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SAMD9 and SAMDIL (SAMD9/9L) are antiviral factors and tumor
suppressors, playing a critical role in innate immune defense
against poxviruses and the development of myeloid tumors.
SAMDY/9L mutations with a gain-of-function (GoF) in inhibiting
cell growth cause multisystem developmental disorders including
many pediatric myelodysplastic syndromes. Predicted to be multi-
domain proteins with an architecture like that of the NOD-like
receptors, SAMD9/9L molecular functions and domain structures
are largely unknown. Here, we identified a SAMD9/9L effector
domain that functions by binding to double-stranded nucleic acids
(dsNA) and determined the crystal structure of the domain in com-
plex with DNA. Aided with precise mutations that differentially
perturb dsNA binding, we demonstrated that the antiviral and
antiproliferative functions of the wild-type and GoF SAMD9/9L
variants rely on dsNA binding by the effector domain. Further-
more, we showed that GoF variants inhibit global protein synthe-
sis, reduce translation elongation, and induce proteotoxic stress
response, which all require dsNA binding by the effector domain.
The identification of the structure and function of a SAMD9/9L
effector domain provides a therapeutic target for SAMD9/9L-
associated human diseases.

myeloid malignancies | poxvirus | innate immunity | myelodysplasia
syndrome | NOD

S terile Alpha Motif Domain—containing 9 (SAMDY) and its
paralog SAMDYL (SAMDY/9L) are tumor suppressor
genes tandemly located on human chromosome 7. A multisys-
tem developmental disorder named MIRAGE syndrome (mye-
lodysplasia, infection, restriction of growth, adrenal hypoplasia,
genital phenotypes, and enteropathy) is caused by mutations
in SAMD9 (1), while ataxia-pancytopenia (2) and a similar
disease with immunodeficiency and variable neurological pre-
sentation (3) are caused by mutations in SAMDOIL. These dis-
orders are autosomal dominant and associated with missense
mutations of SAMDY/9L that exhibit a gain of function (GoF)
in inhibiting cell proliferation. Similar GoF missense mutations
represent the most frequent genetic cause for the inherited
bone marrow failure syndromes (4). Moreover, frameshift
mutations that truncate nearly the C-terminal half of SAMDIL
were recently found to be associated with systemic autoinflam-
matory diseases and display a GoF in restricting cell growth
(5-7). Individuals harboring GoF SAMDY9/9L mutations are
predisposed to myelodysplastic syndromes and monosomy 7
(8), a cytogenetic abnormality frequently associated with mye-
loid malignancies (9). The loss of the chromosome 7 carrying the
GoF SAMDY/9L mutations from bone marrow cells was sug-
gested to be an “adaption by aneuploidy” to restore hematopoie-
sis while simultaneously predisposing to myeloid malignancies
(10). Indeed, haploinsufficiency of SAMDOL contributes to mye-
loid transformation in a mouse model (11).
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SAMDY/9L have also been implicated in antiviral defense
against several viruses, most prominently poxviruses (12-14).
SAMDY/9L are ubiquitously expressed in many tissues (15),
and their expression can be further induced by interferons.
Nearly all mammalian poxviruses encode at least one specific
inhibitor against SAMDY/9L, with the prototypical poxvirus
vaccinia encoding two inhibitors that target different regions of
SAMDY/9L (16, 17). The deletion of both SAMDY/9L inhibi-
tors, K1 and C7, from vaccinia virus resulted in abortive repli-
cation in most mammalian cells due to a shut-off of global
protein synthesis (18-20).

SAMDY/9L are large cytoplasmic proteins with more than
1,500 amino acids (aa). They are predicted to contain multiple
domains with an architecture reminiscent of Apaf-1 and NOD-
like receptors (21), which are self-regulated signaling molecules
containing separate sensor and effector domains. However, the
molecular and structural basis for the diverse functions of
SAMDY/9L are unknown. Here, we identified a 230-aa effector
domain in SAMD? that binds preferentially to double-stranded
(ds) nucleic acids (dsNA) and determined its crystal structure
in complex with DNA. Utilizing precise mutations that disrupt
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dsNA binding to different degrees, we demonstrated that dsNA
binding is essential for the seemingly diverse functions of
SAMDY/9L in tumor suppression, antiviral responses, and
translation control.

Results

Identification of a dsNA Binding Domain in SAMD9. SAMD9Y aa
195 to 352 bears some sequence similarity to the NA-binding
Alba domain (21). Based on our secondary structure analysis, a
larger SAMD?Y region of aa 134 to 385 (SAMD9"**%%%) was
expressed and purified to assess its binding to NA with the elec-
trophoresis mobility shift assay (EMSA). SAMD9'33% formed
stable complexes with synthetic dSRNA and dsDNA of various
lengths from 18- to 30-nucleotide (nt) but not with an 11-nt
dsDNA (SI Appendix, Fig. S14). Optimal complex formation
appeared to be achieved when the protein and DNA were mixed
at 2:1 molar ratio (SI Appendix, Fig. S1B). The binding of
SAMDY"**3% with a fluorescence-labeled dsSDNA can be effec-
tively competed off with unlabeled dsDNA, dsRNA, and poly I:C
but only slightly with single-stranded (ss) RNA and ssDNA (S
Appendix, Fig. S1C), indicating that SAMD9"***% preferentially
binds dsNA.

The Crystal Structure of SAMD9'°3%5 in Complex with DNA.
Through limited proteolysis of SAMD9'**% | a smaller domain
that retained the dsNA binding activity was identified (SI
Appendix, Fig. S2 A and B). The compact domain of
SAMD9"%% can be crystallized with a 22-nt dsDNA, and the
complex crystal structure was determined at 2.8-A resolution.
Although purified as a monomer, the protein DNA complex is
estimated to be a dimer by gel filtration (SI Appendix, Fig.
S2C). Consistently, one asymmetric unit of the crystal lattice
contains two protein molecules situated on the opposite sides
of a canonical B-form dsDNA helix (Fig. 1 A and B). The two
protein protomers are related by a noncrystallographic twofold
symmetry that is perpendicular to the DNA axis. One protomer
is shifted along the DNA axis by 8 nt with respect to the other
(Fig. 1B). Together, the dimer covers 22 nt of DNA in length
with nearly no protein—protein contacts.

The structures of the two protomers closely resemble each
other with an RMSD of 0.42 A over 207 aligned residues. The
structure is compact and mainly comprises six a-helices and 14
B-strands with an overall dimension of ~53 x 33 x 30 A. Most
of the B-strands are short with 2 to 3 aa except for p-4, -5, §-9,
and f-10, which form a central p-sheet together with f-§,
packed by five short strands (p-1, -2, -3, p-6, and B-7) on one
side and by three a-helices (a-1, a-2 and a-3) on the opposite
side. The 10 B-strands together form an asymmetrical p-barrel.
Two short p-hairpins (p-11 to p-12 and p-13 to f-14) and three
additional helices (a-4, a-5, and a-6) are present at the C termi-
nus (Fig. 1C). The loops between -3 and -4, -9 and f-10,
and B-11 and p-12 are disordered. The central p-sheet and heli-
ces a-1 and a-2 resemble an Alba domain fold (22), but the
overall structure does not have any close match when searched
using the Secondary Structure Matching (SSM) server (23).

SAMD9%%35 mainly contacts the phosphate backbone of
the DNA without interacting with any DNA bases, suggesting a
sequence-independent binding mode. In both protomers,
charge—charge interactions with the DNA cluster at three basic
residues, K198 located on the loop p-4 to a-1 and K214 and
R221 located on helix a-1. In protomer A, K198 forms a salt
bridge with the nonbridging oxygen of the backbone phosphate
at the nucleotides T7 to A8. K214 contacts the DNA backbone
at the nucleotides A8 to A9. R221 contacts the nucleotides T11
to C12 in the other DNA strand (Fig. 1D). In protomer B, both
K198 and K214 contact the DNA backbone at the T7 to A8 in
the other strand, while R221 contacts the DNA backbone at
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the A12 to T13. Additional contacts between the protein and
the backbone of the DNA are observed from the side chains of
K242 on loop B-6 to p-7 and K350 on strand p-14. These five
basic residues are also highly conserved among SAMDY9/9L
family members (S Appendix, Fig. S34). Human SAMDY and
SAMDOL share ~60% aa identity, and a model structure of the
corresponding domain of SAMDOIL was established based on
this homolog;f (SI Appendix, Fig. S3B). We hereafter refer
SAMD9'3%3% and the corresponding region in the SAMD9/9L
family as the dsNA-binding domain (DBD).

Mechanism of DNA Binding by SAMD9 DBD. We sclected the five
conserved basic residues observed to contact DNA (K198,
K214, R221, K242, and K350) and an additional conserved
basic residue (K257) far away from the DNA interface for
mutagenesis studies. The residues were individually substituted
with glutamate to reverse the charge of the side chains. DNA
binding by SAMD9'*%%% in EMSA was not affected by K257E
substitution, while it was completely disrupted by the K198E,
K214E, and R221E substitutions and partially disrupted by the
K242E and K350E substitutions, indicating that residues K198,
K214, and R221 each play an essential role, while K242 and
K350 are only partially required for DNA binding (Fig. 1E).
The binding affinity of SAMD9"**3 with the 22-nt dsDNA
was determined to be ~16 pM by the fluorescence polarization
assay (Fig. 1F). The binding affinity was similarly affected by
the substitutions as in EMSA, except that the K214E mutant
showed a low but better than expected binding affinity
(~222 pM).

DBD dsNA Binding Activity Is Essential for the Antiviral Effect of
the Wild-type (WT) and GoF SAMD9/9L Variants. Having defined a
set of DBD mutations that reduce dsNA binding to different
levels, we next utilized these mutations to assess the importance
of dsNA binding in SAMD9/9L functions. We first studied the
effects of the DBD mutations on the antiviral activities. A vac-
cinia virus mutant deleted of the viral SAMDY/9L inhibitors
(vK1~C77/GFP*) would replicate and express the green fluo-
rescent protein (GFP) reporter only in cells that have no or low
SAMDY/9L expression, including the human breast cancer
BT20 and HEK 293T cells (12, 17). In BT20 cells that were
transduced with a doxycycline-regulated SAMD?Y transgene,
productive viral replication rate (GFP*%) was reduced by
~50% after the transgene was specifically induced (SI
Appendix, Fig. S44). By contrast, productive replication was
reduced by ~30% by the K242E mutant and not affected by the
K214E and R221E mutants, correlating with the effects of the
mutations on dsNA binding. Although the K257E mutant had
no defect in dsNA binding, it was also defective at inhibiting
viral replication, indicating that the conservative K257 residue
plays a separate but essential role for SAMD?9 function. To fur-
ther evaluate the mutants’ effect on viral replication, we also per-
formed the traditional viral growth assay. The yield of vK1~C7~
at 24 h postinfection was reduced by ~10-fold in BT20 cells that
were induced to express the WT or K242E mutant, while it was
not reduced in cells expressing similar levels of the K214,
R221E, or K257E mutants (SI Appendix, Fig. S44). A more pro-
nounced antiviral effect was observed in clonally selected
SAMD?9-expressing cells, where the 24-h yield of vK1™C7~ was
reduced by more than 100-fold by the WT SAMD9 while not
reduced by the K214E or R221E mutants (SI Appendix, Fig.
S4B), confirming that the K214E and R221E mutations abolish
the antiviral activity.

To assess antiviral activities of a wide variety of SAMDY/9L
mutants at single-cell level (Fig. 24), mCherry-SAMD9/9L
fusion was transfected into 293T cells for 36 h followed by infec-
tion with vK1~C7~ for 15 h. vK1~C7~ infection rate (GFP* %)
in cells expressing different levels of SAMDY/9L (mCherry™)
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Fig. 1. The structure and molecular basis of DNA binding by SAMD9'°¢-38>_ (A and B) Perpendicular views of the crystal structure of SAMD9'%¢38> dimer
(green and cyan) in complex with a 22-nt dsDNA (yellow). (C) Secondary structures of SAMD9’ 56-385 3re labeled and shown in rainbow color from blue to red
starting from the N terminus. (D) SAMD9'*¢3> primarily contacts the DNA backbone. Contacting residues (K198, K214, R221, K242, and K350) and a con-
served noncontacting residue (K257) are shown as sticks and colored in red. The salt bridges are indicated as red dashed lines. (E) Purified SAMD9'3+385 pro-
teins (WT or with specific mutations) were incubated with 5’ 6-FAM-labeled 22-nt dsDNA (indicated with red *) at 2:1 molar ratio and ran on an agarose gel.
Florescence image of the gel is shown with locations where labeled DNA migrated are indicated. Relative intensities of the complex bands normalized to the
WT level are shown with SD from three replicates. (F) 5 6-FAM-labeled 22-nt dsDNA was mixed with increasing concentrations of the proteins, and the
change in fluorescence millipolarization (AmP) in response to protein concentrations is shown (n = 3). Binding affinities are derived from nonlinear fit of the

data. Those for K198E and R221E could not be reliably determined (ND).

was quantified by flow cytometry (Fig. 2 B and C). Nontrans-
fected cells (mCherry ) from the same culture well served as
the internal control. When substantial infection occurred in
transfected cells, viral replication level as indicated by GFP
intensity was also quantified (Fig. 2D). The infection rate and
replication level were not reduced by the DBD-defective
K198E, K214E, and R221E mutants, while they were reduced
to different levels by the DBD partially defective K242E and
K350E mutants (Fig. 2 E and F). Notably, the DBD-defective
mutants failed to inhibit viral replication irrespective of their
expression levels, but the cellular levels of the K242E and
K350E mutants had a dose-dependent effect on their antiviral
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activities (Fig. 2C). More specifically, viral replication became
nonpermissible only in cells that expressed a high level of the
K350E mutant or an intermediate to high level of the K242E
mutant (Fig. 2C, Upper Right quadrant), indicating that the par-
tial defect of the two mutants can be overcome with overexpres-
sion. Overall, the effects of the DBD mutations on antiviral
activities are similar in magnitude to their effects on dsDNA
binding. The K257E mutant did not reduce the infection rate
but decreased the viral replication level (Fig. 2 D and F), indi-
cating that its antiviral activity is only partially defective, but
the partial defect cannot be overcome with overexpression as in
the case of K242E and K350E.
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Fig. 2. dsNA binding by DBD is essential for antiviral activities of the WT and GoF SAMD9/9L variants. (A) The predicted SAMD9/9L domain architecture
and the locations of GoF (labeled in red) and DBD (labeled in blue) mutations analyzed throughout the study. SAM, sterile alpha motif; DBD, dsNA-
binding domain; SIR2, silent information regulator 2; P-loop NTPase, P-loop-containing nucleoside triphosphate hydrolase; TPR, tetratricopeptide repeats;
and OB, oligonucleotide/oligosaccharide-binding. (B) HEK 293T cells were transfected with mCherry-SAMD9/9L fusions for 36 h and infected with
vK1~C7 /GFP* for 15 h. Infection rates (GFP*%) and replication levels (GFP MFI) among SAMD9/9L-expressing and nontransfected control cells from the
same culture well were simultaneously determined with flow cytometry. (C) Representative flowcytometry plots with percentage of cells in each quadrant
shown. (D) Representative GFP histograms of mCherry-SAMD9*GFP* and mCherry” GFP* cell populations with the GFP MFI shown. Relative infection rates
(E) and replication levels (F) between SAMD9/9L-expressing and nontransfected cells are derived from the flow cytometry data shown in both Fig. 2 and
SI Appendix, Fig. S5. Each biological replicate and SD are shown. Statistics: one-way ANOVA compared to the WT or R221E (ns, not significant; ****P < 0.0001).

To assess the relationship between the antiproliferative and
antiviral activities, we next tested various patient-derived GoF
SAMDY/9L variants (Fig. 24), including R982C, 1983S,
E1136Q, and R1293W of SAMDY, and H880Q, W1180R,
R1281K, and F886Lfs*11 of SAMDOL. They are representative
of the pathogenic mutations identified in human patients, which
predominately occur at the C-terminal half, particularly the
putative NTPase domain (Fig. 2,42: All the GoF variants,
including the frameshifted SAMDIL 5" displayed a simi-
lar inhibitory effect on vaccinia virus replication as the WT
SAMDY/9L (Fig. 2 E and F and SI Appendix, Fig. S5). Also sim-
ilarly, the antiviral effect of the GoF variants can be abolished
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by introducing the DBD-defective, R221E or the equivalent
R223E mutation to SAMD9 or SAMDOL, respectively (Fig. 2E
and SI Appendix, Fig. S3B). Altogether, our data showed that
the DBD dsNA binding activity is critical for the antiviral effect
of the WT and GoF SAMDY/9L variants.

DBD dsNA Binding Activity Is Essential for the Antiproliferative
Activities of the WT and GoF SAMDY/9L Variants. To determine the
impact of the DBD mutations on antiproliferative activities of
SAMDY/9L, we transfected the mCherry-SAMDY/9L fusions
into 293T cells and examined their effects on cell proliferation
and cell cycle by quantifying the total as well as newly
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synthesized DNA in the cells (Fig. 3 4 and B). SAMDY9L (Fig. 34, Upper Right quadrant). SAMD?9 had a similar effect,
expression significantly reduced the number of proliferating, but a higher threshold of SAMD?9 expression appeared to be
S-phase cells relative to that of the nontransfected cells from  required for reducing cellular DNA synthesis (SI Appendix, Fig.
the same culture well (Fig. 3B), and the level of cellular DNA  S6A4). The GoF mutations enhanced the antiproliferative activ-
synthesis was reduced in a SAMDOIL dose-dependent manner ity by varying degrees, with R982C of SAMDY and the H880Q
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Fig. 3. dsNA binding by DBD is essential for antiproliferative activities of the WT and GoF SAMD9/9L variants. mCherry-SAMD9/9L mutants as illustrated
in Fig. 2A were transfected into HEK 293T cells for 24 h, and the total and newly synthesized cellular DNA were labeled with FxCycle and EdU (for 2 h),
respectively. Representative flow cytometry plots of cellular EAU and mCherry levels in the total cell population (A), or cellular EAJU and FxCycle levels
among mCherry-SAMDIL* or mCherry~ population. (B) Relative S-phase (C, Upper) and DNA synthesis levels (C, Lower) between SAMD9-expressing and
nontransfected cells from the same culture wells are derived from the flow cytometry data shown in Fig. 3 and S/ Appendix, Fig. S6. Each biological repli-
cate and SD are shown. Statistics: one-way ANOVA compared to the WT (ns, not significant; **P < 0.01; ****P < 0.0001).

Peng et al. PNAS | 50f9
Structure and function of an effector domain in antiviral factors and https://doi.org/10.1073/pnas.2116550119
tumor suppressors SAMD9 and SAMD9L

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116550119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116550119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116550119/-/DCSupplemental

and F886Lfs*11 of SAMDIL demonstrating the strongest effect
(Fig. 3C), nearly preventing cells from synthesis of DNA. The
GoF variants reduced cellular DNA synthesis even at low
expression levels, and the cell cycle stalled primarily at the G0/
G1 phase (Fig. 3B and SI Appendix, Fig. S6).

Like their effects on antiviral activities, the DBD-defective
K198E, K214E, and R221E mutations inactivated, while
K242E, K257E, and K350E mutations reduced the antiprolifer-
ative activity of the WT SAMD?9 (Fig. 3C and SI Appendix, Fig.
S6B). A similar effect was observed when the DBD mutations
were combined with SAMD9R?2C, except that the magnitude
of change was even greater (SI Appendix, Fig. S6 C-E), as the
GoF variant had a much stronger antiproliferative activity than
the WT. For all the other GoF SAMDY/9L variants we have
tested, including the frameshifted SAMDOYLF86LE™M " thejr
antiproliferative activities were abolished b%combining with the
DBD-defective SAMD9R*'E or SAMDILR®?**F mutation (Fig.
3C and SI Appendix, Fig. S6).

GoF SAMD9/9L Variants Inhibit Global Protein Synthesis and Induce
Proteotoxic Stress Response. A shut-off of cellular protein syn-
thesis is associated with abortive viral replication caused by
SAMD9 (19, 24), so we studied whether SAMDY/9L had a
direct effect on cellular protein synthesis. Metabolic labeling
with a methionine analog in SAMD9Y-transduced BT20 cells did
not reveal any obvious effect of the WT SAMD9 on cellular
protein synthesis. However, a GoF SAMD?9 variant, R1293W,
greatly reduced global protein synthesis after SAMDO9 expres-
sion was specifically induced for more than 6 h (Fig. 44 and S/
Appendix, Fig. S7A). Analysis of the total cellular RNA and the
transcriptome showed that RNA integrity and transcription of
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Fig. 4. GoF SAMD9 R1293W variant inhibits global protein synthesis and
induces proteotoxic stress responses. BT20 cell lines that stably express either
the WT or R1293W SAMD? under the control of a doxycycline (Dox) inducible
promoter were established. (A) After the cells were induced with Dox for the
indicated hours, nascent cellular protein synthesis rate was measured by met-
abolic labeling with L-azidohomoalanine (AHA) for 2 h. SAMD9 expression is
indicated by immunoblot against the Flag epitope tag, while similar loading
levels are indicated by immunoblot against HSP70. (B) Transcriptome analysis
of BT20 cells that were uninduced or induced to express SAMD9®'?*W for 24
h. Upper: a volcano plot showing genes with significantly up- (red) and
down- (blue) regulated mRNA levels upon expression of SAMDIR'?%*W_Genes
with no significant change were shown as gray. Lower: a dot plot showing
enriched pathways of significantly up-regulated genes. Enrichment of each
pathway was coded by color and size of circles.
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vast majority of the cellular genes were not affected by the GoF
variant (Fig. 4B and SI Appendix, Fig. S7B and Dataset S1). A
total of 43 genes were significantly induced (Fig. 4B and S/
Appendix, Fig. S7C), and gene ontology analysis indicated that
they belong to the pathways of unfolded protein response or
the responses to various elF2-a kinases, indicating that the
GoF variant caused a proteotoxic stress response.

To quantify the effect of additional SAMD9/9L variants on
global protein synthesis, we transiently transfected the variants
into 293T cells and fluorescently labeled nascent cellular pro-
teins with a puromycin analog. Flow cytometry analysis showed
that the WT SAMDY/9L did not reduce cellular protein synthe-
sis until their cellular expression reached a very high level
(Fig. 54, Upper). By contrast, the GoF SAMDY/9L mutants
reduced protein synthesis in nearly all transfected cells, and the
level of reduction correlated with SAMD9/9L expression level
(Fig. 54 and SI Appendix, Fig. S8). Moreover, the effects of
the GoF variants on protein synthesis correlate with the
strength of their antiproliferative activities, with SAMD9R?8¢]
SAMDILH889Q and SAMDYLF886LE™ 11 displaying the strongest
effect (Fig. 5 and SI Appendix, Fig. S8). Overall, the quantita-
tive flow cytometry analysis indicated that the GoF variants as
well as a high cellular level of the WT SAMDY/9L had an inhib-
itory effect on cellular protein synthesis.

DBD dsNA Binding Activity Is Essential for SAMD9/9L to Inhibit
Global Protein Synthesis and Reduce Translation Elongation. In
contrast to the WT and GoF SAMDY/9L variants, the DBD-
defective K198E, K214E, and R221E mutants as well as the
K257E mutant had no inhibitory effect on cellular protein syn-
thesis, while the DBD partially defective K242E and K350E
mutants had a small inhibitory effect only when they were
expressed at a very high level (Fig. 5B and SI Appendix, Fig.
S8). More strikingly, the strong inhibitory effect of the GoF
variants on cellular protein synthesis was abolished when they
were combined with the DBD-defective SAMD9®**'E or
SAMDILR**E mutation, resulting in similar levels of cellular
protein synthesis in all cells regardless of the SAMDY9/9L
expression levels (Fig. 5 and SI Appendix, Fig. S8). Similar
rescuing effects could even be detected from the total cell
population by Western blot of puromycin-labeled proteins (S
Appendix, Fig. S9).

The effects of the SAMDY/9L mutants on cellular protein
synthesis were also evident from quantitative analysis of
SAMDY/9L protein levels in transfected cells. Mean fluores-
cence intensity (MFI) of various mCherry-SAMDY/9L GoF var-
iants in transfected cells was significantly lower than that of the
WT, which in turn was greatly reduced compared to that of the
DBD mutants (SI Appendix, Fig. S10), despite only a few
nucleotides difference between the constructs. The DBD-
defective K198E, K214E, and R221E mutants had the highest
MFI, while K350E, K242E, and K257E mutants had the inter-
mediate MFI (SI Appendix, Fig. S10), correlating with the
effects of the mutations on antiproliferative activities. Combin-
ing the DBD-defective SAMD9®?#E or SAMDILR?*E muta-
tion with the GoF variants greatly increased the protein level
from that of the GoF variants (SI Appendix, Fig. S10B).

A recent study showed that some GoF SAMDOYL variants
inhibited translation elongation (6). To determine whether
SAMD9 has a similar effect, we performed a modified
“SunRiSE” assay that measures ribosome run-off with flow
cytometry at single-cell resolution (25). Compared to nontrans-
fected cells in the same culture well, cells expressing SAMD9
were slightly slower in ribosome run-off after new translation
initiation was blocked with an inhibitor, resulting in a smaller
reduction in active translation at 30 s post the initiation block
(Fig. 5C). Ribosome run-off was slowed even further in cells
expressing SAMDOR'?W  while it was not affected by
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Fig. 5. dsNA binding by DBD is essential for SAMD9/9L to inhibit global protein synthesis and reduce translation elongation. (A) HEK 293T cells were
transfected with mCherry-SAMD9/9L mutants as illustrated in Fig. 2A and labeled with OPP for 30 min. Representative flow cytometry plots of OPP level
relative to cellular mCherry level are shown. Background level of OPP staining in cells that were treated with cycloheximide (CHX) is shown as a control. (B)
Nascent protein synthesis levels in SAMD9/9L-expressing cells relative to nontransfected cells from the same culture wells are derived from the flow cytometry
data shown in Fig. 5 and S/ Appendlix, Fig. S8. Each replicate and SD are shown. Statistics: one-way ANOVA compared to the WT (****P < 0.0001). (C) Identi-
cally transfected cells were treated with harringtonine to block new translation initiation. Active protein synthesis level at the indicated times after harringto-
nine treatment was assessed by measuring OPP level as described in (A) and normalized to the level at time 0 (T0). Each data point represents the average
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SAMDYRZIERIZIBW i icating that the GoF SAMDY variant
inhibits translation elongation in a manner that also requires
the DBD activity.

Discussion

In this study, we revealed the structure and function of a
domain that is essential not only for the physiological functions
of SAMDY/9L but also for the pathogenic effects exerted by the
GoF variants identified in a myriad of human diseases. The
GoF variants we have analyzed encompass all mutation types
identified in human patients so far, including the frameshift
and missense mutations in the putative NTPase domain and
the rest of the C-terminal half. Amazingly, single substitution
of a key basic residue in DBD completely abrogate the deleteri-
ous effects caused by every GoF variant tested, suggesting that
modulating DBD activity could be a therapeutic strategy for
various diseases caused by those variants.

The crystal structure of SAMD9-DBD:DNA complex
revealed a compact domain that primarily engages the DNA
backbone in a sequence-independent manner. Although an
Alba domain was predicted for SAMD?9, our study identified a
domain that is more than 70 aa larger than the predicted Alba
domain, with a more complex structure than the canonical
B-a-p-a-p-p Alba fold (22). Furthermore, the DNA contact sur-
face in the SAMD9-DBD:DNA structure is different from that
of the existing Alba:DNA structures. In a structure of archaeal
chromatin protein Alba2 domain (PDB code: 3U6Y) (26), the
key DNA-contacting residues are predominantly located on the
loops and the tip of helix a-2, with no involvement from o-1. By
contrast, two of the three key contacting residues in SAMD9
(K214 and R221) are located on helix a-1, and -2 is not involved.

Although the solved structure is of a complex with DNA, our
EMSA data showed that the recombinant DBD can also bind
dsRNA. The binding affinity of DBD with a model DNA sub-
strate is relatively weak (Kp = 16 pM). Considering their cyto-
plasmic site of action and the recently reported interactions with
ribosomal components (27), SAMDY/9L may bind to double-
stranded regions of cytoplasmic RNA such as ribosomal RNA.
Since the antiproliferative effect depends on the NA binding,
DBD binding of NA in full-length SAMDO/9L is likely subject to
tight regulation by other domains or cellular partners. Notably,
SAMDY/9L also have a predicted protein deacetylase domain
(SIR2) that may regulate NA binding by deacetylating lysine resi-
dues (21). What NA SAMDY/9L bind in cells and how the bind-
ing is regulated remain to be determined.

Guided by the complex structure, we were able to precisely
perturb the dsNA binding activity without affecting the overall
structure, which allowed us to demonstrate that the dsNA bind-
ing activity is essential for the known functions of SAMDY/9L.
Significantly, the different effects the mutations have on
SAMDY/9L functions largely correlate with their effects on
DNA binding, indicating that the effector functions are closely
linked to the dsNA binding activity. SAMDY/9L are large, mul-
tidomain proteins, so it would not be surprising if they had sep-
arate effector domains for their diverse functions in antiviral
defense and tumor suppression. However, we showed that the
same NA binding residues are essential for both the antiviral
and antiproliferative functions, suggesting that the two func-
tions share at least one common molecular mechanism that
requires dsNA binding by DBD. As one mutation (K257E) in
DBD was found to disrupt SAMD?9 functions without affecting
NA binding, dsNA binding by DBD is necessary but not suffi-
cient for the SAMDY/9L functions.

What might be the common molecular process underlying the
antiviral and antiproliferative functions of SAMDY/9L? While dys-
regulation of endocytosis has been the main mechanism proposed
for the antiproliferative function (1, 11), protein synthesis shutoff

80of9 | PNAS
https://doi.org/10.1073/pnas.2116550119

was recognized as the hallmark for host restriction of vK1-C7~
(19), long before SAMDY/9L were discovered to be the culprits.
We thus have focused on translational control as the potential
underlying mechanism and found that GoF SAMDY/9L variants
profoundly inhibit global protein synthesis. Several papers
recently reported a similar inhibitory effect of the GoF variants
on cellular protein synthesis while our manuscript was being pre-
pared (6, 7, 27). We showed further that the same DBD residues
that are essential for the antiviral and antiproliferative activities
are also critical for SAMDY9/9L to inhibit protein synthesis, sug-
gesting that translational control is an important underlying mech-
anism for SAMDY/9L functions. How SAMDY/9L inhibit protein
synthesis is unclear, but we found that a GoF SAMD?9 variant
induces a proteotoxic stress response that resembles the closest
with the response of EIF2AK1. While PKR (EIF2AK2) was
previously shown to be dispensable for SAMD?9 antiviral activi-
ties (24, 28), whether other elF2-o kinases are involved in
SAMDOY/9L functions is yet to be determined. Beyond a poten-
tial effect on translation initiation possibly through modulating
elF2-a, SAMDY9L was shown recently (6), and SAMD9 was
shown here, to reduce translation elongation. The DBD activity
is also required for this process, but the mechanism is unknown.

There is one notable difference in SAMDY/9L activities under
noninfectious and infectious conditions. Under noninfectious con-
dition, GOF variants are much more potent than the WT at inhib-
iting cell growth and cellular protein synthesis. By contrast, the
WT and GoF variants are equally effective at inhibiting vaccinia
virus replication. Since the GoF variants inhibit cellular protein
synthesis in uninfected cells, their antiviral effects could simply
reflect a preexisting block in translation when the infection occurs.
The WT on the other hand has a minor effect on cellular protein
synthesis in uninfected cells, but it achieves a similar level of viral
inhibition as the GoF variants, suggesting that the WT is not
intrinsically less active than the GoF variants. Rather, the relative
minor effect of the WT under noninfectious conditions is probably
due to an autoinhibitory effect, which is relieved by viral infection.
GoF mutations probably disrupt the autoinhibitory mechanism.
Specifically, the C-terminal half that is truncated by the frameshift
GoF SAMDOIL variant is likely involved in the autoinhibition.
Our findings that the dsNA binding residues are required even
for the activities of the frameshift variant again illustrate that
DBD is a key effector domain and its dsNA binding activity is an
essential effector function.

Materials and Methods

Recombinant SAMD9'3438> or SAMD9'¢3% protein was expressed in
Escherichia coli as a SUMO fusion with a 6xHis-tag and purified by nickel
nitrilotriacetic acid (Ni-NTA) as previously described (29). The complex of
SAMD9'%¢-385 and a 22-nt dsDNA was crystalized in a solution containing 0.1
M Hepes, pH 7.5, 0.2 M ammonium acetate (NH;AC), 20 mM MgCl,, and
20% PEG3350. Diffraction data from a selenomethionine-substituted pro-
tein crystal were used to obtain an initial structure by the single-wave-
length-anomalous-dispersion method, while data from a native protein
crystal were used to obtain a higher-resolution structure by the molecular
replacement method. The binding of the purified SAMD?9 proteins with a 5’
6-FAM-labeled 22-nt dsDNA was studied by EMSA on a 0.8% native agarose
gel. Affinities were obtained by nonlinear regression curve fitting of the
fluorescence polarization data. Plasmids for transient expression of mCherry
and SAMD9/9L fusions, pcDNA6.2/mCherry-SAMD9/9L, were a generous gift
of Jeffery M. Klco, St. Jude Research Hospital, Memphis, TN (27). Specific
mutations of SAMD9/9L were introduced into the plasmids through recom-
binant PCR-based site-directed mutagenesis as described previously (30).
The plasmids were transfected into HEK 293T cells for 24 to 36 h. For assess-
ing antiviral activities, the transfected cells were infected with vK1~C77/
GFP™ (20, 28, 30) for 15 h. For assessing antiproliferative activities, the trans-
fected cells were treated with 5-ethynyl-2’-deoxyuridine (EdU) for 2 h before
they were processed with Click-iT Plus EdU Alexa Fluor 488 Flow Cytometry
Assay Kit (Thermo Fisher Scientific). For assessing protein synthesis level,
transfected cells were treated with O-propargyl-puromycin (OPP) for 30 min
before they were processed with Click-iT Plus OPP Alexa Fluor 488 Protein
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Synthesis Assay Kit (Thermo Fisher Scientific). For assessing protein elonga-
tion rate, identically transfected cells were treated with 2 pg/mL Harringto-
nine (LKT Laboratories, Inc.) for various times before the cellular protein
synthesis level was assessed with Click-iT Plus OPP kit. Flow cytometry analy-
sis was performed with an LSR-Il cell analyzer (BD Biosciences). For RNA-
segencing (RNA-seq) analysis, BT20 cells transduced with SAMD9-R1293W
were uninduced or induced with 2 pg/mL doxycycline for 24 h. Messenger
RNA (mRNA) was isolated from the cells and processed for DNA library con-
struction with NEBNext Ultra RNA Library Prep Kit for lllumina (NEB). RNA-
seq reads were mapped to the human transcriptome and counted for each
transcript. The count table was analyzed by DESeq2 (31), and the signifi-
cantly changed mRNAs were analyzed by PANTHER (32) to search enriched
pathways. The more detailed materials and methods can be found in S/
Appendix, Materials and Methods.
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