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ABSTRACT 

Formation of stress granules (SGs), cytoplasmic condensates of stalled translation initiation complexes, 

is regulated by post-translational protein modification. Alphaviruses interfere with SG formation in 

response to inhibition of host protein synthesis through the activities of nonstructural protein 3 (nsP3). 

nsP3 has a conserved N-terminal macrodomain that binds and can remove ADP-ribose from ADP-

ribosylated proteins and a C-terminal hypervariable domain that binds essential SG component G3BP1. 

We showed that the hydrolase activity of chikungunya virus nsP3 macrodomain removed ADP-

ribosylation of G3BP1 and suppressed SG formation. ADP-ribosylhydrolase-deficient nsP3 mutants 

allowed stress-induced cytoplasmic condensation of translation initiation factors. nsP3 also 

disassembled SG-like aggregates enriched with translation initiation factors that are induced by the 

expression of FUS mutant R495X linked to amyotrophic lateral sclerosis. Therefore, our data indicate 

that regulation of ADP-ribosylation controls the localization of translation initiation factors during virus 

infection and other pathological conditions. 
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INTRODUCTION 

Non-membranous structures are prevalent in cells and critical for cellular functions, including 

RNA metabolism, embryonic cell fate specification, and neuronal activities [1-3]. Although the 

components of these non-membranous structures are often dynamically exchanged with the 

surrounding milieu, the compositions of these cellular structures remain distinct [4]. It is, however, 

unclear how individual components are selectively retained in these non-membranous structures. 

Stress granules (SGs), one of the best characterized dynamic non-membranous structures, are RNA–

protein assemblies formed in response to a variety of environmental cues [3]. In most cases, these 

environmental cues activate stress-responsive protein kinases that phosphorylate the eukaryotic 

initiation factor 2 alpha (eIF2α), resulting in the stalling of translation initiation [3]. The sudden influx of 

untranslated mRNAs is proposed to seed the formation of SGs, where the polynucleotide promotes 

local concentration of proteins through non-covalent binding [5]. These RNA-binding proteins are highly 

enriched with low-complexity regions, and emergent data indicate that the nonspecific, weak 

interactions between these regions are responsible for the condensation of proteins to form higher-

order structures, such as microscopically visible SGs [6-8]. Depending on the type of stress, the 

composition of SGs could vary [9], but certain common components, such as Ras GTP-activating 

protein-binding proteins G3BP1/2, are essential for SG formation [10,11]. Dysregulation of SG 

assembly/disassembly and mutations in the low-complexity region of specific SG proteins are 

implicated in the pathogenesis of diseases such as viral infection, cancer and neurodegeneration [1,12-

14]. Therefore, understanding the regulatory mechanisms of SG assembly is critical for designing novel 

therapeutics.  

 

SG assembly is regulated positively and negatively by post-translational modifications of 

proteins, including those that conjugate simple chemical groups (such as phosphorylation, O-GlcNAc 

glycosylation, methylation, acetylation), attach polypeptides (e.g., neddylation), and add nucleotides as 

in the case of ADP-ribosylation [15-21]. ADP-ribosylation refers to the addition of one or more ADP-
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ribose units onto proteins [22-24]. In humans, ADP-ribosylation is accomplished primarily by a family of 

17 ADP-ribosyltransferases, a subset of which is commonly known as poly(ADP-ribose) polymerases 

(PARPs) [22-24]. Polymers of ADP-ribose [i.e., poly(ADP-ribose or PAR], five PARPs and two isoforms 

of the degradative enzyme PAR glycohydrolase (PARG) have been identified in SGs, where selective 

SG proteins are ADP-ribosylated [19,25,26]. Overexpression of these PARPs and PARG isoforms 

induces and suppresses SG formation, respectively, while PARG knockdown delays SG disassembly 

[19,25]. PAR, like RNA, has been proposed to seed formation of non-membranous structures by 

facilitating the high concentration of low complexity region-containing proteins locally through 

noncovalent binding to the repetitive monomeric units of the polymer [19,25-28]. The non-covalent 

PAR-protein interaction also facilitates the targeting of specific proteins to SGs [25,26,29], such as 

TDP-43—a key protein involved in several neurodegenerative diseases, including amyotrophic lateral 

sclerosis (ALS). Such a targeting mechanism based on PAR-binding to protein is proposed to regulate 

TDP-43 localization and prevent the formation of pathological aggregates in ALS patients [25,26]. 

Certain PARP inhibitors prevent the neurotoxicity in neuronal cells [26,30], suggesting that 

pharmacological modulation of PAR-mediated protein targeting could have potential therapeutic benefit. 

 

SG assembly and disassembly are tightly regulated during infection by many viruses, often 

reflecting cellular translation status [31-34]. In the early phase of infection, the presence of double-

stranded viral RNAs activates protein kinase R (PKR), resulting in eIF2α phosphorylation, mRNA 

translation stalling and assembly of SGs enriched with translation factors [32,34]. Yet, many viruses 

disassemble SGs or suppress SG formation [32,34], but the mechanisms and the physiological roles 

remain largely unclear. For example, the mosquito-borne alphaviruses, which cause a range of 

diseases from rashes and arthritis to encephalitis, induce SG formation transiently in the early stage of 

infection, followed by disassembly [32,34-36]. Previous studies have identified the alphaviral 

nonstructural protein 3 (nsP3), a key factor for virus replication and virulence [37-39], as able to 

suppress SG assembly [36,40-42]. nsP3 is a tripartite protein composed of a highly conserved 
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macrodomain (MD) in the N-terminus, a central zinc-binding domain, and a C-terminal hypervariable 

domain (HVD), which is of low-complexity [39]. Recent studies indicate that short peptide motifs within 

the HVD direct nsP3 binding to host SG proteins [39,40,43]. Specifically, two repeat peptide motifs 

within the HVD of the alphavirus chikungunya virus (CHIKV) bind to the essential SG components 

G3BP1 and G3BP2 [40,44]. Given that the expression of alphaviral nsP3 alone suppresses SG 

formation and nsP3 expression increases over the course of viral infection, it was proposed that nsP3 

sequesters G3BP1/2 resulting in SG disassembly during the late phase of infection [35,36,41].  

 

Here, we report that the expression of the G3BP-binding HVD alone did not suppress SG 

formation; instead, the expression of the N-terminal MD alone is sufficient to suppress SG formation. 

Recently, we and others have reported that the viral MD possesses enzymatic activity for removal of 

single ADP-ribose groups, and possibly PAR, from ADP-ribosylated proteins [38,45-47]. Given that the 

structural integrity of SGs is dependent on ADP-ribosylation [19], we hypothesized, and identified, that 

the MD ADP-ribosylhydrolase activity is required for suppressing the formation of SGs induced by 

stress, with G3BP1 as one of the target substrates. This enzymatic activity is required for alteration of 

SG composition by releasing translation factors from a condensated state in nsP3-expressing cells. 

Intriguingly, nsP3 expression also suppresses the formation of and disassembles SG-like aggregates 

induced by a pathological mutant of the RNA-binding protein FUS (R495X) from an aggressive form of 

ALS [48,49]. These data altogether suggest that nsP3 ADP-ribosylhydrolase activity is able to disrupt 

SG formation in both physiological and pathological conditions.  

 

RESULTS 

The hypervariable domain recruits nsP3 to SGs and the macrodomain suppresses SG formation 

Overexpression of alphaviral nsP3 alone suppresses the formation of SGs even in the presence 

of the classic SG inducer arsenite [36,40-42]. The current paradigm is that the essential SG component 

G3BP1 is sequestered by nsP3 in another class of cytoplasmic structure that does not contain the 
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canonical SG marker translation initiation 

factor eIF3b (Fig. 1a). Given that G3BP1 

and its paralog G3BP2 bind to the C-

terminal HVD of nsP3 (nsP3HVD) 

[40,41,44,50-52], their localization in 

these nsP3-positive foci is expected. 

However, it is unclear whether the 

mechanism for sequestration of G3BP by 

the HVD is sufficient to cause the 

disappearance of SGs because the 

domain binds multiple cellular proteins 

[39,50,53] and cellular G3BP1/2 are 

highly abundant (Table S1).  

 

 

To determine whether the nsP3HVD 

alone is sufficient to suppress arsenite-

induced SG formation, we overexpressed 

either GFP-tagged full-length nsP3 or the 

HVD fragment (318-530) and examined 

the co-localization of nsP3 with SG 

components G3BP1 and eIF3b in U2OS 

(Fig. 1a, S1a) and HeLa cells (Fig. S1b). 

In untransfected cells, eIF3b and G3BP1 

co-localized as foci (i.e., SGs) after 
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arsenite treatment (Fig. 1a, asterisk). In cells transfected with full-length nsP3, nsP3 co-localized with 

G3BP1, but not with eIF3b in the majority of cells examined (73%; Fig. 1a, c), as previously reported 

[36,42]. In contrast, in cells transfected with the nsP3HVD alone, the nsP3HVD co-localized with both SG 

components eIF3b and G3BP1 in 93% of cells examined (Fig. 1a, c). These data indicate that HVD 

alone cannot suppress SG formation, but instead the domain associates with SG proteins. 

 

To determine whether the arsenite-induced nsP3HVD-associated structures shared SG properties, 

we treated the cells with cycloheximide. Cycloheximide is an elongation inhibitor that traps mRNAs 

along with translation factors in polysomes, thus decreasing the availability of mRNAs for SG formation 

and resulting in SG disassembly (Fig. 1b; [9]). Therefore, bona fide SGs disappear upon cycloheximide 

treatment. After cycloheximide treatment, the nsP3HVD no longer co-localized with translation factor 

eIF3b, suggesting that the nsP3HVD-associated structures formed upon arsenite treatment were SGs 

(Fig. 1b, c). On the other hand, the nsP3HVD remained co-localized with G3BP1 in both unstressed and 

stressed conditions likely due to their ability to directly interact (Fig. 1, Fig. S1c). Taken together with 

work from others [36,40-42], these data suggest that expression of full-length nsP3 alters the 

association of individual SG components (e.g., release of eIF3b and retention of G3BP1 with nsP3), 

and it is likely that domain(s) other than HVD of nsP3 may be responsible for suppressing SG formation. 

 

Given that the N-terminal MD possesses enzymatic activity to remove ADP-ribosylation [38,45] 

and the structural integrity of SGs is dependent on ADP-ribosylation [19], we hypothesized that the 

macrodomain of nsP3 (nsP3MD) could be responsible for suppressing SG formation. Similar to the full-

length nsP3, overexpression of the MD fragment (1-162) inhibited the formation of SGs upon treatment 

with arsenite (Fig. 1a, c) or other SG inducers, such as mitochondrial stressor clotrimazole and 

endoplasmic reticulum stressor thapsigargin (Fig. S1d, e; [9]). However, unlike full-length nsP3, the 

nsP3MD did not co-localize with G3BP1, presumably due to a lack of the G3BP-binding HVD (Fig. 1a). 

These data together suggest that while the nsP3HVD is sufficient for formation of structures with SG 
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components G3BP1 and eIF3b, nsP3MD plays a critical role in regulating the association between these 

SG components. 

 

 

ADP-ribosylhydrolase activity of the nsP3 macrodomain suppresses SG formation 

Next, we tested whether the ADP-ribose binding and hydrolase activities of nsP3MD are 

responsible for suppressing SG formation (Fig. 2). Three classes of MD mutants were used [38]: (1) no 

ADP-ribose binding and little hydrolase activity (D10A, G32E, and G112E); (2) weak ADP-ribose 

binding and weak hydrolase activity (G32S); and (3) weak hydrolase activity but stronger ADP-ribose-

binding than wild-type (WT) (Y114A). As with WT nsP3, all overexpressed full-length nsP3 MD mutants 

appeared in G3BP1-positive foci with or without arsenite (Fig. 2a, S2a). However, unlike WT, all full 

length nsP3 mutants co-localized with SG components G3BP1 and eIF3b upon arsenite treatment (Fig. 

2a, b). Given that all tested mutants have deficiencies in ADP-ribosylhydrolase activity, their inability to 

prevent SG formation is likely due to the absence of this enzymatic activity.   

 

Using G32E as an example, we characterized further whether the foci formed by nsP3 mutants 

with G3BP1 and eIF3b share the properties of SGs. To test this possibility, cells expressing either the 

WT nsP3 or G32E mutant nsP3 were treated with arsenite and cycloheximide (cf. Fig. 1b). WT nsP3 

remained co-localized with G3BP1, but not with eIF3b. On the contrary, while mutant nsP3 appeared as 

foci, eIF3b and the majority of G3BP1 did not (Fig. 2c). Therefore, mutant nsP3/G3BP1/eIF3b foci 

shared the cycloheximide-sensitive nature of canonical SGs. In addition, G32E expression also resulted 

in the co-localization of G3BP1 and eIF3b in response to other types of stress such as clotrimazole and 

thapsigargin (Fig. S2b, c), suggesting that the observed phenotype is common to multiple stressors that 

induce SGs. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 9 
 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 10 

SGs are condensates of stalled translation initiation complex along with proteins associated with 

the untranslated mRNAs. Given that the SG proteome is comprised of multiple protein-protein 

interaction networks [54,55], we tested whether ADP-ribosylhydrolase activity of nsP3 alters the co-

localization of SG components in addition to G3BP1 and eIF3b in cells expressing either WT nsP3 

(hydrolase-positive MD) or the G32E mutant (hydrolase-negative MD). The examined SG components 

included the RNA-binding proteins G3BP2, TIA1, TIAR, FMRP, HuR, and PABPC1, as well as the 

translation-related proteins eIF3e, eIF3i, eIF3j, eIF4G1 and RACK1, and RPS6 (Fig. 2d, e, and S3). As 

for G3BP1, WT nsP3 co-localized with all tested RNA-binding proteins in both untreated and arsenite-

treated cells. On the other hand, as in the case of eIF3b, none of the translation-related proteins 

colocalized with WT nsP3 in either condition. However, the nsP3 mutant G32E co-localized with all 

tested SG components in arsenite-treated, but not untreated, cells. Taken together, these data suggest 

that the nsP3 ADP-ribosylhydrolyase activity regulate associations between SG components. 

 

SG formation is suppressed by ADP-ribosylhydrolase activity of nsP3 during viral infection 

 To determine whether the observed role of nsP3MD ADP-ribosylhydrolase activity during 

arsenite-induced stress is relevant in a physiological context, we tested whether MD hydrolase mutation 

affects SG assembly in CHIKV-infected cells. Given that CHIKVs with nsP3 mutations (D10A, G32E, 

G112E) that severely compromise ADP-ribose binding and hydrolase activities are not viable [38], we 

focused on viable CHIKV mutants G32S and Y114A with diminished, but not absent, hydrolase activity. 

CHIKV WT and nsP3 mutants were examined 5.5 h after infection when nsP3 appears as foci in the 

absence of arsenite (Fig. S4a). To examine the ability of WT, G32S and Y114A nsP3s to suppress SG 

formation, infected cells were treated with arsenite for 0.5 h  (a time point when ~95% of uninfected 

cells have developed SGs; data not shown). Consistent with experiments using nsP3 protein 

expression constructs (Fig. 2a, b), WT CHIKV infection suppressed SG formation, where only 27% of 

nsP3-positive cells had canonical (G3BP1/eIF3b double-positive) SGs (Fig. 3a, b). 
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In contrast, 69% of G32S and 49% of Y114A nsP3-positive cells displayed canonical SGs (Fig. 3a, b). 

Similar colocalization of mutant nsP3, eIF3b and G3BP1 were observed with different SG inducers 

such as clotrimazole and thapsigargin (Fig. S4b-c), suggesting that the requirement of ADP-

ribosylhydrolase activity for suppression of SG formation during viral infection is not stress-specific. To 

test whether these mutant nsP3/eIF3b/G3BP1 foci are sensitive to change in translation similar to SGs, 

we treated the infected cells with cycloheximide. Similar to the studies expressing nsP3 protein alone 

(Fig. 2c), the translation initiation factor eIF3b was diffusely distributed in the cytoplasm rather than in 

foci (Fig. S4d). However, mutant nsP3 and G3BP1 remained as foci during viral infection, suggesting 

that G3BP1 associates with additional viral proteins besides nsP3 in these foci (e.g., [56]). Taken 

together, these data suggest that the ADP-ribosylhydrolase activity of nsP3 can alter the association 

between individual SG components during viral infection. 

 

ADP-ribosylhydrolase activity of nsP3 suppresses the formation of and disassembles ALS 

mutant-mediated pathological SGs 

Formation of aberrant SGs is a hallmark of several neurodegenerative diseases including 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [1,57]. Genetic mutations are 

commonly observed in RNA-binding proteins such as FUS (e.g. R495X), and overexpression of some 

ALS-related mutant RNA-binding proteins results in the formation of aggregates enriched in canonical 

SG components such as G3BP1 and translation initiation factors [58,59]. We hypothesized that the 

formation of FUS R495X-mediated SG-like aggregates might also be suppressed by nsP3 ADP-

ribosylhydrolase activity. We co-transfected FLAG-tagged FUS R495X with either GFP alone, GFP-

tagged nsP3 WT or GFP-nsP3 G32E into U2OS cells and examined the presence of FUS R495X-

induced aggregates. Consistent with previous reports [48,49,60], overexpression of FUS-R495X itself 

formed SG-like aggregates, which were positive for G3BP1 and eIF3b, in ~50% of transfected cells 

(vector, Fig. 3c, e, data not shown). Intriguingly, co-transfection with full-length nsP3 WT, but not the 

point mutant G32E, decreased formation of these aggregates by two-fold (Fig. 3c, e). Moreover, the 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 13 

nsP3 G32E mutant co-localized with FUS R495X as well as SG markers G3BP1 and eIF3b (Fig. 3c and 

data not shown). Given that the full length nsP3 protein possesses the G3BP-binding HVD, the 

reduction of SG-like aggregates was accompanied by formation of foci containing both nsP3 and 

G3BP1 (Fig. 3c). On the contrary, co-transfection of nsP3MD alone decreased formation of these 

aggregates by two-fold without the formation of nsP3/G3BP1 foci (Fig. 3c, e), further pointing to the 

importance of the MD ADP-ribosylhydrolase activity.  

 

To determine whether the ADP-ribosylhydrolase activity can also cause the dissolution of pre-

formed FUS R495X-induced aggregates, we transfected the FUS R495X construct 12 h prior to the 

nsP3 constructs (Fig. 3d). As in the case for co-transfection, transfection of WT nsP3 or MD alone, but 

not G32E nsP3, decreased the number of aggregates by at least 2.5-fold (Fig. 3d-e). These data 

suggest that the SG-like aggregates induced by FUS R495X can also be disrupted by nsP3 ADP-

ribosylhydrolase activity.    

 

Expression of FUS R495X in neuronal cells is reported to cause the dispersion of the protein 

COPBI—the coatomer beta subunit of the coat protein complex I involved in retrograde vesicular 

trafficking from Golgi and ER [61]. Intriguingly, expression of nsP3 WT, but not the G32E mutant, 

restored the dispersed pattern of COPBI in FUS R495X-transfected neuronal SH-SY5Y cells to the 

compact, juxtanuclear pattern observed in untransfected cells (Fig. 3f). As in U2OS, SG-like aggregates 

were induced by the expression of FUS R495X in these neuronal cells (Fig. S4e-f), and the number of 

aggregates were reduced upon co-transfection with nsP3 WT, but not G32E mutant (Fig. S4e-f). These 

data further suggest that the nsP3 ADP-ribosylhydrolase activity restores at least one cellular property 

disrupted by the FUS R495X mutant in addition to SG disassembly. 
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nsP3 reduces ADP-ribosylation associated with the essential stress granule component G3BP1 

Next, we examined the possible molecular targets for the ADP-ribosylhydrolase activity of nsP3 

that altered SG composition and structural integrity. We focused on G3BP1 as a candidate because it is 

a direct binding partner of nsP3 [40,41,44,50-52], it is an essential component of SGs formed upon 

treatment with arsenite, clotrimazole and thapsigargin [10], it plays a critical role in virus infection 

[40,62], and it is required for the formation of SG-like aggregates associated with ALS [63-65]. Given 

that the binding of G3BP1 by the nsP3 HVD is proposed to be critical for SG disassembly [35,36] and 

that the ADP-ribosylhydrolase mutant of nsP3 has a decreased ability to suppress SG formation (Fig. 

2a), we next tested whether the observed change in colocalization of SG components is due to the 

differential ability for nsP3 mutants to bind G3BP1 (Fig. 4a). GFP-tagged WT or mutants representative 

of three different classes (G32E, G32S, and Y114A) were transfected into cells, immunoprecipitated 

and probed for G3BP1. No differences were observed for the G3BP1 association with WT nsP3 and 

mutants tested, suggesting that ADP-ribosylhydrolase activity does not regulate the association 

between nsP3 and G3BP1. 

 

Besides binding to nsP3, G3BP1 and its associated proteins are also ADP-ribosylated [19] and, 

therefore, might be targets of nsP3 ADP-ribosylhydrolase activity. To test this possibility, we expressed 

GFP-G3BP1 alone or co-expressed it with increasing amounts of FLAG-tagged nsP3. GFP-G3BP1 was 

then immunoprecipitated and probed for ADP-ribosylation. With GFP-G3BP1 expression alone, a 

prominent signal of ADP-ribosylation appeared at and above the expected molecular weight of GFP-

G3BP1. The signal appeared as a smear because of the heterogeneous number of ADP-ribose units 

added onto G3BP1 and its associated proteins. Upon co-expression of WT full-length nsP3, the ADP-

ribosylation signal associated with G3BP1 was reduced in a dose-dependent manner (Fig. 4b). Such 

reduction of signals was not observed when the nsP3 G32E mutant was co-expressed (Fig. 4c), 

suggesting that the ADP-ribosylhydrolase activity of nsP3 is responsible for reducing ADP-ribosylation 

associated with the essential SG component G3BP1.  
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DISCUSSION 

The presence of microscopically visible SGs is a manifestation of the underlying dynamic 

equilibrium of factors that control its rates of assembly and disassembly at a sub-microscopic level. 

Emergent data indicate that this equilibrium can be altered through post-translational modifications, 

whereby enzymes with opposing activities that add and remove these modifications regulate the 

dynamics of SG integrity [20]. Here, we report that the SG integrity is regulated by the MD of alphaviral 
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protein nsP3 through its ability to enzymatically remove ADP-ribosylation. Expression of the wild-type 

nsP3 MD alone is sufficient to suppress SG formation. The requirement for ADP-ribosylhydrolase 

activity was demonstrated by the loss of ability to suppress SG formation by five different mutants with 

impaired enzyme activity. Though it is possible that activities other than ADP-ribosylhydrolase 

possessed by the nsP3 MD may be responsible for suppressing SG formation, the fact that mutations 

at different sites in the MD result in the same phenotype make such a scenario less likely. Importantly, 

the expression of WT nsP3, but not the ADP-ribosylhydrolase-deficient mutant nsP3s, suppresses the 

formation of SGs in response to multiple types of stress including oxidative stress (arsenite), 

mitochondrial stress (clotrimazole) and ER stress (thapsigargin). Suppression was observed both by 

ectopic expression of nsP3 through transfection and natively in the context of CHIKV infection. Given 

that the MD and its ADP-ribosylhydrolase activity are conserved across all macrodomain-containing 

RNA viruses [66,67], including coronaviruses, it is possible that these viruses suppress SG formation 

through a common mechanism by removing ADP-ribosylation.  

 

For alphaviruses, SGs are first induced in the early stage of infection and subsequently 

disassembled [32,34]. It was previously proposed that the disassembly is mediated through the 

sequestration of the essential SG component G3BP1/2 by associating with the C-terminal HVD domain 

of nsP3 [35,36,41]. Though we confirmed the association between nsP3 and G3BP1, our data show 

that the expression of the HVD domain alone does not suppress SG formation. It is therefore unlikely 

that nsP3 causes SG disassembly through HVD sequestration of G3BP1/2 alone. Yet, G3BP1/2 and its 

association with the nsP3 HVD are required for CHIKV replication [40,62]. We note, however, that the 

HVD is composed of low-complexity regions [39], which are increasingly appreciated for their role in 

mediating the assembly of non-membranous structures [6-8]. Here, we instead propose a model of how 

nsP3 mediates SG disassembly, wherein the C-terminal HVD promotes the association between nsP3 

and SG proteins so that the N-terminal MD can act locally to remove ADP-ribosylation in SGs. As an 

increasing amount of nsP3 is expressed over the course of infection, a higher level of ADP-
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ribosylhydrolase activity will suppress the rate of SG assembly and thereby shift the dynamic 

equilibrium towards the disappearance of SG in the late stage of the replication cycle. 

 

One may wonder: what could be the possible roles for nsP3 ADP-ribosylhydrolase to 

disassemble SGs—i.e., condensates of stalled translation initiation complexes—during the late stage of 

alphavirus infection? The answer may be revealed by examining what happens to cells upon the 

expression of ADP-ribosylhydrolase-deficient mutants. The expression of these mutants leads to the 

formation of SGs that appear non-canonical because of the nsP3 presence. Yet, these non-

membranous structures share the same cycloheximide sensitivity as bona fide SGs and contain at least 

14 canonical SG components. Intriguingly, expression of enzymatically active nsP3 results in the 

segregation of all tested SG-associated RNA-binding proteins (G3BP1, G3BP2, TIA-1, TIAR, HuR, 

PABP and FMRP) from all tested 7 SG-associated translation factors (eIF3b, eIF3i, eIF3e, eIF3j, 

RACK1, eIF4G1 and RPS6). In contrast, all of these proteins are aggregated upon stress in the 

absence of ADP-ribosylhydrolase activity, suggesting that ADP-ribosylation is involved in determining 

the composition of SGs. Recent data indicate that PAR can recruit proteins to SGs through PAR-

binding motifs [25,26,29]. It would be of interest to explore whether PAR plays a role in re-assortment of 

proteins in non-membranous structures in general. Our analyses further revealed that the essential SG 

component G3BP1 is one of the nsP3 ADP-ribosylhydrolase targets. However, it is unclear whether the 

observed re-assortment of SG composition is mediated by ADP-ribosylation of G3BP1 and/or other 

targets within SGs, which warrants further investigation. The observed pattern of specific protein 

retainment suggests that some protein-protein interaction networks within SGs are mediated by PAR, 

with the possibility that the ADP-ribosylhydrolase activity of nsP3 actively promotes the release from 

SGs of translation factors needed for viral protein translation (Fig. 4d). Such a possibility is consistent 

with recent data showing that nsP3 ADP-ribosylhydrolase activity is critical for switching from host 

translation to translation of the viral structural proteins during the later stages of viral replication [68,69]. 
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This re-distribution of host translation initiation factors and ribosomal proteins resulting from the shutoff 

of host translation may be required for virus production at later stages of infection [32,34].  

 

Informatics analyses revealed that RNA granule proteins are enriched for low complexity 

regions and these proteins are preferentially modified by ADP-ribosylation and that PAR-binding 

proteins are also enriched for low-complexity regions [27,70-72]. Compared with other protein 

modifications that regulate SG dynamics, ADP-ribosylation is unique in that the polymeric form (i.e., 

PAR) is able to seed the low-complexity region-containing proteins to form non-membranous structures 

in vitro [25-28,70]. Our data suggest that the nsP3 ADP-ribosylhydrolase likely degrades the PAR that 

seeds SGs in cells, with G3BP1 as a possible ADP-ribosylated substrate (cf. Fig. 4b, c). The complete 

removal of PAR from ADP-ribosylated proteins requires two steps: the degradation of the polymeric 

chain down to single ADP-ribose units conjugated to proteins, followed by the hydrolysis of the final, 

proximal ADP-ribose groups from proteins [73-75]. The alphaviral nsP3 MD alone efficiently hydrolyzes 

single ADP-ribose groups from ADP-ribosylated proteins in vitro but inefficiently removes the PAR 

chains [38,45]. However, it is possible that the nsP3 MD may partner with other protein(s) to process 

the PAR chains in cells. For example, the hepatitis E viral MD hydrolyzes PARylated proteins efficiently 

in vitro through association with another viral protein that possesses helicase activities [47]. Notably, 

several host helicases associate with alphaviral nsP3 in infected cells [39], and future experiments will 

help address whether or not any of them are involved in partnering with nsP3 to remove PAR. 

Alternatively, our previous studies identified PARG—an endogenous enzyme that cleaves the ribose–

ribose bonds between ADP-ribose units—as localized in SGs, where its expression level controls the 

assembly and disassembly of SGs [19]. Therefore, another model is that PARG mediates the 

breakdown of PAR in SGs, followed by nsP3 ADP-ribosylhydrolase providing the critical step to 

completely remove the final ADP-ribose from modified proteins. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 19 

SGs and non-membranous condensates are observed in many physiological and pathological 

contexts in virus infection, cancers and neurodegenerative diseases [1,12-14]. Preclinical studies 

showed that PARP inhibitors reduce the number of non-membranous pathological aggregates in 

models of neurodegenerative disease [26,30,76] and PARG knockout flies revealed progressive 

neurodegeneration with observable cytoplasmic aggregates [77]. Consistent with these findings, our 

data showed that expression of wild-type nsP3, but not an ADP-ribosylhydrolase-deficient nsP3 mutant, 

can reduce the number of SG-like aggregates formed upon expression of the FUS protein mutant 

R495X, which is linked to an aggressive form of ALS. These data altogether suggest possible 

therapeutic options for reduction of non-membranous protein aggregates by lowering PAR levels, either 

through inhibiting PARP or increasing the ADP-ribosylhydrolase activity. 

 

METHODS 

 

Cell culture, chemicals and transfection: U2OS and HeLa cells were obtained from ATCC and 293F 

cells from Invitrogen. Cells were maintained in DMEM medium (Gibco) containing 10% heat-inactivated 

FBS (Gibco, Life Technologies). In all experiments, plasmids were transfected using JetPrime from 

Polyplus (U2OS) or 293fectin from Gibco (293F) as per manufacturer’s protocols. The following drugs 

were used for stress induction: Arsenite (Sigma, S7400); Clotrimazole (Sigma, C6091); Thapsigargin 

(Sigma, T9033); Cycloheximide (Sigma, C7698). 

 

Viruses: CHIKV 181/25 WT and mutant strains were prepared as described previously [69]. Viral 

stocks were grown in BHK21 cells and assayed by plaque formation in Vero cells. 

 

Immunoblot analysis: Cells were lysed in RIPA buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 0.1% 

SDS, 1% NP-40, 1  mM EDTA, containing proteinase inhibitors 5 mM NaF, 1 mM PMSF) for 15 min on 

ice followed by centrifugation at high speed for 15 min, 4oC. Protein samples were acetone-precipitated 
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for at least 1 h at -20oC. Precipitates were centrifuged at 13,000 rpm, 4oC for 15 min, and the air-dried 

pellets were then diluted in 1X SDS sample buffer. The samples were resolved in SDS-PAGE gel and 

blotted with appropriate primary antibodies (Table S2).   

 

Immunofluorescence: ~4X104 (U2OS) or ~1X105 (HeLa) cells grown on coverslips were treated with 

the indicated stressors. Following the stress treatment, cells were washed twice with 1X PBS, fixed with 

4% paraformaldehyde for 15 min, permeabilized with ice-cold methanol for 10 min and washed twice 

with 1X PBS. The cells were then blocked with 5% normal horse serum in 1X PBS containing 0.02% 

sodium azide (NHS/PBSA) for 1 h at RT. All primary antibodies (Table S2) were diluted in blocking 

buffer and incubated with cells overnight at 4oC, followed by three washes with 1X PBS, 10 min each. 

Next, appropriate secondary antibodies were diluted in blocking buffer along with Hoechst (1 μg/ml), 

incubated with the cells for 1 h at RT, washed three times with 1X PBS and the coverslips were 

mounted on glass slides using Prolong Gold. All experiments were performed at least thrice.  

 

Image quantitation: For all quantitation, random 40X fields were chosen and ~120 cells were counted 

per condition. To quantify the number of SGs in cells transfected with various GFP-tagged nsP3 

constructs, cells with eIF3b foci in GFP-positive cells were considered as SG-positive. To quantify the 

number of SGs in virus infection, eIF3b foci in nsP3-stained cells were considered as SG-positive. For 

the number of FUS495X aggregates in U2OS and SH-SY5Y cells, cells expressing both FLAG 

(FUS495X) and GFP (vector/nsP3) were counted for the presence of microscopically visible aggregates. 

All experiments were repeated three independent times.    

  

 Immunoprecipitation: 293F cells were spun down at 400 xg for 3 min at 4oC, washed once with cold 

1X PBS, pelleted and lysed in cold lysis buffer (CLB) (50 mM HEPES pH 7.4, 150 mM NaCl, 1 mM 

MgCl2, 1 mM EGTA, 1% TRITON X-100 supplemented with 1 mM NaF, 1 mM PMSF, 1 mM ADP-HPD). 

Cell lysates were mixed at 4oC for 15 min, spun down for 15 min at 13,000 rpm and the supernatant 
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fluid was collected in a new tube. The cleared lysates were added to pre-incubated anti-GFP (3E6, 

Invitrogen)– DYNA magnetic beads (10004D, Invitrogen) complex and incubated for 2 h at RT. The 

beads were washed once with CLB, twice with high-salt CLB (300 mM NaCl), followed by a final wash 

with CLB. The precipitates were then boiled with 1X SDS sample buffer for 10 min at ~85oC. All 

experiments were performed at least thrice. 

 

Statistical analysis: Data are presented as mean ± SD and groups compared using two-tailed 

unpaired Student’s t test. p < 0.05 was considered statistically significant. All statistical analyses were 

performed using Graphpad Prism8. 

 

ACKNOWLEDGMENTS 

We thank Drs. Phillip Sharp, Nancy Kedersha and Lucas Reineke and members of the Leung 

lab for their critiques of the manuscript and Dr. Rachy Abraham for supplying the viruses used. We 

thank Dr. Ted Dawson for SH-SY5Y cells and Dr. Steve McKnight for FLAG-FUS R495X construct. 

This work was supported by a Johns Hopkins Catalyst Award (A.K.L.L), pilot grants from the Johns 

Hopkins University School of Medicine Sherrilyn and Ken Fisher Center for Environmental Infectious 

Disease (A.K.J., D.E.G., A.K.L.L.) and in part by R01GM104135 (A.K.L.L.). 

 

AUTHOR CONTRIBUTIONS 

A.K.J and A.K.L.L. conceived the project; A.K.J., D.E.G. and A.K.L.L. designed the experiments; A.K.J 

conducted the experiments; A.K.J. and A.K.L.L. wrote the paper with input from D.E.G. 

 

DECLARATION OF INTERESTS 

The authors declare no competing interests. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 22 

REFERENCES 
 
1. Ramaswami M, Taylor JP, Parker R. Altered Ribostasis: RNA-Protein Granules in Degenerative 

Disorders. 2013 Aug 15;154(4):727–36.  

2. Seydoux G. The P Granules of C. elegans: A Genetic Model for the Study of RNA-Protein 
Condensates. J Mol Biol. 2018 Nov 2;430(23):4702–10.  

3. Ivanov P, Kedersha NL, Anderson P. Stress Granules and Processing Bodies in Translational 
Control. Cold Spring Harb Perspect Biol. Cold Spring Harbor Lab; 2018 Aug 6;:a032813.  

4. Buchan JR, Parker R. Eukaryotic Stress Granules: The Ins and Outs of Translation. Molecular 
Cell. 2009 Dec;36(6):932–41.  

5. Fay MM, Anderson PJ. The Role of RNA in Biological Phase Separations. J Mol Biol. 2018 Nov 
2;430(23):4685–701.  

6. Franzmann TM, Alberti S. Protein Phase Separation as a Stress Survival Strategy. Cold Spring 
Harb Perspect Biol. Cold Spring Harbor Lab; 2019 Jan 7;:a034058.  

7. Wheeler RJ, Hyman AA. Controlling compartmentalization by non-membrane-bound organelles. 
Philos Trans R Soc Lond, B, Biol Sci. The Royal Society; 2018 May 26;373(1747):20170193.  

8. Weber SC, Brangwynne CP. Getting RNA and protein in phase. 2012 Jun 8;149(6):1188–91.  

9. Kedersha NL, Anderson P. Mammalian stress granules and processing bodies. Methods in 
Enzymology. 2007;431:61–81.  

10. Kedersha NL, Panas MD, Achorn CA, Lyons S, Tisdale S, Hickman T, et al. G3BP-Caprin1-
USP10 complexes mediate stress granule condensation and associate with 40S subunits. J Cell 
Biol. Rockefeller University Press; 2016 Mar 28;212(7):845–60.  

11. Matsuki H, Takahashi M, Higuchi M, Makokha GN, Oie M, Fujii M. Both G3BP1 and G3BP2 
contribute to stress granule formation. Genes Cells. John Wiley & Sons, Ltd (10.1111); 2013 
Feb;18(2):135–46.  

12. Reineke LC, Lloyd RE. Diversion of stress granules and P-bodies during viral infection. Virology. 
2013 Feb 20;436(2):255–67.  

13. Kim HJ, Kim NC, Wang Y-D, Scarborough EA, Moore J, Diaz Z, et al. Mutations in prion-like 
domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and ALS. Nature. 2013 
Mar 28;495(7442):467–73.  

14. Grabocka E, Bar-Sagi D. Mutant KRAS Enhances Tumor Cell Fitness by Upregulating Stress 
Granules. Cell. 2016 Dec 15;167(7):1803–12.  

15. Saito M, Hess D, Eglinger J, Fritsch AW, Kreysing M, Weinert BT, et al. Acetylation of 
intrinsically disordered regions regulates phase separation. Nat Chem Biol. Nature Publishing 
Group; 2019 Jan;15(1):51–61.  

16. Tsai W-C, Reineke LC, Jain A, Jung SY, Lloyd RE. Histone arginine demethylase JMJD6 is 
linked to stress granule assembly through demethylation of the stress granule nucleating protein 
G3BP1. J Biol Chem. 2017 Sep 27.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 23 

17. Jayabalan AK, Sanchez A, Park RY, Yoon SP, Kang G-Y, Baek J-H, et al. NEDDylation 
promotes stress granule assembly. Nature Communications. 2016 Jul 6;7:12125.  

18. Ohn T, Kedersha NL, Hickman T, Tisdale S, Anderson P. A functional RNAi screen links O-
GlcNAc modification of ribosomal proteins to stress granule and processing body assembly. Nat 
Cell Biol. 2008 Oct;10(10):1224–31.  

19. Leung AKL, Vyas S, Rood JE, Bhutkar A, Sharp PA, Chang P. Poly(ADP-ribose) regulates 
stress responses and microRNA activity in the cytoplasm. Molecular Cell. 2011 May 
20;42(4):489–99.  

20. Hofweber M, Dormann D. Friend or foe - post-translational modifications as regulators of phase 
separation and RNP granule dynamics. J Biol Chem. American Society for Biochemistry and 
Molecular Biology; 2018 Dec 26;:jbc.TM118.001189.  

21. Wippich F, Bodenmiller B, Trajkovska MG, Wanka S, Aebersold R, Pelkmans L. Dual Specificity 
Kinase DYRK3 Couples Stress Granule Condensation/Dissolution to mTORC1 Signaling. 2013 
Feb 14;152(4):791–805.  

22. Gupte R, Liu Z, Kraus WL. PARPs and ADP-ribosylation: recent advances linking molecular 
functions to biological outcomes. Genes Dev. 2017 Jan 15;31(2):101–26.  

23. Hottiger MO. SnapShot: ADP-Ribosylation Signaling. Molecular Cell. 2015 Jun 18;58(6):1134–
1134.e1.  

24. Palazzo L, Mikoč A, Ahel I. ADP-ribosylation: new facets of an ancient modification. FEBS J. 
2017 Apr 6.  

25. Duan Y, Du A, Gu J, Duan G, Wang C, Gui X, et al. PARylation regulates stress granule 
dynamics, phase separation, and neurotoxicity of disease-related RNA-binding proteins. Cell 
Res. Nature Publishing Group; 2019 Feb 6;29(3):233–47.  

26. McGurk L, Gomes E, Guo L, Mojsilovic-Petrovic J, Tran V, Kalb RG, et al. Poly(ADP-Ribose) 
Prevents Pathological Phase Separation of TDP-43 by Promoting Liquid Demixing and Stress 
Granule Localization. Molecular Cell. 2018 Sep 6;71(5):703–9.  

27. Altmeyer M, Neelsen KJ, Teloni F, Pozdnyakova I, Pellegrino S, Grøfte M, et al. Liquid demixing 
of intrinsically disordered proteins is seeded by poly(ADP-ribose). Nature Communications. 
2015;6:8088.  

28. McGurk L, Gomes E, Guo L, Shorter J, Bonini N. Poly(ADP-ribose) engages the TDP-43 
nuclear-localization sequence to regulate granulo-filamentous aggregation. Biochemistry. 2018 
Dec 12;57(51):6923–6.  

29. Catara G, Grimaldi G, Schembri L, Spano D, Turacchio G, Monte Lo M, et al. PARP1-produced 
poly-ADP-ribose causes the PARP12 translocation to stress granules and impairment of Golgi 
complex functions. Sci Rep. 2017 Oct 25;7(1):14035.  

30. McGurk L, Mojsilovic-Petrovic J, Van Deerlin VM, Shorter J, Kalb RG, Lee VM, et al. Nuclear 
poly(ADP-ribose) activity is a therapeutic target in amyotrophic lateral sclerosis. Acta 
Neuropathol Commun. BioMed Central; 2018 Aug 29;6(1):84.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 24 

31. Ruggieri A, Dazert E, Metz P, Hofmann S, Bergeest J-P, Mazur J, et al. Dynamic oscillation of 
translation and stress granule formation mark the cellular response to virus infection. Cell Host 
Microbe. 2012 Jul 19;12(1):71–85.  

32. Tsai WC, Lloyd RE. Cytoplasmic RNA granules and viral infection. Annu Rev Virol. 2014.  

33. Onomoto K, Yoneyama M, Fung G, Kato H, Fujita T. Antiviral innate immunity and stress granule 
responses. Trends Immunol. 2014 Aug 18.  

34. McCormick C, Khaperskyy DA. Translation inhibition and stress granules in the antiviral immune 
response. Nat Rev Immunol. 2017 Jun 26.  

35. Panas MD, Schulte T, Thaa B, Sandalova T, Kedersha NL, Achour A, et al. Viral and cellular 
proteins containing FGDF motifs bind G3BP to block stress granule formation. PLoS Pathog. 
2015 Feb;11(2):e1004659.  

36. Fros JJ, Domeradzka NE, Baggen J, Geertsema C, Flipse J, Vlak JM, et al. Chikungunya virus 
nsP3 blocks stress granule assembly by recruitment of G3BP into cytoplasmic foci. J Virol. 2012 
Oct;86(19):10873–9.  

37. Park E, Griffin DE. The nsP3 macro domain is important for Sindbis virus replication in neurons 
and neurovirulence in mice. Virology. 2009 Jun 5;388(2):305–14.  

38. McPherson RL, Abraham R, Sreekumar E, Ong S-E, Cheng S-J, Baxter VK, et al. ADP-
ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and 
virulence. Proc Natl Acad Sci USA. 2017 Jan 31.  

39. Götte B, Liu L, McInerney GM. The Enigmatic Alphavirus Non-Structural Protein 3 (nsP3) 
Revealing Its Secrets at Last. Viruses. 2018 Feb 28;10(3):105.  

40. Kim DY, Reynaud JM, Rasalouskaya A, Akhrymuk I, Mobley JA, Frolov I, et al. New World and 
Old World Alphaviruses Have Evolved to Exploit Different Components of Stress Granules, FXR 
and G3BP Proteins, for Assembly of Viral Replication Complexes. PLoS Pathog. 2016 
Aug;12(8):e1005810.  

41. Panas MD, Varjak M, Lulla A, Eng KE, Merits A, Karlsson Hedestam GB, et al. Sequestration of 
G3BP coupled with efficient translation inhibits stress granules in Semliki Forest virus infection. 
Mol Biol Cell. 2012 Dec;23(24):4701–12.  

42. Remenyi R, Roberts GC, Zothner C, Merits A, Harris M. SNAP-tagged Chikungunya Virus 
Replicons Improve Visualisation of Non-Structural Protein 3 by Fluorescence Microscopy. Sci 
Rep. 2017 Jul 18;7(1):5682.  

43. Frolov I, Kim DY, Akhrymuk M, Mobley JA, Frolova EI. Hypervariable Domain of Eastern Equine 
Encephalitis Virus nsP3 Redundantly Utilizes Multiple Cellular Proteins for Replication Complex 
Assembly. Perlman S, editor. J Virol. American Society for Microbiology; 2017 Jul 
15;91(14):e00371–17.  

44. Panas MD, Ahola T, McInerney GM. The C-terminal repeat domains of nsP3 from the Old World 
alphaviruses bind directly to G3BP. J Virol. 2014 May;88(10):5888–93.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 25 

45. Eckei L, Krieg S, Bütepage M, Lehmann A, Gross A, Lippok B, et al. The conserved 
macrodomains of the non-structural proteins of Chikungunya virus and other pathogenic positive 
strand RNA viruses function as mono-ADP-ribosylhydrolases. Sci Rep. 2017 Feb 2;7:41746.  

46. Fehr AR, Channappanavar R, Jankevicius G, Fett C, Zhao J, Athmer J, et al. The Conserved 
Coronavirus Macrodomain Promotes Virulence and Suppresses the Innate Immune Response 
during Severe Acute Respiratory Syndrome Coronavirus Infection. MBio. 2016 Dec 
13;7(6):e01721–16.  

47. Li C, Debing Y, Jankevicius G, Neyts J, Ahel I, Coutard B, et al. Viral Macro Domains Reverse 
Protein ADP-ribosylation. J Virol. 2016 Jul 20.  

48. Gal J, Zhang J, Kwinter DM, Zhai J, Jia H, Jia J, et al. Nuclear localization sequence of FUS and 
induction of stress granules by ALS mutants. Neurobiol Aging. 2011 Dec;32(12):2323.e27–40.  

49. Bosco DA, Lemay N, Ko HK, Zhou H, Burke C, Kwiatkowski TJ, et al. Mutant FUS proteins that 
cause amyotrophic lateral sclerosis incorporate into stress granules. Hum Mol Genet. 2010 Nov 
1;19(21):4160–75.  

50. Cristea IM, Carroll J-WN, Rout MP, Rice CM, Chait BT, Macdonald MR. Tracking and elucidating 
alphavirus-host protein interactions. J Biol Chem. 2006 Oct 6;281(40):30269–78.  

51. Gorchakov R, Garmashova N, Frolova E, Frolov I. Different types of nsP3-containing protein 
complexes in Sindbis virus-infected cells. J Virol. 2008 Oct;82(20):10088–101.  

52. Frolova E, Gorchakov R, Garmashova N, Atasheva S, Vergara LA, Frolov I. Formation of nsP3-
specific protein complexes during Sindbis virus replication. J Virol. 2006 Apr;80(8):4122–34.  

53. Meshram CD, Agback P, Shiliaev N, Urakova N, Mobley JA, Agback T, et al. Multiple Host 
Factors Interact with Hypervariable Domain of Chikungunya Virus nsP3 and Determine Viral 
Replication in Cell-Specific Mode. López S, editor. J Virol. American Society for Microbiology 
Journals; 2018 Jun 13;92(16):491.  

54. Markmiller S, Soltanieh S, Server KL, Mak R, Jin W, Fang MY, et al. Context-Dependent and 
Disease-Specific Diversity in Protein Interactions within Stress Granules. 2018 Jan 
25;172(3):590–604.e13.  

55. Youn J-Y, Dunham WH, Hong SJ, Knight JDR, Bashkurov M, Chen GI, et al. High-Density 
Proximity Mapping Reveals the Subcellular Organization of mRNA-Associated Granules and 
Bodies. Molecular Cell. 2018 Feb 1;69(3):517–532.e11.  

56. Cristea IM, Rozjabek H, Molloy KR, Karki S, White LL, Rice CM, et al. Host factors associated 
with the Sindbis virus RNA-dependent RNA polymerase: role for G3BP1 and G3BP2 in virus 
replication. J Virol. 2010 Jul;84(13):6720–32.  

57. Li YR, King OD, Shorter J, Gitler AD. Stress granules as crucibles of ALS pathogenesis. 2013 
Apr 29;201(3):361–72.  

58. Fan AC, Leung AKL. RNA Granules and Diseases: A Case Study of Stress Granules in ALS and 
FTLD. Adv Exp Med Biol. 2016;907:263–96.  

59. Fernandes N, Eshleman N, Buchan JR. Stress Granules and ALS: A Case of Causation or 
Correlation? Adv Neurobiol. Cham: Springer International Publishing; 2018;20(103):173–212.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 26 

60. Baron DM, Kaushansky LJ, Ward CL, Sama RRK, Chian R-J, Boggio KJ, et al. Amyotrophic 
lateral sclerosis-linked FUS/TLS alters stress granule assembly and dynamics. Mol 
Neurodegener. 2013;8:30.  

61. Baron DM, Matheny T, Lin Y-C, Leszyk JD, Kenna K, Gall KV, et al. Quantitative proteomics 
identifies proteins that resist translational repression and become dysregulated in ALS-FUS. 
Hum Mol Genet. 2019 Feb 26;6:318.  

62. Scholte FEM, Tas A, Albulescu IC, Žusinaite E, Merits A, Snijder EJ, et al. Stress granule 
components G3BP1 and G3BP2 play a proviral role early in Chikungunya virus replication. J 
Virol. 2015 Apr;89(8):4457–69.  

63. Boeynaems S, Bogaert E, Kovacs D, Konijnenberg A, Timmerman E, Volkov A, et al. Phase 
Separation of C9orf72 Dipeptide Repeats Perturbs Stress Granule Dynamics. Molecular Cell. 
2017 Mar 16;65(6):1044–5.  

64. Aulas A, Stabile S, Vande Velde C. Endogenous TDP-43, but not FUS, contributes to stress 
granule assembly via G3BP. Mol Neurodegener. 2012;7:54.  

65. Gal J, Kuang L, Barnett KR, Zhu BZ, Shissler SC, Korotkov KV, et al. ALS mutant SOD1 
interacts with G3BP1 and affects stress granule dynamics. Acta Neuropathol. Springer Berlin 
Heidelberg; 2016 Oct;132(4):563–76.  

66. Leung AKL, McPherson RL, Griffin DE. Macrodomain ADP-ribosylhydrolase and the 
pathogenesis of infectious diseases. Dutch RE, editor. PLoS Pathog. 2018 Mar;14(3):e1006864.  

67. Fehr AR, Jankevicius G, Ahel I, Perlman S. Viral Macrodomains: Unique Mediators of Viral 
Replication and Pathogenesis. Trends Microbiol. 2017 Dec 18.  

68. Akhrymuk I, Frolov I, Frolova EI. Sindbis Virus Infection Causes Cell Death by nsP2-Induced 
Transcriptional Shutoff or by nsP3-Dependent Translational Shutoff. López S, editor. J Virol. 
American Society for Microbiology Journals; 2018 Dec 1;92(23):491.  

69. Abraham R, Hauer D, McPherson RL, Utt A, Kirby IT, Cohen MS, et al. ADP-ribosyl-binding and 
hydrolase activities of the alphavirus nsP3 macrodomain are critical for initiation of virus 
replication. Proc Natl Acad Sci USA. National Academy of Sciences; 2018 Oct 
30;115(44):E10457–66.  

70. Leung AKL. Poly(ADP-ribose): An organizer of cellular architecture. 2014 Jun 9;205(5):613–9.  

71. Vivelo CA, Wat R, Agrawal C, Tee HY, Leung AKL. ADPriboDB: The database of ADP-
ribosylated proteins. 2016 Aug 9.  

72. Fischbach A, Krüger A, Hampp S, Assmann G, Rank L, Hufnagel M, et al. The C-terminal 
domain of p53 orchestrates the interplay between non-covalent and covalent poly(ADP-
ribosyl)ation of p53 by PARP1. 2017 Dec 4.  

73. Pascal JM, Ellenberger T. The rise and fall of poly(ADP-ribose): An enzymatic perspective. DNA 
Repair (Amst). 2015 May 1.  

74. Barkauskaite E, Jankevicius G, Ahel I. Structures and Mechanisms of Enzymes Employed in the 
Synthesis and Degradation of PARP-Dependent Protein ADP-Ribosylation. Molecular Cell. 2015 
Jun 18;58(6):935–46.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881


  Page 27 

75. Feijs KLH, Forst AH, Verheugd P, Lüscher B. Macrodomain-containing proteins: regulating new 
intracellular functions of mono(ADP-ribosyl)ation. Nat Rev Mol Cell Biol. 2013 Jul;14(7):445–53.  

76. Kam T-I, Mao X, Park H, Chou S-C, Karuppagounder SS, Umanah GE, et al. Poly(ADP-ribose) 
drives pathologic α-synuclein neurodegeneration in Parkinson's disease. Science. 2018 Nov 
2;362(6414):eaat8407.  

77. Hanai S, Kanai M, Ohashi S, Okamoto K, Yamada M, Takahashi H, et al. Loss of poly(ADP-
ribose) glycohydrolase causes progressive neurodegeneration in Drosophila melanogaster. Proc 
Natl Acad Sci USA. 2004 Jan 6;101(1):82–6.  

 

 

Table S1  Number of copies of G3BP1 and G3BP2 per cell 
 

U2OS  
Beck M et al.  

Mol Syst Biol 2011 

HeLa  
Nagaraj et al.  

Mol Syst Biol 2011 
HeLa  

Hein et al.  
Cell 2015 

HepG2 
Wiśniewski et al.  

J Proteomics 2016 

G3BP1 431,000 1,300,000 751,796 432,865 

G3BP2 52,200 390,000 990,184 182,332 

Median protein abundance 17,718 42,057 28,935 11,703 
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Table S2 Antibodies used in this study 

 

 

 

 

 

 

 

 

 

Antibody Catalog Dilution  

Immunoblot 

Dilution 

IF 

Source 

G3BP1 sc-365338 1:500 1:500 Santa Cruz 

G3BP2 A302-040A-M 1:1000 1:500 Bethyl 

eIF3b SC-16377 1:1000 1:200 Santa Cruz 

nsP3  1:10000 1:5000 Andres Merits  

eIF3i sc-374156  1:500 Santa Cruz 

eIF3e A302-985A  1:500 Bethyl 

eIF3j 10439-1-AP  1:500 ProteinTech 

RACK1 sc-17754  1:200 Santa Cruz 

eIF4G1 SC-11373  1:400 Santa Cruz 

RPS6   1:250 Santa Cruz 

TIA1 SC-1751  1:250 Santa Cruz 

TIAR sc-1749  1:250 Santa Cruz 

FMRP ab27455  1:500 Abcam 

HuR SC-5261  1:250 Santa Cruz 

PABP ab21060  1:400 Abcam 

FLAG F1804 1:1000 1:1000 Sigma 

FLAG F7425 1:1000 1:1000 Sigma 

GFP 11814460001 1:500  Roche 

actin A1978 1:1000  Sigma 
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Figure S1
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Supplementary Figure 1: nsP3 macrodomain suppresses SG formation under different conditions, related to Figure 1. (a) Expression level of 
nsP3WT, nsP3HVD and nsP3MD in Figure 1a. (b) HeLa cells were transfected with GFP-tagged WT nsP3, nsP3HVD or nsP3MD and treated with 0.2 mM 
arsenite (ARS) for 30 min. Cells were then fixed and immunostained for SG markers G3BP1 (red) and eIF3b (blue). Though the majority of nsP3MD-
expressing HeLa cells still contain some SGs as defined by the colocalization of G3BP1 and eIF3b, the size of these foci is significantly smaller compared 
with untransfected cells. (c-e) U2OS cells transfected with GFP-tagged WT nsP3, nsP3HVD or nsP3MD were either (c) mock-treated or treated with (d) 40 
μM clotrimazole (CZ) or (e) 2 μM thapsigargin (Tg) for 30 min and immunostained for G3BP1 (red) and eIF3b (blue) antibodies. Asterisks indicate 
untransfected cells. Scale bar, 10 μm.
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Supplementary Figure 2: ADP-ribosylhydrolase activity of nsP3 suppresses SG formation under different conditions, related to Figure 2. U2OS cells 
transfected with WT nsP3 or point mutants D10A, G32E, G32S, G112E or Y114A were either (a) mock-treated or treated with (b) 40 μM clotrimazole (CZ) or   
(c) 2 μM thapsigargin (Tg) for 30 min or and stained for G3BP1 (red) and eIF3b (blue) antibodies. Asterisks indicate untransfected cells. Scale bar, 10 μm.
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Figure S3
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Supplementary Figure 3: nsP3 differentially associates with SG components, related to Figure 2. (a) U2OS cells transfected with WT or G32E nsP3 
were mock-treated or treated with 0.2 mM arsenite for 30 min and immunostained for the indicated proteins. Scale bar, 10 μm.
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Figure S4
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Supplementary Figure 4: ADP-ribosylhydrolase activity of nsP3 suppresses SG formation during viral infection under different conditions and 
SG-like aggregates upon expression of ALS-linked FUS R495X mutant in neuronal SH-SY5Y cells, related to Figure 3. U2OS cells were infected 
with CHIKV expressing WT, G32S or 114A nsP3 at MOI = 1. (a) 6 hpi cells were fixed or (b-d) at 5.5 hpi, cells were treated with (b) 40 μM clotrimazole 
(CZ) or (c) 2 μM thapsigargin (Tg) (d) co-treated with 0.2 mM arsenite and 100 μg/ml cycloheximide (ARS+CHX) for 30 min and immunostained for nsP3 
(green), G3BP1 (red) and eIF3b (blue). (e) SH-SY5Y cells were transfected with FLAG-FUS R495X and either GFP vector, GFP-tagged WT or G32E 
nsP3. At 36 h post-transfection, cells were processed for immunofluorescence, stained for FLAG (blue) and G3BP1 (red).  *, p<0.05, two tailed, unpaired 
Student’s t test. Asterisks indicate (a-d) uninfected and (e) untransfected cells. (f) Bar graph shows the percentage of cells with aggregates in FLAG-FUS 
R495X transfected cells.  Scale bar, 10 μm.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 20, 2019. ; https://doi.org/10.1101/629881doi: bioRxiv preprint 

https://doi.org/10.1101/629881

