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Sterile alpha (SAM) and Toll/interleukin-1 receptor (TIR) motif containing 1

(SARMLI) is an autoinhibitory NAD-consuming enzyme that is activated by the
accumulation of nicotinamide mononucleotide (NMN) during axonal injury. Its
activation mechanism is not fully understood. Here, we generate a nanobody,
Nb-C6, that specifically recognizes NMN-activated SARM1. Nb-Cé6 stains only

the activated SARMLI in cells stimulated with CZ-48, a permeant mimetic of
NMN, and partially activates SARMLI in vitro and in cells. Cryo-EM of NMN/
SARMI1/Nb-C6 complex shows an octameric structure with ARM domains
bending significantly inward and swinging out together with TIR domains.
Nb-Cé6 binds to SAM domain of the activated SARMI and stabilized its ARM
domain. Mass spectrometry analyses indicate that the activated SARMLI in
solution is highly dynamic and that the neighboring TIRs form transient dimers
via the surface close to one BB loop. We show that Nb-Cé is a valuable tool for
studies of SARMI activation.

Axon degeneration (AxD) is regarded as an early event in various
neurodegenerative diseases including amyotrophic lateral sclerosis,
multiple sclerosis, and Parkinson’s disease'. AxD is a programmed
process regulated by the axonal NAD levels. This is revealed by the
finding that WId® mice expressing cytosolic NMNATI delayed the
axonal NAD depletion after injury and reduced AxD dramatically®>.
Genetic screening in Drosophila melanogaster led to the discovery of
the crucial protein, i.e., sterile alpha (SAM) and Toll/interleukin-1 (TIR)
motif-containing 1 (SARMI), the ablation of which also significantly
delayed AxD*.

SARML is a multidomain protein composed of an N-terminal 27-aa
mitochondrial localization signal, an Armadillo repeat motif (ARM)
domain, a SAM domain, and a C-terminal TIR domain. Truncation
studies suggest that TIR is the catalytic NADase domain, while ARM
serves an autoinhibitory function®”’. The enzymatic activity of the

autoinhibited SARM1 is activated by nicotinamide mononucleotide
(NMN) in vitro or by CZ-48 in live cells, a permeant mimetic of NMN we
previously developed®. In addition to being a substrate of SARM1, NAD
has also been found to be also an endogenous inhibitor®'®, and the
increased NMN/NAD ratio actually regulates SARM1 activation and
AxD". These findings established a working model of AxD, in which
NMN accumulation and NAD decrease, caused by the rapid degrada-
tion of NMNAT2 after axon injury>”, activating SARML The result is
the depletion of NAD, leading to AxD.

SARML is, in fact, a signaling enzyme possessing multicatalytic
functions. In addition to its NADase activity, it also catalyzes the pro-
duction of two calcium-mobilizing messengers, cyclic ADP-ribose
(cADPR) and nicotinic acid adenine dinucleotide phosphate
(NAADP)*'*¢, In paclitaxel-induced peripheral neuropathy, SARMI is
activated to produce cADPR, which in turn elevates cellular calcium,
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resulting in AxD”. SARML1 is mainly expressed in neurons™ but is also
found in a variety of cells®. It is mainly localized in the outer membrane
of mitochondria with the catalytic domain facing the cytosol'’ and has
ready access to the substrate NAD. All these features, together with its
autoregulatable nature, make SARMI a potential calcium signaling
enzyme with roles not only in AxD? but also potentially other phy-
siological conditions.

SARML1 was originally thought to function as a dimer>®® until the
octameric structure of its SAM domain was shown?. Shortly after-
wards, several structures of SARMLI in its inactive form were solved by
cryo-EM’ 222 In these structures, the ARM domains form the outer
periphery of the octameric ring with the TIR domains wedged in
between, while SAM domains form the inner periphery around the
center hole of the ring'. The binding site of NMN at the ARM domain
has been revealed by the crystal structure of the isolated domain from
Drosophila SARM], i.e., dSARM, whose occupation can induce a sig-
nificant conformational change in the entire domain". Despite much
effort, the structure of the NMN-activated form of SARMI has not been
fully determined, largely due to the flexibility of the ARM and TIR
domains upon activation. Recently, Shi and his colleagues discovered
an NAD derivative, 1AD, which stabilizes the oligomerization of the TIR
domain and enables the resolution of the active site and ARM-SAM™N
conformations by a combination of crystallization and cryo-EM
techniques®. A model for SARMI1 was built based on these struc-
tures. NMN binds to the allosteric site of ARM and causes its inward
bending, which lifts the ARM domain through the rigid ARM-SAM
linker. The lifted and rotated ARM clashes with the neighboring TIR
domain, which may lead to the release of TIR domains and constitution
of the active pocket.

In this study, we generated a unique nanobody, Nb-Cé, that binds
specifically to the active form of SARMI and stabilizes it; thus, it could
stain and quantify the activated SARMI1 and facilitate the activation of
SARML in vitro and in cells after a longer incubation. Nb-Cé6 also
allowed the structural determination of NMN-activated full-length
SARML. Detailed analyses indicate that binding and activation by NMN
induces large conformational changes in octameric SARMI, which is
largely consistent with previous observations"**. The HDX-MS and XL-
MS data confirmed the conformational changes upon activation and
further indicated the heterogenicity of the NMN conformations in
solution. Together, our work not only provides a valuable tool to
visualize active SARM1 and to activate SARMLI in cells, but also sheds
light on the activation mechanism of SARMI1. NMN binding causes
inward bending of ARM, which stretches the linker between ARM and
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Fig. 1| Nanobody Cé6 binds to the NMN-activated SARML. a The process of Nb-C6
development. b The primary sequence and secondary structure of Nb-Cé. ¢ Nb-C6
binds to the NMN-activated SARM1 determined by the pulldown assay. The cell

lysates containing the recombinant SARM1 were incubated with the StrepTactin™

SAM domains and consequently leads to the dissociation of ARM from
SAM and exposes the binding site of Nb-C6. Another consequence of
ARM bending is weakening of the association between ARM and TIR
domains, which facilitates the oligomerization of TIR and the forma-
tion of the active pocket.

Results

Generation and isolation of a nanobody that specifically recog-
nizes NMN-activated SARM1

Our approach to determining the structure of the active form of
SARMI was to stabilize it using a nanobody (Nb). We produced
recombinant dN-SARM1, with the N-terminal 27-aa segment truncated
and carrying a BC2-tag”, in HEK293T cells. The proteins immunopre-
cipitated by beads conjugated with a BC2 nanobody* were mixed with
Freund’s adjuvant and used to immunize an alpaca. After several
rounds of immunization, the nanobody library was constructed from
the mRNAs of the peripheral lymphocytes. Phage display and clone
selection were performed as described in the Methods section (Fig. 1a).
Several nanobodies were cloned, expressed in bacteria and purified
with a Hisetag affinity column using the protocol described
previously*. One of the nanobodies, Nb-C6, the sequence and sec-
ondary structure of which are shown in Fig. 1b, was selected because it
recognized mainly the NMN-activated SARML. In the pull-down assay
shown in Fig. 1c, Nb-Cé coprecipitated with SARMI1 mainly in the pre-
sence of the activator NMN, while Nb-1053%, an irrelevant Nb control,
did not bind SARM], indicating that Nb-Cé6 is specific for the activated
conformation.

Visualization and in vivo activation of SARMI using Nb-C6

We used surface plasmon resonance (SPR) to confirm that Nb-Cé6
indeed targets only the activated form of SARML. As described in the
Methods section, purified recombinant SARM1 with a strep-tag was
first captured on the surface of an SPR chip coated with Strep-Tactin™
XT proteins. The two-state kinetics model provided an affinity (Kp) of
~25nM as measured for the binding of Nb-Cé6 to the activated complex
SARMI™™N (abbreviation: PM means the protein or domain “P” loaded
with the small molecule “M” in the whole text) (Supplementary Fig. 1).
The effect of varying the NNM/NAD ratio was assessed next. A running
protocol was designed to gradually shift the binding ligand from NAD
to NMN and measure the resultant changes in Nb-C6 binding to
immobilized SARMI (Fig. 2a, right panel). As shown in Supplementary
Fig. 2a, at a high NAD concentration (1.6 mM), the binding of Nb-Cé6 to
SARMI was very low. As the ligand was gradually shifted to NMN, the
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beads, together with 200 ng/mL Nb-C6, or a CD38 nanobody Nb-1053* as a control,
in the presence or absence of 100 uM NMN. The protein complex was eluted by
2 mM biotin and analyzed by western blots (n =3 biological independent experi-
ments). Source data are provided as a Source Data file.
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Fig. 2 | Nb-Cé6 indicates and facilitates SARM1I’s activation in vitro and in cells.
a SPR analysis of Nb-C6 binding to the immobilized SARM1 when the mobilizing
modulator switching from 2 mM NAD to 200 pM NMN. The Nb-Cé6 binding, cal-
culated from RU value and normalized with that in the condition of 200 uM NMN
(set as 100%), and the molar ratio of NAD and NMN were fit into a linear model.
(n =4 biologically independent experiments, mean + SD) b Nb-Cé6 stains the CZ-48-
activated SARML. HEK293 cells carrying the inducible expression cassette for
SARML1 were treated with 1 pg/mL doxycycline for 12 h and then 100 pM CZ-48 for
6 h. The cells were fixed and stained with C6-mNeonGreen, anti-SARML, anti-Tom20
as described in the Methods. Horizontal scale bar: 5 um; vertical scale bar: 0-4, ratio
of the signals from Nb-C6 staining and anti-SARML staining. ¢ The ratio of Nb-C6
and anti-SARML signals was calculated and plotted. (n =20 cells examined over 3
biologically independent samples, mean + SD, p < 0.0001 one-way ANOVA test)

d Nb-C6 could activate SARML in vitro, measured by reverse cycling assay. The

cleaned cell lysate of HEK293 overexperssing dtSARMLI, pre-incubated with 10 nM
Nb-C6, or Nb-1053 as a negative control, on ice for 1 h, was added to the reaction
system containing the substrates, 10 M cADPR and 100 pM nicotinamide, with or
without 100 pM NMN, for the indicated time. The produced NAD was measured by
the cycling assay. (n =4 biological independent experiments, mean + SD) e The
reaction initial rates in (d) were normalized with that of the sample, NMN-activated
SARM]L, and plotted into bar graph. (n =4 biological independent experiments,
mean = SD) f, g Nb-C6 elevated the cellular cADPR levels. The HEK293T cells (f) or
HEK293 cells carrying the inducible SARM1 expression cassette (g) were transiently
transfected with the plasmids encoding the YFP-fusion nanobody, C6 or 1053. The
cells were harvested 48 h post-transfection and the cellular cADPR contents were
measured by cycling assay and proteins by western blots (Supplementary Fig. 2e, f)
(n=3 biologically independent experiments, mean + SD, p < 0.0001 one-way
ANOVA test). Source data are provided as a Source Data file.

binding proportionally increased to a higher level at 100 uM of NMN.
We plotted the Nb-Cé6 binding as a function of the molar ratio of NAD
and NMN, which was fitted into a linear line (equation in Fig. 2a, left)
with R?=0.97, indicating that the NAD/NMN ratio determines the Nb-
C6 binding on and the activation of SARM1

We next tested whether Nb-Cé6 can detect the activated form of
SARML in cells. Nb-Cé6 fused with a fluorescent tag, mNeonGreen
(mNG), was produced and used for visualizing the activated SARM1.
HEK293 cells exogenously express low levels of SARMI that can be
activated by the permeant NMN mimetic CZ-48°. Positive staining
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by Nb-C6 was seen in the cells only after CZ-48 treatment but not in
the untreated control cells (C6-mNG, Fig. 2b, green signals). For
comparison, we generated polyclonal anti-SARM1, which was raised
against the recombinant SARM1 and could recognize SARM1 in both
conditions (aSARM]I, Fig. 2b, red signals). The Nb-Cé6 signals were
perfectly colocalized with the anti-SARM1 (Supplementary Fig. 2b,
¢) staining, with the coefficient values (PC, M1, and M2)¥ close to 1.
It is believed that SARMI, with its N-terminal localization signal is
normally expressed at the outer mitochondrial membrane®”. This
was further confirmed here, as both the Nb-Cé6 and anti-SARM1
signals were colocalized with anti-Tom20 (mitochondrial marker;
Fig. 2b, yellow signals; Supplementary Fig. 2d, e). The Nb-C6 signals
were then quantified by normalizing pixel-by-pixel to the anti-
SARM1 signal, which represented the total amounts of SARM1 in the
same cell (ratio, Fig. 2b, last panels). The average of the ratios from
approximately 20 cells (Fig. 2c) demonstrated a significant increase
in Nb-Cé binding upon CZ-48-induced activation of SARMI1. The
results confirm the conformational specificity of Nb-Cé and suggest
that the activation of mitochondria-localized SARM1 by NMN in live
cells also undergoes conformational changes and exposes the
recognition site for Nb-Cé.

We reasoned that Nb-Cé6 itself may be able to promote the acti-
vation of SARMI, since its binding site on SARMI1 could be exposed
randomly at low levels even without activation. The presence of Nb-C6
could then bind to and stabilize the active form. This is the case as
shown in Fig. 2d-g. When preincubated with Nb-Cé6 in vitro, SARMI can
be activated but much less significantly compared with those activated
with NMN and both (Fig. 2d; quantification is in 2e), which was con-
sistent with the expectation. Nb-C6, with a soluble tag YFP (C6-YFP),

Bottom view

b

Fig. 3 | Overall structures of active or inactive SARML. a-c Structure of the
SARMI™N/Nb-C6 complex. The order of addition in forming the complex is SARM1
first, NMN second, and then Nb-Cé. a top view; b bottom view; ¢ side view. SARM1
and Nb-C6 are shown as surface models with ARM domain colored in green, TIR
domain in magenta, SAM domain in yellow and Nb-Cé6 in grey. NMN is shown as
sphere in red. Each Nb-Cé6 binds one SARM1 protomer. d-f Overall structure of
SARMIMP (PDB 7ANW). d top view; e bottom view; f side view. SARML is shown as
surface model with ARM domain colored in blue, TIR domain in wheat and SAM

was then transfected and overexpressed in two cell types.
HEK293T cells endogenously express significant levels of SARMI,
which can be activated by CZ-48 treatment®, and, when overexpressing
C6-YFP (Supplementary Fig. 2f), showed elevated cADPR levels, indi-
cating that Nb-Cé alone can activate endogenous SARMI (Fig. 2f, C6-
YFP). No cADPR increase was observed in the control cells over-
expressing an irrelevant Nb, i.e., 1053-YFP?. In another cell line,
HEK293 cells expressing inducible SARMI also showed higher levels of
cADPR after transfection with Nb-Cé as compared to transfection with
1053-YFP (Fig. 2g and Supplementary Fig. 2g).

The above results fully validate that Nb-Cé recognizes only the
activated form of SARMI and minimally recognizes the inactive form
and show that Nb-Cé6 is a valuable tool for activating endogenous and
exogenous SARML in live cells.

Overall cryo-EM structure of the NMN-loaded SARM1 complexed
with Nb-Cé

We next determined the stabilized structure of NMN-treated SARM1 by
cryo-EM. Recombinant SARMI, with the N-terminal 27-aa segment
replaced with a Flag/Strep tag, was prepared and characterized as
described previously”. The recombinant SARMI1 was preincubated
with NMN and Nb-Cé.

Cryo-EM images were collected and processed as detailed in the
Methods section and Supplementary Fig. 3. With an overall resolution
of approximately 2.7 A, the structure of the SARMI™"/Nb-C6 complex
displays two layers of octameric rings, containing 16 SARMI protomers
and 16 Nb-Cé6 molecules (Supplementary Fig. 4a). Nb-C6 bound mainly
to the SAM domain and dimerized at the C-terminus, stabilizing the
whole structure like pillars (Fig. 3¢ and Supplementary Fig. 4a).

c Side view

domain in yellow. NAD is shown as sphere model in red. g The side view of
superposition of NMN- and NAD-bound SARML. For clarity, only one protomer in
NMN-bound and NAD-bound forms are shown as cartoon models and other pro-
tomers are shown as surface, and Nb-Cé6 in SARMI™™ complex was hidden.
SARMI™N s colored as in panels (a-c) and SARMI™P is colored as in panels
(d-f). Residues E60 and Q81 in ARM domain and E686 in TIR domain are shown
as spheres. The re-orientation of corresponding residues is indicated by black
arrows.
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The two octamers in the structure were almost identical; hence, we
analyzed only one octamer.

The TIR domains were less stable, as determined by particle
imaging analyses and the most flexible part was the outer ring formed
by the ARM domains (Supplementary Fig. 4b). Further focused 3D
classification around the ARM and TIR domains was performed on
symmetry-expanded datasets, generating three major conformations,
named Class 1, Class 2 and Class 3 (Supplementary Figs. 3c and 4c-e).
Class 1 and Class 2, with clear densities around ARMI-4 motifs (Sup-
plementary Fig. 4d, e), were further processed by multibody
refinement®, which generated focused density maps. The final reso-
lution of Class 1 and Class 2 was 3.7 A and 3.8 A, respectively; while the
local resolution was 3.6-4.2 A for Class 1 or 3.6-4.5 A for Class 2 (Sup-
plementary Fig. 5a, b). The ARM-TIR domains in Class 2 rotated
approximately 5° clockwise compared with those in Class 1 as revealed
via the superposition of the SAM domains (Supplementary Fig. 6a, b),
but the ARM domains in both classes were almost identical, with a root
mean square deviation (RMSD) value of 1.06 for all main-chain atoms
of V61-E400 (Supplementary Fig. 6c), indicating that the ARM-TIR
domains moved as a whole. Using the structural information obtained
from crystallography of individual domains, all the residues in SARM1
could be traced except those in the linker between the SAM and TIR
domains.

The SARMI octamer complexed with NMN, i.e., SARMI™N, was
assembled through the oligomerization of the SAM domains (Fig. 3a-c,
yellow), which was almost identical to that for the previously published
SARMIM® (PDB 7ANW; Fig. 3df, yellow) with an RMSD of -0.62 A for
all Ca atoms in the SAM domain. The overall architecture of SARMI™
exhibited a “blooming lotus” shape (Fig. 3a-c), in sharp contrast to the
compact “doughnut” structure of SARMIM® (Fig. 3d-f). The ARM-TIR
domains, as a whole, swung out from the SAM domain and rotated
~139°, with 73 A for the N-terminal residue E60, as compared to that in
SARMI™® (Fig. 3g, blue to green for the ARM domain; wheat to
magenta for the TIR domain). This large conformational change of
SARMI following NMN binding exposed regions recognized by Nb-C6,
accounting for its specificity only for NMN-activated SARML.

During the submission of this work, Shi et al. published the cryo-
EM structure of the SARMI™N complex, although only the SAM and
ARM domains could be resolved (PDB 7NAL). In this ARM-SAM™N
assembly, the ARM domain also swings upward with respect to
SARMI™® (PDB 7ANW), but the rotation angle and movement distance
are different from those of SARMIN/Nb-C6 (Supplementary Fig. 7a),
representing alternative states during SARMI activation.

Induction of significant structural changes in the ARM domain
by NMN
NMN bound to the ARM domain, a compact upside down w-shaped
structure formed by eight ARM repeats, each composed of « helices.
The binding site was a pocket enclosed by the H3 helix from ARMLI, the
H1 helix from ARM2 and the loop connecting ARM6-7 (hereafter
named the D317 loop) (Fig. 4a). The NMN binding modes in the two
conformational classes of ARM domains are almost identical (Sup-
plementary Fig. 7c) and only the mode in Class 2 will be discussed due
to its clearer density and better model-map fit. NMN directly interacted
with seven residues including W103, R110, E149, Q150, R157, H190,
K193, S316, and G321 (Fig. 4a, right panel). The pyridine ring of NMN
packed against the indole ring of residue W103, forming a parallel Tt-Tt
stack, while the amide group formed hydrogen bonds with the main-
chain carboxyl group of G321 (Fig. 4a, right panel). The ribose part of
NMN also formed hydrogen bonds with the main-chain carboxyl group
of residue E149. The phosphate group formed salt-bridges with the
side chains of R110, R157, and K193.

The NMN-binding site, in fact, was the same as that for NAD as
observed in inactive SARMI™P (Fig. 4b), accounting for the two ligands

being competitive”. However, the nicotinamide group in NAD was
oriented upward while that in NMN was oriented downward (Fig. 4a, b).
The amide moiety in the nicotinamide group of NAD formed an H-bond
with the side-chain hydroxyl of residue S316 instead of the main-chain
carboxyl of residue G321 in ARM", The additional phosphate, ribose,
and adenosine groups in NAD formed interactions with the D317 loop
and pushed it outward -5 A. The NMN binding mode observed in this
structure is almost identical to that in the newly published SARM1 (PDB
7NAL) with an RMSD value of 0.93 A for the main chain atoms of Vé61-
E400 (Supplementary Fig. 7b). The structural differences between
ARM™N and ARM™P can account for NMN being an activator and NAD
being an inhibitor.

Mutational studies confirm the functional importance of the
NMN/NAD binding site. HEK293 cells were transfected and expressed
SARM1 with mutations in residues, W103, R110, K193, and D317 (bold in
Fig. 4a) and were tested for the enzymatic activity and responsiveness
to NMN activation, using our recently developed protocols®. As
expected, all the mutants became unresponsive to NMN (Fig. 4¢, black
bars vs. white bars; the measurement of protein expression is in Sup-
plementary Fig. 8a), while all could still be activated by acid (Fig. 4c,
gray bars). We have recently shown that acid activates SARMI1 by
breaking salt bridges between ARM and TIR, resulting in full expres-
sion of its enzymatic activities?. The results support that these resi-
dues are critical to NMN binding. This finding is also consistent with
the previous results showing that similar mutations (underlined in
Fig. 4a) can eliminate the responsiveness to nicotinamide ribose-
induced NMN accumulation in neurons".

Next, we investigated the NMN-induced conformational change
of the ARM domain by aligning ARM™N (Fig. 4d, e, green) and ARMP
(blue). Large conformational changes were clearly visible after aligning
the H3 helix of ARMLI, residues 93-104, as indicated by the red-line shift
in Fig. 4d. ARM™N showed significant inward bending compared to
ARMMP  with the C-terminal ARM7-8 motifs moving much closer
toward the N-terminus of the ARM domain, pushing the D317 loop to
insert deeper into the NMN binding pocket. Similar large changes were
seen by superimposing residues 575-585 in the ARM:TIR interface
(Fig. 4e, green cylinder). The length of the lines in Fig. 4e indicates
the movement distance of individual residues, while the color
blue (ARM™P) to green (ARM™™N) indicates the inward direction of the
movement. The large conformational change is also evidenced by the
large RMSD (-2.4 A) yielded from the superposition between ARMNN
and ARM™P of hSARMI, which is mainly attributed to the shift of
helices on the convex side and also the inward movement of ARM7-8
motifs (Fig. 4d).

It is likely that the inward bending of the ARM domain induced by
NMN is necessary for the enzymatic activation of SARML. To test this
hypothesis, we mutated several residues that could potentially con-
tribute to the bending, including E189, L257, S319, and Q320 (locations
indicated in Fig. 4e). The choice of these residues was suggested by
structural modeling, indicating that replacing S319 or Q320 with a
tyrosine could elicit strong hydrophobic interactions with residues in
the H3 helix of ARM1 and the HI1 helix of ARM2 and hence could
interfere with the inward movement of the D317 loop upon NMN
binding (Supplementary Fig. 8b). Consistently, the enzymatic activity
of the mutants showed that NMN-induced activation was abolished in
most of these mutants, as shown in Fig. 4f and Supplementary Fig. 8c.
An exception was L257C, which was constitutively active, with its basal
activity already being similar to that activated by NMN or acid. The
structural modeling in Supplementary Fig. 8d indicates that the
cysteine side chain of L257C could reduce the hydrophobic interaction
and might form a disulfide bond with C215 as well, promoting the
inward bending of ARM4-5 and rendering the mutant constitutively
active. These results support that the inward bending of the ARM
domain is necessary for NMN-induced SARMI activation.
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Fig. 4 | Conformational changes of the ARM domain induced upon NMN
binding. a The structure of ARM™™, ARM domain is shown as cartoon, with
separate armadillo motifs in different colors, and NMN molecule is shown as
sphere. The D317 loop is indicated with a black arrow. The right panel shows the
zoom-in view of the NMN-binding pocket. NMN and the NMN-interacting residues
are shown as ball-and-stick models, with NMN colored with gold carbon atoms and
amino acids with green carbon atoms. Hydrogen bonds are shown as yellow dashed
lines. The residues mutated in this work are labeled in bold and the reported
mutations with underlines. b The binding pocket of NAD in ARM domain. SARMI™P
(PDB 7ANW) is superimposed onto SARMI™N at the same orientation of panel a.
Amino acids are shown with blue carbon atoms and NAD with yellow carbon atoms.
¢, f The constitutive activity and NMN-responsiveness of the SARM1 mutants.
HEK293 cells carrying the inducible expression cassette for the mutants were

0

treated with 1 pg/mL doxycycline for 24 h, the proteins were extracted with PBS
containing 4 mM Digitonin and were applied to PC6 assay following the treatment
of 100 uM NMN or 0.1 M NaOAc, pH 4.0%. ¢ Mutation of the residues directly
interacting with NMN; f. Mutation of the residues involved in a conformational
change of ARM. (n >3 biological independent experiments, mean + SD)

d, e Conformational changes of ARM domain in SARMI™N (green) compared to
SARMI™P (PDB 7ANW) (blue). Residues 93-104 are aligned in panel (d) and posi-
tional shifts of Ca atoms are indicated by red lines and black arrows. The inward
shift of the D317 loop is indicated with a black arrow. In panel (e), residues 575-585
in the TIR domain (green cylinder) are superimposed and the positional shifts of Ca
atoms in the ARM domain are indicated by blue-green lines and black arrows.
Source data are provided as a Source Data file.

NMN-induced release of the ARM domain from SAM

Next, we investigated how NMN-induced bending of ARM leads to
its dissociation from the SAM domain. The ARM domain of each
protomer interacts with both its own SAM (intrachain) and the
adjacent SAM (interchain) as well. Figure 5a shows the involved
interfaces. When complexed with NAD, two key residues in ARM
were critical for the intrachain ARM:SAM association (Fig. 5a, upper
left panels). Residue R376 formed salt-bridges with E469 in SAM,
while Y380 was inserted into a hydrophobic pocket formed by
residues 1405, W420, L424, L473, and F476. In particular, the m-1t
stack between Y380 and F476 might contribute to maintaining the

ARM-SAM association. Mutating F476 to cysteine abolished the
stacking and weakened the association, rendering the mutant con-
stitutively active (Fig. 5b). Likewise, the mutants R376A, E469A, and
Y380A (underlined in Fig. 5a) also had increased basal activities®,
supporting that the intrachain ARM:SAM interactions are critical for
maintaining the autoinhibitory state. In the interchain ARM:SAM’
interface (Fig. 5a, upper right panel), several H-bonds and salt
bridges were observed. These interchain associations, however, did
not seem to contribute to autoinhibition because all the tested
mutations (italic in Fig. 5a, upper right panel) behaved like the
wild type”.
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Fig. 5 | Releasing ARM from SAM domain allows Nb-Cé binding. a Superposition
of SARMI™N onto SARMIMP (PDB 7CM6) via the SAM domains. Left panels: intra-
chain ARM-SAM interfaces; Right panels: inter-chain ARM-SAM' interfaces; Upper
panels: NAD-bound; lower panels: NMN-bound. The ARM and SAM domains are
shown in green and gold in SARMI™, respectively; and they are colored in blue
and orange in SARMI™?, respectively. Key interaction residues at the interfaces are
shown in ball-and-stick models and labeled. The H-bonds and salt-bridge are shown
as red dash lines. The residues mutated in this work are labeled in bold and the

reported mutations with underlines; the ones behave similar to wild-type labeled in
italic. b The activity and NMN-responsiveness of the SARMI mutants measured as
Fig. 4c. (n > 3 biological independent experiments, mean + SD) ¢ Superposition of
SARMI™N onto SARMIMP (PDB 7CM6) via the SAM domains. The proteins are
shown as cartoon models with SAM domain in yellow, nanobody in grey and ARM
domain of SARMI™® and SARM1™N in blue and green, respectively. The over-
lapping area was highlighted by a red dash line. Source data are provided as a
Source Data file.

When complexed with NMN, both the intra- and interchain ARM-
SAM associations were diminished, with Y380 flipping away from F476
in the intrachain SAM and only one salt bridge (R285-D489) remaining
in the interchain interface (Fig. 5a, lower panel). The binding of NMN to
ARM induced large conformational changes in the domain, comprising
an inward shift of ARM7-8 repeats toward the NMN-binding pocket and
the rotation of the whole ARM domain, exposing binding sites for Nb-
C6 (Supplementary Fig. 9a). As a result, the distances increased
between all the interacting residues observed in the SARMI com-
plex, rendering their interactions ineffective. The diminished interac-
tions release SAM from ARM and expose the site for Nb-C6 to bind. The
nanobody mainly bound to the SAM domain with a lesser extent to
the ARM-SAM linker (Supplementary Fig. 9b). The binding interface
between Nb-C6 and the SAM domain was largely overlapped with the
intrachain ARM:SAM interface (Fig. 5c), accounting for the fact that
Nb-C6 does not recognize inactive SARMI as the binding site is
obscured by ARM.

Induction of conformational changes in the TIR domains

by NMN

Upon binding of Nb-C6 and NMN to SARM1, the ARM and TIR domains
swung out as a whole with minimal changes in the interface between
them (Supplementary Fig. 10a). The movement and the accompanying

bending of the ARM domain described above, however, did result in
shifting away of the R216 residue in the intrachain ARM domain
(Supplementary Fig. 10a, black arrow) from E689 in the TIR domain,
breaking the salt bridge between them. The linkage was believed to
also be essential for its autoinhibition®*’.

Superimposing TIR from SARMI™N with that from SARMIN?
showed that the overall structures were almost identical, including the
BB loop (Supplementary Fig. 10b, magenta/blue loops), which is con-
sidered to be important in determining the enzymatic activity state®.
The conformation of the BB loop in both complexes appeared to be
constrained by the linker between SAM and TIR (Supplementary
Fig. 10b, in sphere mode) and might hinder the entrance of the sub-
strate into the catalytic pocket. Upon activation, TIR domains leave
ARM domains, and the constraint on the BB loop would be relieved
allowing the entrance of substrates, as evidenced in the structures of
the TIR domain in the complex with substrate mimetics 1AD, 2AD, 3AD,
and ara-F-ADPR (PDB 7NAG, 7NAH, 7NAIl, and 7NAJ) (Supplementary
Fig.10c). The relief of the constraint was also observed by HDX-MS and
XL-MS experiments described below.

SARMI was preincubated with the excess of either NAD or NMN
and followed by HDX labeling for various periods, starting with 10's,
which is sufficient to deuterate fully solvated amides®. The coverage
map of SARM1 was composed of 557 peptides spanning ~94% percent
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Fig. 6 | HDX-MS reveals the conformational dynamics of NMN- and NAD-bound
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differences were considered significant (>0.4 Da). HDX data statistics is given in
Supplementary Table 1, and details are in Supplementary Data 1. The Time course of
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HDX incorporation in the presence of NAD or NMN for several representative
peptides are shown. b Bimodal isotopic envelopes for the SARMLI helix a13 (peptide
spanning residues 236-259). Relative amount in the closed and open state in the
presence of NAD and NMN as seen by HDX. Deuteration time points are indicated.
Open-to-close transition kinetics for SARMI helix a13 is calculated by a fit of two
gaussians. The fitted peak area parameter was used to calculate the relative amount
of open state by taking the ratio of high and the sum of the high and low mass
subpopulations. ¢ Structure of the NAD bound SARM1 showing ARM-TIR domain
interface with the ARM helix «13 indicated in red. NAD ligand is shown as a stick
model. All of the experiments were technically replicated three times (n=3 inde-
pendent experiments, mean + SD). Source data are provided as a Source Data file.

of the exchangeable amides (Supplementary Table 1 and Supplemen-
tary Data 1). The HDX data are consistent with the secondary structure
of ARM, SAM and TIR domains, with alpha helices incorporating less
deuterium to a lower degree than loop regions or less well-defined
helices (Supplementary Fig. 11). While the majority of the peptides
followed EX2 type HDX Kkinetics, the peptide isotopic peaks corre-
sponding to helix a13 (exemplified by peptide spanning residues H236-
F259) in the ARM domain formed a clear bimodal distribution. A
bimodal distribution could result from EX1-type HDX kinetics, in which
two distinct protein conformations with different solvent accessibility

interconvert during the HDX labeling period®*. The hydrogen
exchange observed in these peptides can be described by the EX1
kinetic regime, where the intrinsic hydrogen exchange rate is much
higher than the refolding rate. In EX1 kinetics regime, all the amide
hydrogens can exchange with deuterium during one unfolding event,
resulting in two distinct mass envelopes. The lower mass envelope
represents the less accessible closed state (Fig. 6b, blue shade), and
the higher mass envelope represents the more accessible open state
(Fig. 6b, yellow shade). The two molecular mass envelopes were
localized to the ARM-TIR interaction interface of the ARM domain
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Fig. 7 | A proposed model for the transition between the inactive and active
states of SARML. SARM1 was shown with the ARM domain in green, SAM domain in
yellow, and TIR domain in magenta. TIR is the domain from a neighboring SARM1

protomer. The 13 helix (residues 249-259) in the ARM domain was colored in
orange. BB loop in the TIR domain was colored in red.

(helix «13) (Fig. 6¢). This behavior was evident at 10s to 30 min of
exchange. In SARMI, the less accessible molecular mass envelope
gradually converted into a more accessible state (Fig. 6b, c). Impor-
tantly, preincubation with NAD significantly stabilized the less acces-
sible state and slowed down the conversion to more accessible state
when compared to SARMI™N (Fig. 6b, c). ARM helix a13 is responsible
for the direct interaction and recruitment of the TIR domain to the
periphery of the SARM1 homo-octameric ring. Furthermore, the NAD-
bound state showed a reduction in deuteration levels in the peptide
spanning residues at the ARM-SAM and ARM-TIR interaction interfaces
as well as the NAD binding pocket in ARM domain (Fig. 6a). These
changes were consistent with a major stabilization effect on the SARM1
dynamics when NAD was present, and support the model where the
binding of NAD stabilizes the interaction between TIR, ARM and SAM
domains, resulting in the “donut-shape”, two-ring compact con-
formation. In contrast, the SARMI™™ complex formed a more dynamic
structure, consistent with the TIR-ARM domain dissociation resulting
in a faster conversion of helix 13 to the open state.

We next used crosslinking-mass spectrometry (XL-MS) to com-
pare the conformational differences between SARM1 complexed with
NMN and NAD. We used the MS-cleavable crosslinker DSBU (dis-
uccinimidyl dibutyric urea), which connects primary amine groups of
lysine residues within Ca-Cat distances up to ~30 A*. Three different
SARMI concentrations (1.25 uM, 2.5 uM, and 5 uM) were used, at which
the protein forms multimers in solution (Supplementary Fig. 12).
SARMI1 was preincubated with saturating concentrations of NAD or
NMN prior to crosslinking, followed by LC-MS identification (Supple-
mentary Data 2). We then used the information derived from XL-MS
and cryo-EM for modeling SARMI regions of interaction, based on a
maximum 30 A Ca-Ca distance constraint between two crosslinked
lysine residues. Since SARMI forms multimers, the XL-MS approach
used in this study is not capable of differentiating intramolecular from
intermolecular links. Interpretation of the links as intra- or inter-
molecular was therefore aided by high-resolution cryo-EM structures.

For SARM1 complexed with NAD, 87% of the intra- and inter-
molecular XLs identified were consistent with the domain structures
and complex architecture observed in the cryo-EM structure of
SARMIMP (PDB 7CM6) (Supplementary Fig. 13a and 14). The other 13%
were unsatisfactory XLs of residues with distances >30A or steric
clashes, indicating the presence of alternate domain conformations in
the solution. These results are consistent with a previous study where
~80% of the particles were found in the two-ring, compact conforma-
tion when incubated with NAD, versus partially or completely dis-
sembled particles where only the inner ring is visible'. The removal of
NAD and incubation with NMN were expected to trigger the dis-
assembly of the compact conformation by ARM domain rearrange-
ments and the dimerization of TIR domains, which enables the
enzymatic activities of TIR. Indeed, a 20% increase in the number of
unsatisfactory XLs was observed when XLs from the SARMI™N sample

were mapped onto the Nb-C6 complex structure obtained in this study
or the NAD-bound compact structure (PDB 7CM6) (Supplementary
Fig. 14). NMN-specific XLs were mapped to the ARM and TIR domains,
and ~-60% were unsatisfactory when mapped onto the Nb-Cé6 stabilized
structure (Supplementary Fig. 13b-d), indicating alternative orienta-
tions of ARM and TIR domains when in solution. Furthermore, XLs of
residues K636-K694 and K602-K694 involve lysine residues in regions
of defined secondary structures located on opposite faces of the TIR
domain. These residues were unlikely to form intramolecular XLs since
the vectors for these XLs passed directly through the TIR domain. We
believe these XLs arose as a consequence of intermolecular TIR-TIR
domain interactions. We mapped these XLs onto the newly published
cryo-EM structure of a TIR multimer (PDB 7NAK)?**. The distances of all
lysine pairs were within 30 A in the dimer with the BB loop as the
interface, with no steric hindrance (Supplementary Fig. 13e), indicating
that this might be the predominant interaction in the solution.

Taken together, the HDX-MS and XL-MS data suggest that the
NMN-activated SARM1 undergoes a series of ARM and TIR domain
rearrangements in solution. The Nb-Cé6-stabilized structure thus may
represent an intermediate toward this final state of activation. As
depicted in Fig. 7, in this final state, the TIR domain disengages from
ARM and directly interacts with the neighboring TIR, forming multi-
mers and resulting in enzymatic activities. This conformational change
is coupled with ARM domain rearrangements, contributing to the
disassembly of the peripheral ring of SARML.

Discussion
SARML1 has attracted substantial interest because of its role in AxD*.
The finding that it is an NADase’ has led to the proposal that its acti-
vation after axonal injury can deplete cellular NAD and cause AxD.
Recent results show that SARM1 is not just a degradative NADase but
also an autoregulated signaling enzyme responsible for producing two
calcium mobilizing messengers, cADPR and NAADP3*, For example, in
paclitaxel-induced peripheral neuropathy, SARML is activated to pro-
duce cADPR, resulting in the increase of calcium and AxD"”. We and
others have shown that the enzyme activities of SARM1 are specifically
activated by NMN®*", Understanding the mechanism of its activation is
clearly important and a structural approach is the most direct.

Combining the results obtained using cryo-EM and crystal-
lography of various domains has produced a high-resolution structure
of the octameric SARML1 in the inactive state’"?*%, The flexibility of the
active SARMLI hindered the resolution of its structure, which has been
overcome recently with the help of an NAD derivative, 1AD, acting as a
“molecular glue” and stabilizing the TIR oligomers**. We approached
this problem by generating a conformation-specific nanobody, Nb-C6
that binds only to and stabilizes the activated SARM1, allowing the
determination of a full-length structure by cryo-EM.

Four lines of evidence support that Nb-Cé is specific to the acti-
vated SARM1 in solution and cells. First, Nb-C6 immunoprecipitated
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SARML1 only when it was activated by NMN (Fig. 1). Second, SPR
documents that Nb-Cé has a much higher preference for SARMINN
over SARMIMP or ligand-free SARM1 (Fig. 2a and Fig. S2a). Third,
immunofluorescence staining by Nb-Cé was observed only when cells
were activated by the permeant NMN mimetic, CZ-48 (Fig. 2). Finally,
Nb-Cé6 can activate the endogenous SARML in cells to produce cADPR
(Fig. 2f, g), although to a lesser extent than CZ-48, a permeant NMN
analog.

In our cryo-EM structure, SARML is also an octamer assembled
through the SAM domains. In contrast to the donut shape of the
inactive SARM1 complexed with NAD (Fig. 3d-f; Fig. 7, left panel), the
NMN-activated and Nb-stabilized form resembles a “blooming lotus”
shape, with ARM and TIR extended out to form the “petals” (Fig. 3a-c;
Fig. 7, middle panel). The nanobody binds mainly to the SAM and
partially with the ARM domains, essentially covering the hinge
between the SAM and ARM and stabilizing the whole structure. The
NMN-loaded ARM domain exhibits a significant inward bending as
compared to ARMMP, The NMN-induced conformational change of
ARM leads to its release from SAM, which exposes the binding site of
Nb-Cé6. The TIR domains swing out together with and still sit upon ARM
domains and remain separated from the neighboring TIR, indicating
that the structure represents an intermediate state of SARMI1
activation.

Proceeding to the final active state, the TIR is released from ARM
and can be chemically crosslinked to its neighboring TIR of the active
octamer, as we showed using XL-MS (Supplementary Fig. 13e). This is
consistent with the results showing that isolated TIR domains must
dimerize before they become enzymatically active® and the recently
reported structure of the TIR domain oligomer in the SARMI1
activated state.

The interface of the TIR dimers is mainly composed of weak
interactions. We speculate that in the absence of NMN, or when it is
metabolized, the TIR domains in the dimers might revert to com-
plexing with ARM in the intermediate state, and SARMI re-enter the
inactive state.

The limitations of crystallography and cryo-EM for structural
determination are well known. Packing protein molecules in a crystal
can introduce distortions. Cryo-EM has fewer packing changes but is
still limited by the flexibility of the molecules and high-resolution
reconstruction from a selected subset of particles. In this study we
used HDX- and XL-MS to assess the dynamics of the fully active SARM1
in solution. This combination of approaches has provided a better
understanding of the activation mechanism of this novel autoinhibited
signaling molecule. Our data imply that the homodimerization or oli-
gomerization of TIR domains in activated SARM1 but substrate-free
SARMI should be transient or unstable but can be captured and sta-
bilized by the compound 1AD*.

In summary, Nb-Cé6 not only provides an important understanding
of the structural changes during the activation process but also allows
imaging and localization of the active SARMI in cells. Nb-C6 thus
supplements well with the permeant probe, PC6, which we previously
developed for visualizing SARMI activity in live cells. Furthermore,
transfection and expression of Nb-C6 can activate endogenous SARMI,
providing a means to manipulate SARML1 in live cells in addition to the
permeant activator CZ-48 we have synthesized®.

Methods

Bacteria and cell lines

OverExpress™ E. coli C43(DE3) obtained from Weidi Biotechnology
(Shanghai) was used to express the recombinant proteins.

Expi293F cells, obtained from Thermo Fisher (A14527), were
cultured in serum-free SMM-293TIl media (Sino Biological
M293TII) at 37 °C in a humidified, 5% CO, atmosphere incubator,
shaking at 150 rpm. HEK293 (ATCC CRL-1573) and HEK293T (ATCC
CRL-3216) cells obtained from ATCC were cultured at 37 °C with 5%

CO, in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin.

Reagents

NAD, NMN, Digitonin, Poly-L-lysine, KH,PO,, NH4HCOs;, chlor-
oacetamide, polyethylenimine (PEI), and urea were purchased
from Sigma-Aldrich. DMEM, Trypsin-EDTA, penicillin/streptomycin
solution, Lipofectamine 2000, formic acid, and acetonitrile were
purchased from Thermo Fisher. FBS was obtained from PAN Biotech.
SMM-293TIl media was obtained from Sino Biological. Ni-Excel col-
umn, HiTrap Q column, CMS5 sensor were obtained from Cytiva. Strep-
Tactin resin, StrepTactin™ XT SPR kit were obtained from IBA. General
chemicals were purchased from Aladdin, Macklin, or Sangon Biotech
(Shanghai).

Immunization and screening for Nanobodies (Nbs)

The immunization and library construction were conducted in
Shenzhen KangTi Life Technology Co., Ltd (AlpaLife). The study
involving alpaca raising or immunizations at Shenzhen KangTi Life
Technology Co., Ltd (AlpaLife) complies with the relevant ethical
regulations for animal testing and research. Briefly, a healthy, adult,
male alpaca was immunized with the recombinant dN-SARMI,
full-length SARM1 with the N-terminal 27-aa segment replaced by a
BC2T-peptide, which was expressed in HEK293T cells® and immuno-
precipitated by BC2Nb-conjugated beads”. The antigen on beads,
mixed with Freund’s adjuvant, was injected subcutaneously for 6 times
during 3 months. A VHH phagemid library was constructed from the
mRNAs of the immunized peripheral lymphocytes, with a titer around
2.5x 108, Library screening was performed by the routine protocol of
phage display, panning and colony ELISA®. Briefly, E.coli TG1 trans-
formed with the phagemid library was grown at 250 rpm, 37 °C to
ODgoo 0.4-0.5 and then cocultured overnight with the helper phages,
allowing packaging into the recombinant phage particles, which were
then precipitated with PEG/NaCl and resuspended with PBS. Biopan-
ning was performed in a high-binding plate (#42592, Corning), coated
with the purified dtSARMLI, the full-length SARM1 with the N-terminal
27-aa segment replaced by a twin-Strep and Flag-tag. The coated well
was blocked with 10% BSA, incubated with the recombinant phage
particles, and washed with 1% PBST for 20 times. The associated pha-
ges were released with 1 mg/mL trypsin (Thermo Fisher) and amplified
by infection of E.coli TG1. The monoclonal phages after 3 rounds of
panning were detected by Anti-M13-HRP (GE Lifesciences GE27-9421-
01, 1:1000) and TMB solution (Sigma). The phagemid was sequenced in
Sangon Biotech (Shanghai). The following primers were used for
library construction and nanobody sequencing:

CALLOO1 primer: 5-GTCCTGGCTGCTCTTCTACAAGG-3’

CALLOO2 primer: 5-GGTACGTGCTGTTGAACTGTTCC-3’

VHH-Back primer: 5-GAGTCTGGAGGAGG-3’

VHH-For primer: 5-GGACTAGTGCGGCCGCTGGAGAC-3

MP57 primer: 5-TTATGCTTCCGGCTCGTATG-3’

Glll primer: 5~-CCACAGACAGCCCTCATAG-3

Preparation of Nbs or Nb-fusion proteins

The DNA sequence of Nb-C6, or Nb-1053 against CD38 as a negative
control*, was amplified from the phagemid by PCR and subcloned to
pET22b or pXG-mNeonGreen (from Prof. Jun Chu in SIAT/CAS,
Shenzhen). The strategies for the expression and purification of the
recombinant proteins were described as previously*. Briefly, Over-
Express™ E.coli C43(DE3) was transformed with the expression vector
and grown in LB media containing kanamycin or ampicillin at 37 °C
until the culture reached at ODggo of 1.0. Protein expression was
induced by 0.5 mM IPTG at 16 °C for 20 h. Proteins were extracted by
French press (ATS) at 800 psi for 3 rounds in lysis buffer (50 mM Tris
pH 8.0, 500 mM NaCl) containing 1 mM PMSF and cell lysates were
clarified by centrifugation at 56,000 x g for 45 min at 4 °C. The proteins
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were purified with Ni-excel resin (Cytiva) and HiTrap Q (Cytiva),
sequentially, and concentrated by 10 kDa Amicon (Millipore). The
following primers were used for constructing expression plasmids of
Nanobody-Cé:

Nb-F: 5-ATGGCGGTGCAGCTGGTGGAGTC-3’

Nb-R: 5-TGAGGAGACGGTGACCTGGG-3’

Preparation of dtSARM1
The DNA sequence encoding dtSARMLI, the truncated form of SARM1
without the N-terminal mitochondrial signal, fused with a twin-Strep-
tag and a Flag-tag attached to the N-terminus, were subcloned into
PENTRIA-GFP-N2 (#19364, Addgene), then transferred to pLenti-puro
(#17452, Addgene) by Gateway™ system (Thermo Fisher). The lenti-
viral particles were prepared by transfecting HEK293T cells with
pLenti-dtSARMI, psPAX2 (#12260, Addgene), and pMD2.G (#12259,
Addgene). The Expi293F cell line stably expressing dtSARMI1 was
established by the lentiviral infection and puromycin selection.

Then, the cells were cultured in a large volume and harvested. The
dtSARM1 was released from the cytoplasm by incubating with ice-cold
PBS containing 200 pM Digitonin and protease inhibitor (Roche). The
cleared lysate was incubated with StrepTactin™ resin (IBA) overnight
at 4 °C. After washing with ice-cold Buffer W (100 mM Tris pH8.0,
150 mM NaCl, 3 mM EDTA), the proteins were eluted by 2 mM biotin in
buffer W and concentrated with 100 kDa Amicon tube (Millipore). Gel
filtration was performed with a Superdex 200 increase column (Cytiva)
and separated the protein in aggregated and single particle forms. The
concentration of dtSARM1 was determined by BCA assay (Thermo
Fisher). The following primers were used for constructing expression
plasmids of dtSARMI:

dtSARMI-F: 5-CTGGCGGTGCCTGGGCCAGATG-3

dtSARMI-R: 5-GGTTGGACCCATGGGTGCAG-3’

Immunoprecipitation and western blots

The lysate containing dtSARMI was pretreated by 100 tM NMN on ice
for 10 min, with non-treated dtSARMI as a control, and incubated with
StrepTactin™ XT resin, in the presence of 200 ng/mL Nb-C6, or a CD38
nanobody Nb-1053%, overnight at 4 °C. The proteins were eluted by
2mM biotin and analyzed by western blots with anti-Hise (TransGen
Biotech HT501-01, 1:1000) or home-made anti-SARM1 (1:1000).

Surface plasmon resonance (SPR)

All SPR analyses were performed with a BIAcore 8 K instrument and
analyzed by BlAcore Insight evaluation software (Cytiva). To prepare
the Strep-capture sensor, CM5 sensors (Cytiva) were coated with
Strep-Tactin™ XT protein (IBA) by amine coupling according to the
manufacturer’s instructions. Briefly, all channel surfaces were acti-
vated by NHS and EDC and immobilized with Strep-Tactin XT protein
diluted at 50 pg/mL in 10 mM sodium acetate, pH4.5. Excess activated
groups were blocked by 1M ethanolamine-HCI, pH 8.5. A density of
Strep-Tactin XT corresponding to 3600-3800 response units (RU) was
achieved.

To measure the binding affinity of Nb-C6 to SARMI, dtSARM, in
the lysate of Expi293F, was captured in the sample channel to
approximately 500 RU, with a blank channel as the reference channel.
A series of concentrations of Nb-Cé6 (1.56 nM-400 nM) in the running
buffer, NMN/HBS-EP (100 pM NMN, 10 mM HEPES, 150 mM NaCl, 1 mg/
mL BSA, 3mM EDTA, and 0.05% (v/v) Surfactant P20, Cytiva), were
injected to both sample and reference channels for 360s to allow
association, followed by 540 s of the NMN/HBS-EP for dissociation. The
equilibrium dissociation constant (Kp) value was calculated from
kinetics using two-state kinetics binding model on the evaluation
software (Cytiva).

To correlate the Nb-Cé6 binding with the concentrations of NAD
and NMN, the following program was conducted. After dtSARM1 was
captured on the SPR sensor, HBS-EP with 2mM NAD and 200 nM

Nb-Cé6 was injected for 5 min to saturate the nonspecific binding and
establish a baseline. HBS-EP containing 200 nM Nb-Cé6 and a fixed
concentration of NAD (0.2, 0.4, 0.8, 1.2, 1.6 mM, each for one channel),
together with an increasing gradient of NMN (0, 50, 100, 200 pM) was
injected for 5 min, and washed with the same buffer without Nb-Cé6 for
3 min. The Nb-Cé6 binding was quantified by the accumulation of RU
signal at the end of 30 s-washing step and normalized by those in the
condition of 200 uM NMN (representing 100% binding). The Nb-C6
binding percentage and molar ratio of NMN and NAD were plotted.

Immunostaining and imaging SARM1 with Nb-C6

HEK293 cells carrying the inducible expression cassette for SARM1
were seeded on coverslips precoated with 0.05 mg/mL poly-i-lysine.
After 12-h induction with 1 pg/mL doxycycline and 6-h activation with
100 pM CZ-48, the cellular SARM1 was immunostained by Nb-Cé6 as the
following procedure. The cells were fixed in 1% PFA for 15min and
permeabilized with 0.1% Triton X-100 in PBS for 5 min. After blocking
with 10 mg/ml BSA for 1h, the cells were incubated with C6-mNeon-
Green, anti-Tom20 (Santa Cruze sc-17764, 1:1000), and anti-SARM1
(home-made, 1:1000) at room temperature for 1 h. The fluorescence
was developed by incubating with the Alexa Fluor™-conjugated sec-
ondary antibodies (Thermo Fisher A10042/A31571, 1:1000), and
imaged under a confocal microscope (Nikon AIR) with a 60x object,
and analyzed by NIS-Elements AR analysis (Nikon). ImageJ and Imaris
Bitplane software were used for the colocalization analysis of the
confocal signals.

Reverse cycling assay to measure the ADP-ribosyl cyclase
activity

The endogenous NAD in dtSARMI-containing HEK293 lysate was
removed by ultrafiltration with 10 kDa Amicon tubes (Millipore) by a
dilution factor of more than 1,000,000. The cleaned lysate, containing
dtSARM1 was incubated with 10nM Nb-C6, or Nb-1053 as negative
control, with or without 100 uM NMN on ice for 1h separately. The
reverse cycling reaction was conducted as described*. Briefly, 100 pL
of reaction systems were prepared in PBS buffer, containing 80 pg of
the cleaned lysate, 10 uM cADPR and 100 uM nicotinamide. After
incubation for the indicated period at room temperature, the reaction
was stopped by adding the same volume of 200 mM HCI and subse-
quently neutralized by 2M Tris pH8.0. The amount of the produced
NAD was measured by the cycling assay”” and the enzymatic activity
was characterized by the initial reaction velocity, pmol NAD/h and
normalized by the reaction velocity catalyzed by the NMN-activated
SARMI sample.

Quantification of cellular cADPR in cells expressing Nb-C6
HEK293 cells carrying the inducible SARMI expression cassette were
transiently transfected with the plasmids encoding the YFP-fusion
nanobody, C6-YFP or 1053-YFP, by PEI. Forty-eight hours post-trans-
fection, the cells were lysed with 0.6 M perchloric acid. After cen-
trifugation, the pellets were re-dissolved in 1 M NaOH and quantified by
Bradford assay (Quick Start™ Bradford Kit, BIO-RAD), and the super-
natants containing cADPR were neutralized with Chloroform/Tri-n-
octylamine mixture (volume ratio 3:1) and treated with NADase (home-
made). The concentration of cCADPR was analyzed by the cycling assay
as described previously”. The results were presented as pmol cADPR/
mg proteins. The protein expression level was quantified by western
blot with Anti-GFP (TranGen HT801-01, 1:1000).

Cryo-EM sample preparation and data acquisition

Three mg/mL of pure dtSARM1 was incubated with 100 utM NMN in a
binding solution (100 mM Tris (pH 8.0), 150 mM NacCl, and 1 mM
EDTA) on ice for 10 min. Nb-C6 was then added at 1:1 molar ratio
with dtSARMI. After 30 min incubation on ice, the sample was
applied to glow-discharged M026-Au300-R20/20 Copper grids
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(CryoMatrix). The samples were subsequently blotted for 3 s at 8 °C
with 100% humidity and plunge-frozen in a VitroBot Mark IV
(Thermo Fisher).

Data were collected using a 300 kV, K2 Summit (Gatan)-equipped
Thermo Fisher Titan Krios electron microscope. The nominal magni-
fication was set at 130,000X, which corresponds to a calibrated pixel
size of 1.076 A, and the gatan imaging filter was set with a slit width of
40 eV. Data were automatically acquired using SerialEM with defocus
ranging from —0.8 to —2.5pum. A total of 50 electrons/A? were dis-
tributed over 39 frames in each movie.

Cryo-EM image processing

4,605 movies obtained in super-resolution mode were subjected to
motion correction using the MotionCor2 integrated into relion-3.1.0
with dose-weighting. 3,609 micrographs were manually chosen based
on CTF calibration with CTFFIND4.1 (Relion). 3,089,111 particles in total
were automatically selected using the Laplacian-of-Gaussian approach.
2,384,641 particles were chosen after several rounds of 2D and 3D
classification in Relion and exported into cisTEM-1.0.0 for 3D classifi-
cation and refinement. A final particle stack of 208,299 particles was
chosen. The final reconstruction map displayed an overall resolution
of 2.7 A, but the density near the ARM and TIR region was relatively
poor (Supplementary Fig. 4a).

The particle stack was exported into relion-3.1.0 and extended
with D8 symmetry using the relion_particle_symmetry_expand module.
Expanded particles were subtracted using a mask that excluded all but
one TIR-ARM component. One round of 3D Classification without
mask was performed to remove the particles with poor TIR-ARM
densities, after which, the remaining 756,091 particles were subjected
to focused 3D classification with a limited mask around the ARM-TIR
region in order to obtain higher resolution around the TIR domain and
ARM domain’s outer region. Three major classes were separated in this
round, two of them displayed clear densities for outer part of ARM
domain (corresponding to ARMI-4 helices) and the third class was dim
and inaccurate around the ARM-TIR domain (Supplementary Fig. 4e).
The 298,862 particles in Class 1 and 133,097 particles in Class 2 were
chosen for 3D refinement with C1 symmetry, which yield two density
maps of resolution 3.3 A and 3.4 A for Class 1 and Class2, respectively
(Supplementary Figs. 3¢ and 4c, d).

The multi-body refinement method* was employed to increase
the local resolution of TIR and ARM domains, which are flexible in
structure. Both Class 1 and Class 2 densities were divided into two
rotating bodies, one small body containing one TIR-ARM-SAM/Nb-C6
unit and one large body containing the remaining components. For the
Class 1 dataset, the refinements converged after 13 iterations and
reconstructed maps for the big and small bodies of 3.3A and 3.7A
respectively. For the Class 2 dataset, the refinements converged after
13 iterations and reconstructed maps for the big and small bodies of
3.4 A and 3.8 A, respectively. The final maps of the small bodies, which
were evaluated using Resmap?®, exhibits similar local resolution of
~3.0 A around the SAM domain, 3.6-4.2 A for the TIR-ARM domains of
Class 1, 3.6-4.5 A for the TIR-ARM domains of Class 2 (Supplementary
Fig. 4c and 5a, b).

Model building and structure refinement

The SARMI™N models were constructed based on a starting model of
SARML1 binding to the inhibitor dHNN (PDB 7DJT)*. Using the Dock in
Map module of Phenix 1.16, the SAMI-SAM2 region (403-549), the
ARM domain (60-402), and the TIR domain (561-701) were each
separately docked into the refined map and then manually modified in
COOT 0.9. The Nb-Cé6 structure starting model was created and
adjusted based on another Nb with a similar overall structure (PDB
5F1K)*® using COOT 0.9. The modified model was then manually
adjusted in COOT 0.9 after each round of refinement using the Real-
space refinement module of Phenix 1.16. The statistics for Cryo-EM

data collection and structure refinement are summarized in Supple-
mentary Table 2.

Analysis of the activity of SARMI1 mutants

The mutants of SARMI, including W103A, R110A, K193M, D317A,
D317R, E189Q, L257C, S319F, S319Y, Q320A, Q320Y, and F476C were
produced by introducing the mutations into the full-length DNA
sequence of SARMI1 by overlap extension PCR. The resulting mutant
genes were subcloned to pENTR1A-GFP-N2 and transferred into the
lentivector, plnducer20 (#44012, Addgene) by Gateway system.
HEK293 cell line stably expressing SARM1 mutants were established by
lentiviral infection and puromycin selection. After induction by 1pg/
mL doxycycline for 24 h, the mutants were extracted with PBS con-
taining 4 mM digitonin and protease inhibitors (Roche).

The activities of mutants were analyzed with PC6 assay with or
without pre-activation by 100uM NMN or acid, as described
previously®. For the acid treatment, the mutants were incubated with
0.2M CH3COONa (pH 4.3) for 30 s and neutralized with 2 M Tris-HCI
(pH8.0). The kinetics of fluorescence (Ex390/Em520) production cat-
alyzed by SARM1 was measured after adding the reaction reagents
containing 50 tM PC6 and 100 uM NAD in 50 mM Tris-HCI (pH 7.5) on
a Synergy H1 Hybrid Reader (BioTek). The initial rate (RFU/min) of the
reactions were calculated to quantify the activities of SARML. The same
amounts of lysates were used for western blots.

Hydrogen-deuterium exchange mass spectrometry (HDX-MS)

HDX was performed by pre-incubating 2 uM dtSARM1 with 2 mM NAD
or 200 uM NMN at 28 °C for 10 min. After equilibration, H/D exchange
was carried out by 10-fold dilution into a DO buffer (25 mM HEPES,
pHread 8.0, 150 mM NaCl) to a final volume of 100 uL. D,0 buffer was
supplemented with 2 mM NAD or 200 uM NMN. After 10 s, 30 s, 1 min,
5 min, and 30 min of incubation at 28 °C, the reaction was quenched by
addition of ice-cold quench solution (1:1, v/v) containing 2 M guanidi-
nium hydrochloride and 0.2 M citric acid, resulting in a final pH of 2.2.
This preparation was digested on an immobilized pepsin column
inside a manual HDX-UPLC system (UltiMate 3000, Thermo Fisher)
with the temperature maintained at 0 °C (ice-cold). Eluted peptides
were desalted using chilled trap column (1 mm x 15 mm, Acclaim Pep-
Map300 C18, 5pum, Thermo Fisher Scientific) for 5 min at a flowrate of
200 pL/min and 0.1% formic acid as mobile phase. Subsequent peptide
separation was performed on the chilled ACQUITY BEH Ci8
(2.1x 50 mm) analytical column using a first gradient ranging from 9 to
45% of buffer B (80% acetonitrile and 0.1% formic acid) for 10 min
followed by a second gradient ranging from 45 to 99% of buffer B for
1min, at an overall flow rate of 50 pL/min. Peptides were ionized via
electrospray ionization and analyzed by Orbitrap Eclipse (Thermo
Fisher) mass spectrometer. Mass spectra were collected in triplicate
for each exchange period. Non-deuterated samples peptide identifi-
cation was performed via tandem MS/MS experiments and analyzed by
Proteome Discoverer 2.5 (Thermo Fisher). A full MS scan was collected
in the Orbitrap (m/z: 300-1500, resolution: 60,000, AGC 4e5, max
injection time: 50 ms) followed by a series of MS/MS scans measured in
the Orbitrap (HCD normalized collision energy: 30%, resolution:
15,000, AGC 5e4, isolation width 1.6 m/z, max injection time: AUTO).
Unspecific enzyme cleavage was used for all searches. Search results
were filtered by requiring precursor tolerance (+10 ppm) and fragment
tolerance (+0.02 Da). Searches were performed against a database
containing the sequence of SARML. For the deuterated mass spectra, a
full MS scan was collected in the Orbitrap (resolution: 60,000, AGC
4e5, max injection time: 50 ms). Mass analysis of the peptide centroids
was carried by HDExaminer v3.3 (Sierra Analytics, Modesto, CA), fol-
lowed by manual verification for each peptide. No corrections for back
exchange that occurs during digestion and LC separation were
applied. When computing deuteration percentages for uptake plots
and the heat map, the 100% level for peptides was defined to be the
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theoretical maximum deuteration level. For peptides exhibiting a
bimodal distribution all intensity values belonging to one incubation
time in D,O were analyzed by fitting two Gaussian peaks with different
means and areas but with similar width into the spectra, as described
earlier*’. Next, the fitted peak area parameter was used to calculate the
relative amount of open state by taking the ratio of high and the sum of
high and low mass subpopulations. The reported pHread values are
direct pH meter readings of the D,0 buffer solutions calibrated with
standard buffer solutions made with H,O and are uncorrected for the
isotope effect at the glass electrode*.

Crosslinking mass spectrometry (XL-MS)

Crosslinking sample preparation was started with pre-incubating
dtSARM1 (in 20 mM HEPES pH8.4) with 2mM NAD or 200 uM NMN
on ice for 10 min. Ligand binding SARM1 was incubated with DSBU
crosslinker (Thermo Fisher) to a final concentration of 200 uM for
30 min at 25 °C, and quenched with 10 mM ammonium bicarbonate.
The proteins were denatured with 10 mM DTT and 8 M urea for
60 min, then alkylated by 50 mM chloroacetamide (CAA) for 30 min
in dark. Then the protein was digested by trypsin (trypsin: pro-
tein =1:20, w/w) overnight at 37 °C. Tryptic peptides were desalted
using Pierce peptide desalting spin columns and loaded (700 ng in
0.1% formic acid) onto a nano-trap column (75um i.d. x2 cm pre-
column, packed with Acclaim PepMap100 C18, 3 pm, 100 A; Thermo
Fisher) using EASY-nLC 1200 system (Thermo Fisher). Subsequent
separation was performed on the analytical column (50 um x 15 cm,
Acclaim PepMap RSLC C18, 2 um, 100 A; Thermo Fisher Scientific)
using a first gradient ranging from 2 to 8 % of buffer B (80% acet-
onitrile and 0.1% formic acid) for 5 min followed by a second gra-
dient ranging from 8 to 43% of buffer B for 80 min, and third
gradient ranging from 43 to 50% of buffer B for 5 min at an overall
flow rate of 300 nL/min. Peptides were ionized via nano-
electrospray ionization and analyzed by Orbitrap Eclipse mass
spectrometer (Thermo Fisher) using sceHCD-MS2 fragmentation
approach***, Survey scans were recorded in the Orbitrap at 60,000
resolution (AGC 4e5, max injection time 50 ms) and a scan range
from 350 to 1600 m/z. MS/MS scans were recorded in the Orbitrap
at 30,000 resolutions (AGC 1e5, max injection time 120 ms, isolation
width 1.6 m/z). Unknown, singly and doubly charged ions were
excluded from fragmentation. Selected precursors were frag-
mented by applying a stepped-HCD energy of 30 +3% NCE. Pro-
teome Discoverer 2.5 (Thermo Fisher) with XlinkX software 2.5 was
used to analyze and identify the crosslinking peptides and the
parameters were as follows: maximum of three missed cleavage
sites for trypsin per peptide; cysteine carbamidomethylation as
fixed modification and methionine oxidation as dynamic modifica-
tion. Searches were performed against an ad-hock database con-
taining the sequence of SARMI1 and common contaminant proteins
(CRAPome/Strep tag AP*). Search results were filtered by requiring
precursor tolerance (10 ppm) and fragment tolerance (20 ppm).
FDR threshold was set to 1% at Crosslink and CSM level. The mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE*® partner repository with the
dataset identifier PXD033528.

Data analysis

All experiments contained at least three biological replicates. Data
shown in each figure are all means + SD. The unpaired Student’s t-test
was used to determine the statistical significance of differences
between means (*P<0.05, *P<0.01, **P<0.001, ***P<0.0001).
GraphPad Prism 8.0.1 was used for data analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Atomic coordinates for SARM1/NMN/Nanobody-Cé6 have been depos-
ited in the wwPDB under accession codes 8GQ5 (Overall Structure),
8GNI (TIR-ARM Conformation 1), and 8GNJ (TIR-ARM Conformation 2),
respectively. Cryo-EM densities have been deposited in the Electron
Microscopy Data Bank (EMDB) under accession codes EMD-34198
(Overall Structure), EMD-34165 (TIR-ARM Conformation 1), and EMD-
34166 (TIR-ARM Conformation 2), respectively. The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE*® partner repository with the dataset iden-
tifier PXD033528. Source data are provided with this paper. Protein
structure models shown in Supplementary Fig. 8 were generated with
SWISS-MODEL (https://swissmodel.expasy.org/) using PDB 7ANW
(hSARM1 NAD +complex) as template; the model coordinates are
provided as Supplementary Data 3 and 4. Other structures previously
published are also available from the PDB under accession codes 7CM6
(NAD + -bound Sarml in the self-inhibited state), 7DJT (Human SARM1
inhibitory state in complex with inhibitor dHNN), 5F1K (Human CD38
in complex with nanobody MU1053), 7NAG (TIR domain in complex
with 1AD), 7NAH (TIR domain in complex with 2AD), 7NAI (TIR domain
in complex with 3AD), 7NAJ (TIR domain in complex with ara-2'F-
ADPR), 7NAK (Human SARM1 in complex with NMN and 1AD) and 7NAL
(Human SARM1 in complex with NMN and 1AD). Source data are pro-
vided with this paper.

References

1. Krauss, R., Bosanac, T., Devraj, R., Engber, T. & Hughes, R. O. Axons
matter: the promise of treating neurodegenerative disorders by
targeting sarm1-mediated axonal degeneration. Trends Pharm. Sci.
M4, 281-293 (2020).

2. Lunn, E.R,, Perry, V. H., Brown, M. C., Rosen, H. & Gordon, S.
Absence of wallerian degeneration does not hinder regeneration in
peripheral nerve. Eur. J. Neurosci. 1, 27-33 (1989).

3. Mack, T. G. et al. Wallerian degeneration of injured axons and
synapses is delayed by a Ube4b/Nmnat chimeric gene. Nat. Neu-
rosci. 4, 1199-206 (2001).

4. Osterloh, J. M. et al. dSarm/Sarm!1 is required for activation of
an injury-induced axon death pathway. Science 337,

481-484 (2012).

5. Gerdts, J., Summers, D. W., Sasaki, Y., DiAntonio, A. & Milbrandt, J.
Sarm1-mediated axon degeneration requires both SAM and TIR
interactions. J. Neurosci. 33, 13569-13580 (2013).

6. Summers, D. W., Gibson, D. A., DiAntonio, A. & Milbrandt, J. SARM1-
specific motifs in the TIR domain enable NAD+ loss and regulate
injury-induced SARM1 activation. Proc. Natl Acad. Sci. USA 113,
E6271-E6280 (2016).

7. Essuman, K. et al. The SARM1 toll/interleukin-1 receptor domain
possesses intrinsic NAD(+) cleavage activity that promotes
pathological axonal degeneration. Neuron 93, 1334-1343
e5 (2017).

8. Zhao, Z.Y. et al. A cell-permeant mimetic of nmn activates sarm1 to
produce cyclic adp-ribose and induce non-apoptotic cell death.
iScience 15, 452-466 (2019).

9. Jiang, Y. et al. The NAD(+)-mediated self-inhibition mechanism of
pro-neurodegenerative Sarm1. Nature, 10.1038/s41586-020-2862-
z (2020).

10. Sporny, M. et al. Structural basis for SARM1 inhibition and activation
under energetic stress. Elife 9, 10.7554/eLife.62021 (2020).

1. Figley, M. D. et al. SARM1 is a metabolic sensor activated by an
increased NMN/NAD(+) ratio to trigger axon degeneration. Neuron
109, 1118-1136 €11 (2021).

12. Loreto, A., Di Stefano, M., Gering, M. & Conforti, L. Wallerian
degeneration is executed by an nmn-sarm1-dependent late ca(2+)
influx but only modestly influenced by mitochondria. Cell Rep. 13,
2539-2552 (2015).

Nature Communications | (2022)13:7898

13


https://doi.org/http:/doi.org/10.2210/pdb8GQ5/pdb
https://doi.org/http:/doi.org/10.2210/pdb8GNI/pdb
https://doi.org/http:/doi.org/10.2210/pdb8GNJ/pdb
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-34198
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-34165
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-34166
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-34166
https://www.ebi.ac.uk/pride/archive/projects/PXD033528
https://swissmodel.expasy.org/
http://doi.org/10.2210/pdb7ANW/pdb
http://doi.org/10.2210/pdb7CM6/pdb
http://doi.org/10.2210/pdb7DJT/pdb
http://doi.org/10.2210/pdb5F1K/pdb
http://doi.org/10.2210/pdb7NAG/pdb
http://doi.org/10.2210/pdb7NAH/pdb
http://doi.org/10.2210/pdb7NAI/pdb
http://doi.org/10.2210/pdb7NAJ/pdb
http://doi.org/10.2210/pdb7NAK/pdb
http://doi.org/10.2210/pdb7NAL/pdb

Article

https://doi.org/10.1038/s41467-022-35581-y

13. Di Stefano, M. et al. A rise in NAD precursor nicotinamide mono-
nucleotide (NMN) after injury promotes axon degeneration. Cell
Death Differ. 22, 731-742 (2015).

14. Lee, H. C., Walseth, T. F., Bratt, G. T., Hayes, R. N. & Clapper, D. L.
Structural determination of a cyclic metabolite of NAD+ with intra-
cellular Ca2+-mobilizing activity. J. Biol. Chem. 264, 1608-1615
(1989).

15. Lee, H. C. & Zhao, Y. J. Resolving the topological enigma in Ca(2+)
signaling by cyclic ADP-ribose and NAADP. J. Biol. Chem. 294,
19831-19843 (2019).

16. Lee, H. C. & Aarhus, R. A derivative of NADP mobilizes calcium
stores insensitive to inositol trisphosphate and cyclic ADP-ribose. J.
Biol. Chem. 270, 2152-2157 (1995).

17. Li, Y. et al. Sarm1 activation produces cADPR to increase intra-
axonal Ca++ and promote axon degeneration in PIPN. J. Cell Biol.
221, 10.1083/jcb.202106080 (2022).

18. Kim, Y. et al. MyD88-5 links mitochondria, microtubules, and JNK3
in neurons and regulates neuronal survival. J. Exp. Med. 204,
2063-2074 (2007).

19. Murata, H., Sakaguchi, M., Kataoka, K. & Huh, N. H. SARM1 and
TRAF6 bind to and stabilize PINK1 on depolarized mitochondria.
Mol. Biol. Cell 24, 2772-2784 (2013).

20. Ko, K. W., Devault, L., Sasaki, Y., Milbrandt, J. & DiAntonio, A. Live
imaging reveals the cellular events downstream of SARM1 activa-
tion. Elife 10,10.7554/elife.71148 (2021).

21. Sporny, M. et al. Structural evidence for an octameric ring
arrangement of SARM1. J. Mol. Biol. 431, 3591-3605 (2019).

22. Bratkowski, M. et al. Structural and mechanistic regulation of the
pro-degenerative NAD hydrolase SARM1. Cell Rep. 32, 107999
(2020).

23. Li, W. H. et al. Permeant fluorescent probes visualize the activation
of SARM1 and uncover an anti-neurodegenerative drug candidate.
Elife 10, e67381 (2021).

24. Yun Shi, P. S. K., Jeffrey D. Nanson, Jeffrey Milbrandt, Robert O.
Hughes, Thomas Ve. Structural basis of SARM1 activation, substrate
recognition, and inhibition by small molecules. Mol. Cell, 82
1643-1659 (2022).

25. Braun, M. B. et al. Peptides in headlock-a novel high-affinity and
versatile peptide-binding nanobody for proteomics and micro-
scopy. Sci. Rep. 6, 19211 (2016).

26. Li, T. et al. Immuno-targeting the multifunctional CD38 using
nanobody. Sci. Rep. 6, 27055 (2016).

27. Dunn, K. W., Kamocka, M. M. & McDonald, J. H. A practical guide to
evaluating colocalization in biological microscopy. Am. J. Physiol.
Cell Physiol. 300, C723-C742 (2011).

28. Nakane, T., Kimanius, D., Lindahl, E. & Scheres, S. H. Characterisa-
tion of molecular motions in cryo-EM single-particle data by multi-
body refinement in RELION. Elife 7, 36861 (2018).

29. Li, W. H. et al. Permeant fluorescent probes visualize the activation
of sarm1 and uncover an anti-neurodegenerative drug candidate.
Elife 10, e67381 (2021).

30. Horsefield, S. et al. NAD(+) cleavage activity by animal and plant TIR
domains in cell death pathways. Science 365, 793-799 (2019).

31. Molday, R. S., Englander, S. W. & Kallen, R. G. Primary structure
effects on peptide group hydrogen exchange. Biochemistry 11,
150-158 (1972).

32. Hodge, E. A., Benhaim, M. A. & Lee, K. K. Bridging protein structure,
dynamics, and function using hydrogen/deuterium-exchange mass
spectrometry. Protein Sci. 29, 843-855 (2020).

33. Su, M. Y. et al. Hybrid structure of the RagA/C-ragulator mTORC1
activation complex. Mol. Cell 68, 835-846 €3 (2017).

34. Merkley, E. D. et al. Distance restraints from crosslinking mass
spectrometry: mining a molecular dynamics simulation data-
base to evaluate lysine-lysine distances. Protein Sci. 23,
747-759 (2014).

35. Pardon, E. et al. A general protocol for the generation of Nano-
bodies for structural biology. Nat. Protoc. 9, 674-693 (2014).

36. Kwong, A. K. et al. Catalysis-based inhibitors of the calcium sig-
naling function of CD38. Biochemistry 51, 555-564 (2012).

37. Graeff, R. & Lee, H. C. A novel cycling assay for cellular cADP-ribose
with nanomolar sensitivity. Biochem J. 361, 379-384 (2002).

38. Kucukelbir, A., Sigworth, F. J. & Tagare, H. D. Quantifying the local
resolution of cryo-EM density maps. Nat. Methods 11, 63-65 (2014).

39. Zhao, Y. J. et al. Acidic pH irreversibly activates the signaling
enzyme SARM1. FEBS J. 288, 6783-6794 (2021).

40. Graf, C., Stankiewicz, M., Kramer, G. & Mayer, M. P. Spatially and
kinetically resolved changes in the conformational dynamics of the
Hsp90 chaperone machine. EMBO J. 28, 602-613 (2009).

41. Masson, G. R. et al. Recommendations for performing, interpreting
and reporting hydrogen deuterium exchange mass spectrometry
(HDX-MS) experiments. Nat. Methods 16, 595-602 (2019).

42. lacobucci, C. et al. A cross-linking/mass spectrometry workflow
based on MS-cleavable cross-linkers and the MeroX software for
studying protein structures and protein-protein interactions. Nat.
Protoc. 13, 2864-2889 (2018).

43. Arlt, C. et al. Integrated workflow for structural proteomics studies
based on cross-linking/mass spectrometry with an ms/ms clea-
vable cross-linker. Anal. Chem. 88, 7930-7937 (2016).

44. Liu, F., Lossl, P., Scheltema, R., Viner, R. & Heck, A. J. R. Optimized
fragmentation schemes and data analysis strategies for proteome-
wide cross-link identification. Nat. Commun. 8, 15473 (2017).

45. Mellacheruvuy, D. et al. The CRAPome: a contaminant repository for
affinity purification-mass spectrometry data. Nat. Methods 10,
730-736 (2013).

46. Perez-Riverol, Y. et al. The PRIDE database resources in 2022: a hub
for mass spectrometry-based proteomics evidences. Nucleic Acids
Res 50, D543-D552 (2022).

Acknowledgements

This study was supported by grants from the National Science Foun-
dation of China (31871401to Y.J.Z., 31871403 to J.L. and 31950410540 to
S.G.), Ministry of Science and Technology (Synthetic Biology Special
Project of National Key R&D Program, 2019YFA0906000 to H.Z.; and
Foreign Youth Talent Program, QN2021032004L to S.G.), Shenzhen
Science and Technology Innovation Committee
(JCYJ20190808163411340 to Y.J.Z., JCYJ20210324125608023 to Y.J.Z.),
Shenzhen-Hong Kong Institute of Brain Science-Shenzhen Fundamental
Research Institutions (2019SHIBS0004 to Y.J.Z.) and Shenzhen-Hong
Kong Cooperation Zone for Technology and Innovation (HZQB-KCZYB-
2020056 to Y.J.Z.). We would like to thank the cryo-EM center of the
Southern University of Science and Technology for cryo-EM data col-
lection and the HPC-Service Station in cryo-EM center of Southern
University of Science and Technology for data processing, the advanced
mass spectrometry facility (KMS) of Kobilka Institute of Innovative Drug
Discovery, the Chinese University of Hong Kong (Shenzhen) for the
support, Mengsi SUN (Office of Core Facilities, ShenZhen Bay Labora-
tory) for the help in SPR analysis, and Sumyu Yang for drawing the
illustration diagram.

Author contributions

Conceptualization, Y.J.Z., H.Z., S.G., and H.C.L.; Methodology, Y.N.H.,
Y.C., W.H.L., Y.J.Z., H.Z., and S.G.; Formal Analysis, Y.N.H., Y.C., W.H.L,,
W.MH., ZY.Z, WJ.Z, QW., XM, J.L, Y.J.Z, H.Z, and S.G.; Investiga-
tion, Y.N.H., Y.C., WH.L, WM.H., ZY.Z, WJ.Z, QW., XM, JL, YJZ,
H.Z., and S.G.; Writing Original Draft, Y.J.Z.; Writing Review and Editing,
YJ.Z,HZ,S.G., H.C.L, Y.N.H, Y.C., and W.H.L.; Funding Acquisition,
YJ.Z,HZ,S.G., and J.L.

Competing interests
The authors declare no competing interests.

Nature Communications | (2022)13:7898

14



Article

https://doi.org/10.1038/s41467-022-35581-y

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35581-y.

Correspondence and requests for materials should be addressed to
Goran Stjepanovic, Hongmin Zhang or Yong Juan Zhao.

Peer review information Nature Communications thanks the anon-

ymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:7898

15


https://doi.org/10.1038/s41467-022-35581-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A conformation-specific nanobody targeting the nicotinamide mononucleotide-activated state of SARM1
	Results
	Generation and isolation of a nanobody that specifically recognizes NMN-activated SARM1
	Visualization and in�vivo activation of SARM1 using Nb-C6
	Overall cryo-EM structure of the NMN-loaded SARM1 complexed with Nb-C6
	Induction of significant structural changes in the ARM domain by NMN
	NMN-induced release of the ARM domain from SAM
	Induction of conformational changes in the TIR domains by NMN

	Discussion
	Methods
	Bacteria and cell lines
	Reagents
	Immunization and screening for Nanobodies (Nbs)
	Preparation of Nbs or Nb-fusion proteins
	Preparation of dtSARM1
	Immunoprecipitation and western blots
	Surface plasmon resonance (SPR)
	Immunostaining and imaging SARM1 with Nb-C6
	Reverse cycling assay to measure the ADP-ribosyl cyclase activity
	Quantification of cellular cADPR in cells expressing Nb-C6
	Cryo-EM sample preparation and data acquisition
	Cryo-EM image processing
	Model building and structure refinement
	Analysis of the activity of SARM1 mutants
	Hydrogen-deuterium exchange mass spectrometry (HDX-MS)
	Crosslinking mass spectrometry (XL-MS)
	Data analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




