation of 500 p with varying concentrations of 1 an . The initia
D M wild H685A, and Y87A hSARM1 activated by 1 i incubati f M NMN with ing i f 1AD and 2AD. The initial
concentration of NAD* was 500 uM. Concentrations of 1AD and 2AD are labeled (uM).
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site spanning two TIR-domain monomers. Such formation of
active sites is required for both NADase and base-exchange
activities of SARM1. We previously observed that K597 can
insert into the active site in a hSARM1™R mutant (G601P)
structure, which provided a mechanism for how substrate
binding could be blocked in the inactive state (Horsefield et al.,
2019). However, this conformation is not observed in the inactive
cryo-EM structures (Bratkowski et al., 2020; Figley et al., 2021;
Jiang et al., 2020; Shen et al., 2021; Sporny et al., 2020). In these
structures, the BB loop region is partially disordered, suggesting
that lack of order in the active site region may play a large role in
preventing substrate binding.

TIR domain assemblies with a BB-loop mediated asymmetric
interfaces analogous to those observed in SARM1 have
recently been reported for two plant TIR domain-containing im-
mune receptors with NADase activity, ROQ1 and RPP1 (Ma
et al., 2020; Martin et al., 2020) (Figure 7B), suggesting that
this is a common active site architecture among eukaryotic
TIR domain-containing NADases. However, both plant and
bacterial TIR domains have been reported to produce a
different set of nucleotide products (ADPR and variant-
cADPRs) upon NAD* cleavage (Eastman et al., 2022; Essuman
et al.,, 2018; Ofir et al.,, 2021; Wan et al., 2019) compared
to SARM1 (ADPR and cADPR) (Essuman et al., 2017;
Zhao et al., 2019), suggesting that the mechanistic details of
NAD* cleavage and product formation may vary among TIR
domain-containing NADases.

Importantly, our results provide the structural basis for multiple
potential avenues to develop therapeutic strategies for hRSARM1
inhibition. The enzyme-catalyzed formation of 1AD represents a
distinctive example of in situ generated potent inhibitors, which
has only recently been described for sirtuin-2, a histone
deacetylase that requires NAD* for its catalytic activity (Mellini
etal., 2017). Such enzyme-catalyzed in situ generation of ligands
could be further leveraged to develop new inhibitors of SARM1,
as the catalytic site sits at the BB-loop mediated self-association
interface and may possess flexibility to accommodate larger or
different pro-drug bases, leading to stronger affinity and
inhibition. In addition, preventing the activator NMN from binding
at the allosteric site (Figley et al., 2021; Li et al., 2021) via
NMN-competitive binders could lead to strong inhibition of
hSARM1 activity. Other strategies that prevent reorientation of
the ARM domains or block the formation of the two-stranded
TIR-domain assemblies could also affect enzyme activity.
Therefore, we expect our results to greatly assist in the discovery
and development of next-generation SARM1 inhibitors for axon
protection.

Limitations of the study

One limitation of our study is the lack of biophysical interaction
data (affinity constants and association/dissociation rate
constants) for h\SARM1 with inhibitors and substrate mimetics.
The ability of the hSARM1 TIR domain to form open ended
assembilies that can be stabilized by inhibitors (1AD), substrate
mimetics (2AD, 3AD) or high local protein concentration leads
to formation of heterogenous populations of large aggregates
of both full-length hSARM1 and hSARM1™R which is problem-
atic for biophysical measurements that rely on a constant
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binding-site concentration in the presence of varying ligand
concentrations. An additional limitation of the study is that we
were not able to obtain a structure of the hSARM1 TIR domain
in complex with NAD*.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

NEB 5-alpha competent cells New England Biolabs Cat# C2987I

BL21 (DE3) competent cells Sigma Aldrich Cat# 69450-3
Chemicals, peptides, and recombinant proteins

B-nicotinamide mononucleotide (NMN) Sigma Aldrich Cat# N3501
B-nicotinamide adenine dinucleotide Sigma Aldrich Cat# N0632

sodium salt (NAD™)

B-27 Supplement (50X), serum free
Nerve Growth Factor (NGF)
5-Fluoro-2’-deoxyuridine

Uridine

Poly-D-lysine hydrobromide
Laminin Mouse Protein

Citrate

1 (DSRM-3716; 5-iodoisoquinoline)
araF-NAD™*

2 (1,2-Dihydro-2,7-naphthyridin-1-one)
3 (8-aminoisoquinoline)

1AD

2AD

3AD

4 (1,2,3,4-tetrahydro-2,7-naphthyridin-1-one)
5 (4-bromo-1,2-dihydro-2,7-naphthyridin-1-one)
6 (5-bromoisoquinoline)

7 (3-iodo-1H-pyrrolo[2,3-c]pyridine)

8 (Thionicotinamide)

9 (5,6-dihydro-1,6-naphthyridin-5-one)
10 (2,7-Naphthyridin-1-amine)

11 3-(1H-imidazol-2-yl)pyridine

12 (Pyridine)

13 (3-Aminopyridine)

14 (4-Phenylpyridine)

15 (Pyrrole)

16 (Imidazole)

17 (Thiazole)

18 (Pyridazine)

19 (Pyrimidine)

20 (Pyrazine)

21 (Piperdine)

22 (Morpholine)

23 (Indole)

24 (5-bromophthalazine)

25 (Isoniazid)

26 (Histidine)

27 (5-aminoisoquinoline)

Thermo-Fisher
Envigo Bioproducts
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo-Fisher
Sigma Aldrich
Hughes et al., 2021

Biolog g Life Science
Institute GmbH & Co

Enamine
Enamine

This study
This study
This study
This study
This study
Hughes et al., 2021
Enamine
Enamine
Enamine
Enamine
Enamine
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
This study
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Cat# 17504044
Cat# B.5017
Cat# FO503
Cat# U3003
Cat# P0899
Cat# 23017015
Cat# S4641
N/A

D 148-005

EN300-176725
EN300-102226
N/A

N/A

N/A

N/A

N/A

N/A
EN300-1699504
EN300-17569
EN300-88515
EN300-177078
EN300-61048
Cat# 270407
Cat# A78209
Cat# P33429
Cat# 131709
Cat# 56750
Cat# 151645
Cat# P57204
Cat# 131695
Cat# P56003
Cat# 411027
Cat# 394467
Cat# 13408
Cat# CDS021144
Cat# 13377
Cat# H0750000
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

28 (5-chloroisoquinoline) This study N/A

29 (5-bromo-3-methylisoquinoline) This study N/A

30 (5-bromo-1-methylisoquinoline) This study N/A

31 (5-bromo-4-methylisoquinoline) This study N/A

32 (5-bromoisoquinolin-6-amine) This study N/A

33 (5-bromo-7-methoxyisoquinoline) This study N/A

34 (5-bromo-8-methoxyisoquinoline) This study N/A

35 (1-iodonaphthalene) Sigma Aldrich Cat# 238139
hSARM1 g 704 Figley et al., 2021 N/A
hSARM1™R (residues 561-700) Horsefield et al., 2019 N/A

hSARM1 F603A This study N/A
hSARM1™R F603A This study N/A

hSARM1 W638A This study N/A
hSARM1™R W638A Horsefield et al., 2019 N/A

hSARM1 W662A This study N/A
hSARM1TR We62A This study N/A

hSARM1 N679A This study N/A
hSARM1™R N679A This study N/A

hSARM1 H685A This study N/A
hSARM1™R HE85A Horsefield et al., 2019 N/A

hSARM1 YB687A This study N/A
hSARM1™R Y687A This study N/A
STREP-TEV-hSARM?1409-700 Hughes et al., 2021 N/A

Deposited data

Structure of the activated Roqg1 resistosome Martin et al., 2020 PDB: 7JLX
directly recognizing the pathogen effector XopQ

Cryo-EM structure of plant NLR RPP1 Ma et al., 2020 PDB: 7DVF
tetramer core part

Crystal structure of the TIR domain from human Horsefield et al., 2019 PDB: 600Q
SARM1 in complex with ribose

Crystal structure of the TIR domain from human Horsefield et al., 2019 PDB: 600R
SARM1 in complex with glycerol

Ligand-free hSARM155.704 Cryo-EM structure Figley et al., 2021 PDB: 7LDO
NMN bound dSARMA"M crystal structure Figley et al., 2021 PDB: 7LCZ
hSARM1 NAD+ complex Sporny et al., 2020 PDB: 7ANW
hSARM™® 1AD complex This paper PDB: 7NAG
hSARM™R 2AD complex This paper PDB: 7NAH
hSARM™R 3AD complex This paper PDB: 7NAI
hSARM™® araF-ADPR complex This paper PDB: 7NAJ
hSARM1 TIR:1AD cryoEM map and model This paper EMDB: EMD-24272 and PDB: 7NAK
hSARM1 ARM-SAM:NMN cryoEM This paper EMDB: EMD-24273 and PDB: 7NAL
map and model

hSARM1 SAM-TIR:1AD cryoEM map This paper EMDB: EMD-24274
hSARM1":1AD cryoEM map This paper EMDB: EMD-26191
Experimental models: Cell lines

HEK293S ATCC Cat# CRL-3022

Experimental models: Organisms/strains

Mouse: CD-1
Mouse: Sarm1~/~
Mouse: C57BL/6J

Charles River Laboratories
Szretter et al., 2009
Janvier labs

Crl:CD1 (ICR)
N/A
RRID:IMSR_JAX:000664

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

PSF-CMV-AMP Hise¢Tag-TEV- Figley et al., 2021 N/A

AviTag-hSARM1 25724

PSF-CMV-AMP HisgTag-TEV- This study N/A

AviTag-hSARM1,g_ 704 (FBO3A)

PSF-CMV-AMP HisgTag-TEV- This study N/A

AviTag-hSARM12g.724 (W638A)

PSF-CMV-AMP HisgTag-TEV- This study N/A

AviTag-hSARM1 25724 (W662A)

PSF-CMV-AMP HisgTag-TEV- This study N/A

AviTag-hSARM1,g 754 (N679A)

PSF-CMV-AMP HisgTag-TEV- This study N/A

AviTag-hSARM1,g 754 (H685A)

PSF-CMV-AMP HisgTag-TEV- This study N/A

AviTag-hSARM1,g.724 (Y687A)

pPMCSG7 HisgTag-TEV-hSARM1561-700 Horsefield et al., 2019 N/A

pMCSG7 HisgTag-TEV-hSARM1561_700 (F603A) This study N/A

pMCSG7 HisgTag-TEV-hSARM1 561700 (W638A) This study N/A

pMCSG7 HisgTag-TEV-hSARM1561-700 (WE662A) This study N/A

pMCSG7 HisgTag-TEV-hSARM1561-700 (N679A) This study N/A

pMCSG7 HisgTag-TEV-hSARM1561-700 (H685A) This study N/A

pMCSG7 HisgTag-TEV-hSARM1561.700 (YB87A) This study N/A

STREP-TEV-hSARM1409-7%0 Hughes et al., 2021 N/A

FC SARM1-T2A-P2A-Venus This paper N/A

FC SARM1Y887A_T2A-P2A-Venus This paper N/A

Software and algorithms

TopSpin™ Bruker https://www.bruker.com/products/
mr/nmr/software/topspin.html

Mnova 11 Mestrelab Research https://mestrelab.com/software/mnova

XDS (Kabsch, 2010) https://xds.mr.mpg.de/

Aimless Evans and Murshudov, 2013 https://www.ccp4.ac.uk/

PHENIX Afonine et al., 2012 https://www.phenix-online.org

Phaser (McCoy, 2007) https://www.phenix-online.org

Molprobity Chen et al., 2010 http://molprobity.biochem.duke.edu/

CryoSPARC (version 3.1) Punjani et al., 2017 https://cryosparc.com

RELION 3.1 Scheres and Chen, 2012 https://www.ccpem.ac.uk/

GCTF (Zhang, 2016) https://www.ccpem.ac.uk/

Topaz Bepler et al., 2019 http://cb.csail.mit.edu/cb/topaz

Chimera Pintilie et al., 2010 https://www.cgl.ucsf.edu/chimera

ChimeraX Goddard et al., 2018 https://www.cgl.ucsf.edu/chimerax

Namdinator Kidmose et al., 2019 https://namdinator.au.dk

Coot (Emsley and Cowtan, 2004) https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot

ISOLDE (Croll, 2018) https://isolde.cimr.cam.ac.uk/

PyMOL (version 2.2.3) Schrédinger, LLC https://pymol.org/2/

Arpeggio Jubb et al., 2017 http://biosig.unimelb.edu.au/arpeggioweb/

Dyndom Hayward et al., 1997 http://dyndom.cmp.uea.ac.uk/dyndom/

PISA Krissinel and Henrick, 2007 https://www.ebi.ac.uk/pdbe/pisa/

Prism Graph Pad RRID:SCR_002798

Unicorn 7 Cytiva https://www.cytivalifesciences.com
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Other

Histrap FF 5 mL Cytiva Cat# 17531901

HiLoad 26/60 Superdex 75 pg Cytiva Cat# 28989334

HiLoad 26/60 Superdex 200 pg Cytiva Cat# 28989336

SnakeSkin Dialysis Tubing, 3.5K MWCO Thermofisher Cat# 68035

Titan Krios microscope Thermofisher Product site: https://www.thermofisher.
com/au/en/home/electron-microscopy/
products/transmission-electron-
microscopes.html

Mark IV Vitrobot Thermofisher Product site: https://www.thermofisher.

GloQube
Quantifoil (Au 400 R.2/2) grids
Quantifoil (Au 300 R1.2/1.3) grids

Bruker Avance 600 MHz NMR spectrometer
equipped with "H/'3C/"®N triple resonance
cryoprobe

3 mm unracked NMR-tubes

BioSep 3000 column

Diener Femto Plasma Cleaner

CRYO ARM™ 300 microscope
Gatan K3 direct electron detector

Synergi™ 4 pym Hydro-RP 80 A column
Kinetex 2.6 pm HILIC, 150 x 2.1 mm
RapidFire 300 Mass Spectrometer

API14000 triple quadrupole mass spectrometer

TSQ Quantiva Triple-Stage Quadrupole
Mass Spectrometer

Thermo lonMax ESI probe

Quorum Tech

Quantifoil Micro Tools
GmbH, Germanuy

Quantifoil Micro Tools
GmbH, Germanuy

Bruker

Bruker
Phenomenex

Diener Plasma Surface
Technology, Ebhausen,
Germany

JEOL Ltd, Akishima,
Tokyo, Japan

Gatan, Pleasanton,
CA, USA

Phenomenex

Phenomenex

Agilent

AB Sciex, Framingham, MA

Thermo Electron Corporation,
San Jose, CA, USA

Thermo Scientific

com/au/en/home/electron-microscopy/
products/sample-preparation-equipment-
em.html

Product site: https://www.quorumtech.
com/products/glow-discharge-2/

Product site: https://www.quantifoil.com

Product site: https://www.quantifoil.com

Product site: https://www.bruker.com/
products/mr/nmr.html

Cat# 2172598
CAT# 00H-2146-E0
Product site: https://www.plasma.com/en/

Product site: https://www.jeol.co.jp/en/

Product site: https://www.gatan.com/K3

CAT # 00G-4375-NO

CAT # 00F-4461-AN

Product site: https://www.agilent.com/
Product site: https://sciex.com/

Product site: https://www.thermofisher.com

Cat# IQLAAEGABBFACTMAJI

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas

Ve (t.ve@griffith.edu.au).

Materials availability

Some unique/stable reagents may be available from the Lead Contact with a completed Materials Transfer Agreement. Restrictions
may apply on some of the reagents due to limited availability and prioritization for internal use.

Data and code availability

e Coordinates for the crystal structures of 1AD, 2AD, 3AD and araF-ADPR bound hSARM™? have been deposited in the Protein
Data Bank (PDB: 7NAG, 7NAH, 7NAI, 7NAJ). The hSARM1 TIR:1AD and ARM-SAM:NMN cryo-EM maps and coordinates have
been deposited to the Electron Microscopy Data Bank (EMDB: EMD-24272, EMD-24273) and Protein Data Bank (PDB: 7NAK,
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7NAL), respectively. The hNSARM1 SAM-TIR:1AD and hSARM1™"R:1AD cryo-EM maps have been deposited to the Electron Mi-
croscopy Data Bank (EMDB: EMD-24274, EMD-26191).

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Expression of hRSARM1™'R in E. coli

hSARM1™R and mutants (residues 561-700 in pMCSG7, N-terminal Hisg-tag, TEV-protease cleavage site) (Horsefield et al., 2019) were
produced in E. coli BL21 (DE3) cells using the autoinduction method (Studier, 2005) and purified to homogeneity using a combination of
immobilised metal-ion affinity chromatography (IMAC) and size-exclusion chromatography (SEC). The cells were grown at 37°C, until an
OD® of 0.6- 0.8 was reached. The temperature was then reduced to 20°C, and the cells were grown overnight for approximately 16 h.
The cells were harvested by centrifugation at 5000 x g at 4°C for 15 min, and stored at —80°C until used for purification.

Expression of hSARM1 in HEK293T cells

hSARM1 and mutants (residues 28-724 in PSF-CMV-AMP, N-terminal Hisg-tag, TEV-protease cleavage site, AVI-tag) (Figley et al.,
2021) were expressed in HEK293S cells (ATCC) and purified to homogeneity using a combination of IMAC and SEC. The HEK293S
cell experiments were performed in accordance with Griffith University Research Ethics Committee approval 2020/246. The
cells (were grown in 50% Freestyle 293 Expression Medium (GIBCO) and 50% Ex-Cell 293 Medium (Sigma) supplemented with
3% L-glutamine in vented flasks at 90 rpm in an 80% humidified, 8% carbon dioxide atmosphere at 37°C. When cells reached a
density of 2 x 10° cells/mL, they were centrifuged at 500 x g for 10 min and resuspended in 100% Freestyle 293 Expression Medium
to a density of 2.5 x 10° cells/mL. After resuspension the cells were transfected with 3 pg/mL of plasmid DNA using Polyethylenimine
(PEI) transfection reagent (Polysciences) and growth was continued overnight. On the next day, transfected cells were diluted 1:1
with Ex-Cell 293 Medium and valproic acid was added to a final concentration of 2.2 mM. Growth was continued for an additional
three days. Cells were harvested by centrifugation at 1,500 x g for 10 min at 4°C and stored at —80°C until used for purification.

Primary DRG cultures for SARM1 dependent production of 1AD and 3AD and for quantification of axon degeneration
by the SARM1 Y687A mutant

All animal experiments were performed in accordance with the policies and guidelines of the Institutional Animal Care and Use Com-
mittee (IACUC) of Washington University in St. Louis (specific protocols #20-0020 and #20-0484). DRG neurons were isolated from
E13.5 CD1 mouse embryo or Sarm1~/~ timed pregnant mice (Szretter et al., 2009) and cultured in 24-well culture plate (Corning 3524)
coated with poly-D-lysine and laminin with 500 pL of a complete medium (Neurobasal medium, GIBCO) with 2% B27 (Invitrogen),
100 ng/mL 2.5S NGF (Harlan Bioproducts), 1 uM uridine (Sigma), 1 uM 5-fluoro-2’-deoxyuridine (Sigma), and penicillin streptomycin)
(Sasaki et al., 2016).

Primary DRG cultures for production of 1AD and 2AD in axotomized neurons

For mouse dorsal root ganglia (DRG) cultures, C57BL/6J RRID:IMSR_JAX:000664, were obtained from Janvier labs (Le Genest-Saint-
Isle, FR). All animal experiments were carried out in accordance with the regulations of the German animal welfare act and the directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. Protocols were approved by the local
ethics committee of the Authority for Health and Consumer Protection of the city and state Hamburg (‘Behérde fiir Gesundheit und Ver-
braucherschutz’ BGV, Hamburg). Female mice, 10-12 weeks in age were housed on a 12 h light/dark cycle with ad libitum access to
food and water. DRGs were dissected from embryonic day 13.5 mouse embryos (~50 ganglia per embryo) and incubated with 0.05%
(w/v) trypsin solution containing 0.02% (w/v) EDTA at 37°C for 30 min. After 2 min gentle centrifugation trypsin solution was removed and
replaced for Neurobasal medium, 10% fetal bovine serum. Then, DRGs were triturated by gentle pipetting, cell suspensions were
washed 3 times with DRG growth medium (Neurobasal medium; ThermoFisher) containing 2% B27 (ThermoFisher), 50 ng/mL 2.5S
NGF (Sigma), 10 uM uridine (Sigma), 10 uM 5-fluoro-2- deoxyuridine (Sigma), 50 U/mL penicillin, and streptomycin. After the last
wash, cells were resuspended in DRG growth medium at a ratio of ~100 puL medium/50 DRGs and counted. The cell density of these
suspensions was adjusted to 1x107 cells/mL. Cell suspensions were seeded at 100,000 cells/well as a 10 pL spotted culture in the cen-
ter of 24 well plates coated with poly-D-Lysine (0.1 mg/mL; Sigma) and laminin (3 png/mL; ThermoFisher), and placed in a humidified CO,
incubator for 15 min. After allowing for cells to adhere, culture media was added gently to a final well volume of 1 mL/well.

METHOD DETAILS
Site directed mutagenesis
hSARM1™R and hSARM1 mutants were produced using Q5® Site-Directed Mutagenesis (New England BioLabs). Pure plasmids

were prepared using the QIAprep Spin Miniprep Kit (QIAGEN) and the sequences were confirmed by the Australian Genome
Research Facility.
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Purification of hSARM1™R

hSARM™® was expressed as described in the experimental model and subject details section. The cells were harvested by
centrifugation at 5000 x g at 4°C for 15 min, the cell pellets were resuspended in 2-3 mL of the lysis buffer (50 mM HEPES
pH 8.0, 500 mM NaCl) per g of cells. The resuspended cells were lysed using a digital sonicator and clarified by centrifugation
(15,000 x g for 30 min). The clarified lysate was supplemented with imidazole (final concentration of 30 mM) and then applied to a
nickel HisTrap column (Cytiva) pre-equilibrated with 10 column volumes (CVs) of the wash buffer (50 mM HEPES pH 8.0, 500 mM
NaCl, 30 mM imidazole) at a rate of 4 mL/min. The column was washed with 10 CVs of the wash buffer followed by elution of bound
proteins using elution buffer (50 mM HEPES pH 8, 500 mM NaCl, 250 mM imidazole). The elution fractions were analyzed by
SDS-PAGE and the fractions containing hSARM1™R were pooled, supplemented with TEV protease and dialysed into gel-filtration
buffer (10 mM HEPES pH 7.5, 150 mM NaCl) for 16-20 h. After dialysis, cleaved hSARM1™® was reloaded onto the HisTrap column
to remove the TEV protease, Hisg-tag and contaminants. After the second IMAC step, hSARM1T'R was further purified on a S75 Hi-
Load 26/600 column pre-equilibrated with gel-filtration buffer. The peak fractions were analyzed by SDS-PAGE, and the fractions
containing hSARM1™® were pooled and concentrated to a final concentration of approximately 4-6 mg/mL, flash-frozen as 10 pL
aliquots in liquid nitrogen, and stored at —80°C.

Purification of hSARM1

hSARM1 was expressed as described in the experimental model and subject details section. Cell pellets from 900 mL expressions of
SARM1 were resuspended in 20-30 mL of lysis buffer (50 mM HEPES buffer (pH 8.0), 400 mM NaCl, 5% (v/v) glycerol, 0.5 mM TCEP
[tris(2-carboxyethyl)phosphine]), lysed using a digital sonicator, and clarified by centrifugation (2 x cycles of 15,000 x g for 20 min).
The clarified lysate was applied to a nickel HisTrap column pre-equilibrated with 10 CVs of the lysis buffer at a rate of 1 mL/min. The
column was washed with 10-20 CVs of lysis buffer supplemented with 20 mM imidazole, followed by elution of bound proteins using
elution buffer (50 mM HEPES buffer (pH 8.0), 400 mM NaCl, 250 mM imidazole, 5% (v/v) glycerol, 0.5 mM TCEP). The elution fractions
were analyzed by SDS-PAGE and the fractions containing hSARM1 were pooled and further purified on a S200 HiLoad 26/600 col-
umn pre-equilibrated with gel-filtration buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 0.1 mM TCEP). The peak fractions were analyzed
by SDS-PAGE, and the fractions containing hSARM1 were pooled and concentrated to a final concentration of 5-10 mg/mL and
stored at —80°C. For cryo-EM, the IMAC elution fractions were pooled, supplemented with TEV protease, and dialysed into gel-filtra-
tion buffer overnight at 4°C. Cleaved hSARM1 was reloaded onto the HisTrap column to remove the TEV protease, Hisg-tag and con-
taminants. After the second IMAC step, hSARM1 was further purified on a S200 HiLoad 26/600 column, concentrated and stored as
described above.

'H NMR NADase assays

NMR samples were prepared in 175 uL HBS buffer (10 mM HEPES, 150 mM NaCl, pH 7.5), 20 uL D,O, and 5 uL. DMSO-d6, re-
sulting in a total volume of 200 mL. Each sample was subsequently transferred to a 3 mm Bruker NMR tube rated for 600 MHz
data acquisition. All 'TH NMR spectra were acquired with a Bruker Avance 600 MHz NMR spectrometer equipped with "H/'3C/°N
triple resonance cryoprobe at 298 K. To suppress resonance from H,O, a water suppression pulse program (P3919GP) using a 3-
9-19 pulse sequence with gradients (Piotto et al., 1992; Sklenar et al., 1993) was implemented to acquire spectra with an acqui-
sition delay of 2 s and 32 scans per sample. For each reaction, spectra were recorded at 10 min, 2 h, 4 h, 8 h, 16 h, 40 h, and 64 h
time-points, depending on instrument availability. All spectra were processed by TopSpin (Bruker) and Mnova 11 (Mestrelab
Research). The amount of NAD* consumption was calculated based on the integration of non-overlapping resonance peaks,
which vary depending on sample composition, from NAD* and NAM, respectively. Likewise, the amount of base exchange
was calculated based on those from the base and the base-exchange product, respectively. The detection limit (signal-to-noise
ratio > 2) was estimated to be 10 uM.

Production and purification of base-exchange products

Production reactions for 1AD, 2AD, and 3AD were performed using conditions similar to the '"H NMR NADase assays. A solvent
volume of 10 mL or 15 mL was used for each reaction, which consists of HBS buffer (50 mM HEPES, 150 mM NacCl, pH 7.5) with
2% (v/v) DMSO. For 1AD production, 5 mM of Hisg-tagged hSARM1™R, 1 mM 1, and 1 mM NAD* were added to the mixture.
For 2AD production, 0.5 mM of Hisg-tagged hSARM1, 1 mM NMN, 10 mM 2, and 10 mM NAD* were added to the mixture. For
3AD production, 5 mM Hisg-tagged hSARM1™®, 15 mM 3, and 15 mM NAD* were added to the mixture. All reactions were
performed at room temperature and monitored intermittently by 'H NMR. To stop the reaction, the Hisg tagged protein was
removed by incubating the mixture with 200 mL of HisPur Ni-NTA resin for 30-60 min. The resin was subsequently removed
by centrifugation at 500 x g for 1 min and the supernatant was subjected to HPLC-based separation to purify the base-
exchange products. A Shimadzu Prominence HPLC equipped with a Synergi 4 um Hydro-RP 80 A column was used for
separation. The mobile phase consists of phase A (0.05% (v/v) formic acid in water) and phase B (0.05% (v/v) formic acid in
methanol). Different gradients, flow rates, and run times were applied depending on prior optimization with individual reaction
mixtures. Product peaks were confirmed by comparison with individual chromatograms of NMN, NAD*, NAM, ADPR, and the
corresponding base. Fractions corresponding to the product peaks were collected, concentrated, and lyophilized and stored
at —20°C.
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Characterization of base-exchange products
1AD. '"H-NMR (600 MHz, D,0): 5 9.70 p.p.m (s, 1H), 8.55 (d, J = 6.7 Hz, 1H), 8.39 (d, J = 7.4 Hz, 1H), 8.21 (m, 3H), 7.85 (s, 1H), 7.42
(t,J=7.8Hz,1H),6.15(d,J=4.8 Hz, 1H), 5.76 (d, J = 5.8 Hz, 1H), 4.54 (m, 2H), 4.48 (m, 2H), 4.39 (m, 2H), 4.29 (d, J = 11.5 Hz, 2H), 4.24
(d, J = 11.8 Hz, 1H), 4.16 (d, J = 11.6 Hz, 1H); "*C-NMR (150 MHz, D,0): 5 167.96, 152.29, 149.35, 147.96, 145.93, 140.34, 139.43,
132.12, 131.66, 131.19, 130.25, 127.42, 117.42, 99.50, 96.21, 86.82, 86.25, 83.90, 77.29, 74.23, 70.24, 69.94, 65.48, 64.79; HRMS
(m/2): [M+H]" calcd for CpsHo7INgO13P5, 797.0229; found, 797.0205. Purity > 95% (‘*H-NMR).

2AD. 'H-NMR (600 MHz, D,0): 5 9.47 p.p.m (s, 1H), 8.86 (d, J = 6.4 Hz, 1H), 8.39 (s, 1H), 8.21 (s, 1H), 8.03 (d, J = 6.7 Hz, 1H), 7.70
(d,J=7.9Hz, 1H), 6.71 (d,J = 7.1 Hz, 1H), 6.05 (t, J = 4.6 Hz, 1H), 5.95 (t, J = 7.3 Hz, 1H), 4.60 (t, J = 5.3 Hz, 1H), 4.53 — 4.45 (m, 2H),
4.44 - 4.38 (m, 2H), 4.35 - 4.28 (m, 2H), 4.25 - 4.18 (m, 2H), 4.18 = 4.13 (m, 1H); "*C-NMR (150 MHz, D,0): 3 161.24, 150.49, 149.76,
148.18, 146.16, 143.39, 141.83, 141.25, 137.48, 125.01, 121.80, 118.09, 104.37, 99.55, 87.54, 86.81, 84.22, 77.27, 74.55, 70.84,
70.34, 65.29, 65.18; HRMS (m/2): [M+H]* calcd for CozHo7N;044P,, 688.1164; found, 688.1138. Purity > 95% ('H-NMR).

3AD. 'H-NMR (600 MHz, D,0): $9.38 p.p.m (s, 1H), 8.23-8.17 (m, 2H), 7.89 (s, 1H), 7.76 (d, J = 7.1 Hz, 1H), 7.52 (t, J = 8.0 Hz, 1H),
6.88(d,J=7.8Hz, 1H),6.72 (d, J =8.1 Hz, 1H), 5.90 (d, J = 5.8 Hz, 1H), 5.83 (d, J = 5.5 Hz, 1H), 4.55 (d, J = 5.6 Hz, 1H), 4.51 — 4.44 (m,
2H), 4.40 (m, 3H), 4.34 — 4.31 (m, 1H), 4.28 — 4.20 (m, 2H), 4.19 — 4.13 (m, 1H); "®C-NMR (150 MHz, D,0):  151.66, 148.95, 148.15,
141.09, 140.69, 139.37, 138.75, 137.58, 128.16, 125.45, 117.64, 115.20, 114.20, 113.30, 99.36, 86.99, 86.31, 84.16, 76.88, 74.45,
70.65, 70.40, 65.45, 65.34; HRMS (m/2): [M+H]* calcd for CosHagN;015P,, 686.1317; found, 686.1346. Purity ~80% ('H-NMR).

Enzyme kinetics

The kinetics reaction was carried out in a 384-well plate format with a final volume of 20 plin assay buffer (HEPES pH 7.4, 0.03% BSA,
10 mM MgCl,, 10 mM KCI) using 2.5 nM purified hSARM1. To test the activation effect of NMN (Figure 1E), NAD* at 0, 0.5, 1, 2, 5, 10,
20, 50, 100, 200, 500 pM initial concentration was added after a pre-incubation time of 120 min with 0, 25, 300 uM NMN. To test
the inhibition effect of 1 (Figure 1E), NAD* at 0, 0.5, 1, 2, 5, 10, 20, 50, 100, 200 and 500 uM initial concentration was added after
a pre-incubation time of 120 min with 25 pM NMN and different concentrations of 1 (0, 0.05, 0.15, 0.5, 1.5 uM initial concentration).
Incubation was executed at room temperature and stopped upon addition of 40 pl of 7.5% trichloroacetic acid (TCA) in acetonitrile
(ACN) after 15 min for the NMN set and 60 min for the 1 set. Samples were centrifuged (10 min, 4350 rpm, RT) and subjected to online-
SPE/MS analysis using an Agilent RapidFire 300 (Agilent Technologies, Santa Clara, CA) coupled to a API400 triple quadrupole mass
spectrometer (AB Sciex, Framingham, MA). Analytes were desalted on a graphite SPE cartridge (Agilent) using a cycle time of each
3000 ms for load and elute. The mobile phase consisted of water cont. 5 MM ammonium acetate for pump 1 and water/acetonitrile
(50/50 v/v) cont. 5 mM ammonium acetate for pump 2 and 3. Substrate and reaction products ADPR and 1AD were detected in pos-
itive electrospray ionisation (ESI) mode by selected reaction monitoring (SRM) of the m/z transitions 560.0/136.1 (ADPR), 797.0/136.2
(1AD) and 664.1/136.1 (NAD*). Concentrations of ADPR and 1AD were quantified by respective peak areas. All data with 0.5 and
1 uM NAD* of the NMN set and with 0.5, 1, 2 and 5 uM NAD" of the 1 set were not used for fitting kinetics properties (k.o; and
Ky) as more than 20% of either initial NAD* or initial 1 had been consumed. Fitting to Michaelis-Menten equation was performed
by Prism 9.0.0.

NADase inhibition assay

The enzymatic assay was performed in a 384-well polypropylene plate in Dulbecco’s PBS buffer in a final assay volume of 20 mL.
SAM-TIR lysate, prepared as previously described (Hughes et al., 2021) with a final concentration of 5 ng/mL, was pre-incubated
with the respective compound at 1% (v/v) DMSO final assay concentration over 2 h at room temperature. The reaction was initiated
by addition of 5 uM final assay concentration of NAD* as substrate. After a 2 h incubation at room temperature, the reaction was
terminated with 40 mL of stop solution of 7.5% (v/v) trichloroactetic acid in acetonitrile. The NAD" and ADPR concentrations were
analyzed by online SPE-MS/MS using a RapidFire 300 (Agilent Technologies, Santa Clara, CA), coupled to an API4000 triple quad-
rupole mass spectrometer (AB Sciex, Framingham, MA).

Analytical size-exclusion chromatography

For analysis of complex size, samples of hSARM?®724 were incubated at 1 mg/mL in aSEC running buffer (20 mM HEPES pH 7.5,
150 mM NaCl, 1 mM TCEP) with ligands (1AD, 2AD, NMN, and NAD") for 2 h at room temperature. Ligands were used at
0.5 mM, except NAD™* (2 mM). After incubation, 25 uL of each sample was loaded onto a BioSep 3000 column (Phenomenex) using
an Akta Pure device (Cytiva) at 1 mL/min. Analysis of chromatograms and image preparation was performed in Unicorn 7 software
(Cytiva).

Crystallization and crystal structure determination

The hSARM1™® crystals were produced using the hanging drop vapor diffusion method, as described previously (Horsefield et al.,
2019). Optimal crystals were obtained via microseeding using 1 uL protein (at a concentration of 3-5 mg/mL in 10 mM HEPES pH 7.5
and 150 mM NaCl) and 1 pL of well solution consisting of 0.1 M Bis-Tris propane pH 7.0, 0.2 M potassium thiocyanate, and 10% (w/v)
PEG3350. Consistency of crystal size and quality was greatly improved by microseeding. Compounds 1, 2 and 3 (final concentration
of 10 mM) were soaked into hSARM1TR crystals in the presence of NAD™ (final concentration of 10 mM) for 24-48 h. AraF-NAD* was
soaked into hSARM1T'R crystals (final concentration 5 mM) for 48 h. The crystals were cryoprotected in 20% (v/v) glycerol and
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flash-cooled at 100 K. X-ray diffraction data were collected from single crystals on the MX2 beamline at the Australian Synchrotron,
using a wavelength of 0.9537 A. The data-sets were processed using XDS (Kabsch, 2010) and scaled using Aimless in the CCP4 suite
(Evans and Murshudov, 2013). The structures were solved by molecular replacement using Phaser (McCoy, 2007) and the
hSARM1™:glycerol complex (PDB: 600R) (Horsefield et al., 2019) as the template. The models was refined using Phenix (Afonine
et al., 2012), and structure validation was performed using MolProbity (Chen et al., 2010). The final structures have been deposited
in the PDB. Data processing and refinement statistics are provided in Table S1. For the hSARM1™R:araF-ADPR complex only the
ribose that was attached to NAM and the diphosphate group were modeled, because we did not observe electron density for the
adenosine moiety and the leaving NAM group.

Cryo-EM sample preparation and data collection

hSARM?1: Prior to grid set-up, the protein (0.6 mg/mL) was incubated in gel-filtration buffer (25 mM HEPES pH 7.4, 150 mM NaCl,
0.5 mM TCEP) with 0.5 mM NMN and 0.5 mM 1AD for 2 h at room temperature. For hSARM1 incubated with 0.5 mM NMN and
2.0 mM NAD", the same procedure was followed. For hSARM128-724 incubated with NMN alone, the protein concentration was at
0.3 mg/mL and 0.5 mM NMN was used.

For grid preparation, Quantifoil (Au 300 R1.2/1.3) grids were glow-discharged at 35 mA for 60 s in a GloQube (Quorum Tech). 3 uL of
each incubation sample was then applied to the grids, a 3 s blot time was used, and the grids were plunge-frozen in liquid ethane
using a Mark IV Vitrobot (Thermo Fisher Scientific, Waltham, MA, USA).

The datasets were collected on a Titan Krios microscope (Thermo Fisher Scientific, Waltham, MA, USA) operated at an
accelerating voltage of 300 kV in nanoprobe EFTEM mode, with a 50 um C2 aperture at an indicated magnification of 81,000x. Movies
were collected on a Gatan K3 direct electron detector positioned after a Gatan Quantum energy filter (Gatan, Pleasanton, CA, USA),
operated in a zero-energy-loss mode. A slit width of 20 eV was used to acquire dose-fractionated images.

Movies were recorded as compressed TIFFs in super-resolution mode corresponding to a sampling interval of 1.09 A/pixel (super-
resolution 0.543 /&/pix) with an exposure time of 3 s (SARM1:NMN:1AD and SARM1:NMN:NAD*) or 5 s (SARM1:NMN). The total
exposure corresponded to 40.9 e-/A? (SARM1:NMN:1AD), 45 e-/A? (SARM1:NMN), 42 e-/A? (SARM1:NMN:NAD"), with the
exposure rate of 16 e-/pixel/s (SARM1:NMN:1AD and SARM1:NMN:NAD™") or 9 e-/pixel/s (SARM1:NMN). Images were recorded
at —0.5 to —3.0 um defocus.

hSARM1™R: Prior to grid set-up, the protein was incubated with 2 mM 1AD for 1 h at room temperature. For grid preparation, Quan-
tifoil (Au 400 R.2/2) grids were glow-discharged for 60 s in a Diener Femto Plasma Cleaner (Diener Plasma Surface Technology, Eb-
hausen, Germany). 2 uL of the incubated sample was applied to the grids, a 5 s blot time was used, and the grids were plunge-frozen
in liquid ethane using a Mark IV Vitrobot (Thermo Fisher Scientific, Waltham, MA, USA). The datasets were collected on a CRYO
ARMTM 300 microscope (JEOL Ltd, Akishima, Tokyo, Japan) operated at an accelerating voltage of 300 kV, at an
indicated magnification of 50,000x using an in-column omega energy filter in zero-energy-loss mode with a slit width of 20 eV.
Dose-fractionated movies (50 frames) were collected in electron counting mode on a Gatan K3 direct electron detector (Gatan,
Pleasanton, CA, USA) using the JEOL Automated Data Acquisition System (JADAS). The calibrated pixel size at 50,000x
magnification was 0.96 A/pixel and the total exposure time was 5 s. The electron dose was 12 e-/pixel/s. Movies were recorded
with a defocus range of —0.5 to —2.5 um.

Cryo-EM data processing

For hSARM1 incubated with NMN and 1AD, a single dataset containing a total of 8,895 movies were collected and motion correction
was performed using RELION 3.1 (Scheres, 2012) Motion Correction. Non-dose weighted micrographs were used for CTF estimation
using GCTF (Zhang, 2016). Initial 2D classes were generated from 1645 manually picked particles in RELION 3.1 and were used for
template-based picking. 6,108,705 particles were extracted from 8809 CTF-corrected micrographs with a box size of 300 pixels
using RELION 3.1. All further processing was performed in CryoSPARC 3.1 (Punjani et al., 2017) (Structura Biotechnology Inc).
Following 2D classification, particles were divided for further processing into three groups representing ARM-SAM:NMN (1) and
TIR:1AD (2) and SAM-TIR:1AD (3).

1. For ARM-SAM:NMN, 320,097 particles from the 2D classification were used for ab-initio reconstruction using 2 classes.
Heterogeneous refinement was performed using 3 classes. Homogeneous refinement, with C8 symmetry, was performed
on the best class (123,256 particles), followed by a final non-uniform refinement (Punjani et al., 2020). The final reconstruction
was sharpened using a B-factor of —148.2 Az,

2. For TIR:1AD, 1,826,067 particles from the 2D classification were used for ab-initio reconstruction using 2 classes.
Heterogeneous refinement was performed using 5 classes. 1,066,814 particles from 3 of the classes were subjected to
non-uniform refinement. A mask was generated that corresponded to 8 TIR protomers and masked local refinement was
performed. The final reconstruction was sharpened with a B-factor of —124.1 A?,

3. Forthe SAM-TIR:1AD map, particles from two processing sources were used. The first set of 133,331 particles containing both
SAM rings and TIR oligomer were identified from 2D classification. Ab-initio reconstruction was performed with 2 classes,
followed by heterogeneous refinement with 4 classes. 66,062 particles from 2 of these classes were selected for further
processing. The second set of 320,097 particles were derived from the heterogeneous refinement of the SAM-ARM:NMN
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data processing pipeline (volumes 1 and 3, Figure S5). These contained the TIR oligomer along with the SAM-ARM domain.
Heterogeneous refinement (3 classes) was performed on this set of particles. 41,112 particles from one of these classes
were selected for further processing. Homogeneous refinement was performed on the combined set of 106,888 particles,
leading to a final reconstruction which was sharpened with a B-factor of 186.4 Az Al global resolution estimations were based
on using the gold standard Fourier Shell Correlation (FSC) value of 0.143 calculated with two independent half maps.

For hNSARM1 incubated with NMN, a total of 6834 movies were collected and motion correction was performed using RELION 3.1.
Non-dose weighted micrographs were used for CTF estimation using GCTF. Particles were picked using Topaz (Bepler et al., 2019)in
RELION 3.1. 642,433 particles were extracted with a 300 pixel box size from 5,277 CTF-corrected micrographs using RELION 3.1. 2D
classification was performed in CryoSPARC 3.1.

For hSARM1 incubated with both NMN and NAD*, a total of 3181 movies were collected and motion correction was performed
using patch-based motion correction. Non-dose weighted micrographs were used for CTF estimation using patch-based CTF
estimation. Initial particle picking was performed on 3181 micrographs using the Blob picker in CryoSPARC 3.1. 3,236,212 particles
were extracted with a box size of 256 pixels, followed by 2D classification. Template-based picking was performed on the same
micrographs using 4 selected 2D classes. 2,851,793 particles were extracted with a 256 pixel box size and 2D classification was
performed in CryoSPARCS3.1.

For hSARM1™R incubated with 1AD, a total of 247 movies were imported into CryoSPARC 3.1 and alignment of movie frames was
performed using patch-based motion correction. Fitting of the CTF and defocus estimation was performed using patch-based CTF
estimation. Initially, 278 particles were manually picked, extracted using a box size of 400 pixels and subjected to 2D classification to
generate templates for automatic particle picking. After template-based automatic particle picking, 35,572 particles were extracted
using a box size of 450 pixels. Following multiple rounds of 2D classification, 5,011 particles were used for ab-initio reconstruction
using 1 class followed by non-uniform refinement.

Model building and refinement of hSARM1 cryo-EM structures

The hSARM1™R:1AD crystal structure and ligand-free hSARM1 (PDB: 7LDO) (Figley et al., 2021), with the TIR domain deleted, were
initially fitted as rigid bodies into the cryo-EM maps with UCSF Chimera (Pintilie et al., 2010), using a combination of manual fitting and
the “fitin map’ tool. Building of additional residues (311-321) was performed using Coot. The models were then subjected to iterative
rounds of molecular dynamics flexible fitting (MDFF) using Namdinator (Kidmose et al., 2019). Following MDFF, the models were
subjected to additional rounds of model building and refinement using Coot, ISOLDE (Croll, 2018) and phenix.real_space_refine
from the PHENIX suite (Afonine et al., 2018). All model validation was performed using the phenix.validation_cryoem tool (Williams
et al., 2018). Images were generated using UCSF Chimera (Pintilie et al., 2010) and UCSF ChimeraX (Goddard et al., 2018).

Structural analyses
The structures were analyzed using the programs PyMol (Schrodinger), PISA (Krissinel and Henrick, 2007), Chimera (Pintilie et al.,
2010), Arpeggio (Jubb et al., 2017) and DynDom (Hayward et al., 1997).

SARM1-dependent production of 1AD and 3AD in DRG neurons

Primary DRG cultures were prepared as described in the experimental model and subject details section. For SARM1 activation
assays, DRG neurons were infected with the lentivirus expressing human NRK1 at two days in-vitro (DIV). For the 1AD experiments,
neurons (at seven DIV) were treated with vehicle or 1 at a final concentration of 10 pM in the medium with or without NRK1 and NR
(100 uM). After four h incubation, metabolites were extracted and 1AD was measured using LC-MS/MS (Sasaki et al., 2016). For the
3AD experiments, neurons (at seven DIV) were treated with vehicle or 3 at a final concentration of 10 uM in the medium with NR
(500 pM). After six h incubation, metabolites were extracted and 3AD was measured using LC-MS/MS (Sasaki et al., 2016). Samples
were resolved in 5 mM ammonium formate and loaded on HILIC HPLC column (Kinetex 2.6 um HILIC, 150 x 2.1 mm) with mobile
buffer (56 mM ammonium formate). Metabolites were eluted by the MeOH gradient (0-2 min 0% MeOH, 2-6 min 30%-50% MeOH,
6-8 min 50%-80% MeOH, 8-10 min 80% MeOH, 10-15 min 80%-0% MeOH, and 15-25 min 0% MeOH). 1AD and 3AD was
detected with the mass spectrometer (6470 triple quadrupole, Agilent) with positive mode using following parameters; 1AD:
precursor m/z = 797, product m/z = 136.1, fragmentation = 157 V, collision = 65 V, and cell acceleration = 4 V; 3AD: precursor
m/z = 688.1, product m/z = 373.7, fragmentation = 218 V, collision = 29 V, and cell acceleration = 4 V.

Production of 1AD and 2AD in axotomized DRG neurons

Primary DRG cultures were prepared as described in the experimental model and subject details section. Metabolites from axonal
lysates were extracted as described previously (Hughes et al., 2021). At DIV6, all axons were severed using a micro-surgical blade to
cut around the cluster of neuronal cell bodies, and axons and supernatants were collected and analyzed separately. 1 and 2 were
added 2 h before axotomy. Complete axotomy around the cell bodies cluster was confirmed by ensuring that there were no gaps
in the mark left by the blade on the surface of the tissue culture plastic. At the end of treatment, tissue culture plates were placed
on ice and culture medium replaced with ice-cold saline (0.9% (w/v) NaCl in water, 500 uL per well). For collection of axonal metab-
olites, cell bodies were removed using a pipette. For collection of intracellular metabolites, saline was removed and replaced with
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160 plL ice cold 50% MeOH in water. The axons were incubated for a minimum of 5 min on ice with the 50% MeOH solution and then
the solution was transferred to tubes containing 50 uL chloroform on ice, shaken vigorously, and centrifuged at 20,000 x g for 15 min
at 4°C. The clear aqueous phase (140 ulL) was transferred into a microfuge tube and lyophilized under vacuum. Lyophilized samples
were stored at 20°C until measurement. On the day of measurement, lyophilized samples were reconstituted with 15 uL of 5 mM
ammonium formate (Sigma Millipore) and centrifuged at 15,000 rpm (20,000 x g) for 15 min at 4°C. 10 pL of clear supernatant
was analyzed by using LC-MS.

For base-exchange product measurement, lyophilized samples were thawed on ice and suspended in 90 pL of water with 5 mM
ammonium formate (Sigma Millipore). The homogenized solution was transferred in injection vials and mixed with 10 pL of internal
standard (2-chloroadenosine at 2 ng/ulL), of which 75 pL was used for analysis by online solid phase extraction coupled with liquid
chromatography and tandem mass spectrometry (XLC-MS/MS). Supernatants from DRG neurons were stored frozen in 1.5 mL
Eppendorf tubes, thawed on ice and 10 pL were transferred in an injection vial and mixed with 80 pL of water with 5 mM ammonium
formate and 10 pL of internal standard (2-chloroadenosine at 2 ng/uL). 75 pL were used for analysis by online solid phase extraction
coupled with liquid chromatography and tandem mass spectrometry (XLC-MS/MS). For online solid phase extraction coupled with
liquid chromatography and tandem mass spectrometry (XLC-MS/MS), samples were injected into a SPE cartridge (2 mm inside
diameter, 1 cm length, packed with C18- HD stationary phase), part of a SPE platform from Spark Holland (Emmen, the Netherlands).
Thereafter, the SPE cartridge was directly eluted on an Atlantis T3 column (3 um, 2.1 x 150 mm; Waters, Milford, MA, USA) with a
water/methanol with 5 mM ammonium formate gradient (0% B for 0.5 min, 0 to 40% B in 6 min, 40 to 60% B in 1 min, 60 to
100% B in 1 min, 100% B for 1 min and back to initial conditions), at a flow rate of 0.15 mL/min to the mass spectrometer. Base-
exchange products 1AD and 2AD and the internal standard 2-chloroadenosine were analyzed on a Quantiva triple quadrupole
(Thermo Electron Corporation, San Jose, CA, USA). Positive electrospray was performed on a Thermo lonMax ESI probe. To increase
the sensitivity and specificity of the analysis, we worked in multiple reaction monitoring and followed the MS/MS transitions: 1AD
MH+, 792.5-540.1; 2AD MH+, 686.4-408.0. The spray chamber settings were as follows: heated capillary, 325°C; vaporizer temper-
ature, 40°C; spray voltage, 3500 V; sheath gas, 50 arbitrary units; auxiliary gas 10 arbitrary units. Calibration curves were produced by
using 1AD, 2AD and 2-chloroadenosine (Sigma Millipore). The amounts of 1AD and 2AD in the samples were determined by using
inverse linear regression of standard curves. Values are expressed as ng per 100,000 cells for axons.

Axotomy and quantification of axon degeneration for the SARM1 Y687A mutant

Primary DRG cultures were prepared as described in the experimental model and subject details section. Lentivirus preparation,
axon injury, and axon degeneration index has been extensively described elsewhere (Gerdts et al., 2013). Tandem P-2A and T-2A
sequences were inserted between Sarm1 and Venus.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical data for X-ray crystallography and cryo-EM data collection, refinement and validation are provided in Table 1 and S1.
These results were derived from AIMLESS (all crystal structures) (Evans and Murshudov, 2013), Phenix (all structures) (Afonine
et al., 2018), MolProbity (all structures) (Williams et al., 2018), and CryoSPARC (all cryo-EM structures) (Punjani et al., 2017). The
global resolution estimates of the cryo-EM maps are based on the gold standard Fourier Shell Correlation (FSC) value of 0.143 calcu-
lated between two independent half-maps (Chen et al., 2013; Rosenthal and Henderson, 2003; Scheres and Chen, 2012). Local res-
olution calculations of the cryo-EM map were generated in CryoSPARC (Punjani et al., 2017). For quantification of SARM1-dependent
production of 1AD (Figure 1G) statistical analysis was performed by two-way ANOVA with Tukey post hoc test. F(2, 48)=111.5,p <
2 x 10-16 among treatments and genotypes (n = 12). For quantification of SARM1-dependent production of 3AD (Figure S1l) sta-
tistical analysis was performed by one-way ANOVA with F(3,38) = 11.7, p = 1.4x10-5 for 3AD. For quantification of 1AD and 2AD
in axotomised DRG neurons data represents mean + SEM, n = 3 (Figures 1H and S1H). Axon degeneration experiments (Figure 6B)
were repeated three times (n = 3) and results are mean = standard deviation.
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