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% Check for updates The Silent Information Regulator 2 (SIR2) protein is widely implicated in
antiviral response by depleting the cellular metabolite NAD". The defense-
associated sirtuin 2 (DSR2) effector, a SIR2 domain-containing protein, pro-
tects bacteria from phage infection by depleting NAD", while an anti-DSR2
protein (DSR anti-defense 1, DSADI) is employed by some phages to evade this
host defense. The NADase activity of DSR2 is unleashed by recognizing the
phage tail tube protein (TTP). However, the activation and inhibition
mechanisms of DSR2 are unclear. Here, we determine the cryo-EM structures
of DSR2 in multiple states. DSR2 is arranged as a dimer of dimers, which is
facilitated by the tetramerization of SIR2 domains. Moreover, the DSR2
assembly is essential for activating the NADase function. The activator TTP
binding would trigger the opening of the catalytic pocket and the decoupling
of the N-terminal SIR2 domain from the C-terminal domain (CTD) of DSR2.
Importantly, we further show that the activation mechanism is conserved
among other SIR2-dependent anti-phage systems. Interestingly, the inhibitor
DSAD1 mimics TTP to trap DSR2, thus occupying the TTP-binding pocket and
inhibiting the NADase function. Together, our results provide molecular
insights into the regulatory mechanism of SIR2-dependent NAD" depletion in
antiviral immunity.

The Sirtuin (SIR2) family proteins are widely distributed from prokar-  such as APAZ (analog of PAZ), SLOG (SMF/DprA and LOG), and STAND
yotes to eukaryotes. Since initially discovered in yeast', SIR2 family  (signal transduction ATPases with numerous associated domains)’ 2.,
proteins have been demonstrated to function as NAD"-dependent NAD' is crucial for cellular metabolism” . Therefore, depleting NAD*
protein deacetylases in eukaryotes, which are involved in regulating would affect the phage replication and/or induce host cell arrest,
gene expression, recombination, inflammation, and aging”®. The SIR2  ultimately leading to the inhibition of phage propagation. In recent
domains in bacteria are usually fused with other functional domains, years, there has been increasing evidence to suggest that the SIR2-
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containing fusion proteins provide defense against phage by the SIR2-
dependent NAD" depletion. For instance, a SIR2 domain-containing
protein, SIR2-APAZ, forms a stable complex with a short prokaryotic
Argonaute (pAgo) protein’. Upon binding to the phage DNA, the SIR2
domain is dissociated from this heterodimeric SIR2-APAZ/Ago com-
plex, thereby unleashing the NADase activity of the SIR2 domain'®".
Similarly, the ThsA protein from the Thoeris system, which has an
N-terminal SIR2 domain and a C-terminal SLOG domain, fights against
phage by depleting cellular NAD*'™°. The catalytic pocket of the SIR2
domain in ThsA is opened after the SLOG domain senses the cyclic
ADP-ribose molecules produced by ThsB™,

Most recently, defense-associated sirtuin (DSR) proteins, featur-
ing a SIR2 domain at their N-terminus, have been found to be prevalent
in bacteria®. The DSR protein family can be divided into two systems
(DSR1 and DSR2). Despite limited sequence homology between the
C-terminal regions of DSR1 and DSR2, both of which exert measurable
anti-phage activity, which is attributed to the N-terminal SIR2
domains®. However, some phages have evolved the anti-DSR2 protein,
such as DSAD1 (DSR anti-defense 1), to inhibit the enzymatic activity of
DSR2", A tail tube protein (TTP) from phage SPR, which belong to the
Siphoviridae family”, is further identified to trigger the NADase func-
tion of DSR2, leading to abortive infection'’. Nonetheless, the detailed
molecular mechanisms of DSR2-mediated anti-phage defense are still
unclear.

Here, we present multiple cryo-EM structures of the DSR2 system
in different states. DSR2 oligomerizes into an elongated assembly by
the simultaneous dimerization of the C-terminal domains and tetra-
merization of the N-terminal SIR2 domains, supporting the emerging
paradigm of cooperative self-assembly formation in immune signaling
pathways** %2, Combined with biochemical and mutagenesis studies,
we uncover the mechanisms underlying TTP recognition and NADase
activation. Importantly, we also confirm that the activation model is
applied to other SIR2 defense systems. More interestingly, the inhi-
bitor DSADI is revealed to inactivate DSR2 by mimicking TTP. Our
work builds the foundation for further mechanistic characterization of
SIR2-dependent NAD" depletion in bacterial immunity.

Results

Cryo-EM structure of DSR2-DSADI1 complex

Defense-associated sirtuin 2 (DSR2) protein has been reported to
defend against phage through its NADase enzymatic activity®'>. The
DSR2 protein (WP_029317421) from Bacillus subtilis 29R contains an
N-terminal NADase SIR2 domain (aa 1-303) and a C-terminal domain of
unknown function (aa 304-1005, termed CTD), which is predicted to
be predominantly composed of a-helices® (Fig. 1a). We expressed and
purified the DSR2 protein. Native gel electrophoresis suggested that
DSR2 mainly behaves as a tetramer in solution (Supplementary Fig. 1a),
which is further confirmed by the analytical ultracentrifugation (AUC)
experiments (Supplementary Fig. 1b). In contrast, the SIR2 domain-
only protein (aa 1-303) exists as a monomer in solution (Supplemen-
tary Fig. 1c). To understand the assembly mechanism, we sought to
solve the structure of DSR2 alone by cryo-EM. However, we could not
obtain a high-resolution 3D reconstruction, possibly due to intrinsic
flexibility (2D average will be discussed below in Supplementary
Fig. 4a). Given that the phage encoding protein DSAD1
(WP_004399562) has been shown to bind and inhibit DSR2?, we
hypothesized that the DSADI binding might stabilize DSR2. Our AUC
results further demonstrated that DSAD1 binding does not alter the
assembly status of DSR2 (Supplementary Fig. 1d, e). We therefore
reconstituted the DSR2-DSAD1 binary complex and determined the
cryo-EM structures at resolutions of 3.4-3.6 A (Fig. 1b and Supple-
mentary Figs. 2, 3) (Supplementary Table 1). We modeled four DSR2
molecules and two DSAD1 molecules into the EM density. Nearly all the
residues could be clearly built except for some loop regions, including
aa 1-7, 567-577, and 897-908 for DSR2 and aa 1-9 for DSADL.

The SIR2 domain assembly mediates the DSR2 tetramer
formation

The tetrameric DSR2 displays an elongated shape, with two DSR2
dimers forming a head-to-head tetramer (the four molecules are
termed A, B, A’, and B’, respectively) (Fig. 1b). The two-dimensional
(2D) class averages of DSR2 alone showed extended DSR2 particles
similar to those of the DSR2-DSAD1 complex (Supplementary Fig. 4a),
implying that the binding to DSAD1 does not substantially alter the
conformation of DSR2.

Although the SIR2 domain-only protein is a monomer (Supple-
mentary Fig. 1c), the four SIR2 domains oligomerize into a tetramer in
the context of full-length DSR2, facilitating the assembly of DSR2. The
SIR2 tetramer is organized as a dimer of dimers with dihedral
D2 symmetry (Supplementary Fig. 4b). The N-terminal SIR2 domain
contains a Rossmann-fold subdomain and a helical lid subdomain (aa
56-111), the cleft between which is the potential NAD" binding site
(Fig. 1c and Supplementary Fig. 4c). The lid region of SIR2 is primarily
responsible for the inter-dimer interaction. At the inter-dimer inter-
face, Tyr71in the lid region is sandwiched between Glu254 and Glu256
from the neighboring dimer (Fig. 1d). Moreover, a hydrogen bond is
established between Tyr71 and Thr257. Three residues (Arg86, GIn89,
and 11e90) of the lid region stack against Tyr260 from the adjacent
dimer, further stabilizing the inter-dimer association.

The interface of DSR2 dimer

The two-fold symmetric DSR2 dimer adopts an X-shaped architecture
(Fig. 1b and Supplementary Fig. 5a). Two DSR2 molecules dimerize
through both the SIR2 and CTD domains: the two C-terminal helical
domains intersect at the central position, with SIR2 domains capped at
the ends. Within the DSR2 dimer, the face-to-face SIR2 dimer interface
is formed by the a9, all, and a12-B6 loop (Supplementary Fig. 53, b),
predominantly stabilized by hydrophobic interactions (Supplemen-
tary Fig. 5b). In comparison with the SIR2-SIR2 dimerization interface,
it appears that the CTD contributes more to the dimeric assembly, with
a buried surface area of -2200 A2. The CTD, which exhibits a fishhook-
like conformation, can be divided into four helical subdomains,
termed H1 (aa 304-403), H2 (aa 404-550), H3 (aa 551-860), and H4 (aa
861-1005) subdomains (Fig. 1c), and the dimeric DSR2 formation
involves H2-H4 subdomains (Supplementary Fig. 5a). The H4 sub-
domain, the throat part of the fishhook, packs face-to-face against the
other H4 subdomain from the adjacent molecule via their two
C-terminal a-helices. The H4-involved dimeric assembly is driven by
both hydrophobic and polar contacts (Supplementary Fig. 5¢). The two
H3 subdomains in the dimer corresponding to the shank part of a
fishhook make a crossover, and the H3-involved dimer interface con-
sists of a six-helix bundle with three a-helices from each molecule
(Supplementary Fig. 5d). Notably, the H2 subdomain engages the SIR2
domain from the adjacent molecule, contributing to the stabilization
of the dimerization (to be discussed below).

DSADI binds to the H3 and H4 subdomains
DSAD1 acts as a monomer in solution (Supplementary Fig. 1d). The
DSADI1 in DSR2-bound complex is composed of eight -strands and
one a-helix (Supplementary Fig. 6a). The N-terminal 3-hairpin, along
with the following three-stranded antiparallel 3-sheet (termed sheet-1),
wraps around the a-helix. Another (3-sheet (termed sheet-2), consisting
of three B-strands, is packed adjacent to the B-hairpin. For this fold, no
structural homologs were identified for DSAD1 using the DALI server?.
DSADI1 is trapped by the tip of the CTD fishhook (Fig. 1b, c). Par-
ticularly, sheet-2 of DSADI packs above the H3 subdomain (Fig. 2a, b).
The H4 subdomain, along with the H3 subdomain from the adjacent
molecule, brackets the B-hairpin of DSADI (Fig. 2c). Notably, Tyrl6 of
DSAD1 stacks against Tyr574 and Phe576 from the adjacent
H3 subdomain (Fig. 2¢). The interaction between DSR2 and DSAD1 was
significantly compromised when mutating Tyr574 and Phe576 to
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Fig. 1| Cryo-EM structure of DSR2 in complex with DSAD1. a Domain organi-
zation of the DSR2 and DSADI proteins. b Cryo-EM structure of the DSR2-DSAD1
binary complex. The N-terminal SIR2 domain, Lid subdomain, and C-terminal H1,
H2, H3, and H4 subdomains are colored in wheat, purple, magenta, cyan, green and
blue, respectively. The DSADI protein is colored in orange. The lid region of the
SIR2 domain responsible for the inter-dimer interaction is marked in the red box.

CTD

throat

~
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Inter-dimer interface

The schematic diagram in the gray box shows the binding mode of DSAD1 to DSR2
molecules. ¢ Overall structure of a single DSR2 molecule indicates a fishhook-like
architecture (gray box). The catalytic pocket within DSR2 is marked in a black circle.
The same color scheme as in (a) is used. d Detailed insights into the inter-dimer
interface formed by the SIR2 domains. Key residues involved in the inter-dimer
interaction are shown in stick representation.

glycine (Fig. 2d), indicating that the formation of DSR2 dimer appears
to be important for DSAD1 binding.

While the overall structure of the DSR2 molecule in the absence of
DSADI1 is similar to that of the DSAD1-bound DSR2 molecule (Supple-
mentary Fig. 6b), subtle structural discrepancies are discerned within
the H4 subdomain. The H4 subdomain moves outward by -10 A to
accommodate DSAD1 (Supplementary Fig. 6¢). The H4 subdomain
seems to be critical for DSADI binding, as supported by the fact that
the H4 subdomain and DSADI constitute the largest interface between
DSR2 and DSADL. Furthermore, DSAD1 was compromised in binding to
DSR2 protein upon the removal of the H4 subdomain (Fig. 2d).

Although each DSR2 dimer binds to one DSAD1 molecule, two
binding modes are found in the context of the DSR2 tetramer. One
class of particles shows extra densities corresponding to DSAD1 on the
same side (Fig. 1b and Supplementary Fig. 2a). In other words, the two
DSADI1 molecules bind to DSR2-A and DSR2-A’, respectively. The sec-
ond binding mode involves DSR2-A and DSR2-B’ molecules (Supple-
mentary Figs. 2a and 6d). However, these DSR2-DSADI trimeric
subcomplexes in the two states are nearly identical (Supplemen-
tary Fig. 6e).

Activation of DSR2 by the tail tube protein

Neither full-length DSR2 nor SIR2 domain-only proteins exhibited
obvious NADase activity, as determined by the e-NAD" degradation
assay (Fig. 3a). As a tail tube protein (TTP) (WP_010328117) from phage
SPR was documented to robustly activate the NADase function of
DSR2, we purified and included the TTP protein in the degradation
assay. The results show that full-length DSR2, but not the SIR2 domain-
only protein, efficiently cleaved NAD" in the presence of TTP (Fig. 3a),
implying that the CTD region may modulate the NADase activity of the
SIR2 domain. Indeed, while tagged TTP failed to pull down the SIR2
domain-only protein, the full-length DSR2 and CTD-only proteins
could bind TTP (Fig. 3b).

Cryo-EM structure of TTP

We next determined the cryo-EM structure of TTP at a resolution
of 3.1A (Supplementary Fig. 7 and Supplementary Table 1). The qu-
ality of the cryo-EM map allowed us to build the atomic model of
TTP. The majority of TTP could be unambiguously built,
with the exception of the C-terminal portion (aa 240-264), possibly
due to intrinsic flexibility. TTP proteins polymerize into a tube
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Fig. 2 | The dimerization of CTD is required for DSAD1 binding. a Close-up view
of DSAD1 binding site on the C-terminal domain (CTD) of DSR2. The DSR2-A
molecule is colored in the same scheme as in Fig. 1a, and the DSR2-B molecule is
colored in gray for clarity. The DSADI protein is colored in orange. b Detailed
insights into the interaction between DSADI1 and the H3 subdomain of DSR2. Key
interacting residues are shown in stick representation. ¢ Detailed insights into the
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interaction between DSADI protein and the H3 and H4 subdomains of DSR2 dimer.
Key interacting residues are shown in stick representation. d In vitro pull-down of
wild-type (WT) DSR2 and mutants by His-tagged DSAD1. AH4 indicates the deletion
of H4 subdomain (aa 1-860). The K960A/D993A mutation had little impact on the
DSR2-DSAD1 association. The gel represents three independent replicate experi-
ments. Source data are provided as a Source data file.

with a diameter of ~50 A (Supplementary Fig. 8a). In each layer of the
TTP tube, six TTP molecules are stacked in a head-to-tail
arrangement, forming a hexameric ring structure (Fig. 3c). The
inner surface of the tube is highly negatively charged (Supplemen-
tary Fig. 8b), reminiscent of those observed in Siphoviridae phage
tails (such as the TTPs of phages YSDI, A and T5)* 2%, consistent with
the proposed genome delivery role of TTP?. Each TTP subunit
adopts an extended conformation with two [-sandwich
domains (termed BS1 and BS2, respectively) (Fig. 3c). The BS1
domains oligomerize into the hexameric ring, which is decorated by
the BS2 domains at the periphery. In particular, two B-strands (aa
159-163 and 203-209) of BS1 interact in an antiparallel fashion with
the “tail” of the two-layered fB-sandwich fold from the neighboring

BS1. Notably, one helix (aa 68-78) is docked into a groove created by
these two f-strands and the “head” of the BSI core, forming a net-
work of hydrophobic intramolecular interactions (Supplementary
Fig. 8c), suggesting the importance of this helix («1) in TTP assembly.
The BS2 domain packs against the BS1 domain of the adjacent
molecule, further stabilizing the hexameric ring. A B-hairpin (aa
36-56) extending from the BS1 domain interlocks the hexameric
rings to form the tube (Fig. 3c). Together, three major intermolecular
interfaces, including the two -strands, BS2 and a 3-hairpin-mediated
interfaces, facilitate the TTP assembly. The BS1 core of TTP in our
study is structurally homologous to TTP from phages YSDI1, A and
T5%%8 (Supplementary Fig. 8d), implying a conserved mechanism for
ring formation. Nevertheless, the accessory domains decorating the
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outside of the hexameric ring vary among Siphoviridae phage tails.
Notably, in phages SPR and YSD1, a -sandwich domain (BS2 or
domain 2) extends from the BS1 core, wrapping around the adjacent
TTP subunit. By contrast, immunoglobulin (Ig)-like domains, impli-
cated in host surface molecule recognition, are present in the
C-terminal TTP of phage YSD1, A and TS5, but absent in the TTP of
phage SPR.

BS1

Cryo-EM structure of DSR2-TTP complex

To elucidate the activation mechanism, we reconstituted the DSR2-
TTP binary complex and analyzed its structure by cryo-EM (Fig. 3d, e
and Supplementary Fig. 9) (Supplementary Table 1). An elongated
DSR2 tetramer binds four TTP molecules (termed state 1) (Fig. 3d),
each of which is nestled into a pocket primarily formed by H2-H4
subdomains and an additional H3 subdomain from the neighboring
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Fig. 3 | Cryo-EM structures of TTP alone and in complex with DSR2. a In vitro
NAD" degradation assays of the full-length DSR2 protein and SIR2 domain-only
protein in the presence or absence of TTP. The N133A/H171A catalytic mutant of the
DSR2 protein was used as the negative control. 50 pM e-NAD" was used as the
substrate. Only the WT DSR2 protein can degrade NAD" in the presence of the TTP
protein. The experiment was replicated three times. All experiments were repli-
cated at least three times (mean + SD, n =3 independent replicates). b In vitro pull-
down of wild-type (WT) DSR2 and mutants by His-tagged TTP. The gel represents
three independent replicate experiments. ASIR2 indicates the deletion of the
SIR2 subdomain (aa 304-1005), and SIR2 indicates a SIR2 domain-only protein (aa
1-303). The experiment was replicated three times. ¢ Atomic model of the TTP tube

(upper panel), each layer of the TTP ring is colored in wheat, gray, teal, and light
blue, respectively. The lower panel shows the structure of TTP subunit in the TTP
tube. The single copy of the TTP subunit is shown as cartoon representations and
colored in yellow. BS1, B-sandwich domain 1; BS2, -sandwich domain 2. d Cryo-EM
structure of DSR2-TTP complex in state 1. The same color scheme as in Fig. 1a is
adopted. The four TTP molecules are colored in yellow. e Cryo-EM structure of
DSR2-TTP complex in state 2. The SIR2 domains are missing in this state.

f Structural superposition of TTP proteins in the DSR2-TTP complex (yellow) and
TTP tube (gray). A shift in the ol helix of TTP is indicated by a blue arrow. Source
data are provided as a Source data file.

molecule (Fig. 3d). Although the DSR2 and the BS1 domain of TTP
could be resolved in the EM map (Fig. 3f), the BS2 and the protruding 3
hairpin of TTP could not be built, indicating flexibility (Supplementary
Fig. 10a). The four DSR2-TTP copies in the heterooctamer are nearly
structurally identical. 3D classification also revealed another popula-
tion of particles showing the missing SIR2 domains (Fig. 3e and Sup-
plementary Fig. 9), which may represent a different state, referred to as
state 2 (to be discussed below).

The outer sheet of the BS1 domain pairs with a stretch of residues
(aa 903-910) in the H4 subdomain (Fig. 4a, b), while the inner sheet
packs over the H3 subdomain. The cleavage of NAD* was substantially
impaired upon the deletion of the H4 subdomain (Fig. 4c). Interest-
ingly, the neighboring H3 subdomain in DSR2 dimer also engages TTP.
Specifically, A stretch of disordered region (aa 570-581) refolds into an
ordered structure, including a 3-strand, which interacts with the inner
sheet of BS1 domain upon TTP binding (Fig. 4d), reminiscent of the
observation in DSR2-DSAD1 complex (Fig. 2c). Two aromatic residues
from the transition region, Tyr574 and Phe576, make hydrophobic and
-1t stacking interactions with Ala9, Ala27, Ala30, Phe32 and Tyrl75
from TTP (Fig. 4d). Glycine mutation of the two aromatic residues in
DSR2 (Y574G/F576G) almost completely abolished NADase activity
(Fig. 4c), indicating the critical role of these residues in TTP recogni-
tion. In addition, a loop segment (aa 493-504) of H2 transits into an a-
helix in the presence of TTP (Fig. 4e). This a-helix of H2 subdomain fits
snuggly into a pocket between the two slices of BS1, forming multiple
hydrophobic contacts via Leu495, Leu497 and Leu498 (Fig. 4e). Gly-
cine substitution of the leucine residues (L495G/L497G/L498G) abro-
gated the DSR2-mediated NAD" cleavage (Fig. 4c). In addition, an
extended loop of BS1 (202-213) penetrates a pocket between H2 and
H3 subdomains, further reinforcing the interactions around H2
(Fig. 4f). Together, our data demonstrate the molecular basis of TTP
recognition by DSR2.

The CTD acts as a sensor to regulate the SIR2 domain

Strikingly, the DSR2-TTP interface largely overlaps with the contact
surface between DSR2 and DSADI (Fig. 5a), suggesting that DSAD1 may
compete with TTP to bind DSR2. As expected, NAD* hydrolysis was
impeded when simultaneously incubating DSR2 with DSAD1 and TTP
(Supplementary Fig. 10b). Notably, DSAD1 showed inhibitory effects
regardless of the mixing orders, implying a binding preference of DSR2
for DSADI1 over TTP. It is noteworthy that TTP, in contrast to DSADI1,
specifically interacts with the H2 subdomain (Figs. 2a and 4a). This
difference may provide a potential explanation for why TTP, but not
DSAD], activates DSR2. The BS1 part of TTP is mainly responsible for
contacts with H2 subdomain, which in turn directly makes interaction
with SIR2 domain. In the TTP-free state, Tyrl48 of SIR2 domain is
buttressed by Tyr471, Met531, and Pro532 of H2 subdomain (Fig. 5b).
Nonetheless, the inter-domain contacts between H2 and SIR2 appear
to be weakened by the binding of TTP (Fig. 5b). Mutation of these
residues (M531G/P532G) in the H2 subdomain self-activated the
NADase activity of DSR2, even in the presence of DSAD1 (Fig. 5c),
further supporting the notion that the H2 subdomain of CTD governs
the enzymatic activity of SIR2 domain. Notably, the structure of DSR2-

TTP in state 2 is essentially identical to that in state 1 (Supplementary
Fig. 10c), with the exception that the SIR2 domain in state 2 could not
be traced, possibly owing to flexibility. Similarly, the SIR2 domain in
the APAZ-SIR2/Ago antiviral defense system is also found to be highly
dynamic upon recognition of the invading target DNA. We also
designed the mutations that are expected to disrupt the interactions
between SIR2 and Ago based on the AlphaFold structure® (Supple-
mentary Fig. 11a). As anticipated, the mutation could efficiently
degrade the NAD" in the absence of the gRNA-ssDNA duplex (Sup-
plementary Fig. 11b). Therefore, it is conceivable that SIR2-binding
regions, such as the H2 subdomain in DSR2 and Argonaute protein in
APAZ-SIR2/Ago system, are responsible for transmitting the phage
signal to the SIR2 domain. The two functional components of DSR2,
CTD, and SIR2, work as the sensor and effector modules in response to
phage infection, respectively, which is reminiscent of the anti-phage
Cap protein in the CBASS immune system®2

The lid region of SIR2 domain modulates the NADase activity
of DSR2

The overall structure of the DSR2-TTP complex closely resembles that
of the DSR2-DSAD1 complex (Fig. 5a), indicating that the binding of
either the inhibitor or activator may not elicit substantial conforma-
tional changes in the DSR2 tetramer. However, slight structural dif-
ferences could be observed in the H4 subdomain. Specifically, the
H4 subdomain in the TTP-bound molecule displays a closed con-
formation, analogous to that in the DSAD1-free molecule, but different
from the conformation observed in the DSADI-bound molecule
(Fig. 5a). This observation can be attributed to differences in the
interaction interfaces, wherein it is DSADI, rather than TTP, that pre-
dominantly engages with the H4 subdomain. In addition to the
H4 subdomain, another noticeable difference is the SIR2 domain.
Although the overall architecture of SIR2 domain in TTP-bound state is
analogous to those in the DSAD1-bound and-free states, the lid region
of SIR2 domain undergoes a conformational change (Fig. 5d). Upon
binding to TTP, the lid region shifts away from the active-site, possibly
exposing the catalytic pocket for substrate binding. Indeed, structural
comparison with the structural homolog revealed that the catalytic
pocket of SIR2 in DSR2 is likely to accommodate NAD" after the
binding of TTP** (Supplementary Fig. 12a). The movement is also likely
to impair the inter-dimer interface, leading to the flexibility of the lid
region (Fig. 5d). Indeed, the loop regions of the lid are unresolved in
the presence of TTP. Mutation of the residues in the lid
region responsible for inter-dimer association (Y71A/I90A and repla-
cement of aa 78-96 with a GSAGSA linker) abrogated the NADase
function of DSR2 in the presence of TTP (Figs. 1d and 5e), indicating
that the lid region may modulate the catalytic activity of SIR2 domain.
Together, it is reasonable to conclude that the TTP binding
stimulates the rearrangement of the lid region, thereby activating
the NADase function of the SIR2 domain. Of note, it has
been demonstrated that the closed-to-open transition of the lid region
in the SIR2 domain is required for NADase activity, exemplified by the
ThsA protein in the Thoeris anti-phage system' ', Structural compar-
isons between SIR2 domains further confirmed that this activation
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Fig. 4 | Interactions between DSR2 and TTP proteins. a Close-up view of the
interactions between the BS1 domain of TTP protein and DSR2 proteins. The same
color scheme as in Fig. 1a is used for the DSR2-A molecule. The DSR2-B molecule is
colored in gray and the bound TTP is colored in yellow. b Detailed insights into the
interactions between TTP and the H3-4 subdomains of DSR2. Key interacting
residues are shown in stick representation. ¢ In vitro NAD" cleavage assay using WT
or mutants of DSR2 protein. Mutations of the key residues in DSR2-TTP binding
interface remarkably reduced NAD* consumption. All experiments were replicated

at least three times (mean + SD, n =3 independent replicates). d Detailed insights
into the interactions between TTP and the H3 subdomain of DSR2-B. Key inter-
acting residues in this interface are shown as sticks. e Detailed insights into the
interactions between TTP and the H2 subdomain of DSR2. Key residues involved in
the hydrophobic interaction between TTP and the H2 subdomain of DSR2 are
shown in stick representation. f Close-up view of the interactions between the TTP
and the H2-3 subdomains of DSR2. Key interacting residues are shown in stick
representation.
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Fig. 5 | The molecular basis of DSR2 activation by TTP protein. a Structural
comparison between the DSR2-TTP complex and DSR2-DSAD1 complex. In the
structure of the DSR2-DSAD1 complex, the DSR2 and DSAD1 are colored in gray and
orange. The color scheme for the DSR2-TTP complex is consistent with that in
Fig. 3d. b Close-up view of the inter-domain interaction between the H2 subdomain
and SIR2 domain. ¢ In vitro NAD" degradation assay of WT and mutant DSR2 pro-
teins in the presence or absence of TTP. The NADase activity of DSR2 was self-
activated through mutations of key residues in the H2-SIR2 interface. All

experiments were replicated at least three times (mean + SD, n =3 independent
replicates). d Compared to the structure of DSR2 in the DSADI-binding state, the lid
region of the SIR2 domain undergoes conformational changes in the TTP-binding
state, leading to outward movement and flexibility in the lid region, thus exposing
the catalytic pocket (marked with a black circle). e In vitro NAD* degradation assays
investigating the impact of lid region mutations on the NADase activity of DSR2. All
experiments were replicated at least three times (mean + SD, n =3 independent
replicates).

mechanism is also applicable to DSR2 (Supplementary Fig. 12b, c). Both
Thoeris and APAZ-SIR2/Ago are two-gene operon anti-phage system,
whereas it seems that DSR2 alone is sufficient to respond to phage
attacks. DSR2 has a two-domain architecture, with the CTD responsible
for sensing the infection signal and SIR2 acting to prevent phage
propagation (Fig. 6). Our study may also shed light on other single-
gene systems, such as DSR1.

Discussion

Depletion of metabolic substrates, such as NAD", has been postulated
as a mechanism for anti-phage defense in bacterial immunity. The
recently identified DSR2 protein exerts its anti-phage activity through
its NADase function. Here, we investigated the molecular basis
underlying the inhibition and activation of DSR2 by phage

proteins (Fig. 6). Two DSR2 dimers are assembled in a head-to-head
fashion by the tetramerization of SIR2 domains (Fig. 1b), which is
analogous to the observation in the SIR2-containing ThsA protein of
the Thoeris system"™®, In contrast, the APAZ-SIR2/Ago complex,
another anti-phage system with NADase activity, functions as a
monomer”'¢, While the oligomerization states of SIR2-containing
effectors vary among anti-phage systems, the activation mechanism,
involving an ordered-to-disordered transition of the lid region, is
conserved. Intriguingly, another NADase domain, TIR, is also impli-
cated in the anti-phage defense. However, oligomerization of TIR
domain is required for the formation of the composite active-site'****?,
which contrasts with the finding in SIR2-containing proteins, such as
DSR2 and ThsA, where destabilization or dissociation of SIR2 assembly
is indispensable for NADase function.
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It has been demonstrated that the TTP from phage SPR, but not
phage SPbeta, efficiently binds and activates DSR2". Importantly, it is
noteworthy that several residues crucial for the interaction with DSR2
are not conserved in TTP. For instance, in the TTP of phage SPR, Phel3
and Phe23 are involved in hydrophobic contacts with DSR2, while the
equivalent residues are Alal5 and Ala25 in the TTP of phage SPbeta.
This could explain why DSR2 is specifically activated by TTP of phage
SPR. The assembly of TTP is essential for the delivery of the phage
genome. Although the BSI core of TTP is not altered remarkably in the
presence of DSR2, the three primary interfaces that mediate TTP
assembly, however, are disrupted upon binding to DSR2. Particularly,
the extended (-hairpin in TTP, which is involved in stacking the hex-
americ rings (Fig. 3c), plugs into the H4 subdomain of DSR2 (Fig. 4a),
thereby potentially impeding the formation of tubal structure (Sup-
plementary Fig. 13). Furthermore, the ol helix of TTP, which is impli-
cated in maintaining the two [-strands-mediated hexameric ring
assembly (Fig. 3c and Supplementary Fig. 7¢), shifts away from the two
B-strands-involved groove (Fig. 3f), possibly destabilizing TTP assem-
bly. Indeed, the two B-strand regions of TTP are flexible in the presence
of DSR2 (Fig. 3f). Therefore, it seems that the DSR2 binding would
impair tube formation, mitigating phage infection.

Remarkably, the inhibitor DSAD1 and the activator TTP occupy
the same pocket formed by the H3 and H4 subdomains of DSR2
(Fig. 5a). In addition, a similar set of residues is employed by DSR2 to
interact with both DSAD1 and TTP. For instance, two aromatic residues
(Tyr574 and Phe576) from the H3 subdomain are involved in the
binding of both DSAD1 and TTP (Figs. 2c and 4d). Therefore, it is
plausible that DSADI, at least to some extent, binds to DSR2 by
mimicking the TTP. There are substantial steric clashes at both the
DSR2-DSAD1 and the DSR2 dimerization interfaces when aligning
the DSADI1-free DSR2 molecule (Mol-B) with the DSAD1-bound DSR2

(Mol-A), potentially explaining why DSADI1 occupies only two binding
sites in the context of NADase inhibition (Supplementary Fig. 14a).
Similarly, remarkable spatial clashes are observed at both the DSR2-
DSAD1 and the DSR2 dimerization interfaces when structurally
superimposing the TTP-bound DSR2 (Mol-A) onto the DSADI-free
DSR2 molecule (Mol-B) (Supplementary Fig. 14b). Therefore, it is rea-
sonable to conclude that the ligand-free pockets in DSR2 of the DSR2-
DSADI1 complex are not potentially available for additional DSADI or
TTP binding. However, further study is required to clarify the binding
of ligands to DSR2, particularly at higher concentrations.

Methods

Protein expression and purification

The gene sequences encoding DSR2 (WP_029317421), DSADI1
(WP_004399562), and TTP (WP_010328117) were synthesized (Gene-
wiz) and cloned into expression vectors. The full-length and truncated
DSR2 were cloned into the 2CT-10 vector (Addgene plasmid #55209)
with a His-MBP affinity tag and a TEV recognition site at the N-terminal
of the protein. TTP, DSADI, and DSR2-TTP were cloned into the pET-
derived vector with an N-terminal His tag.

For expression and purification, the plasmids were transformed
into E. coli Rosetta (DE3) competent cells. Protein expression was
induced by adding 0.2 mM isopropyl-B-D-thiogalactoside (IPTG) to the
culture and shaking for 16 h at 16 °C. Cells were pelleted after induction
and resuspended in the binding buffer (25mM Tris-HCI pH 7.5,
500 mM NacCl, 5mM imidazole, and 3 mM B-mercaptoethanol), and
lysed by sonication. The lysates were then incubated with Ni-NTA resin
(QIAGEN) and the beads were extensively washed with binding buffer
supplemented with 20 mM imidazole. The proteins were eluted with
binding buffer containing 300 mM imidazole. The eluate was incu-
bated with TEV protease at 4 °C overnight to remove the His-MBP tag.
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Anion-exchange chromatography (HiTrap Q HP, Cytiva) followed by
gel filtration chromatography (Superdex 200 Increase, Cytiva) was
used for further purification. Peak fractions were concentrated and
stored in gel-filtration buffer (25mM Tris-HCI pH 7.5, 150 mM NacCl,
2 mM DTT) before use. The protein complexes were obtained by co-
expression and co-purification methods. Protein purity was analyzed
by SDS-PAGE.

Analytical ultracentrifugation

The sedimentation velocity of tested proteins was measured using a
Beckman Optima XL-I analytical ultracentrifugation. Samples were
diluted to 1mg/mL in gel-filtration buffer before use. Sedimentation
coefficient distribution was calculated with SEDFIT and SEDPHAT
programs*>*,

¢-NAD" degradation assays

The WT or mutant DSR2 proteins were incubated with TTP at 37 °C for
30 min. The substrate ¢-NAD* (Sigma-Aldrich) was then added to
initiate the reactions in a buffer containing 25 mM Tris-HCI, pH 7.5,
150 mM NaCl, and 5mM MgCl,. The final concentrations were 1M,
5 1M, and 50 pM for DSR2 variants, TTP and e-NAD’, respectively. After
incubation at 37 °C for 2 h, the reactions were measured on a BioTek
Synergy H1 plate reader (A, 310 nm; A, 410 nm). To test the inhibi-
tory effect of DSADI1 on the NADase activity of DSR2, 5 uM DSADI1 and
5 uM TTP were incubated with DSR2 in different orders. All assays were
performed in triplicate. The means and standard deviations were cal-
culated using GraphPad Prism v.8.3.

His pull-down assay

The N-terminal His-tagged TTP or DSAD1 proteins were
incubated with 50 pL Ni-NTA agarose beads for 30 min at 4 °C in
binding buffer (25 mM Tris-HCI pH 7.5 and 300 mM NacCl). Excessive
untagged DSR2 variants were added to the bait protein and incu-
bated with the resin for 1 h at 4 °C. The beads were then washed four
times with 1 mL binding buffer supplemented with 10 mM imidazole
to remove the unbound proteins. The bound fractions were
then eluted with a buffer containing 500 mM imidazole. The samples
were resolved on 12% SDS-PAGE and the gels were stained by using
Coomassie Brilliant Blue. Three independent replicates were
performed.

Native polyacrylamide gel electrophoresis

Purified DSR2 protein was diluted to 1 mg/mL in gel-filtration buffer
and loaded onto a 5% native gel. The electrophoresis was performed at
120 Vfor 40 min at 4 °C after a pre-run at 4 °C for 30 min. Protein bands
were visualized with Coomassie Brilliant Blue staining. The experiment
was repeated three times.

Cryo-EM data collection

Aliquots of 4 pL protein complexes (0.5 mg/ml) were applied to glow-
discharged Quantifoil holey carbon girds (Au, R1.2/1.3, 300 mesh). The
grids were blotted with force 2 for 8 s and plunged into liquid ethane
using Vitrobot. Cryo-EM data were collected with a Titan Krios
microscope (FEI) operated at 300 kV and images were collected using
EPU* at a nominal magnification of 105,000 (resulting in a calibrated
physical pixel size of 0.85 A/pixel) with a defocus range from -1.2 to
-2.2 pm. The images were recorded on a K3 summit electron direct
detector in super-resolution mode at the end of a GIF-Quantum energy
filter operated with a slit width of 20 eV. A dose rate of 15 electrons per
pixel per second and an exposure time of 2.5 s were used, generating
40 movie frames with a total dose of ~54 electrons per A2 A total of
3149, 3547, and 1648 movie stacks were collected for DSR2-TTP com-
plex, TTP tube, and DSR2-DSADI complex, respectively (Supplemen-
tary Table 1).

Cryo-EM data processing

Cryo-EM data processing for the DSR2-DSAD1 complex was initially
performed with cryoSPARC* and RELION-3*. 1648 movie frames were
aligned using MotionCor2** with a binning factor of 2. Contrast
transfer function (CTF) parameters were estimated using Gctf*.
Around 15,000 particles were auto-picked without template to gen-
erate 2D averages for subsequent template-based auto-picking using
RELION-3". 1,626,566 particles were auto-picked and extracted from
the dose-weighted micrographs. 2D classification was performed to
exclude false and bad particles that fall into 2D averages with poor
features. 666,848 particles were selected for further processing. 3D
classification was performed to distinguish different conformational
states. 307,891 particles were used for final 3D refinement, converging
at 3.44 A resolution. In addition, Blob picker and Topaz in cryoSPARC*®
were also utilized for particle picking. A total of 228,964 particles were
automatically selected and extracted from the micrographs. These
particles were subsequently subjected to 2D classification. Good clas-
ses were selected after two rounds of ab initio reconstruction
and heterogeneous refinement. Two classes, with a total of
96,511 particles, were chosen for the final 3D refinement, resulting in a
final reconstruction with an overall resolution of 3.59 A. Another class,
with a total of 90,023 particles, was also selected for the final 3D
refinement, resulting in a final reconstruction with an overall resolu-
tion of 3.59 A.

Cryo-EM data sets of TTP tube were processed using cryoSPARC*.
The patch CTF estimation of 3547 micrographs were performed with
cryoSPARC*. 526 segments of TTP filament were manually picked and
sent to 2D classification, two good classes were selected as templates
for the automated filament tracer in cryoSPARC*. A 120 A filament
diameter and 0.3 diameters between segments were used for
template-based filament tracer. 199,236 segments were extracted with
a box size of 320 pixels. 2D classification was performed to exclude
false and bad particles that fall into 2D averages with poor features.
116,902 particles were selected for ab initio helical refinement,
employing C6 symmetry, a rise of 42.4 A, and a twist of 18.5°. The
refinement process resulted in a reconstructed map with a resolution
of 3.11A.

Cryo-EM data of the DSR2-TTP protein complex were processed
using RELION-3*". Movie frames were aligned using MotionCor2*® with
a binning factor of 2. Contrast transfer function (CTF) parameters were
estimated using Gctf*. Around 15,000 particles were auto-picked
without a template to generate 2D averages for subsequent template-
based auto-picking. 2,957,176 particles were auto-picked and extracted
from the dose-weighted micrographs. 2D classification was performed
to exclude false and bad particles that fall into 2D averages with poor
features. 1,296,749 particles were selected for further processing.
Particles from different views were used to generate the initial model
in cryoSPARC*. 3D classification was performed to distinguish differ-
ent conformational states. 725,557 particles were used for final 3D
refinement with C2 symmetry imposed, converging at 2.95A resolu-
tion. Further 3D classification on the dataset revealed a minor popu-
lation containing 20,085 particles, and they were used for final 3D
refinement, resulting in a resolution of 4.48 A resolution. Details of the
cryo-EM image processing is summarized in Supplementary Table 1.

Model building and refinement

Atomic models of DSR2, TTP, and DSAD1 were predicted by the
AlphaFold pipeline in ColabFold*>*° and manually docked into the
cryo-EM maps using ChimeraX®, followed by the manual adjustment
and refinement using Coot™. Further iterative refinement was carried
out using phenix.real space refine’> and Coot*. Model validation was
performed using MolProbity** in PHENIX®. The detailed data proces-
sing and structure refinement statistics are summarized in Supple-
mentary Table 1.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates and EM maps have been deposited in the
Protein Data Bank under accession codes SWKN (DSR2-DSAD1), 8W56
(DSR2-DSADI1 state 1), 8K9A (DSR2-DSADI state 2), 8XKN (TTP), SWFN
(DSR2-TTP state 1), 8K98 (DSR2-TTP state 2), and in the Electron
Microscopy Data Bank under corresponding accession codes EMD-
37603, EMD-37272, EMD-36982, EMD-38421, EMD-37497, and EMD-
36980. Source data are provided with this paper.

References

1.

10.

mn.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Brachmann, C. B. et al. The SIR2 gene family, conserved from
bacteria to humans, functions in silencing, cell cycle progression,
and chromosome stability. Genes Dev. 9, 2888-2902 (1995).
Hannan, A. et al. Sumoylation of Sir2 differentially regulates tran-
scriptional silencing in yeast. Nucleic Acids Res. 43,

10213-10226 (2015).

North, B. J. & Verdin, E. Sirtuins: Sir2-related NAD-dependent pro-
tein deacetylases. Genome Biol. 5, 1-12 (2004).

Wan, W. et al. Regulation of mitophagy by sirtuin family proteins: a
vital role in aging and age-related diseases. Front. Aging Neurosci.
14, 845330 (2022).

Chakraborty, C. Sirtuins family-recent development as a drug target
for aging, metabolism, and age related diseases. Curr. Drug Targets
14, 666-675 (2013).

Preyat, N. & Leo, O. Sirtuin deacylases: a molecular link
between metabolism and immunity. J. Leukoc. Biol. 93,
669-680 (2013).

Zaremba, M. et al. Short prokaryotic Argonautes provide defence
against incoming mobile genetic elements through NAD+ deple-
tion. Nat. Microbiol. 7, 1857-1869 (2022).

Gao, L. et al. Diverse enzymatic activities mediate antiviralimmunity
in prokaryotes. Science 369, 1077-1084 (2020).

Doron, S. et al. Systematic discovery of antiphage defense systems
in the microbial pangenome. Science 359, eaar4120 (2018).

Ofir, G. et al. Antiviral activity of bacterial TIR domains via immune
signalling molecules. Nature 600, 116-120 (2021).

Ka, D., Oh, H., Park, E., Kim, J.-H. & Bae, E. Structural and functional
evidence of bacterial antiphage protection by Thoeris defense
system via NAD+ degradation. Nat. Commun. 11, 2816 (2020).
Garb, J. et al. Multiple phage resistance systems inhibit infection via
SIR2-dependent NAD+ depletion. Nat. Microbiol. 7,

1849-1856 (2022).

Sorci, L., Ruggieri, S. & Raffaelli, N. NAD homeostasis in the bacterial
response to DNA/RNA damage. DNA Repair (Amst.) 23,

17-26 (2014).

Xie, N. et al. NAD(+) metabolism: pathophysiologic

mechanisms and therapeutic potential. Signal Transduct. Target
Ther. 5, 227 (2020).

Amijad, S. et al. Role of NAD(+) in regulating cellular and metabolic
signaling pathways. Mol. Metab. 49, 101195 (2021).

Wang, X. et al. Structural insights into mechanisms of Argonaute
protein-associated NADase activation in bacterial immunity. Cell
Res. 33, 699-711 (2023).

Chakravarti, A. & Patel, D. J. Atypical bacterial Argonautes regulate
antiphage defense. Cell Res. 33,655-656 (2023).

Manik, M. K. et al. Cyclic ADP ribose isomers: production, chemical
structures, and immune signaling. Science 377, eadc8969 (2022).
Kohm, K. & Hertel, R. The life cycle of SPR and related phages. Arch.
Virol. 166, 2119-2130 (2021).

Nanson, J. D., Rahaman, M. H., Ve, T. & Kobe, B. Regulation of sig-
naling by cooperative assembly formation in mammalian innate

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

immunity signalosomes by molecular mimics. Semin Cell Dev. Biol.
99, 96-114 (2020).

Hogrel, G. et al. Cyclic nucleotide-induced helical structure acti-
vates a TIR immune effector. Nature 608, 808-812 (2022).
Morehouse, B. R. et al. Cryo-EM structure of an active bacterial TIR-
STING filament complex. Nature 608, 803-807 (2022).

Combet, C., Blanchet, C., Geourjon, C. & Deleage, G. NPS@: net-
work protein sequence analysis. Trends Biochem. Sci. 25,

147-150 (2000).

Holm, L., Laiho, A., Térénen, P. & Salgado, M. DALI shines a light on
remote homologs: one hundred discoveries. Protein Sci. 32,
e4519 (2023).

Hardy, J. M., Dunstan, R. A., Lithgow, T. & Coulibaly, F. Tall tails:
cryo-electron microscopy of phage tail DNA ejection conduits.
Biochem Soc. Trans. 50, 459-422w (2022).

Arnaud, C. A. et al. Bacteriophage T5 tail tube structure suggests a
trigger mechanism for Siphoviridae DNA ejection. Nat. Commun. 8,
1953 (2017).

Hardy, J. M. et al. The architecture and stabilisation of flagellotropic
tailed bacteriophages. Nat. Commun. 11, 3748 (2020).

Campbell, P. L., Duda, R. L., Nassur, J., Conway, J. F. & Huet, A.
Mobile loops and electrostatic interactions maintain the flex-
ible tail tube of bacteriophage lambda. J. Mol. Biol. 432,
384-395 (2020).

Simpson, A. A. et al. Structure of the bacteriophage ¢29 DNA
packaging motor. Nature 408, 745-750 (2000).

Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

Millman, A., Melamed, S., Amitai, G. & Sorek, R. Diversity and clas-
sification of cyclic-oligonucleotide-based anti-phage signalling
systems. Nat. Microbiol. 5, 1608-1615 (2020).

Duncan-Lowey, B. & Kranzusch, P. J. CBASS phage defense and
evolution of antiviral nucleotide signaling. Curr. Opin. Immunol. 74,
156-163 (2022).

Davenport, A. M., Huber, F. M. & Hoelz, A. Structural and functional
analysis of human SIRT1. J. Mol. Biol. 426, 526-541 (2014).

Guo, M. et al. Cryo-EM structure of the ssDNA-activated SPARTA
complex. Cell Res. 33, 731-734 (2023).

Finocchio, G. et al. Target DNA-dependent activation mechanism of
the prokaryotic immune system SPARTA. Nucleic Acids Res. 52,
2012-2029 (2023).

Zhang, J.-T., Wei, X.-Y., Cui, N., Tian, R. & Jia, N. Structural basis for
ssDNA-activated NADase activity of the prokaryotic SPARTA
immune system. Nat. Chem. Biol. https://doi.org/10.1038/s41589-
023-01479-z (2023).

Gao, X. et al. Nucleic acid-triggered NADase activation of a short
prokaryotic Argonaute. Nature, 625, 822-831 (2023).

Guo, L. et al. Structural basis for auto-inhibition and activation of a
short prokaryotic Argonaute associated TIR-APAZ defense system.
Nat. Chem. Biol. https://doi.org/10.1038/s41589-023-01478-0
(2023).

Ni, D., Lu, X., Stahlberg, H. & Ekundayo, B. Activation mechanism of
a short argonaute-TIR prokaryotic immune system. Sci. Adv. 9,
eadh9002 (2023).

Shen, Z. et al. Oligomerization-mediated activation of a short pro-
karyotic Argonaute. Nature 621, 154-161 (2023).

Koopal, B. et al. Short prokaryotic Argonaute systems trigger cell
death upon detection of invading DNA. Cell 185,

1471-1486.€1419 (2022).

Kottur, J., Malik, R. & Aggarwal, A. K. Nucleic acid mediated acti-
vation of a short prokaryotic argonaute immune system. Preprint at
bioRxiv https://doi.org/10.1101/2023.09.17.558117 (2023).

Schuck, P. Size-distribution analysis of macromolecules by sedi-
mentation velocity ultracentrifugation and Lamm equation model-
ing. Biophys. J. 78, 1606-1619 (2000).

Nature Communications | (2024)15:2692


http://doi.org/10.2210/pdb8WKN/pdb
http://doi.org/10.2210/pdb8W56/pdb
http://doi.org/10.2210/pdb8K9A/pdb
http://doi.org/10.2210/pdb8XKN/pdb
http://doi.org/10.2210/pdb8WFN/pdb
http://doi.org/10.2210/pdb8K98/pdb
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-37603
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-37603
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-37272
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-36982
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-38421
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-37497
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-36980
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-36980
https://doi.org/10.1038/s41589-023-01479-z
https://doi.org/10.1038/s41589-023-01479-z
https://doi.org/10.1038/s41589-023-01478-0
https://doi.org/10.1101/2023.09.17.558117

Article

https://doi.org/10.1038/s41467-024-47030-z

44. Schuck, P. On the analysis of protein self-association by sedi-
mentation velocity analytical ultracentrifugation. Anal. Biochem.
320, 104-124 (2003).

45. Thompson, R.F., ladanza, M. G., Hesketh, E. L., Rawson, S. & Ranson,
N. A. Collection, pre-processing and on-the-fly analysis of data for
high-resolution, single-particle cryo-electron microscopy. Nat.
Protoc. 14, 100-118 (2019).

46. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure deter-
mination. Nat. Methods 14, 290-296 (2017).

47. Zivanov, J. et al. New tools for automated high-resolution cryo-EM
structure determination in RELION-3. elife 7, e42166 (2018).

48. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-
induced motion for improved cryo-electron microscopy. Nat.
Methods 14, 331-332 (2017).

49. Zhang, K. Gctf: Real-time CTF determination and correction. J.
Struct. Biol. 193, 1-12 (2016).

50. Mirdita, M. et al. ColabFold: making protein folding accessible toall.
Nat. Methods 19, 679-682 (2022).

51. Pettersen, E. F. et al. UCSF ChimeraX: structure visualization for
researchers, educators, and developers. Protein Sci. 30,

70-82 (2021).

52. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. Sect. D: Biol. Crystallogr. 66,
486-501 (2010).

53. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM
and crystallography. Acta Crystallogr. Sect. D: Struct. Biol. 74,
531-544 (2018).

54. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. Sect. D: Biol.
Crystallogr. 66, 12-21 (2010).

55. Liebschner, D. et al. Macromolecular structure determination using
X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr. Sect. D: Struct. Biol. 75, 861-877 (2019).

Acknowledgements

We thank the staff members from Cryo-Electron Microscopy Facility of
Hubei University for help on data collection and computation. We thank
Dr. Qin Cao for helpful suggestions. This work was supported by the
National Natural Science Foundation of China (32322040 to H.Z.,
32300036 to H.Y. and 32201004 to Z.L.), National Key R&D Program of
China (2022YFC3400400 to Y.W. and 2022YFA0911800 to Z.L.), the
Hubei Provincial Natural Science Foundation (ZRMS2022000096 to
Z.L.) and Scientific Research Program of Tianjin Municipal Education
Commission (2022KJ192 to H.Y.).

Author contributions

H.Z. supervised the project; H.Z., Z.L., Y.W. and H.Y. designed the pro-
ject; H.Y., X.L., X.W.,, J.G., Q.H., J.Y. and X. Liu performed molecular
cloning, protein purification, and biochemical assays; C.Z., X.L., Z.L. and
G.Y. performed the cryo-EM works; H.Z. wrote the manuscript with
contributions from the other authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47030-z.

Correspondence and requests for materials should be addressed to
Yong Wei, Zhuang Li or Heng Zhang.

Peer review information Nature Communications thanks Joshua Hardy,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

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 licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:2692

12


https://doi.org/10.1038/s41467-024-47030-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Insights into the modulation of bacterial NADase activity by phage proteins
	Results
	Cryo-EM structure of DSR2-DSAD1 complex
	The SIR2 domain assembly mediates the DSR2 tetramer formation
	The interface of DSR2�dimer
	DSAD1 binds to the H3 and H4�subdomains
	Activation of DSR2 by the tail tube protein
	Cryo-EM structure�of TTP
	Cryo-EM structure of DSR2-TTP complex
	The CTD acts as a sensor to regulate the SIR2�domain
	The lid region of SIR2 domain modulates the NADase activity of�DSR2

	Discussion
	Methods
	Protein expression and purification
	Analytical ultracentrifugation
	ɛ-NAD+ degradation�assays
	His pull-down�assay
	Native polyacrylamide gel electrophoresis
	Cryo-EM data collection
	Cryo-EM data processing
	Model building and refinement
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




