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Enrichment of Zα domains at cytoplasmic stress granules is due
to their innate ability to bind to nucleic acids
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ABSTRACT
Zα domains recognize the left-handed helical Z conformation of
double-stranded nucleic acids. They are found in proteins involved in
the nucleic acid sensory pathway of the vertebrate innate immune
system and host evasion by viral pathogens. Previously, it has been
demonstrated that ADAR1 (encoded by ADAR in humans) and DAI
(also known as ZBP1) localize to cytoplasmic stress granules (SGs),
and this localization is mediated by their Zα domains. To investigate
the mechanism, we determined the interactions and localization
pattern for the N-terminal region of human DAI (Zαβ

DAI), which
harbours two Zα domains, and for a Zαβ

DAI mutant deficient in nucleic
acid binding. Electrophoretic mobility shift assays demonstrated the
ability of Zαβ

DAI to bind to hyperedited nucleic acids, which are
enriched in SGs. Furthermore, using immunofluorescence and
immunoprecipitation coupled with mass spectrometry, we identified
several interacting partners of the Zαβ

DAI–RNA complex in vivo under
conditions of arsenite-induced stress. These interactions are lost
upon loss of nucleic acid-binding ability or upon RNase treatment.
Thus, we posit that the mechanism for the translocation of Zα domain-
containing proteins to SGs is mainly mediated by the nucleic acid-
binding ability of their Zα domains.

This article has an associated First Person interview with Bharath
Srinivasan, joint first author of the paper.
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INTRODUCTION
Zα domains belong to an unusual nucleic acid-binding domain family
that recognizes purine-pyrimidine repeats (Kim et al., 2004; Oh et al.,
2002) in the left-handed Z conformation of both DNA and RNA
helices (Placido et al., 2007; Schwartz et al., 1999), both in vitro and
in vivo. The prototypic Zα domain was identified as part of the large
isoform of ADAR1 (encoded by ADAR in humans), an interferon
(IFN)-inducible RNA-editing enzyme, and all subsequently
identified Zα domains have been shown to be components of

IFN-inducible proteins or viral inhibitors of the IFN pathway
(Athanasiadis, 2012) (Fig. 1A). ADAR1 is known to be a negative
regulator of the double-stranded RNA (dsRNA)-sensing pathway and
has an important role in preventing activation of the pathway by self
RNAs. Mutations in ADAR1, somewithin the Zα domain, have been
implicated in causing Aicardi–Goutier̀es syndrome, an auto-
inflammatory genetic disease (Rice et al., 2012). Two other cellular
proteins that have Zα domains are DAI (also known as ZBP1) and
PKZ (Fig. 1A). DAI is a mammalian sensor of dsDNA (Takaoka
et al., 2007), whereas PKZ is a fish-specific effector of dsRNA
recognition, having a role analogous to PKR (also known as
EIF2AK2; Rothenburg et al., 2005). Two more proteins containing
Zα domains are both encoded by DNAviruses: E3L from poxviruses
(Kim et al., 2003) and ORF112, a protein we recently described in a
subfamily of herpesviruses (Kus ́ et al., 2015) (Fig. 1A). Both viral
proteins have a role in innate immune evasion and are required for
viral proliferation. In the case of E3L, it has been shown that deletion
of the E3L Zα domain causes loss of virus pathogenicity, and
replacement of the domain with Zα domains from either ADAR1 or
DAI fully restores pathogenicity (Kim et al., 2003), suggesting that
Zα domains from different proteins have similar function.

Although the degree of conservation among Zα domains is
moderate, key DNA- and RNA-interacting residues, identified in
crystal structures of Zα–DNA and Zα–RNA complexes (Placido
et al., 2007; Schwartz et al., 1999), are absolutely conserved and
thus provide a motif for the unambiguous identification of the
domains, which otherwise demonstrate the common winged helix-
turn-helix (wHTH) fold (Athanasiadis, 2012) (Fig. 1B,C). Studies
of Zα domains have primarily focused on the mechanism of their
interaction with DNA and RNA that has adopted the left-handed Z
conformation (Z-DNA and Z-RNA, respectively), mostly through
structural and biochemical studies (De Rosa et al., 2010; De Rosa
et al., 2013; Kim et al., 2011; Schwartz et al., 2001; Sung et al.,
2008). Thus, although there are now structures of Zα domains in
complexes with nucleic acids from all known Zα-containing
proteins (De Rosa et al., 2013; Ha et al., 2004; Kus ́ et al., 2015;
Schwartz et al., 1999; Schwartz et al., 2001), little is known
regarding the in vivo targets and functions of the domains.

Zα domains in vitro can bind to the double helix of both DNA and
RNA, taking advantage of the fact that, unlike the common right-
handed helices of the two macromolecules (the B- and A- forms,
respectively), which have very different structures, their left-handed
Z-form helix is very similar (Placido et al., 2007). Thus, the question
whether Zα domains target DNA or RNA in vivo is open.
Nevertheless, the fact that proteins containing Zα domains are
predominantly cytoplasmic and have a function in the RNA-sensing
pathway strongly points to a Zα association with dsRNA and/or
RNA–DNA hybrids. An affinity of Zα domains for segments of
ribosomal RNA (Feng et al., 2011) has been shown through analysis
of RNA pulldowns in bothE. coli and human cell extracts. The same
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study showed that that expression of Zα domains can inhibit
translation, although it is not clear if this inhibition is the result of
binding to the suggested ribosomal RNA sites. In another work
investigating the Z-DNA content of the genome, using Zα domains
as reporter, it was reported that Zα can interact with centromeric
repeats (Li et al., 2009). In both cases, the physiological relevance of
the described interactions remains unexplored, and no clear link is
established for the function of Zα-containing proteins.
Two of the Zα-containing proteins, ADAR1 and DAI, have been

shown to associate with stress granules (SGs) (Deigendesch et al.,
2006; Weissbach and Scadden, 2012). SGs are cytoplasmic RNPs
containing stalled ribosomes, the result of stress-induced translation
arrest. Challenging cells with arsenite results in reactive oxygen
species production that, in turn, activates haem-regulated inhibitor
kinase (HRI, also known as EIF2AK1). HRI phosphorylates eIF2α
(EIF2A) preventing turnover of the ternary tRNAiMet–GTP-eIF2
complex. This results in stalled translation initiation complexes
that are assembled into discrete cytoplasmic foci known as
SGs (Lu et al., 2001). It has been shown that hyperedited dsRNA

(IU-dsRNA) specifically accumulates in a SG-like complex and
suppresses IFN induction and apoptosis (Scadden, 2007; Vitali
and Scadden, 2010). Furthermore, it has been previously
demonstrated that IU-dsRNA, in addition to interacting with a
protein complex largely comprising components of cytoplasmic
SGs, also interacts with proteins that are not known to have a role
in SG formation (Callebaut andMornon, 1997; Scadden, 2005;Yang
et al., 2007). Recent work has shown that Zα domains in isolation
associate with SGs and can drive proteins to localize there (Ng et al.,
2013). These results suggest that Zα domains may be responsible for
the localization of ADAR1 and DAI in SGs. Nevertheless, the
mechanism of SG association, and the interactions of Zα domains
and other constituents within SGs, are unknown.

Here we use the N-terminal part of human DAI (Zαβ
DAI), which

consists of two tandemly repeated Zα domains, to study its
interactions with nucleic acids and localization, as well as to
characterize the complexes in which Zα domains participate under
conditions of arsenite-induced stress. Our results, using in vitro and
in vivo approaches, indicate that the mechanism for the translocation

Fig. 1. Structural features and in vitro nucleic acid binding of Zα domains (A) Domain organization of different human and viral proteins possessing the Zα

domain. ADAR1, adenosine deaminase acting on RNA 1 (p150 and p110 are ADAR1 isoforms of different lengths; the black box indicates the domain
organization of the p110 isoform); DAI, DNA-dependent activator of IFN-regulatory factors; E3L, vaccinia virus protein that inhibits ZBP1-induced necroptosis via
interaction with host ZBP1; PKZ, fish homologue of double-stranded RNA-dependent protein kinase (PKR); ORF112, RNA-binding protein from cyprinid
herpesvirus. ds RBD, dsRNA-binding domain; IFN, interferon-inducible promoter; NES, nuclear export signal; RLR, RHIM-like repeat; RHIM, RIP homotypic
interaction motif; Z-DNA BD, Z-DNA-binding domain. (B) Pairwise sequence alignment of the WT and mutant Zαβ

DAI domains indicating the residues that were
mutated across the two Zα domains (white). The alignment was generated using T-Coffee and the image was rendered with ESPript 3.0. Amino acid residues are
numbered based on the construct shown in Table S7. (C) The structure shows a Zα domain of DAI bound to the nucleic acid (PDB ID: 3eyi) highlighting the
asparagine and tyrosine residues implicated in nucleic acid recognition. The protein chain is shown in ribbon representation, while the interacting residues from
protein and the DNA are shown as ball and stick representation in cyan and brown, respectively. The hydrogen bonding interaction between the side-chain NH
group of asparagine and the hydroxyl group of tyrosine with the backbone phosphates are shown as dotted lines. The figure was rendered using Open-Source
PyMol (D) An EMSA to show the DNA binding by the WT protein (Zαβ

DAI WT) and the abolishment of DNA binding for the quadruple mutant with asparagine and
tyrosine residues mutated in both the Zα domains (Zαβ

DAI MUT). TheWT protein binds to the DNA in a concentration-dependent manner (1×, 2× and 4× represent
10 μM, 20 μMand 40 μMof the protein, respectively). (E) An EMSA showing the interaction of theWT Zαβ

DAI with hyperedited nucleic acids, which are enriched in
SGs. The TI series (TI1–TI4) are duplex oligonucleotides containing thymidine-inosine repeats (top strands: TI1, 5′-GGCCTITIGGCC-3′; TI2, 5′-
CGCGTITICGCG-3′; TI3, 5′-CGCGTITITICGCG-3′; TI4, 5′-GGCCTITITIGGCC-3′), and the CI series (CI1–CI3) contains cytosine-inosine repeats (top strands:
CI1, 5′-CGCGCICICGCG-3′; CI2, 5′-CCGGCICICCGG-3′; CI3, 5′-CGCGCICICICGCG-3′). Data in D and E are representative of three independent
experiments.
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of Zα domain-containing proteins to SGs is mainly mediated by the
nucleic acid-binding ability of their Zα domains.

RESULTS
Zαβ

DAI binds to hyperedited nucleic acids enriched in SGs
DNA-dependent activator of IFN-regulatory factors (DAI) activates
type I IFN in response to foreignDNA. TheDAI protein contains two
tandemly repeated Zα domains (referred to individually as Zα and Zβ)
and a DNA-binding region (D3) at its N-terminus (Fig. 1A). Note
that the D3 region overlaps with the RHIM-like repeat (RLR) A
(Kaiser et al., 2008). Furthermore, the Zβ domain name is used to
differentiate this domain from Zα, and unlike the Zβ domain of
ADAR1, Zβ of DAI is nucleic acid-binding proficient. Upon
activation, the C terminus of DAI binds to a serine/threonine
kinase and to IRF3, a transcription factor. The N-terminal region,
including D3, is thought to be essential for sensing DNA, as shown
by its ability to bind to Z-DNA and synthetic B-DNA (Takaoka et al.,
2007). As our primary investigation, we assessed the ability of the
wild-type (WT) DAI N-terminal region (ZαβDAI) and mutant Zαβ

DAI

(which was mutated in key residues involved in nucleic acid binding)
to bind to d(CG)7 (an oligonucleotide that can adopt the Z
conformation) in vitro. As evident from electrophoretic mobility
shift assay (EMSA) analysis, theWTZαβ

DAI protein could bind to the
d(CG)7 oligonucleotide, whereas the mutant Zαβ

DAI protein showed
no binding (Fig. 1D). This clearly demonstrates that mutation of the
residues implicated in nucleic acid-binding abolishes the ability of
Zαβ

DAI to bind to canonical Z-conformation-adopting nucleic acids.
Another Zα domain-containing protein, ADAR1, is responsible for

the hyperediting of nucleic acids. Apart from widespread A-to-I RNA
editing of Alu-containing mRNAs in the human transcriptome
(Athanasiadis et al., 2004), it has been speculated that ADAR1 has
roles in editing foreign nucleic acids and RNAs sequestered within
SGs (Weissbach and Scadden, 2012). To test the ability of WT ZαβDAI

protein to bind to hyperedited nucleic acids, we synthesized Z-
conformation-adopting (purine-pyrimidine repeat-containing)
oligonucleotides with thymine-inosine (TI) and cytosine-inosine (CI)
repeats and assessed their binding with Zαβ

DAI in vitro (Table S6).
Poly(I:C) dsRNA triggers the IFN-γ pathway, whereas poly(I:U)
dsRNA suppresses the induction of interferon-stimulated genes (ISGs)
and apoptosis in response to poly(I:C) (Perrot et al., 2010; Vitali and
Scadden, 2010). Zαβ

DAI was found to bind to all these oligonucleotides
with variable affinity (Fig. 1E). Any break in the purine-pyrimidine
repeat motif for shorter oligonucleotides led to poorer binding, as was
evident for the TI1 and CI2 oligonucleotides (Fig. 1E). These results
provide the first in vitro proof that WT Zαβ

DAI binds to hyperedited
Z-conformation-adopting nucleic acids that are likely enriched in SGs,
whereas the mutant Zαβ

DAI shows no binding whatsoever.

The Zαβ
DAI domain localizes to SGs

ADAR1 and DAI, the two mammalian proteins that contain Zα
domains, localize to cytoplasmic RNPs known as SGs (Deigendesch
et al., 2006; Weissbach and Scadden, 2012). Previous work from us
and others has suggested that isolated Zα domains also localize to SGs
(Kus ́ et al., 2015; Ng et al., 2013) and thus may be responsible for the
localization of the proteins that contain them. To further explore the
specific subcellular distribution of Zα domains, their nucleic acid
targets and potential protein interactors, we constructed A549 cells
stably expressing a GFP fusion to the N-terminal 164 amino acids of
the nucleic acids sensor DAI, which contains two Zα domains. We
expressed this GFP–ZαβDAI fusion in stably transfected A549 cells and
determined the distribution of the protein under different growth
conditions. Under unperturbed conditions, the GFP–ZαβDAI fusion

showed a diffuse distribution in both the cytoplasm and nucleus
(Fig. 2A, bottom). When cells were treated with arsenite, WT Zαβ

DAI

became enriched in cytoplasmic granules (Fig. 2A, top) that we
identified as SGs based on staining for TIAR (also known as TIAL1;
Fig. 2A, top), whereas the mutant Zαβ

DAI remained dispersed in the
cytosol, regardless of arsenite treatment (Fig. 2B). We observed GFP
colocalization with SGs in 92% of cells expressing GFP–Zαβ

DAI

(n=50). Conversely, in cells expressing mutant GFP–Zαβ
DAI, less than

2% of the cells showed GFP localizing in SGs (Fig. 2B). In addition,
we observed intense GFP staining of a variable number of nuclear foci
that resembled paraspeckles in size, shape and distribution (Fig. S1).
However, these nuclear structures appeared only after arsenite
treatment, suggesting they are components of stress responses. As
both SGs and paraspeckles are RNPs, these results suggest that Zα
domains may be binding to RNAs that localize in such bodies.

Interaction partners of Zαβ
DAI and mutant Zαβ

DAI under
conditions of stress
To understand whether Zαβ

DAI localizes to SGs specifically to
perform a role in SG physiology or, alternatively, associates with
SGs due to a secondary effect resulting from its affinity for
ribonucleic acid, we decided to characterize the components of Zα

complexes. Immunoprecipitation (IP) was performed employing
anti-GFP beads, and the resulting IPs were then used to identify
proteins involved in Zαβ

DAI complexes. Triplicate IPs were
performed from cells expressing either GFP–Zαβ

DAI, a GFP fusion
to a Zαβ

DAI quadruple mutant with abolished nucleic acid binding or
GFP alone. Each IP was performed with arsenite treatment, and all
samples were then subjected to liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. Zαβ

DAI and Zαβ
DAI quadruple

mutant interactomes were normalized with respect to the GFP-alone
control. Fig. 3A shows a volcano plot depicting the statistical
significance and differential enrichment of proteins in the
interactome for WT Zαβ

DAI compared to that for GFP alone, and
Fig. 3B shows the same analysis for the Zαβ

DAI quadruple mutant
(summarized in Tables S2 and S3, respectively). The top significant
interactors were all found to be RNA-binding proteins. The three
strongest hits were tRNA-splicing ligase RtcB homolog (RTCB),
40S ribosomal protein S19 and nucleolin. These proteins interact
independently of whether the nucleic acid-binding ability of the
Zαβ

DAI protein was mutated, suggesting a direct protein interaction.
Other proteins that were found as potential interacting partners of
both WT and mutant Zαβ

DAI were those that are involved in
translation (ribosomal subunits), ATP-dependent RNA helicase
activity (DDX5, DDX1 and DDX17) and mRNA transport (Ras
GTPase-activating protein-binding protein 2, also known as
G3BP2), as well as RNA-binding proteins like p54nrb (also
known as NONO), SFPQ (also known as PTB-associated splicing
factor, PSF), RNA-binding protein 14, nuclear fragile X mental
retardation-interacting protein 2, HEXIM1, heterogeneous nuclear
ribonucleoprotein U-like protein 1 (HNRNPUL1), ataxin-2-like
protein, alpha-adducin and FUS. Interestingly, although p54nrb and
FUS are known components of nuclear paraspeckles (Fox and
Lamond, 2010), they have also been shown to localize to neuronal
cytoplasmic RNP granules (Furukawa et al., 2015). Furthermore, we
found that interactions with proteins of the small 40S ribosomal
subunit ( S2, S4, S18 and S19 for WT Zαβ

DAI; S2, S5, S6, S11, S14,
S18 and S19 for mutant Zαβ

DAI) were slightly overrepresented as
compared to those with proteins of the large 60S ribosomal subunit
(P0 and P1 for WT Zαβ

DAI; L26, P0, L19, L8 and P1 for mutant
Zαβ

DAI). It has been previously demonstrated that small, but not
large, ribosomal subunits are preferentially recruited to SGs, as
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shown by immunofluorescence studies using TIAR as the SGmarker
(Kedersha et al., 2002). Enrichment of ribosomal proteins also
suggests that the RNAs bound by Zαβ

DAI were translationally
engaged and, thus, were potentially associated with ribosomes.
Another plausible explanation for the presence of ribosomal proteins
could be the demonstrated affinity of the Zα domain of ADAR1 for

ribosomal RNA segments (Feng et al., 2011). Although all of the
reported interactionswere normalizedwith respect to those shown by
GFP alone, it is possible that some of the low-confidence interactions
may not have physiological relevance. Taken together, our results
show that both Zαβ

DAI and the Zαβ
DAI quadruple mutant

preferentially bind to RNA-binding proteins.

Fig. 2. Zαβ
DAI is enriched in SGs. (A) Immunolocalization of GFP–

Zαβ
DAI fusion (green) in the presence (+) and absence (−) of stress

induced by arsenite in A549 cells. GFP–Zαβ
DAI localizes to SGs

under conditions of stress (top panels, indicated by arrows). Absence
of stress leads to diffuse localization of the protein in both cytoplasm
and nucleus (bottom panels). The nucleus is stained with DAPI
(blue). TIAR (red) is used as a marker protein for SGs. (B)
Immunolocalization of mutant GFP–Zαβ

DAI (N46A/Y50A/N141A/
Y145A; Zαβ

DAI 4× mutant) fusion in the presence (+) and absence (−)
of stress induced by arsenite in A549 cells. Mutant GFP–Zαβ

DAI loses
the ability to significantly colocalize with TIAR in the SGs under
conditions of arsenite-induced stress. The experiment was carried
out with n=3 biological replicates. The individual panels and the
merged images generated using ImageJ version 1.50i.

Fig. 3. Interaction partners of Zαβ
DAI protein, normalized with respect to GFP-only control, under conditions of stress induced by arsenite. (A) GFP–

Zαβ
DAI versus GFP, under conditions of arsenite-induced stress (+). (B) GFP–Zαβ

DAI quadruple mutant (Zαβ
DAI 4×Mut) versus GFP, under conditions of arsenite-

induced stress. The proteomics data in A and B is plotted as volcano plots showing the negative log of P-values computed from a pairwise t-test for each
individual interacting protein on the y axis and the log2 fold change in binding for a particular partner with respect to theGFP-only control on the x axis. Data around
the origin of the plot represent ∼1-fold change and a P-value approaching 1, indicating no significant change, whereas points in the upper-right and
upper-left quadrants indicate significantly increased and decreased binding with respect to the controls, respectively. The thresholds (dashed lines) indicate
a P-value cut-off of 0.01 (y axis) and a highly stringent fold change of 16 (x axis). Dots coloured red are those that are significant with respect to the
abovementioned thresholds. Arrow indicates the position of proteins ATXN2L and LEO1. Fold change values are the mean of three replicate experiments. The
statistical analysis and the plots were generated using GraphPad Prism version 7.02.
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The predominant interactions between Zαβ
DAI and SG

components are independent of stress
To understand whether the induction of stress or its absence
significantly changes the nature of the Zαβ

DAI interactome, IPs
were performed with Zαβ

DAI and Zαβ
DAI quadruple mutant in the

presence and absence of stress induced by arsenite, and the resulting
protein interactors were analysed by LC-MS. Fig. 4A and B show
the volcano plots for Zαβ

DAI and the Zαβ
DAI quadruple mutant,

respectively, in the presence and absence of arsenite-induced
stress, and Table S4 summarizes the results for the test–control
pairs. This analysis revealed that there is no major difference when
comparing the interactome in the absence and presence of stress
induced by arsenite. This indicates that arsenite-induced stress
is not a major driver for selective protein binding to the Zαβ

DAI

domain. Although there are a few proteins that show statistically
significant association with respect to their control pair, none of
the hits showed both statistical significance and substantial
ratiometric fold enrichment. However, it is noteworthy that the
WT Zαβ

DAI showed preferential association with Ras GTPase-
activating protein-binding protein 1 (G3BP1), an SG effector
that can induce SG assembly upon overexpression (Tourrier̀e
et al., 2003), and FAM98A, an RNA-binding protein that has

been found in complex with an ATP-dependent RNA helicase,
DDX1, and C14orf166 (Akter et al., 2017; Pérez-González et al.,
2014).

The mutant Zαβ
DAI, on the other hand, showed preferential

interaction with eukaryotic translation initiation factor 2 subunit 3,
60S acidic ribosomal protein P1, inverted formin-2, COX assembly
mitochondrial protein homolog and alpha-adducin under conditions
of stress induced by arsenite.

These findings likely reflect the fact that the Zαβ
DAI that

accumulates in SGs represents only a small fraction of the total
pool, and hence the predominant interactions between Zαβ

DAI and
other proteins are stress independent. Thus, it might be reasonable
to assume that Zαβ

DAI may be pre-bound to diffuse mRNA/
ribosome-associated complexes that translocate to SGs upon stress
induction. Methodologies to specifically isolate SGs are needed
to clarify whether there are additional partners of Zαβ

DAI that are
specific to the stress granule environment. Furthermore, the partners
reported here are likely specific interactors given that TIAR, a key
component of SGs, is completely absent in the proteomics data
obtained from IPs. This also suggests that the complexes formed by
Zαβ

DAI are diffusely distributed and are likely distinct from the
corresponding RNPs.

Fig. 4. Differential interactions of Zαβ
DAI and mutant Zαβ

DAI with cellular proteins in the presence and absence of arsenite-induced stress. (A)
Comparison ofWTGFP–Zαβ

DAI interactomes in the presence (+) or absence (−) of arsenite-induced stress. (B) Comparison of mutant GFP–Zαβ
DAI (Zαβ

DAI 4×Mut)
interactomes in the presence or absence of arsenite-induced stress. Volcano plots in panels A and B provide specific insights into SG-mediated interactions. (C,D)
Differential interactions with cellular proteins shown by the GFP-tagged WT and mutant Zαβ

DAI in the (C) presence or (D) absence of stress induced by arsenite.
Volcano plots provide insights into the interaction enrichment facilitated by the nucleic acid-binding ability of the proteins. The volcano plots were plotted as
specified in theMaterials and Methods section, and the thresholds identifying the significance of interactions are as discussed in the legend to Fig. 2. Fold change
values are the mean of three replicate experiments. The statistical analysis and the plots were generated using GraphPad Prism version 7.02.
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Interaction of Zαβ
DAI with other proteins is principally

mediated by their nucleic acid-binding ability
Comparison of the interactomes of WT Zαβ

DAI and mutant Zαβ
DAI,

which lacks the ability to bind nucleic acids, showed that the bulk of
the interactions with ribosomal proteins are mediated by nucleic
acid-binding ability of the Zαβ

DAI domain (Fig. 4C,D; Table S5).
Although the results under conditions of arsenite-induced stress
were less clear, analysis of the interaction profiles ofWT and mutant
Zαβ

DAI under physiological conditions (no stress) revealed a set of
proteins interacting with Zαβ

DAI in a manner dependent on its
nucleic acid-binding capacity (Fig. 4D). Under conditions of no
arsenite stress, the WT protein showed a statistically significant
difference in interaction with 14 proteins, all of which were nucleic
acid-binding proteins. These proteins include those that constitute
the 60S and 40S ribosomal subunits, histones and heterogenous
nuclear ribonucleoproteins. In complete contrast, the mutant protein
showed statistically significant difference in interaction with six
proteins, none of which have been implicated in functions related to
RNA binding (Table S5). It should be emphasized that even when a
lower cut-off of 2-fold enhancement of interaction (log2 fold-
enhancement=1) was applied at the same P-value threshold, the
same patterns were followed, whereby all the interactions shown by
the WT Zαβ

DAI domain were proteins with nucleic acid-binding
ability, whereas most interacting partners specific to the mutant
were not nucleic acid-binding proteins (Table S5). This finding
unambiguously points to the importance of the nucleic acid-binding
ability of Zαβ

DAI as the principal driving force behind its interaction
with other nucleic acid-binding proteins.

Confirmation of the interaction between Zαβ
DAI and the SG

components FUSand p54nrb using immunoprecipitation and
immunofluorescence
To confirm the interaction of Zαβ

DAI protein with components of SGs,
as revealed by our mass spectrometry analysis, we selected two
prominent SG-associated proteins, FUS and p54nrb. Attempts to
probe for SFPQ were not undertaken, because this protein is highly
similar to p54nrb (antibodies against the two proteins cross react) and
forms heterodimers with the latter (Yarosh et al., 2015). Western
blotting of IP samples was performed under the same conditions as
used for the mass spectrometry characterization experiments, using
GFP-tagged Zαβ

DAI. Both FUS and p54nrb were detected in the
corresponding IPs (Fig. 5). Both proteins were mostly found in the
unbound fraction of the IP, suggesting that only a fraction of these
proteins associates with Zαβ

DAI. This is expected, as both proteins
have localizations distinct from that of Zαβ

DAI and have been reported
to be primarily localized in the nucleus (Shelkovnikova et al., 2014).
To understand whether the interaction was dependent on the presence
of a nucleic acid intermediate, we performed similar IPs from extracts
treated with an RNAse cocktail (Fig. 5). Interestingly, p54nrbwas lost
in RNAse-treated samples, suggesting an RNA-mediated interaction
(Fig. 5A). However, the levels of FUS were significantly increased
upon RNAse treatment, pointing to a protein–protein interaction with
ZαβDAI, at least under these conditions. As a control, we performed
IPs from cells expressing either GFP-tagged mutant ZαβDAI or GFP
alone. FUS was only weakly detected in IP samples from cells
expressing the mutant Zαβ

DAI protein, and p54nrb was not detected in
these samples (Fig. 5A,B). The GFP IPs showed no p54nrb or FUS,
suggesting that their interaction with ZαβDAI is specific (Fig. 5). The
ability of the mutant Zαβ

DAI to interact with FUS, though weak, was
unexpected and suggests that the nucleic acid-binding activity, to
some extent, may be required for the FUS interaction, despite this not
being mediated by RNA. This indicates that a direct protein–protein

interaction is, perhaps allosterically, affected by the engineered
mutations or that the RNA and protein interaction surfaces overlap.

Next, we aimed to determine where in the cells the Zαβ
DAI–FUS–

p54nrb–SFPQ complex resides. These proteins are known to be
localized in the nucleus and have been previously been found
enriched in paraspeckles (Shelkovnikova et al., 2014), thus we
wondered whether the nuclear speckles observed to accumulate in
Zαβ

DAI–GFP-expressing cells are paraspeckles. To test this, we co-
stained A549 cells expressing GFP–Zαβ

DAI with anti-GFP and
antibodies against FUS or p54nrb. Neither FUS nor p54nrb were
found to be enriched in Zαβ

DAI nuclear foci (Fig. S2). Both FUS and
p54nrb showed a diffuse nuclear staining, and although we cannot
exclude their presence in Zαβ

DAI speckles, there was no indication of
a preferred localization in these structures. These results suggest that
Zαβ

DAI speckles do not represent paraspeckles. This notion is further
supported by staining for PSPC1, another common marker for
paraspeckles, which also did not show any specific enrichment in
Zαβ

DAI nuclear speckles (Fig. S2).
While we could not detect any specific colocalization of Zαβ

DAI

with FUS and p54nrb in the nucleus, both proteins were enriched in
Zαβ

DAI foci in the cytoplasm of arsenite-treated cells (Fig. 6).
However, in the absence of stress induced by arsenite, FUS and
p54nrb were found to be mostly nuclear with very faint cytosolic
presence (Fig. S4). Thus, under conditions of stress, FUS and
p54nrb are enriched in SGs, similar to what was observed for

Fig. 5. p54nrb forms an RNA-dependent complex with Zαβ
DAI. (A) IP of

GFP–Zαβ
DAI (Zαβ

DAI–GFP; middle panel) andmutant GFP Zαβ
DAI (Zαβ

DAI–GFP-
mut; bottom panel) from the lysate of A549 cells, using GFP-trap, that were
immunoblotted (IB) with antibodies against p54nrb. The GFP control is shown
in the top panel. As seen, p54nrb forms an RNA-dependent complex with
Zαβ

DAI, because treatment with RNAse results in complete absence of p54nrb
from the blot. (B) IP of GFP–Zαβ

DAI (middle panel) and mutant GFP–Zαβ
DAI

(bottom panel) from the lysate of A549 cells that were immunoblotted using
antibodies against FUS. The GFP control is shown in the top panel. As seen,
FUS forms an RNA-independent complex with Zαβ

DAI, because treatment with
RNAse does not change the level of FUS in the blot. However, the results with
the mutant are unexpected given that the mutant Zαβ

DAI (lacking in vitro nucleic
acid-binding ability) should pull down FUS to the same extent asWT Zαβ

DAI. In,
input. The experiments were performed in triplicate with almost identical
outcomes.
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Zαβ
DAI. The presence of FUS in SGs has been described previously

(Aulas and Velde, 2015), and such presence is known to be
enhanced in disease conditions associated with neurodegenerative
disorders (Shelkovnikova et al., 2014). On the other hand, p54nrb
and SFPQ are not commonly found to be present in SGs, except,
thus far, in mouse retinal cell lines (Furukawa et al., 2015). Thus,
our results point to a possible novel p54nrb–SFPQ function at SGs.

Zαβ
DAI foci represent a novel nuclear structure

Apart from cytoplasmic SGs, Zαβ
DAI also localizes to nuclear

speckles (Fig. S1). However, the physiological significance of such
localization is not clear, because none of the proteins known to
contain Zα domains are localized in the nucleus. It is likely that the
Zαβ

DAI protein localizes to the nucleolus because it contains high

concentrations of ribosomal RNAs, which Zαβ
DAI can bind to with

high affinity (Feng et al., 2011). However, we decided to explore this
localization further, because it suggested that Zαβ

DAI could be utilized
as a novel nuclear marker for possibly unique nuclear substructures.
Comparison of the nuclear localization of Zαβ

DAI with that of the
paraspeckle markers p54nrb and FUS showed that Zαβ

DAI does not
colocalize with either of these proteins in the nucleus (Fig. S2),
suggesting that the nuclear structures enriched in Zαβ

DAI do not
represent paraspeckles. We decided to examine whether the nuclear
structures enriched in Zαβ

DAI coincide with another known nuclear
structure, such as PML bodies and Cajal bodies, whose general
properties are consistent with the ones observed for Zαβ

DAI speckles.
However, co-staining of arsenite-treated cells with either anti-PML or
anti-coilin antibodies suggested that, despite their close resemblance,
Zαβ

DAI bodies are indeed distinct structures (Fig. S3). To our
knowledge, ZαβDAI bodies are the first nuclear structure whose
formation is induced by stress. Although other structures such as
PML bodies are responsive to stress, their formation is not stress
dependent. Given that the presumed function of Zα domains appears
to be in the cytoplasm, it is not clear that the accumulation of ZαβDAI

in these structures is physiologically relevant, and we cannot exclude
that they are mediated by the GFP tag. Nevertheless, Zα domains may
prove a valuable tool to characterize a novel nuclear structure of
relevance to immune and stress responses.

DISCUSSION
The ADAR1 Zα domain was discovered in an in vitro screen that
aimed to identify Z-DNA-binding proteins (Herbert and Rich, 1993;
Herbert et al., 1997). Whether the ability of the domain to bind to
Z-DNA is linked to its in vivo function or is coincidental has been a
lingering question that is not yet fully resolved. Support for the in
vivo significance of Zα domain binding to the left-handed helical
conformation of nucleic acids has come from the discovery of other
proteins with Zα domains and the demonstration that all these
domains behave similarly in vitro and share invariant amino acids
that are crucial for Z-DNA binding (Fig. 1A; Schwartz et al., 2001).
Crucially, replacement of E3L Zα domains with those of ADAR1 or
DAI has shown that these domains can functionally replace each
other, and mutagenesis in this context has shown that amino acids
crucial for Z-DNA binding are also essential for the in vivo function
(Kim et al., 2003).

Although the interaction of Zα with Z-DNA has been extensively
studied, it has become clear that Zα domains can interact with the
left-handed RNA double helix as well (Placido et al., 2007).
Considering the known functions of the proteins that have Zα

domains, an RNA-targeting function appears more likely. The
results presented here further support an interaction of Zα domains
with RNA. The enrichment of Zα domains in SGs, a location of
storage for stalled ribosomes and mRNAs, suggests that Zα domains
are pre-bound to mRNAs or ribosomal RNAs that translocate to
SGs, resulting in the observed enrichment. It has been suggested
that Zα domains are specifically targeted to SGs (Ng et al., 2013).
However, our results do not support this notion, as only a fraction of
Zα was found to localize to SGs, suggesting a passive increase due
to RNA enrichment. Indeed, with a few notable exceptions, we did
not observe major differences in the proteins that interact with the Zα

domain and RNA in the presence or absence of stress. A pertinent
question is, however, whether our approach is suitable for detecting
the total proteome that the Zαβ

DAI protein interacts with, as SGs are
dynamically assembled by the transient and weak interactions that
characterize liquid–liquid phase-separated compartments (Guillén-
Boixet et al., 2020). Under conditions of stress, the interactome we

Fig. 6. Both p54nrb and FUS are enriched in SGs along with Zαβ
DAI.

Arsenite-treated GFP–Zαβ
DAI-expressing A549 cells show enrichment of GFP–

Zαβ
DAI (Zαβ-GFP; green) in cytoplasmic aggregates that are identified as SGs

by co-staining for TIAR (magenta). The same cytoplasmic bodies are stained
by anti-p54nrb and anti-FUS antibodies, despite an intense nuclear
localization for both these proteins. Boxes indicate regions shown in enlarged
inset images. Images shown are representative of three experiments. Scale
bars: 10 μm.
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identified under highly stringent volcano plot thresholds
predominantly consisted of markers of SGs, and this approach
gives us the confidence that slight relaxation of the thresholds is
adequate to detect a rich repertoire of specific interactions under the
conditions of stress and no stress. However, future experiments
using proximity-dependent biotinylation approaches coupled with
mass spectrometry could help uncover the overlapping and
discrepant fractions of the accessible interactome by these
different methodologies.
All the top interacting proteins we identified are previously

known RNA-interacting proteins with key roles in RNA processing
and trafficking. Among them, p54nrb is of particular interest as it
has been previously indirectly linked to ADAR proteins and Zα by
results showing its involvement in nuclear retention of heavily
edited mRNAs (Prasanth et al., 2005). It has been speculated that
p54nrb may directly recognize the presence of inosine in such
mRNAs, but no direct evidence of this recognition has emerged yet.
This previously described p54nrb interaction with edited transcripts
occurs in the nucleus and is linked to the formation of paraspeckles.
We found that p54nrb is also present in the cytoplasm, albeit at
much lower levels. However, significant amounts of the protein
were found in SGs. Whether this fraction of p54nrb originates from
a diffuse cytoplasmic distribution or directly migrates from the
nucleus is not clear and needs further study. Our experiments
suggest that the nuclear Zαβ

DAI speckles are not enriched in p54nrb
and are not paraspeckles, and thus this is not likely to be where the
p54nrb–Zαβ

DAI complex originates. The identification of SFPQ as a
top interactor with Zαβ

DAI is not surprising given the presence of
p54nrb; the two proteins are homologues and are known to form
heterodimers (Passon et al., 2012), which is consistent with our
finding of a similar number of peptides for the two proteins.
FUS shows a localization distribution similar to that of p54nrb, but

its translocation to SGs has been previously observed and linked to
pathologies leading to neurodegenerative disorders (Li et al., 2013;
Masuda et al., 2016). Thus, an interpretation of our results would be
that Zα domains target a subset of mRNAs also targeted by a FUS–
p54nrb–SFPQ complex. The function of such a complex and the
nature of RNAs targeted are open questions and will be discussed
further. Interestingly FUS mutations cause amyotrophic lateral
sclerosis (ALS), which leads to cell death of motor neurons (An
et al., 2019). Cell death in this disease has been attributed to
hypoediting of the GLUR2 (GRIA2) subunit of AMPA receptors
leading to a lethal increase of intracellular Ca2+ (Da Cruz and
Cleveland, 2011). How FUS mutations are linked to changes in
editing levels remains unclear. Although GLUR2 editing is mediated
by ADAR2 (also known as ADARB1; Peng et al., 2006), changes in
ADAR1, which is known to compete with ADAR2 for substrate
binding, may influence ADAR2 activity. Thus, our findings provide
the first link between FUS and the editingmachinery, whichmight be
worth exploring further in the context of ALS. Several other RNA-
binding proteins (DDX1, HNRNPUL1, RTCB and C14orf166) were
also found to be enriched in Zαβ

DAI IPs, including several helicases
and splicing-related proteins, supporting the idea that the entire
complex accompanies trafficking mRNAs.
A significant effort has been devoted to characterizing the RNA-

binding properties of FUS using CLIP-seq and in vitro SELEX
analysis, revealing a complex RNA recognition pattern (Wang et al.,
2015; Choi et al., 2017). CLIP-seq experiments have shown a
recognition of GU-rich motifs. Similarly, SELEX has revealed
GGUG-motif recognition, with RNA recognition shown to be direct
and mediated by the zinc-finger domain of FUS (Loughlin et al.,
2019). Other studies, however, suggest limited specificity and indicate

that GU motifs cannot explain the range of RNA-binding interactions
of FUS (Wang et al., 2015). RNA binding close to alternative splicing
signals and regulation of alternative splicing is the most prevalent
functional role assigned to FUS, although links to transcription and
polyadenylation have been reported (Masuda et al., 2015). Given the
multifunctional role of FUS and the lack of clear specificity, it is
possible that specific functions of FUS are mediated by other proteins
providing sequence or structural specificity. Our data suggest that the
interaction of Zαβ

DAI with FUS includes a protein–protein
component, and thus it is tempting to suggest that interactions with
Zα domains may guide the cytoplasmic functions of FUS.

SFPQ and p54nrb, along with PSPC1, form the DHBS family of
proteins, which share homology, domains and amultifunctional role
centred on splicing and mRNAmetabolism (Yarosh et al., 2015). In
the nucleus, SFPQ and p54nrb are found in paraspeckles, where
they interact with the scaffolding lncRNA Neat1, which forms the
basis of paraspeckles. The two proteins have been shown to mediate
nuclear retention of heavily edited RNAs by ADAR proteins, and
thus their presence as strong interactors with Zα domains are of
particular interest. However, we observed no colocalization of
Zαβ

DAI with SFPQ–p54nrb in nuclear structures, suggesting that the
signal we detect may come from cytoplasmic complexes. Although
SFPQ and p54nrb are primarily nuclear, reports have demonstrated
a role of SFPQ in IRES-mediated translation (Sharathchandra et al.,
2012) and translocation of SFPQ to the cytoplasm in Alzheimer’s
and Pick’s disease (Ke et al., 2012). Our results showing
localization of p54nrb in arsenite-induced SGs emphasize a
cytoplasmic role for SFPQ and p54nrb.

What is the nature of the RNAs towhich Zαβ
DAI and FUS–p54nrb–

SFPQ bind? Given the described affinity of p54nrb–SFPQ for
inosine-containing duplexes, it is tempting to speculate that edited
RNAs that are not retained in (or escape from) paraspeckles are
targeted in the cytoplasm and escorted to SGs upon elevated stress.
Since it is known that the ADAR1 Zα domain targets RNAs that have
already been modified in the nucleus (Zhang and Carmichael, 2001),
selective targeting of nucleic acid by the enzyme for more extensive
modification in the cytoplasm is highly likely. Although the
propensity and extent of inosine-containing RNA duplexes to be in
the left-handed conformation is not clear, it is tempting to suggest that
selective binding of Zα to the left-handed helical conformation of
inosine-containing nucleotides targets proteins to modified duplexes
without the need to specifically recognize the inosine base. Our in
vitro binding data with TI- and CI-repeat oligonucleotides is the first
report exploring the interaction of Zα domains with hyperedited
nucleic acids. We now know that the long cytoplasmic form of
ADAR1, which contains the Zα domain, has a crucial role in restoring
homeostasis after the activation of the IFN pathway (Gannon et al.,
2018). Targeting of ADAR1 specifically to activating RNAs would
efficiently reduce cytoplasmic danger signals while avoiding binding
and sequestration of the enzyme on innocuous RNAs.

In conclusion, our study shows that Zα domains interact with both
unedited and hyperedited nucleic acids. Furthermore, their
localization in SGs is a secondary effect of their interactions with
the nucleic acids and RNP complexes that translocate to SGs under
conditions of stress.

MATERIALS AND METHODS
Cloning, expression and purification of Zαβ

DAI for in vitro studies
A nucleic acid-binding deficient quadruple mutant of the tandemly repeated
Zα domains of DAI was generated using Zαβ

DAI [amino acids 2–165 from
the N terminus of human DAI (NM_030776.2)] that was cloned in pET28a
vector (Invitrogen) using NheI and XhoI restriction enzymes (Table S7).
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The mutants were generated using the NZYMutagenesis kit (NZYTech).
The residue number and the identity of the quadruple mutant that was
generated is as follows: Zαβ

DAI-N46A/Y50A and Zαβ
DAI-N141A/Y145A

(Fig. 1B). The initial round of site-directed mutagenesis using primer 1 and
2 (Table S7) generated a double mutant in the N-terminal Zα domain of
Zαβ

DAI. This double mutant was used as the template for the subsequent
round of site-directed mutagenesis (using primer 3 and 4; Table S7) to
generate the quadruple mutant.

Expression and purification of the WT and mutant constructs was carried
out employing well-established protocols. Briefly, the construct was
expressed in Escherichia coli strain BL21 (DE3) selected using
kanamycin (50 µg/ml). Cell cultures with 0.6–0.9 OD600 were induced
with 0.4 mM IPTG. After 3–4 h, cells were harvested by centrifugation
(5000 g) at 4°C. Chemical cell lysis was performed in 20 mM Tris-HCl pH
7.6, 50 mM NaCl, 5 mM MgCl2 and 1× Bugbuster (Novagen) in the
presence of 1 mM PMSF, a mixture of proteinase inhibitors (Complete
Mini, EDTA-free; Roche), and benzonase (Novagen) for 1 h at 4°C with
constant stirring. The lysed cell culture was centrifuged at 30,597 g for
30 min, and the supernatant was filtered through a 0.2 µm syringe filter. The
protein extract (filtrate) was loaded on a pre-equilibrated HiTrap IMAC-
Sepharose FF column (GE Healthcare). The column was then washed
with buffer A (50 mM Tris-HCl pH 7.6, 500 mM NaCl, 1 mM β-
mercaptoethanol and 30 mM imidazole), and the protein was eluted using
a gradient of 30–500 mM imidazole (buffer B). The histidine tag was
cleaved using 10 units of thrombin during an overnight dialysis at 4°C
against MonoS buffer A (10 mM HEPES, pH 6.9, and 20 mM NaCl). The
cleaved protein was loaded on a Mono S 4.6/100 PE column (GE
Healthcare). The column was washed with a gradient of 20–120 mM NaCl.
The protein was then eluted using buffer B (10 mM HEPES, pH 6.9, and
1 M NaCl), and the fractions were evaluated by SDS–PAGE. Buffer
exchange and concentration was performed using Amicon-Ultra centrifugal
filters (Merck Millipore). Finally, the protein was concentrated and stored in
storage buffer (10 mM HEPES, pH 7.4, and 20 mM NaCl). The
homogeneity and purity of the protein preparation was assessed using
SDS–PAGE.

Electrophoretic mobility shift assay for assessing nucleic acid
binding
The ability of the purified WT and mutant protein to bind DNA was
evaluated by electrophoretic mobility shift assay (EMSA) using a d(CG)7
duplex oligonucleotide and oligos containing TI (mimicking UI-containing
hyperedited RNA) and CI repeats (Integrated DNATechnologies) at 10 µM
(Table S6). The latter two oligonucleotides are mimics of physiological
RNA substrates with hyperedited sites. Mixtures of protein and DNA at
several ratios were incubated at 37°C for 20 min and then subjected to
electrophoresis on non-denaturing polyacrylamide gels (6% gel retardation
gel; Invitrogen) and stained first with SyBR GOLD for nucleic acid oligos
followed by Coomassie Blue to stain the protein. Appropriate oligo- and
protein-only controls were included to objectively interpret the gel shift
patterns.

Cloning and mutagenesis for cell-based studies
The amino-terminal region of human DAI (hZαβ

DAI, amino acid residues
Ala2–Tyr165)was amplified by PCR using a construct of GST-tagged human
DAI (originating from NM_030776.2) as a template and primers
incorporating XhoI and BamHI restriction sites (Table S1, primers 1
and 2). The digested PCR product was cloned into a pIC113 vector which
allowed the insertion of a LAP tag (Cheeseman and Desai, 2005; Li, 2011) at
the N terminus providing fused green fluorescent protein (GFP) and an S-tag
with a cleavable TEV site between them (plasmid pIC113hZαβDAI). The
entire construct or the LAP tag only (to be used as control) were subcloned
into pBABEpuro (Morgenstern and Land, 1990) using primers 3–5 (Table S1),
and BamHI and SalI restriction sites, yielding plasmids pBABEZαβDAI and
pBABEGFP, respectively. Site-directed mutagenesis was performed using
the NZYMutagenesis kit (NZYTech) to mutate four hZαβDAI residues known
to be critical for nucleic acid binding to alanine (Zαβ-N46A/Y50A and
Zαβ-N141A/Y145A). The mutant constructs, pIC113hZαβDAI4×Mut and
pBABEZαβDAI4×Mut, were generated following the manufacturer’s protocol

using primers 6–9 (Table S1), resulting in the quadruple mutant
ZαβDAI4×Mut.

Cell culture and arsenite treatment
A549 cells (human lung adenocarcinoma) and HEK293-G cells and their
derivatives were cultured in Dulbecco’s Modified Eagle Medium (DMEM;
Thermo Fisher Scientific) supplemented with 10% heat inactivated fetal
bovine serum (Gibco, Thermo Fisher Scientific), penicillin (100 U/ml),
streptomycin (100 µg/ml) and L-glutamine (2 mM) (complete medium) in a
5% CO2 humidified incubator at 37°C.

To induce stress granule formation, A549 cells and their derivatives were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with sodium arsenite (0.5 mM) for 30 min in 5% CO2. Before and after
incubation with arsenite, cells werewashed three times with PBS. Cells were
then left to recover for 30 min in complete medium lacking arsenite.

Transient transfection and generation of stable cell lines
A549 cells were transfected with pIC113hZαβDAI or pIC113hZαβDAI4×Mut
using Lipofectamine LTX, PLUS reagent and OptiMEM (Life Technologies)
according to manufacturer’s instructions. For the generation of stably
expressing cell lines, HEK293-GP cells were co-transfected with
pBABEZαβDAI, pBABEZαβDAI4×Mut or pBABEGFP and pVSV-G using
Lipofectamine LTX, PLUS reagent and OptiMEM (Life Technologies),
according to the manufacturer’s recommended protocol (Morgenstern and
Land, 1990). Retroviral particles were collected after 3 days, filtered through
0.45 µm filters (Acrodisc, Pall) and stored at −80°C. These were used to
transduce A549 cells in the presence of 8 μg/ml of hexadimethrine bromide
(Polybrene, Sigma). Following 24 h of transduction, cells were trypsinized
and seeded for selection in complete medium supplemented with 4 μg/ml
puromycin (Calbiochem,MerckMillipore). All cell lines were passaged three
times before use and kept in culture supplemented with 2 μg/ml puromycin
and/or stored in liquid nitrogen.

Antibodies
The following antibodies were used in this study: anti-ZBP1 clone RonoB19
[1:500 for western blotting (WB); 651602; rat; BioLegend], anti-TIAR
(C-18) [1:500 for immunofluorescence (IFA); SC-1749; goat; Santa Cruz
Biotechnology], anti-NONO (1:500 for IFA and WB; N8664; rabbit;
Sigma-Aldrich); anti-FUS (1:100 for IFA, 1:500 for WB; HPA008784;
rabbit; Sigma-Aldrich), anti-PSPC1 (N-terminal) (1:250 for IFA;
SAB4200068; rabbit; Sigma-Aldrich), anti-PML (1:100 for IFA;
ab53773; rabbit; Abcam) and anti-coilin (1:100 for IFA; rabbit; a kind
gift from Dr Paulo Navarro-Costa, Instituto Gulbenkian de Ciência, Oeiras,
Portugal), all against the human proteins. Secondary fluorophore-coupled
antibodies were all from the Alexa Fluor range (Alexa Fluor 568 and Alexa
Fluor 647, A10042 and A21469, respectively; 1:1000 for IFA; Life
Technologies).

Immunofluorescence staining and confocal microscopy
Cells were fixed in 4% formaldehyde solution in phosphate-buffered saline
(PBS) for 20 min at room temperature (RT). After washing with PBS,
samples were permeabilized with 0.2% Triton X-100 (v/v) solution in PBS
and 1% fetal bovine serum at RT for 7 min. Cells were blocked, and all
subsequent immunofluorescence staining (incubation and washes) was
performed in PBS containing 1% fetal bovine serum. Cells were then
incubated with the corresponding primary antibodies for 1 h at RT or
overnight at 4°C (for coilin and PML staining). After three washes, samples
were incubated with the respective secondary antibodies and DAPI (Gerbu
BiotechniK) for 30 min at RT. Cells were then mounted using Fluoromount-
G (eBioscience) mounting medium.

Confocal images were acquired on a Leica SP5 confocal microscope
using a 63×1.3 NA oil-immersion objective and employing 405 nm,
488 nm, 568 nm and 633 nm laser lines. Spectral detection adjustments for
the emission of DAPI, eGFP, Alexa 568 and Alexa 633 fluorochromes were
made using HyD detectors in standard mode. Z-stacks were acquired on a
Leica high content screening microscope, based on a Leica DMI6000
equipped with a Hamamatsu Flash 4.0 LT sCMOS camera, using a
100×1.44 NA objective; DAPI, eGFP, TRITC and Cy5 fluorescence filter
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sets; and controlled with the Leica LAS X software. Images were processed
using ImageJ software (NIH).

Immunoprecipitation and western blotting
A549 cells with or without arsenite treatment from 20 15-cm confluent
dishes were lysed in lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl,
0.5 mM EDTA and 0.5% NP40) complemented with 1× protease inhibitors
(Pierce Protease Inhibitor Mini Tablets, EDTA-Free; Thermo Fisher
Scientific) and 2 U Turbo DNase (Ambion) on ice for 1 h. The resulting
cell lysate was centrifuged at 35,541 g for 20 min at 4°C. Further, the
supernatant from the previous round was centrifuged a second time under
the same conditions. The lysate was diluted to a total volume of 9 ml with
dilution/wash buffer (lysis buffer with 0.05% Tween 20 instead of NP40)
supplemented with protease inhibitors. A 100 µl volume of GFP-trap
magnetic beads (ChromoTek) were added to the suspension and incubated
for 90 min on a roller device. Beads were magnetically separated using a
magnetic stand (Merck Millipore) and washed five times with 1 ml ice-cold
dilution/wash buffer. The proteins of interest were eluted by cleavage with
10 units of AcTEV protease (Life Technologies) in a buffer containing
50 mM Tris-HCl pH 8.0, 0.5 mM EDTA and 1 mM dithiothreitol (DTT) in
a total volume of 60 µl. The mix was incubated for 90 min on ice. For
RNAse-treated samples, the supernatant obtained after centrifugation of cell
lysate was split in two and then incubated with beads in the presence of
either RNAse cocktail (Ambion; 400 U of RNAse T1 and 10 URNAseA) or
400 U RNAse inhibitor (SuperRNAseIn, Invitrogen). The rest of procedure
was similar to that employed for RNAse treatment, except that the dilution/
wash buffer contained 5 mM MgCl2. Final samples were stored at −80°C.
For western blotting, samples were prepared after addition of 2.5%
β-mercaptoethanol to sample buffer (NuPAGE LDS sample buffer, Life
Technologies) and boiling for 5 min at 90°C. The samples were
electrophoresed on NuPage 4–12% bis-Tris SDS precast gels from
Invitrogen. In all cases, Novex sharp pre-stained molecular weight marker
(Life Technologies) was loaded for sizing purposes.

Polyacrylamide gels were then blotted on iBlot Gel Transfer Stacks
(Nitrocellulose Mini) following manufacturer’s instructions for the iBlot
transfer device (Invitrogen). Membranes were blocked in blocking buffer
(PBS containing 0.1% Tween 20 and 5% milk powder) for 30 min at RT.
After three washes (PBS containing 0.1% Tween 20), membranes were
incubated with corresponding antibodies for 60 min at RT. Then membranes
were washed three times with PBS containing 0.1% Tween 20 then incubated
for 30 min at RT with the corresponding secondary antibodies, either
IRDye 680RD-conjugated (926-68073, Li-Cor) or DyLight 800-conjugated
(039612-145-120, Rockland), at 1:10,000 dilution. Subsequently, the
membranes were washed three times in buffer containing PBS with 0.1%
Tween 20, and twice in PBS alone. Western blots were imaged using a
LI-COR Biosciences Odyssey near-infrared scanner.

Mass spectrometry and data analysis
Sample preparation
The proteomics analyses were performed in the CRG/UPF Proteomics Unit,
Centro de Regulación Genòmica (CRG), Universitat Pompeu Fabra (UPF),
Barcelona. The CRG/UPF Proteomics Unit is part of the Spanish Platform
of Molecular and Bioinformatics Resources (ProteoRed), Instituto de Salud
Carlos III (PT13/0001).

Urea was added to the samples to 6 M final concentration, then samples
were reduced with DTT (30 nmoles, 1 h, 37°C) and alkylated in the dark
with iodoacetamide (60 nmoles, 30 min, 25°C). The resulting protein extract
was first diluted 1:6 with 200 mM NH4HCO3 and digested with 1 µg of
trypsin (Promega, cat.V5113) overnight at 37°C. Finally, the peptide mix
was acidified with formic acid and desalted with a MicroSpin C18 column
(The Nest Group, Inc) prior to LC-MS/MS analysis.

10% of each sample was analysed using an LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an
EasyLC [Thermo Fisher Scientific (Proxeon), Odense, Denmark]. Peptides
were loaded onto the 2 cmNanoTrap columnwith an inner diameter of 100 μm
packed with C18 particles of 5 μm particle size (Thermo Fisher Scientific) and
were separated by reversed-phase chromatography using a 12 cm column with
an inner diameter of 75 μm, packed with 1.9 μm C18 particles (Nikkyo

Technos Co., Ltd. Japan). Chromatographic gradients started at 97% buffer A
and 3% buffer B for 4 min with a flow rate of 300 nl/min, in 1 min increased to
93% buffer A and 7% buffer B, and then gradually increased to 65% buffer A
and 35% buffer B in 60 min. After each analysis, the column was washed for
15 min with 10% buffer A and 90% buffer B. Buffer A, 0.1% formic acid in
water; buffer B, 0.1% formic acid in acetonitrile.

The mass spectrometer was operated in positive ionization mode with
nanospray voltage set at 2.5 kV and source temperature at 200°C. Ultramark
1621 for the FT mass analyser was used for external calibration prior to the
analyses. An internal calibration was also performed using the background
polysiloxane ion signal at m/z 445.1200. The instrument was operated in
DDA mode and full MS scans with 1 micro scans at resolution of 60,000
were used over a mass range ofm/z 350–1500 with detection in the Orbitrap.
Auto gain control (AGC) was set to 1×106, and dynamic exclusion (60 s)
and charge state filtering disqualifying singly charged peptides were both
activated. In each cycle of DDA analysis, following each survey scan, the
top twelve most intense ions with multiple charged ions above a threshold
ion count of 5000 were selected for fragmentation at normalized collision
energy of 35%. Fragment ion spectra produced via collision-induced
dissociation (CID) were acquired in the ion trap, AGC was set to 5×104, and
an isolation window of 2.0 m/z and maximum injection time of 50 ms were
used. All data were acquired with Xcalibur software v2.2.

Raw data processing
All raw files were analysed together using the software MASCOT (Matrix
Science). Frequently observed contaminating proteins as reported in
Crapome (Mellacheruvu et al., 2013) such as myosin, tropomyosin,
keratin, actin, trypsin etc, though reported diligently, were not given any
weightage in further analysis. Carbamidomethylation of cysteine was set as
a fixed modification (57.021464 Da) and N-acetylation of protein N termini
(42.010565 Da) and oxidation of methionine (15.994915 Da) were set as
variable modifications. As no labelling was performed, multiplicity was set
to 1. During the main search, parent masses were allowed an initial mass
deviation of 7 ppm, and fragment ion mass tolerance was set to 0.5 Da.
Peptide score match (PSM) and protein identifications were filtered using a
target-decoy approach at a stringent false discovery rate (FDR) of 0.01% and
a relaxed FDR of 0.05%.

Post-processing
The final score was computed based on the PSM. The final score
obtained for each experiment (e.g. Zαβ

DAI+arsenite, Zαβ
DAI –arsenite,

Zαβ
DAI 4×mut+arsenite, Zαβ

DAI 4×mut – arsenite and GFP+arsenite) were
arranged in experimental triplicates and the mean and standard deviation of
each row, representing values obtained for each unique interacting protein,
were computed. Student’s t-test was performed comparing the bait pulldown
(in triplicates) to its individual bait-specific control group (in triplicates).
This control group varied depending on the nature of comparison, that is,
proteins (mutant and WT) versus GFP, mutant versus WT, and proteins
(mutant and WT) untreated versus treated. This whole procedure of
individual clustering, statistical parameter computation and t-test was
repeated for every bait. The resulting differences between the log2 means of
the two groups [log2(bait/background)] and the negative log P-values were
plotted as volcano plots using GraphPad Prism v7. A stringent cutoff of
4 was set for log2 fold-change representing at least 16-fold change of the
test with respect to the control group. A value of 2 for –log(P-value),
corresponding to P<0.01, was employed to ascribe statistical significance.
Quadrants are employed for graphical clarity in figures, and tables
explicitly state whether the imputed scores are significant statistically (P-
value), numerically (fold-change) or additively (both statistical and
numerical). Mass spectrometry scores for the replicate experiments are
shown in Tables S8–S13.
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(2012). Tau-mediated nuclear depletion and cytoplasmic accumulation of SFPQ
in Alzheimer’s and Pick’s disease. PLoS One 7, e35678. doi:10.1371/journal.
pone.0035678

Kedersha, N., Chen, S., Gilks, N., Li, W., Miller, I. J., Stahl, J. and Anderson, P.
(2002). Evidence that ternary complex (eIF2-GTP-tRNAiMet)-Deficient
preinitiation complexes are core constituents of mammalian stress granules.
Mol. Biol. Cell 13, 195-210. doi:10.1091/mbc.01-05-0221

Kim, Y.-G., Muralinath, M., Brandt, T., Pearcy, M., Hauns, K., Lowenhaupt, K.,
Jacobs, B. L. and Rich, A. (2003). A role for Z-DNA binding in vaccinia virus
pathogenesis. Proc. Natl. Acad. Sci. USA 100, 6974-6979. doi:10.1073/pnas.
0431131100

Kim, Y.-G., Lowenhaupt, K., Oh, D.-B., Kim, K. K. and Rich, A. (2004). Evidence
that vaccinia virulence factor E3L binds to Z-DNA in vivo: Implications for
development of a therapy for poxvirus infection. Proc. Natl. Acad. Sci. USA 101,
1514-1518. doi:10.1073/pnas.0308260100

Kim, H.-E., Ahn, H.-C., Lee, Y.-M., Lee, E.-H., Seo, Y.-J., Kim, Y.-G., Kim, K. K.,
Choi, B.-S. and Lee, J.-H. (2011). The Zβ domain of human DAI binds to Z-DNA
via a novel B-Z transition pathway. FEBS Lett. 585, 772-778. doi:10.1016/j.febslet.
2011.01.043
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