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ABSTRACT

In response to viral infections and other environmental stresses, eukaryotic cells shut down global translation by assembling dynamic cytoplasmic stress granules (SGs). Viruses require cellular translation machinery for their protein synthesis and have therefore developed mechanisms to subvert SG assembly. The stress sensor, PKR, was found to be activated by viral dsRNA during an infection with the arterivirus, simian hemorrhagic fever virus (SHFV). However, bona fide SG formation was inhibited. Instead, G3BP1, the main nucleating protein of SGs, was redistributed into foci located adjacent to the viral dsRNA foci. LC-MS/MS analysis showed that SHFV non-structural proteins (nsps) were the most enriched proteins to co-precipitate with G3BP1 from SHFV-infected cell lysates, and reciprocal co-IP assays confirmed direct interactions between G3BP1 and SHFV proteins, nsp2 and the nucleocapsid (N) protein. A FGAP motif in nsp2 and an FAEP motif in the N protein were shown to be required for interaction with G3BP1. As an additional mechanism of SG inhibition, G3BP1 cleavage occurred during an infection, and was likely mediated by a viral protease.
An infection with SHFV causes a lethal hemorrhagic fever disease in Asian macaques but a persistent asymptomatic infection in African cercopithecid monkeys. SHFV and other simian arteriviruses genomes encode additional proteins, including an extra set of the minor structural proteins, that are not found in non-simian arterviruses. Only SHFV and two other simian arteriviruses also encode an E′ protein, which is believed to be a functionally redundant duplicate of the arterivirus envelope (E) protein. MS analysis of purified SHFV virions showed that the E′ protein is not a virion structural component. E′ was instead confirmed to localize to mitochondria by IFA and co-fractionation assays.  Further analysis showed that E′ is an integral protein of the OMM and directly interacts with the selective autophagy adaptor protein, SQSTM1. Mitochondria fragmentation, indicative of mitophagy, was observed in E′ expressing cells and in SHFV-infected cells by 24 hpi. The characteristics of the E′ protein indicate that it has divergent functions from the SHFV E protein. Together, these studies provide new insights into SHFV molecular biology and viral-host protein interactions that contribute to pathogenesis. 
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[bookmark: _Toc184988570]Nidoviruses
The order Nidovirales, established in 1996, was composed of four families, Arterividae, Mesoniviridae, Roniviridae, and Coronaviridae [1]. Despite differences in their virion structures and genome sizes (~13 to ~32 kb), viruses belonging to this order share similarities in their genome organization and replication strategies [2, 3]. A number of previously unknown nidoviruses were recently discovered due to large scale viral metagenomics studies and next generation sequencing (NGS) efforts [4]. As a result, the order Nidovirales is currently comprised of eight suborders and 14 families according to the changes in the virus taxonomy approved by the International Committee on Taxonomy of Viruses (ICTV) in 2019 [3, 5]. Nidoviruses infect a wide range of vertebrate and invertebrate hosts. However, the Coronaviruses and Arteriviruses mainly infect mammalian hosts and members of these families are the most widely studied [3].

[bookmark: _Toc184988571]Arteriviruses 
The family Arteriviridae, when it was established in 1996, consisted of 4 distinct species, lactate dehydrogenase-elevating virus (LDV), simian hemorrhagic fever virus (SHFV), equine arteritis virus (EAV) and porcine reproductive and respiratory virus (PRRSV-1 and PRRSV-2)  [6]. Each virus has a limited host range. LDV only infects rodents, SHFV only infects non-human primates, EAV only infects member of the family Equidae (horses, donkeys, mules, and zebras) and PRRSV only infects members of the family Suidae (domestic pigs, feral pigs, hogs and wild boars) [7]. EAV is transmitted through aerosolized bodily fluids or the venereal route by infected semen. Infections in horses cause respiratory and reproductive disease. Pregnant mares experience spontaneous abortions, and infected horses display a range of symptoms including pyrexia, depression, anorexia, edema (scrotum, ventral trunk and limbs), stiffness of gait, conjunctivitis, swelling around the eyes and respiratory distress. PRRSV is transmitted by close contact with infected pigs or fomites and is also transmitted sexually in semen from infected boars. Infected pigs experience respiratory disease, and infected sows experience spontaneous abortions [7]. Due to their significant agricultural impact on horses and pigs, the most extensive research has been focused on EAV and PRRSV, respectively [6].
Since the recent discovery of additional nidoviruses, the family Arteriviridae has also expanded to include viruses such as the wobbly possum disease virus (WPDV) found in the Australian brushtail possum, the African pouched rat arterivirus (ARPAV-1) found in African pouched rats, the Oliver’s shrew virus (OSV) found in African giant shrews, and a number of additional rodent arteriviruses and simian arteriviruses [8-11]. As of July 2021, the family Arteriviridae consists of 6 subfamilies (Simarterivirinae, Variarterivirinae, Heroarterivirinae, Crocarterivirinae Equarterivirinae and Zealarterivirinae), which are further classified into 13 genera and 11 subgenera that consist of a total of 23 species [12]. 

[bookmark: _Toc184988572]Simian hemorrhagic fever virus (SHFV) and other simian arteriviruses
SHFV is the most well characterized member of the subfamily Simarterivirinae, which consists of 11 virus species. SHFV was first discovered in 1964 and identified as the etiological agent of lethal simian hemorrhagic fever (SHF) outbreaks among captive rhesus macaques (Macaca mulatta), crab-eating macaques (Macaca fascicularis), and stump-tailed macaques (Macaca arctoides) in colonies in the United States [13, 14]. Infected Asian macaques develop a fatal acute hemorrhagic fever disease characterized by an early onset of fever, facial edema, anorexia, petechia, epitaxis, dehydration, proteinuria and retrobulbar hemorrhages [15]. Approximately 100% of infected Asian macaques die within 7-14 days [14]. An SHFV infection in African cercopithecoid monkeys, such as baboons, typically results in a persistent, asymptomatic infection [16]. The use of the same needle and syringes for multiple animal injections is believed to have facilitated the inadvertent transmission of SHFV from persistently infected cercopithecoid monkeys to susceptible captive macaques. The natural reservoir of SHFV is still unknown, although cercopithecoids such as baboons, African green or African patas monkeys have been suspected as possible carriers. 
Most of the ten newly identified simian arteriviruses in African cercopithecoid monkeys have not yet been grown in laboratories and whether they cause SHF disease in macaques is not known. Through sequencing of preserved tissue samples from past SHF outbreaks, two additional simian arteriviruses, Pejah virus (PBJV) and simian hemorrhagic encephalitis virus (SHEV), were identified as etiological agents of SHF disease [13]. Kibale red colobus virus 1 (KRCV-1) was successfully isolated in MARC-145 cell culture and used to infect cynomolgus macaques. KRCV-1 caused a self-limiting, non-lethal infection and failed to provide cross-reactive antibodies against SHFV [17]. PBJV and Southwest baboon virus 1 (SWBV-1) were recently isolated in cell culture but were not further characterized [18]. These findings suggest that not all the simian arteriviruses possess the virulence factor(s) that causes SHF in rhesus macaques.

[bookmark: _Toc149593578][bookmark: _Toc182758272][bookmark: _Toc184988573]Life cycle and replication
[bookmark: _Toc149593579][bookmark: _Toc182758273]The target cells for SHFV replication in vivo are primary macrophages (MΦ) and dendritic cells [6, 19]. SHFV also replicates efficiently in MA104 cells, an African green monkey kidney cell line and MARC-145 cells, which are a derivative of MA104 cells [14]. The viral replication cycle occurs in the cytoplasm of infected cells.
Arteriviruses enter the target cells via clathrin-mediated endocytosis. The cellular
attachment factors and entry receptors have been most extensively studied for PRRSV. CD163 and CLC16 were found to be EAV entry receptors in EAV susceptible cells [20, 21]. CD169, CD163, vimentin, CD151 and CD209 were identified as PRRSV attachment factors or receptors that mediate virion attachment and entry into pulmonary alveolar macrophages [22-24]. In a recent study, CD163 was confirmed as an intracellular receptor that is also utilized during SHFV entry [25, 26]. The neonatal Fc receptor (FcRn) was found to be a universal receptor for EAV, SHFV and PRRSV [27]. 
Following entry and release of the viral genome into the cytoplasm, the 5′ open reading frame (ORFs) 1a and 1b are translated into two large polyproteins (pp), pp1a and pp1ab, the latter being translated due to a -1 ribosomal frame shift (RFS) at the 3′ end of ORF 1a. Both pp1a and pp1ab are proteolytically processed by the viral proteases into 14 non-structural proteins, some of which assemble into the replication/transcription complex (RTC) [6]. Viral nsps induce double-membrane vesicle (DMV) formation via the autophagy pathway with the endoplasmic reticulum (ER) membrane [28]. The nsps that comprise the RTC assemble on these DMV for viral RNA synthesis [29].
A full-length minus-strand RNA is generated during replication, which serves as a template to produce the plus-strand genome. A discontinuous minus-strand transcription mechanism is used to generate a nested set of minus-strand subgenomic RNAs (sg RNAs) for each of the structural proteins. The minus-strand sgRNA are used as templates to generate plus-strand sg mRNAs, which are then translated into the structural proteins [30]. The minor and major structural glycoproteins and the E protein localize to the ER membrane [6].
The nucleocapsid protein (N) oligomerizes to form a capsid shell around the viral genome
in the cytoplasm [31, 32], which then buds into the lumen of the ER where it acquires a lipid envelope. The progeny virion is then transported through the Golgi complex and to the plasma membrane where it is released by exocytosis [33]. 

[bookmark: _Toc184988574]Genome organization
The arteriviruses have a single-stranded positive-sense RNA genome with a 5′ type I cap and a 3′ polyadenylated tract [34] (Fig 1.1). The 5′ two-thirds of the genome encodes the nonstructural proteins (nsp) within two polycistronic ORFs, 1a and 1b. ORF 1a is translated into pp1a and ORF 1b is expressed after a -1 RFS occurs at the 3′ end of ORF 1a producing pp1ab [6, 35]. The 3′ third of the genome encodes the structural proteins in partially overlapping ORFs [36].  The structural proteins are expressed from a nested set of 5′-3′ co-terminal sg mRNA, that are generated via a discontinuous minus-strand transcription mechanism [6, 30]. Separate sg mRNAs are generated for each of the major and minor structural protein [37] (Fig1.1). SHFV has the largest genome (15.7 kb) among the arteriviruses. The increased coding capacity includes the expression of an additional nsp1 (nsp1 g) with an active papain-like protease domain in ORF 1a and an additional set of the minor structural proteins [38] (Fig 1.2). Very little is currently known about the functions of these additional viral proteins or their possible contribution to virus virulence. 

[bookmark: _Toc149593580][bookmark: _Toc182758274][bookmark: _Toc184988575]Non-structural proteins
The SHFV pp1a and pp1ab are auto-proteolytically processed into 14 nsps by four active papain-like protease (PLP) domains found in nsp1 PLP, nsp1  (PLP, nsp1  (PLP, and nsp2 (PLP, and the chymotrypsin-like serine protease (SP) domain located in nsp4 [39-42]
(Fig 1.1). The nsp1 PLP domains cleave at a Gly/Gly dyad at each nsp1 junction site [39]. PRRSV
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[bookmark: _Toc184988639]Figure 1.1 Diagram of SHFV genome organization.
The 15.7 kb, positive sense, ssRNA genome of SHFV has a 5′ Type I cap and a 3′ poly A tract. The 5′ two-thirds of the genome encodes the nonstructural proteins (nsps) within two polycistronic open reading frames (ORF1a and ORF1b). The pp1a is translated from ORF1a and pp1ab is generated if a RFS occurs at the C-terminal end of ORF1a. Each pp is proteolytically processed by four different viral protease domains present in nsp1a, nsp1 b, nsp1g, nsp2 or nsp4. The colored triangles located above pp1a and pp1ab indicate the cleavage junction of each protease. The 3′ third of the genome encodes the structural proteins, which are expressed from partially overlapping ORFs, that are expressed from a 5′-3′ coterminal nested set of sg mRNAs. 
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[bookmark: _Toc184988640]Figure 1.2. Location of unique features in the SHFV genome. 
A single fusion nsp1 protein with as single active PLP1 domain is expressed from the EAV genome, whereas nsp1  and nsp1 , both containing an active PLP domain, are expressed from the genomes of PRRSV and LDV. In addition to nsp1  and nsp1 , an nsp1 is encoded in the ORF 1a of the SHFV genome. The SHFV nsp1  contains an active PLP domain, PLP 1. The SHFV genome also encodes an additional set of minor structural proteins from ORFs 2a′, 2b′ 3′ and 4′, which are translated into the GP 2′, E′, GP3′ and GP4′ proteins, respectively. A single set of the minor structural proteins is encoded in the genomes of EAV, PRRSV and LDV. 





[bookmark: _Toc149593581][bookmark: _Toc182758275]
and LDV both express an active PLP in both nsp1 and nsp1, whereas a single fusion nsp1 protein with as single active PLP1 is expressed from the EAV genome due to an inactive PLP1 [43]. The presence of two nsp1 proteins is thought to reflect an ancient duplication event and SHFV appears to be even more complex with the addition of nsp1 [6]. Homology modeling of the SHFV nsp1 proteins onto acquired crystal structures of the two PRRSV nsp1s, showed that the nsp1 and nsp1 of SHFV modeled well onto the nsp1 and nsp1  proteins of PRRSV, respectively, and that the SHFV nsp1 was more similar to PRRSV nsp1 than nsp1β [39]. No confirmed structural data are currently available for any of the SHFV nsp1s. The EAV and PRRSV nsp1 proteins were shown to function as interferon pathway antagonists [44]. The zinc finger motif in the N-terminal domain of nsp1 was found to be required for sg minus-strand RNA synthesis but not for genome replication [45, 46]. 
The arterivirus nsp2 contains an N-terminal PLP domain that cleaves at a Gly/Gly dyad at the nsp2/nsp3 junction. Two frameshift products (nsp2 TF and nsp2 N), both containing the same N-terminal PLP2 domain but alternate C-terminal domains, are also expressed from the nsp2 coding region due to -2 and -1 RFSs, respectively [47, 48]. The PLP domain in EAV and PRRSV nsp2 was demonstrated to have both cis and trans cleavage activity in infected cells [40, 49], however, cellular protein cleavage targets have not been identified. In addition to its role in proteolytic processing of the replicase polyproteins, the PLP domain in the SHFV, LDV, PRRSV and EAV nsp2 proteins functions as a deubiquitinating enzyme (DUB) and was shown to suppress immune responses by removing K63-linked polyubiquitin from RIG-I [50] and K48-linked polyubiquitin from IkBα in PRRSV-infected cells [51]. Furthermore, the PLP domain of PRRSV nsp2TF was found to deubiquitinate the viral GP5 and M proteins, which reduced proteasomal degradation of both proteins and promoted progeny virus assembly [52]. 
The arterivirus nsp4 is the main viral protease that mediates the cleavages of nsp3-nsp8 in
pp1a and nsp3-nsp12 in pp1ab [41, 42, 53, 54]. The nsp4 chymotrypsin-like SP utilizes two mutually exclusive alternative polyprotein processing pathways, the major and minor pathways. The cleaved nsp2 functions as a cofactor in the major pathway [53-55]. The nsp4 SPs of PRRSV and EAV were also shown to cleave multiple sites in the cellular protein NF-κB essential modulator (NEMO) in infected cells, which inhibits activation of the NF-κB pathway and production of IFN-β [56, 57].
The nsps assemble to form the RTCs that transcribe either full-length or sg mRNAs on cytoplasmic DMVs [33, 58]. The key enzymes involved in viral RNA synthesis are nsp9, which contains a C-terminal RNA-dependent RNA polymerase (RdRp) domain, and nsp10, which functions as the viral RNA helicase [59].The DMVs are formed from modified ER membranes and induced by the transmembrane proteins nsp2, nsp3 and nsp5 [60, 61]. 

[bookmark: _Toc184988576]Structural proteins
The arterivirus structural proteins are encoded in partially overlapping ORFs in the 3′ third of their genomes [6]. The minor structural proteins are translated from ORF 2a, ORF 2b, ORF 3 and ORF 4, producing the non-glycosylated envelope (E) protein and the heavily glycosylated proteins, GP2, GP3 and GP4. The E protein is encoded by ORF 2a in the genomes of SHFV, EAV and LDV, and by ORF 2b in the PRRSV genome. GP2, GP3 and GP4 form periodic disulphide-linked heterotrimer complexes on the surface of the virions and have been shown to engage in host cell receptor binding with macrophage-restricted receptors CD169 and CD163 in PRRSV-infected cells [62]. The E proteins of different arteriviruses vary in size and have limited sequence identity, but they are thought to share structural and functional properties. The E proteins have a myristolation modification on the N-terminal cytosolic tail, a hydrophobic core region (predicted to be a transmembrane region) and a C-terminal hydrophilic tail that is located in the lumen of the ER  [63, 64]. Cross-linking experiments conducted with PRRSV E protein showed that it forms homo-oligomers. It is postulated to function as an ion-channel with possible roles in virion entry [65].
The genomes of SHFV and the other simian arterivirus encode an additional set of the three or four minor structural proteins that are located upstream of the original set of minor proteins, and are identified by a ‘prime’ denotation [36, 38]; ORF 2a′, ORF 2b′, ORF 3′ and ORF 4′ which encode the proteins GP2′, E′, GP3′, and GP4′, respectively (Fig 1.2).  The location of the E and E′ protein ORFs within their respective set of minor structural proteins is different. The E′ protein ORF is located 5′ of the overlapping GP2′ ORF (similar to the E protein ORF of PRRSV) while the E protein ORF is located 3′ of the GP2 ORF (similar to the E protein ORF of EAV and LDV). The E′ protein is only encoded by SHFV and PBJV, two of the three SHF-causing viruses, and by SWBV-1, which has not been shown to cause disease in macaques. The three E′ sequences have low sequence identity. The duplicated minor structural ORFs are thought to be the result of an ancient duplication event(s) within a simian virus genome but the proteins in the two sets, including E (80 aa) and E′ (94 aa), share little to no sequence homology. Two recent studies showed that the SHFV proteins GP2, GP3, GP4, GP2′, GP3′, GP4′ and E were each required to produce infectious progeny viruses [31, 32]. However, both studies produced conflicting data on whether the presence of the E′ protein was required in infectious virions. The SHFV E′ protein lacks the N-terminal myristylation modification site found in the E protein, but there is currently nothing known about its structure, cellular localization or function. 
The major structural proteins, GP5, membrane (M) and nucleocapsid (N), are encoded in
ORF 5, ORF 6 and ORF 7, respectively [31]. The transmembrane proteins, GP5 and M form disulfide-linked heterodimers that are incorporated into the viral envelope and were shown to be necessary for the production of infectious progeny virions [66, 67]. 
The N protein is small multifunctional protein that interacts with and encapsulates the viral RNA [32]. The N-terminal domain of the N protein interacts with the viral genomic RNA, while the C-terminal domain functions in N homo-dimer formation [32, 68, 69]. The N protein is not required for replication or transcription [70] but it was shown to assemble into a filamentous network of tubules near the sites of viral replication in EAV-infected cells [33]. Two nuclear localization sequences (NLS) are present in the PRRSV N protein, that facilitate its transport from the cytoplasm to the nucleus and then to the nucleolus [32]. The N protein also regulates host cell processes via protein-protein interactions with various cellular proteins. It has been shown to interact with cellular proteins including, TRIM22, TRIM25, and TRIM26 [71], Poly-A binding protein [45], vimentin [72] and several others [32]. 

[bookmark: _Toc149593582][bookmark: _Toc182758276][bookmark: _Toc184988577]Cellular stress granule (SG) response
Environmental stresses, including viral infections, impose stress on eukaryotic cells. In response, eukaryotic cells inhibit global translation by assembling stress granules (SG). SGs are discrete, highly dynamic, cytoplasmic foci that function to restore cellular homeostasis by regulating mRNA translation, storage and decay [73, 74]. The cellular stress-related kinase, protein kinase R (PKR), is activated by cytosolic double-stranded (ds) RNA, including base-paired regions in single stranded viral genomic RNAs [75]. Activated PKR phosphorylates the subunit of the eukaryotic translation initiation factor, eIF2, which reduces the availability of eIF2-GTP-Met-tRNA ternary preinitiation complexes leading to inhibition of global cap-dependent translation initiation and triggering the assembly of stress granules (SGs) [76]. In addition to PKR, eIF2 can be phosphorylated by three other well studied kinases, which respond to unique stressors: protein kinase R-like endoplasmic reticulum kinase (PERK) is activated by ER stress, general control nonderepressible 2 (GCN2) responds to amino acid deficiency and heme-regulated inhibitor (HRI) senses heme deficiency and oxidative stress [77] (Fig. 1.3). A recent study showed that yet another kinase, microtubule affinity-regulating kinase 2 (MARK2) phosphorylates eIF2 in response to proteotoxic stress [78].
SGs are comprised of non-polysome mRNA bound to the 40S ribosomal subunit and translation initiation factors, such as eIF3, eIF4G, eIF4A, eIF4E and PABP. SGs also contain multiple RNA-binding proteins (RBP) and other types of proteins that vary with cell type, and the duration and type of stress [79]. Ras-GTPase–activating protein binding protein 1 (G3BP1), G3BP2, T-cell internal antigen 1 (TIA-1) and T-cell internal antigen related protein (TIAR) are core RBPs present in bona fide SGs due to their function in SG nucleation [80, 81]. G3BP1 and G3BP2 are homologous proteins that form homodimers and hetero-multimers [81]. Both proteins have been shown to shuttle to and from the nucleus and to directly interact with RNA [82]. Additional RBPs commonly found in SGs are cell cycle-associated protein 1 (Caprin-1) and ubiquitin specific peptidase 10 (USP10), which are known antagonistic regulators of G3BP1 condensation and competitively bind G3BP1 to promote or inhibit SG assembly, respectively [83-86]. 
SGs have been reported to play an antiviral role in cells infected with many types of viruses. SGs shut down the cellular host translation machinery which is needed for viral protein synthesis. Although a few viruses are able to replicate in the presence of SGs [87, 88], many viruses from diverse families have evolved strategies to inhibit or remodel SG formation to promote viral replication. G3BP1, the primary nucleating SG protein, is often targeted for sequestration by viral
proteins or is cleaved by viral proteases to inhibit SG formation [89]. 
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[bookmark: _Toc184988641]Figure 1.3 Stress granule response pathway.
[bookmark: _Toc149593583]Schematic diagram illustrating the canonical pathway for stress granule formation. Four different kinases can be activated by different stress conditions leading to the phosphorylation of eIF2α. S51 phosphorylated eIF2α prevents GDP/GTP exchange on eIF2α resulting in a stalled translation preinitiation complex. This leads to the inhibition of cap-dependent translation initiation. RNA binding proteins, G3BP1/2 and TIA-1, TIAR are recruited to the stalled preinitiation complexes on an mRNA to initiate stress granule formation in the cytoplasm
[bookmark: _Toc184988578]Goals of this study
[bookmark: _Toc184988579]Aim 1: Inhibition of stress granule formation in SHFV-infected cells through interaction of the viral nsp2 and nucleocapsid proteins with G3BP1
Next generation sequencing (NGS) analysis of the SHFV transcriptome in infected MA104 cells at 8 and 18 hours post infection (hpi) and in primary macaque macrophages at 7 and 16 hpi, revealed that approximately 30-50 % of the total RNA in infected cells is of viral origin [37]. Viral dsRNA is known to activate the cytoplasmic stress sensor, PKR, which in turn leads to the shutdown of global translation and the formation of stress granules (SG). A preliminary immunofluorescence analysis of SFHV-infected cells showed that the cytoplasmic distribution of G3BP1, the key SG-nucleating protein, was redistributed to foci located near the sites of viral dsRNA foci. The goals of the present study were to (i) investigate the SG response in SHFV-infected cells and (ii) to determine if an SHFV viral protein(s) interacts with or modulates G3BP1.

[bookmark: _Toc149593585][bookmark: _Toc184988580]Aim 2: Analysis of the mitochondrial localization of the SHFV E′ protein 
Non-simian arteriviruses in the family Arteriviridae express a single copy of the minor structural glycoproteins, GP2, GP3, GP4 and the non-glycosylated envelope (E) protein. SHFV, and the other simian arteriviruses, express an additional set of the minor structural proteins, GP2′, GP3′ and GP4′ and SHFV and two other simian arteriviruses also encode a unique non-glycosylated E′ protein. The structure, localization and function of the arterivirus E protein has been explored by others, but little is known about the E′ protein. The additional set of simian arterivirus minor structural proteins are proposed to be the result of an ancient duplication event. However, an initial IFA showed that the SHFV E′ protein, but not the SHFV E protein, colocalized with mitochondrial proteins in cells transiently expressing these proteins. The goals of this study were to (i) compare the characteristics of the SHFV E and E′ proteins, (ii) characterize localization of the SHFV E′ protein to the mitochondria and (ii) identify potential cellular binding partner(s) of the E′ protein to gain insight of its function.
















[bookmark: _Toc149593587][bookmark: _Toc184988581]AIM 1: Inhibition of stress granule formation in SHFV-infected cells through interaction of the viral nsp2 and nucleocapsid proteins with G3BP1
[bookmark: _Toc149593588][bookmark: _Toc184988582]Abstract
Stress granules (SGs) are dynamic, cytoplasmic foci that form in response to environmental stresses, including viral infections and function to restore cellular homeostasis by regulating mRNA translation, storage and decay. To inhibit SG formation and subvert their antiviral effects, viruses from diverse families sequester or cleave G3BP1, the key SG nucleating protein. In this study, we show that an infection with simian hemorrhagic fever virus (SHFV), a member of the family Arteriviridae, inhibits the formation of bona fide SGs despite inducing phosphorylation of PKR and eIF2. However, SG proteins, such as G3BP1, G3BP2, TIA-1, Caprin-1 and USP10, but not translation initiation proteins, eIF3a, eIF4G and small ribosomal protein s6 (rpS6), were redistributed into foci located in the same intracellular region as the viral dsRNA foci. The characteristics of virus induced G3BP1 foci were inconsistent with those of bona fide SGs induced by sodium arsenite treatment. Immunoprecipitation of endogenous G3BP1 from SHFV-infected cell lysates, followed by LC-MS/MS analysis of the precipitated peptides indicated that multiple proteins of the viral replication/transcription complex co-precipitated with G3BP1. Direct interaction between G3BP1 and nsp2 and N proteins of SHFV were confirmed by reciprocal co-IP assays. A conserved FGAP motif in nsp2 and a different conserved motif, FAEP, in the N protein were required for interaction with G3BP1. Finally, we detected G3BP1 cleavage products in the SHFV-infected cell lysates, which we hypothesize is mediated by a viral protease. These findings reveal that SHFV utilizes multiple viral components to target G3BP1 and inhibit SG formation.  
[bookmark: _Toc149593590][bookmark: _Toc184988583]Introduction
Simian hemorrhagic fever virus (SHFV) is a member of the family Arteriviridae and subfamily Simarterivirinae in the order Nidovirales, that also includes the family Coronaviridae [12].  The most characterized species of the family are equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), porcine reproductive and respiratory virus-1 (PRRSV-1) and PRRSV-2 and SHFV [6]. SHFV was first isolated in 1964 as the etiological agent of lethal simian hemorrhagic fever (SHF) outbreaks among captive Asian macaque colonies in the United States [13]. An SHFV infection in Asian macaques triggers acute hemorrhagic fever disease that is ~100% fatal within 7-14 days [14]. However, infected African non-human primates (NHP), such as baboons, develop an asymptomatic, acute or persistent infection [16].
SHFV is an enveloped virus, with a positive-sense, single-stranded RNA genome of 15.7 kb. The 5′ capped and 3′ polyadenylated genome encodes 16 non-structural proteins (nsps) which assemble into the membrane-associated replication/transcription complex (RTC) and 12 structural proteins, including an additional set of minor structural proteins (E′, GP 2b′, GP 3′ and GP 4′) present only in simian arterivius genomes [34]. The nsps are encoded in the 5′ open reading frame 1a (ORF 1a) and ORF1b and are translated into polyprotein 1a (pp1a) and pp1ab, with the latter resulting from a ribosomal frame shift at the 3′ end of ORF 1a [6]. The nsps are auto-proteolytically processed by four active papain-like proteases (PLP) found in nsp1 a, nsp1 b, nsp1 g and nsp2, and the chymotrypsin-like serine protease (SP) located in nsp4 [39-42]. In addition to its function as a protease, nsp2, along with nsp3 and nsp5, modify the endoplasmic reticulum (ER) membranes to form double membrane vesicles, in which the RTC facilitates viral RNA replication and transcription [60, 61, 90]. The structural proteins, located in the 3′ third of the genome, are expressed from a 5′-3′ coterminal, nested set of subgenomic (sg) mRNAs that are generated by discontinuous minus-strand transcription from overlapping ORFs [30]. 
The cellular stress-related kinase, protein kinase R (PKR), is activated by cytosolic double-stranded (ds) RNA including base-paired regions in single stranded viral genomic RNAs [75]. Once activated, PKR phosphorylates the a subunit of the eukaryotic translation initiation factor, eIF2, which reduces the availability of eIF2-GTP-Met-tRNA ternary complexes leading to inhibition of global cap-dependent translation initiation and triggering the assembly of stress granules (SGs) [76]. eIF2a can also be phosphorylated by 4 additional kinases in response to other environmental stresses. SGs are discrete, highly dynamic, cytoplasmic foci that form in response to environmental stresses and function to restore cellular homeostasis by regulating mRNA translation, storage and decay [73, 74]. SGs are comprised of non-polysomal mRNA bound to the 40S ribosomal subunit and translation initiation factors, such as eIF3, eIF4G, eIF4A, eIF4E and PABP. SGs also contain multiple RNA-binding proteins (RBP) and other types of proteins that vary with cell type and the duration and type of stress [79]. Ras-GTPase–activating protein binding protein 1 (G3BP1), G3BP2, T-cell internal antigen 1 (TIA-1) and T-cell internal antigen related protein (TIAR) are core RBPs present in bona fide SGs due to their function in SG  nucleation [80, 81]. Additional RBPs, such as cell cycle-associated protein 1 (Caprin-1) and ubiquitin specific peptidase 10 (USP10), are also commonly found in SGs and are known to competitively bind G3BP1 to promote or inhibit SG assembly, respectively [86]. SGs have been reported to play an antiviral role in cells infected with many types of viruses. SGs shut down cellular host translation machinery which is needed for viral protein synthesis. Although a few viruses are able to replicate in the presence of SGs [87, 88], many viruses from diverse families have evolved strategies to inhibit or remodel SG formation to promote viral replication. G3BP1, the primary nucleating SG protein, is often targeted for sequestration by viral proteins or is cleaved by viral proteases to inhibit SG formation [89]. 
PRRSV-1 infections were previously shown to induce bona fide SGs through activation of the PERK/eIF2a pathway [91], but the induction of SGs by infections with other arteriviruses, including SHFV, has not yet been explored. In the present study, we showed that an SHFV infection in MA104 cells induced PKR and eIF2 phosphorylation but bona fide SG foci were not detected at any time after infection. While some SG RBP proteins, such as G3BP1, G3BP2, TIA-1, Caprin-1 and USP10, were redistributed into foci located in the same intracellular region as the viral dsRNA foci, the translation initiation proteins, eIF3a, eIF4G and small ribosomal protein s6 (rpS6), were not detected in these foci. LC-MS/MS data indicated that SHFV nsps are the most highly enriched proteins co-precipitating with G3BP1 from SHFV-infected cell lysates. Reciprocal co-IP assays confirmed a direct interaction between G3BP1 and nsp2 and showed that a conserved FGAP motif present in nsp2 of most of the simian arteriviruses was required for this interaction. We also showed that G3BP1 directly interacts with the SHFV nucleocapsid (N) protein via a different highly conserved motif, FAEP, found only in the simian arteriviruses. Finally, we observed the accumulation of a G3BP1 cleavage product in SHFV-infected cells that may serve as an additional means of hindering SG formation. These data indicate that an SHFV infection inhibits SG assembly by recruiting G3BP1 to the viral replication complexes through direct interaction with the viral nsp2 and N protein. 

[bookmark: _Toc147769878][bookmark: _Toc184988584]Results
[bookmark: _Toc184988585]An SHFV infection induces PKR and eIF2-a phosphorylation 
We previously reported that approximately 30-50 % of the total RNA found in SHFV-
infected MA104 cells at 8 and 18 hours post infection (hpi) and primary macaque macrophages (MΦ) at 7 and 16 hpi is of viral origin [37]. Since the eIF2a kinase, PKR, is activated by viral dsRNA, we investigated the phosphorylation levels of PKR and eIF2a  in SHFV-infected MA104 cells (MOI of 1). Cell lysates were harvested at different times between 2 and 72 hpi.  As a positive control, uninfected cells were treated with sodium arsenite (SA), an oxidative stressor, to induce eIF2a phosphorylation. Western blot (WB) analysis detected low levels of PKR phosphorylation by 4 hpi with the highest levels detected between 8 and 12 hpi (Fig. 2.1A). Phosphorylated eIF2a levels increased above background levels by 8 hpi and remained high through 48 hpi (Fig. 2.1B and C). These data indicate that the production of viral RNA in SHFV-infected cells activates PKR and leads to the phosphorylation of eIF2a.

[bookmark: _Toc184988586]G3BP1 localizes to the sites of viral replication in SHFV-infected cells
An infection with the arterivirus PRRSV was previously shown to induce SG formation in MARC-145 cells in a PERK-dependent manner [91]. To determine whether an SHFV infection induced the formation of SGs via PKR activation, MA104 cells and primary macaque MΦs were infected with SHFV at an MOI of 0.1 and at various times post infection, the intracellular distribution of G3BP1 was examined by an immunofluorescence assay (IFA). The SG-associated protein, G3BP1, is present in the core and shell of SGs and is a widely accepted marker for SGs [92]. Uninfected cells served as a negative control and uninfected cells treated with SA were used as a positive SG control. Viral replication complexes were identified with anti-dsRNA antibody. As expected, distinct G3BP1 foci, characteristic of SGs, were observed throughout the cytoplasm of SA-treated cells whereas a diffuse cytoplasmic distribution of G3BP1 was observed in the uninfected, untreated cells. In the cytoplasm of SHFV-infected cells, G3BP1 localized to the same regions as the viral dsRNA throughout the course of the infection (Fig. 2.1D). The viral dsRNA and G3BP1 were initially distributed symmetrically in the perinuclear region but by 12 hpi, dsRNA and G3PB1 were asymmetrically distributed in the majority of the infected cells (Fig. 2.1D). Enlarged images showed that G3BP1 and dsRNA were primarily located in separate foci, although complete colocalization of both types of foci was occasionally observed (Fig. 2.1E). A similar redistribution pattern for G3BP1 was observed in SHFV-infected primary macaque MΦs (Fig. 2.1F). Fluorescence intensity plots across 3 different regions (indicated by the colored solid lines in the enlarged merge images) showed either adjacent peaks of individual G3BP1 or dsRNA foci or overlapping peaks indicating colocalization of these foci (Fig. 2.1E and F, right panels).  

[bookmark: _Toc184988587]SG formation is inhibited in SHFV-infected MA104 cells 
To determine if the redistributed G3BP1 foci in the SHFV-infected cells are in fact bona fide SGs, MA104 cells were infected with SHFV at an MOI of 0.1 for 28 h, and the colocalization of additional SG proteins with G3BP1 was analyzed by IFA. Uninfected cells were treated with 0.5 mM SA as a positive control to confirm colocalization of each SG-related protein with G3BP1. All 7 of the investigated SG proteins colocalized with G3BP1 in SG foci in the SA-treated cells (Fig. 2.2A). In contrast, only the SG-related proteins, G3BP2, TIA-1, Caprin-1 and USP10 colocalized with the redistributed G3BP1 in the infected cells. The translation pre-initiation proteins, eIF4G and eIF3a, and the small ribosomal protein, rpS6, remained diffusely dispersed in the cytoplasm, indicating that stalled non-polysomal mRNAs were not associated with the G3BP1 foci in the infected cells (Fig. 2.2B).
Cycloheximide (CHX) is a translation elongation inhibitor which is used as a tool to identify bona fide SGs, as it traps ribosomes on mRNA transcripts and limits the availability of
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[bookmark: _Toc184988642]Figure 2.1 An SFHV infection induces activation of the SG response pathway and redistribution of G3BP1 in SHFV-infected cells.
(A-C) MA104 cells were either mock-infected or infected with SHFV (MOI of 1). Uninfected cells were treated with SA (0.5 mM) for 30 min at 37o. Whole cell lysates were harvested in 1X RIPA buffer at the indicated times and used for WB analysis with antibodies specific for (A) PKR, p-PKR, SHFV nsp1 b or (B) eIF2α, p-eIF2α or SHFV nsp1 g. (C) Relative intensity of p-eIF2a protein bands in mock-infected, SA-treated or SHFV-infected cells. WB band intensity was quantified using image J software and normalized to beta actin. Data shown are ± SEM and significance was analyzed using an unpaired student’s t test; *P ≤ 0.05. Data shown are representative of 3 independent experiments. (D) MA104 cells were either mock-infected or infected with SHFV (MOI of 0.1). Uninfected MA104 cells were treated with 0.5 mM of SA for 30 mins at 37o.  At the indicated times, cells were fixed, permeabilized and incubated with anti-G3BP1 antibody (green) and anti-dsRNA antibody (red). Nuclei were stained with Hoechst 33342 (blue). Images were obtained with a Zeiss Axio Observer Z1 fluorescent microscope and a 40X objective. (E) Cellular distribution of G3BP1 and viral dsRNA with time after infection. Colocalization of G3BP1 and viral dsRNA in MA104 cells and (F) primary macaque MΦs at 24 hpi. Fluorescence intensity profiles of the G3BP1 (green) and dsRNA (red) fluorescent signals along 3 different colored cross-section lines in the enlarged merge images of infected MA104 cells (E, right panel) or infected macaque macrophages (F, right panel) were generated using image J software.







non-polysomal mRNA that can assemble into SGs. Preformed SGs dissolve due to their dynamic nature and new SGs are inhibited from assembling in the presence of CHX [80]. To further characterize the G3BP1 foci in SHFV-infected cells, MA104 cells infected with SHFV for 24 h were incubated with CHX (100 ug/mL) for 1 h, and then processed for IFA to detect the intracellular distribution of G3BP1. Uninfected cells treated with SA (2 mM) for 45 min and uninfected cells first treated with SA for 15 min, and then incubated with CHX (100 ug/mL) for 45 min were used as controls.  The preformed SGs induced by SA in uninfected cells were not detected following the addition of CHX (Fig. 2.2C, top panels). However, asymmetrically redistributed G3BP1 foci in the SHFV-infected cells were still detected following CHX treatment, indicating that the characteristics of SHFV-induced G3BP1 foci were not consistent with those of dynamic bona fide SGs (Fig. 2.2C, bottom panel). Together, these data provide evidence supporting inhibition of bona fide SG formation in SHFV-infected cells. 

[bookmark: _Toc184988588]Multiple SHFV replication/transcription complex proteins co-precipitate with G3BP1
Previous studies have shown that members of different virus families utilize a variety of strategies to counteract SG assembly and their antiviral effects [93]. Sequestration of G3BP1 by a viral protein has been documented for multiple alphaviruses, including Sindbis virus (SINV), Semliki Forest virus (SFV), Chikungunya virus (CHIKV) and Mayaro virus (MAYV), as well as for severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) and Zika virus [89, 94-96]. 
To determine if GB3P1 is recruited to the viral replication complexes by direct interaction with a viral protein, we mock-infected or infected MA104 cells at an MOI of 0.1 for 24 h and then immunoprecipitated whole cell lysates with anti-G3BP1 antibody followed by analysis of the precipitated proteins by LC-MSMS (IP-MS). SHFV nsp2, nsp3, nsp1a and nsp1 b were the most
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[bookmark: _Toc184988643]Figure 2.2 G3BP1 foci in SHFV-infected cells are not bona fide SGs.
(A-B) MA104 cells were mock-infected or infected with SHFV (MOI of 0.1). At 24 h, mock-infected cells were incubated with SA (0.5 mM) for 30 min. Cells were fixed, permeabilized and incubated with antibodies specific for G3BP1 (red) and for either G3BP2, TIA-1, Caprin-1, USP10, rPS6, eIF3A or eIF4G (green). Nuclei were stained with Hoechst 33342 (blue).  Fluorescence intensity profiles of G3BP1 (red) and either G3BP2, TIA-1, Caprin-1, USP10, rPS6, eIF3A or eIF4G signals (green) along the yellow cross section lines in the enlarged merge images of uninfected SA treated (A, right panel) and SHFV-infected MA104 cells (B, right panel). (C) G3BP1 redistribution in CHX treated cells. MA104 cells were either mock-infected (top panel) or infected with SHFV (MOI of 0.1) (bottom panel). At 24 h, uninfected cells were treated with 2 mM SA for 15 min, then the uninfected, SA-treated and the 24h SHFV-infected cells, were incubated with CHX (100 ug/mL) for 1 hr. Cells were fixed, permeabilized and incubated with antibodies specific for G3BP1 (green) and eIF3a (red) or dsRNA (red). Nuclei were stained with Hoechst 33342 (blue).











enriched proteins co-precipitating with G3BP1 (Fig. 2.3, Table 2.1). Multiple proteins of the SHFV RTC and several of the viral structural proteins also co-precipitated with G3BP1. In addition, fewer cellular proteins co-precipitated with G3BP1 in the infected cells compared to the number in the uninfected cells, suggesting that the G3BP1 interactome is greatly modified by an SHFV infection. 

[bookmark: _Toc184988589]G3BP1 is recruited to viral replication complexes through direct interaction with SHFV nsp 2 and the nucleocapsid protein
We next investigated interactions between G3BP1 and individual SHFV nsps by reciprocal co-IP assays. The PRRSV nsp1 b was recently shown to co-precipitate with G3BP1 in infected MARC 145 cells [97]. SHFV expresses three nsp1 proteins, nsp1 a, b and g, and all of these were enriched in the MS analysis (Fig. 2.3, Table 2.1). The possibility of a direct interaction of G3BP1 with each individual nsp1 protein, as well as the most enriched viral proteins, nsp2 and nsp3 was investigated. We also investigated a potential interaction between G3BP1 and the SHFV N protein which also co-precipitated with G3BP1, because recent studies showed that the SARS-CoV 2 N protein directly binds G3BP1 and contributes to the inhibition of SG formation [94, 98].  Although the N protein is not required for replication or transcription [70], it was shown to assemble into a filamentous network of tubules near the sites of viral replication in EAV-infected cells [33].
To determine if G3BP1 interacts with SHFV nsp1 a, b or g, we infected MA104 cells at an MOI of 0.1 for 24 h and then performed an immunoprecipitation assay on whole cell lysates using anti-G3BP1 antibody followed by WB analysis of the precipitated proteins. Custom-made antibodies were used to detect nsp1 a, b or g in the infected cell lysates. Consistent with the MS data, G3BP1 co-precipitated nsp1 b and nsp1 g from infected lysates. However, nsp1 a was not detected (Fig. 2.4A). The faint signal observed for nsp1 g and the absence of nsp1 a may be due




[bookmark: _Toc184988644]Figure 2.3 SHFV nonstructural proteins are highly enriched in G3BP1 precipitates of infected cell lysates
MA104 cell lysates that were either mock infected or infected with SHFV (MOI of 0.1) for 24 h were immunoprecipitated with rabbit anti-G3BP1 antibody. The immunoprecipitated proteins were analyzed by LC-MS/MS. A volcano plot showing all proteins coprecipitated with G3BP1 from either mock infected or infected MA104 cells. Black dots (cell) and red dots (viral) proteins with a significant fold change (FC) > 2 and adjusted p-value < 0.05 under mock vs infected conditions. Grey dots are proteins with no significant FC.











[bookmark: _Toc184988636]Table 2.1 SHFV proteins that coprecipitated with G3BP1 identified by Mass Spectrometry peptide analysis of infected cell lysates
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to weak ligand binding by the antibodies used in this assay. Also, we were unable to perform reciprocal co-IPs using these antibodies. Therefore, we acquired synthetic mRNAs encoding the nsp1 a, b and g proteins with a C-terminal V5 tag. Although nsp1 a and nsp1 b expression were detected by WB analysis using anti-V5 antibodies in transfected MA104 cell lysates after 20 h, we could only confirm nsp1 g expression with the custom nsp1 g antibody (Fig. 2.4B). To determine if either nsp1 a, b or g reciprocally immunoprecipitated G3BP1, we independently transfected MA104 cells with each of the nsp1 mRNAs for 20 h, then used V5-trap magnetic agarose to perform immunoprecipitation on the whole cell lysates followed by WB analysis. G3BP1 did not co-precipitate with any of the nsp1 proteins in mRNA transfected cells (Fig. 2.4C). To determine if the nsp1 proteins could precipitate G3BP1 in the presence of an infection, we infected MA104 cells at a MO1 of 0.1 for 4 h, then independently transfected nsp1 a, b or g mRNA and at 24 hpi immunoprecipitated whole cell lysates with V5-trap magnetic agarose. Neither V5-tagged nsp1 a, b nor g co-precipitated G3BP1 from the transfected or infected and transfected cell lysates, indicating that none of the nsp1 proteins directly interact with G3BP1 (Fig. 2.4D, E and F).
To determine if G3BP1 interacts with either nsp2, nsp3 or the N protein, we transfected MA104 cells with plasmid DNA encoding either a V5-tagged nsp2, nsp3 or the N protein for 48 h. We then mock-infected or infected the cells with SHFV at a MOI of 0.1 for 24 h before performing immunoprecipitation on the whole cell lysates with anti-G3BP1 antibodies. The low transfection efficiency of nsp2 (~30%) presented a challenge for protein detection in the input samples. However, a single band of the appropriate molecular weight was consistently detected in precipitated samples, confirming expression (Fig. 2.4G). Both nsp2 and the N protein were individually co-precipitated by G3BP1 from both transfected and infected and transfected cell lysates (Fig. 2.4G and I). In contrast, nsp3 was not co-precipitated from either of these lysates (Fig. 2.4H). To determine if G3BP1 is reciprocally co-precipitated by either nsp2, nsp3 or the N protein, MA104 cells were independently transfected with a DNA construct encoding one of these proteins. At 72 h, whole cell lysates were immunoprecipitated with V5-trap magnetic agarose and the precipitates were analyzed by WB.  G3BP1 was co-precipitated by both nsp2 and the N protein from transfected cell lysates, but not by nsp3 (Fig. 2.4J).  These data indicate that nsp2 and the N protein directly interact with G3BP1 and suggest that co-precipitation of the additional viral proteins with G3BP1 is due to their interaction within the RTC.

[bookmark: _Toc184988590]SHFV nsp2 colocalizes with G3BP1 foci in nsp2 transfected cells
To determine the cellular localization of the investigated viral proteins and to detect their potential colocalization with G3BP1, MA104 cells were mock transfected or transfected with mRNA encoding nsp1 a or nsp1 b for 20 h or transfected with DNA encoding nsp 1g, nsp2, nsp3 or the N protein for 48 h, and then the cells were processed for IFA (Fig. 2.5A). We observed that nsp1 a and nsp1 g were primarily located in the cytoplasm of transfected cells, while nsp1 b was detected in both the nucleus and cytoplasm. Overexpression of nsp1 g appeared to be toxic to the cells, as a severe cytopathic effect (CPE) was consistently observed in transfected cells at various times after transfection. None of the nsp1 proteins were observed to colocalize with G3BP1 in the transfected cells. The nsp2 and nsp3 proteins were detected primarily in the cytoplasm whereas the N protein was located mainly in the nucleus, with a faint signal also detected in the cytoplasm. In approximately 30% of the nsp2 transfected cells, we observed redistribution of G3BP1 into small foci that colocalized with nsp2 foci (Fig. 2.5B). Colocalization of G3BP1 with either nsp3 or the N protein was not observed.
To verify that nsp2 localizes to the sites of replication during an infection, MA04 cells












[bookmark: _Toc184988645]Figure 2.4 G3BP1 directly interacts with SHFV nsp2 and nucleocapsid but not with nsp1 a, nsp1 b, nsp1 g or nsp 3.
(A) Whole cell lysates were harvested in IP lysis buffer at 24 hpi from mock-infected or SHFV-infected (MOI of 0.1) MA104 cells. G3BP1 was immunoprecipitated using rabbit anti-G3BP1 antibodies. A rabbit anti-IgG antibody was used as an antibody control. Immunoprecipitated proteins were analyzed by WB using mouse anti-G3BP1 or rabbit anti-nsp1 b or nsp1 g antibodies. (B-C) MA104 cells were mock transfected or transfected with mRNA encoding nsp1a, nsp1 b or nsp1 g, each with a C-terminal V5 tag. (B) At 20 hpt, whole cell lysates were harvested in 1X RIPA buffer and used for WB analysis with antibodies specific for V5 or nsp1 g. (C) At 20 hpt, whole cell lysates were harvested in IP lysis buffer and the V5 tagged nsp1 proteins were immunoprecipitated using V5 trap magnetic agarose beads. Immunoprecipitated proteins were analyzed by WB using anti-G3BP1 and anti-V5 antibodies. (D-F) MA104 cells were mock-infected or infected with SHFV (MO1 of 0.1) for 4 h, then independently transfected with mRNA encoding (D) nsp1 a (E) nsp b or (F) nsp1 g for 20 h. At 24 hpi, whole cell lysates were immunoprecipitated using V5 trap magnetic agarose beads. (G-I) MA104 cells were mock transfected or transfected with plasmid DNA encoding (G) nsp2 (H) nsp 3 or (I) N protein for 24 h and then mock-infected or infected with SHFV (MOI of 0.1) for an additional 24 h. At 48 hpt, whole cell lysates were immunoprecipitated with rabbit anti-G3BP1 antibody. Immunoprecipitated proteins were analyzed by WB using mouse anti-G3BP1 and anti-V5 antibodies. (J) Whole cell lysates from MA104 cells that were mock transfected or transfected with nsp2, nsp3 or N protein plasmid DNA for 72 h were immunoprecipitated using V5 trap magnetic agarose beads. Immunoprecipitated proteins were analyzed by WB using antibodies specific for G3BP1 and V5.






were transfected with nsp2 plasmid DNA for 24 h, infected with SHFV at an MOI of 0.1 for 24 h and then processed for IFA. Both the plasmid expressed nsp2 and viral dsRNA colocalized to the same regions in the infected cells (Fig. 2.5C). The IFA data provide supporting evidence that nsp2 can recruit G3BP1 to perinuclear foci in the absence of other viral proteins. The N protein was located mainly in the nucleus, with a faint signal also detected in the cytoplasm in areas that also contained G3BP1 (Fig 2.5D).

[bookmark: _Toc184988591]The nsp2 G3BP1 binding motif, FGAP, is conserved in the simian arteriviruses 
We further investigated the interaction between G3BP1 and nsp2, and G3BP1 and N, by searching for possible binding sites in these viral proteins. A repeated FGDF or FGxF-like motif  located in the nsp3 hypervariable domain (HVD) of the old world alphaviruses was previously shown to bind in the conserved hydrophobic pocket located in the NTF2-L domain of G3BP1 [95, 99-101]. A subsequent study showed that a non-canonical G3BP1 binding motif, FGAP, found in the nsp3 of MAYV, another alphavirus, also functioned as a binding motif for G3BP1 [102].To determine if a known G3BP1-binding motif was present in any of the SHFV proteins, we searched the entire SHFV genome and discovered a single FGAP motif located in the hypervariable region of nsp2. Sequence alignment of the nsp2 regions of all arterivirus genomes showed that the FGAP motif was also present in the nsp2 regions of nine other known simian arteriviruses, as well as in those of the African pouched rat arterivirus (APRAV) and the RtEiAV arterivirus (Fig. 2.6A). However, this motif was not found in the genomes of LDV, EAV, PRRSV-1 or PRSRV-2. An in-silico interaction model of G3BP1 and SHFV nsp2 generated with Alphafold 3 predicted that the nsp2 FGAP motif fits well in the hydrophobic pocket of the NTF2-L domain of G3BP1 (Fig. 2.6B). Structural alignment of the MAYV nsp3 and SHFV nsp2 models show that both FGAP motifs are























[bookmark: _Toc184988646]Figure 2.5 SHFV nsp 2 colocalizes with G3BP1 foci in nsp2 transfected cells. 
(A) MA104 cells were mock transfected or transfected with mRNA encoding nsp1a or nsp1 b with a C-terminal V5 tag for 20 h or transfected with plasmid DNA encoding nsp 1g, nsp2, nsp3 or N with a C-terminal V5 tag for 48 h. Cells were fixed, permeabilized and incubated with antibodies specific for G3BP1 (green) and V5 (red). Nuclei were stained with Hoechst 33342 (blue).  (B) Enlargement of a single nsp2 transfected cell from panel A. Fluorescence intensity image profiles of G3BP1 (green) and V5 (red) signals along the yellow cross-section lines (C) MA04 cells were mock transfected or transfected with nsp2 plasmid DNA for 24 h and then infected with SHFV (MOI of 0.1) for 24 h. At 48 hpt, the cells were fixed, permeabilized and incubated with antibodies specific for dsRNA (green) and V5 (red). Nuclei were stained with Hoechst 33342 (blue). Fluorescence intensity image profiles for dsRNA (green) and V5 (red) signals along the yellow cross-section line in the enlarged merged image. 










predicted to bind the G3BP1 NTF2 hydrophobic pocket in a similar conformation (Fig. 2.6C).
To determine if the SHFV nsp2 FGAP motif is necessary for interaction with G3BP1, we constructed a DNA plasmid encoding an nsp2 FGAP motif deletion mutant (∆FGAP) (Fig. 2.6D). MA104 cells were mock-transfected or transfected with the nsp2 wild type (WT) or the ∆FGAP mutant plasmid DNA for 72 h, then we performed immunoprecipitations on the whole cell lysates using either anti-G3BP1 antibodies or V5-trap magnetic agarose, followed by WB analysis. Consistent with previous experiments, the WT nsp2 co-precipitated with G3BP1, but the nsp2 ∆FGAP mutant did not (Fig. 2.6E). In the reciprocal V5-IP assay, G3BP1 co-precipitated with the WT nsp2, but did not co-precipitate with the ∆FGAP mutant (Fig. 2.6F). These data confirm that the FGAP motif found in the SHFV nsp2 is required for direct interaction with G3BP1 and is highly conserved among the simian arteriviuses.

[bookmark: _Toc184988592]The SHFV N protein binds G3BP1 via a non-canonical FAEP motif 
Neither a FGxF-like nor a FGAP motif was identified in the SHFV N protein sequence, yet a direct interaction with G3BP1 was observed, suggesting that an unidentified interaction motif existed in the SHFV N protein. Recent crystallography data showed that the SARS-CoV 2 N protein binds to the NTF2-L domain of G3BP1 via a non-canonical ITFGGP motif [98], which is more similar to the MAYV FGAP motif [102]. A sequence analysis of the SHFV N protein identified an FAEP motif that was conserved in the N protein of seven of the known simian arteriviruses. A FAAP motif was found in the N protein of three additional simian arteriviruses. These motifs were not present in the N protein of any other arteriviruses (Fig. 2.6G). An AlphaFold 3 model of the SHFV N protein and G3BP1 interaction predicted that the FAEP motif can bind in the hydrophobic pocket of the G3BP1 NTF2-L domain (Fig. 2.6H).  The FAAP motif was also predicted to bind the hydrophobic pocket of G3BP1 NTF2-L domain in a similar manner. Structural alignment of the SHFV N, SHEV N and SARS-CoV2 N (PDB: 7SUO) motifs showed that they are structurally similar, supporting the hypothesis that the SHFV FAEP motif can bind the NTF2-L hydrophobic pocket (Fig. 2.6I).
To determine if the predicted SHFV FAEP motif mediates its interaction with G3BP1, we constructed a DNA plasmid encoding the N protein with a deleted FAEP motif (∆FAEP mutant) (Fig. 2.6J). Whole cell lysates from MA014 cells that were mock transfected or transfected with the WT N protein or the ∆FAEP mutant plasmid DNA for 72 h were immunoprecipitated with either anti-G3BP1 antibody or V5-trap magnetic agarose and then analyzed by WB. We observed decreased expression of the ∆FAEP N protein even though all experimental conditions were consistent for both plasmids. The WB analysis showed that the WT N protein co-precipitated with G3BP1 but the ∆FAEP protein did not (Fig. 2.6K).  In the reciprocal V5 IP, G3BP1 co-precipitated with the WT N protein but not with the ∆FAEP N protein (Fig. 2.6L). These data identify FAEP as an SHFV non-canonical G3BP1 binding motif and further indicate that SHFV utilizes a unique motif that is conserved among simian arteriviruses as a second mode of interaction with G3BP1. 
Finally, we performed a structural alignment of the models for the SHFV nsp2 FGAP and the N protein FAEP motifs and observed that both motifs appear structurally similar and fit well into the NTF2-L hydrophobic pocket. Both motifs are predicted to interact with key G3BP1 residues such as Arg-32, Lys-123 and Phe-124 (Fig. 6M). An in silico model generated by AlphaFold 3 shows that both the N protein and nsp2 could interact with individual G3BP1 NTF2-L domains (Fig. 2.6N). The known interaction of nsp3 with the C-terminal of nsp2 is consistent with it being abundantly coprecipitated with G3BP1. 

[bookmark: _Toc184988593]G3BP1 is cleaved in SHFV-infected cells
We next analyzed G3BP1 levels by WB to determine if G3BP1 expression levels were modified in the infected cells. MA104 cells were mock-infected or infected with SHFV at an MOI of 0.1 and harvested at different times after infection for WB analysis. Mock-infected cells were also treated with SA or DTT to induce SGs. While G3BP1 migrated as a ~65 kDa band in uninfected cell lysates, we consistently detected an additional faster migrating band of ~ 58 kDa in the infected cell lysates by 24 hpi. The ~65 kDa band was observed to decrease and the ~58 kDa band to increase in its intensity over time and this correlated with increased viral protein production as indicated by the nsp1 b levels (Fig. 2.7A). Viral proteases have been previously shown to cleave G3BP1 in infected cells to inhibit SG formation [103-107].  Alternatively, a porcine epidemic diarrhea virus (PEDV) infection was shown to induce G3BP1 cleavage by the cellular caspase 8 protease to achieve SG inhibition [108]. To identify possible G3BP1 cleavage sites in the infected cells, we aligned the G3BP1 peptides detected in the SHFV-infected cells and searched for peptides cleaved at known arterivirus PLP sites (GG or GGG) [39, 49] or at known nsp4 SP cleavage sites (ES, EG, EA, QG or QS) [41, 42, 53, 109, 110]. The observed size of the G3BP1 cleavage product suggests a small fragment was cleaved from the N- or C- terminus. Several trypsin peptides that matched to the N-terminal NTF2-L domain of G3BP1, covered the putative viral protease cleavage sites in this region. However, no peptides from the C-terminal RGG domain were detected. An nsp4 cleavage site (E420/G421) and several possible PLP cleavage sites (G432/G433, G436/G437 and G439/G440/G441) are located in the C-terminal region (Fig. 2.7B). Cleavage at either E420/G421 by nsp4 SP or G432/G433 or G436/G437 by the nsp2 PLP is predicted to produce an N-terminal G3BP1 cleavage product of the approximate size of the observed band. Based on these data, we hypothesize that a site in the RGG domain of G3BP1 is






[bookmark: _Toc184988647]Figure 2.6 SHFV nsp2 binds G3BP1 via a FGAP motif whereas SHFV N binds G3BP1 via a noncanonical FAEP motif.
(A) Alignment of the FGAP containing aa sequence of MAYV nsp3 and nsp2 of 11 simian arteriviruses and 2 non-simian arteriviruses. (B-C) Predicted model of SHFV nsp2 (aa 106-116) (green) in complex with the hydrophobic pocket of the G3BP1 NTF2-L domain (cyan), generated by AlphaFold 3. (C) Structural alignment of the SHFV nsp2 (green) and MAYV nsp3 (brown) FGAP motifs docked in the hydrophobic pocket of the G3BP1 NTF2-L domain (cyan). (D) Schematic representation of SHFV nsp2 organization and an FGAP deletion mutant. HVR1- hypervariable region1, PLP- papain-like protease, Black Bars- transmembrane domains. (E-F) Whole cell lysates from MA104 cells transfected with either nsp2 or nsp2 ∆FGAP mutant plasmid DNA were harvested in IP lysis buffer at 72 hpt and immunoprecipitated with (E) Rabbit anti-G3BP1 antibody or (F) V5-trap magnetic agarose beads. Immunoprecipitated proteins were analyzed by WB using mouse anti-G3BP1 and mouse anti-V5 antibodies. (G) Alignment of the FGGP containing sequence of SARS-CoV 2 N protein with the FAEP (or FAAP) containing sequences of the N proteins of 11 simian arteriviruses. (H-I) Predicted model of SHFV N protein (aa 40-53) (orange) in complex with the hydrophobic pocket of the G3BP1 NTF2-L domain (cyan), generated by AlphaFold 3. (I) Structural alignment of FAEP (orange) and FAAP (olive green) motif in simian areterivirus N proteins and the FGGP motif in SARS-CoV 2 N protein (blue) docked in the hydrophobic pocket of the G3BP1 NTF2-L domain (cyan). (J) Schematic representation of the SHFV N protein organization and the ∆FAEP deletion mutant in the HVR region. (K-L) MA104 cells were transfected with either N protein or ∆FAEP plasmid DNA. Cells were harvested in IP lysis buffer at 72 hpt and immunoprecipitated with (K) rabbit anti-G3BP1 antibody or (L) V5 trap magnetic agarose beads. Immunoprecipitated proteins were analyzed by WB using antibodies specific for G3BP1 and V5. (M) Close-up view of the predicted interactions between the nsp2 FGAP motif (green) or the N protein FAEP motif (orange) and amino acids in the G3BP1 NTF2-l domain hydrophobic pocket. (N) The protein sequences of the Chlorocebus sabaeus G3BP1 NTF2-L domain and of SHFV nsp2, nsp3 and N protein were entered into the AlphaFold3 program to generate a predicted protein structure. The model generated was analyzed using PYMOL software. G3BP1 NTF2 domains (cyan), nsp2 (green), nsp3 (pink) and the N protein (orange). The interfaces between FGAP and G3BP1 and between FAEP and G3BP1 in a G3BP1 dimer are indicated by boxes.
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[bookmark: _Toc184988648]Figure 2.7 G3BP1 is cleaved in SHFV-infected cells.
(A) MA104 cells were mock-infected or infected with SHFV (MOI of 0.1). At 24 h, mock-infected cells were incubated with DTT (2 mM) or SA (2 mM) for 30 min. Whole cell lysates harvested at different times after infection were analyzed by WB using antibodies specific for G3BP1, p-eIF2a, eIF2a or SHFV nsp1 b. (B) Peptides identified by MS were mapped on G3BP1. G3BP1 domain sequences are indicated. Grey bars under the G3BP1 sequence indicate the number of peptide-spectrum match and location of unique peptides detected by MS in SHFV-infected cells. The location of known nsp2 PLP cleavage sites (GG) is indicated in blue and the location of known nsp4 SP cleavage sites (EA, ES) is indicated in red. The red arrow indicates a possible site of G3BP1 cleavage by nsp4 SP and the blue arrow indicates a possible cleavage site by PLP2 in the C-terminal of G3BP1.  NTF2-L-nuclear transport factor 2-like domain (green), Acidic- acidic rich region (grey), PXXP- Proline-rich region (yellow), RRM- RNA recognition motif (pink), RGG- Arg-Gly rich region (light blue). 
cleaved by a viral protease. Additional studies are needed to identify the cleavage site and viral protease.

[bookmark: _Toc184988594]Discussion
Many studies have shown that viral infections trigger the cellular SG response, primarily through activation of the stress kinases, PKR-like endoplasmic reticulum kinase (PERK) and/or PKR [111].  Activation of either kinase results in the inhibition of global cap dependent translation through the phosphorylation of eIF2a which leads to the assembly of translationally silenced mRNPs known as SGs. SGs typically have an antiviral effect since they contain translation initiation molecules and pro-viral components that are needed for viral protein translation. To overcome the antiviral effects of SGs, many viruses express effector proteins that manipulate different steps or components of the stress response pathway to inhibit SG assembly [107, 112]. 
In this study, we report that bona fide SGs did not assemble at any time in SHFV-infected MA104 cells, despite observed PKR activation and significantly increased levels of eIF2a phosphorylation from 8 to 48 hpi. In contrast, the arterivirus PRRSV-1 was recently shown to replicate in the presence of bona fide SGs that were induced through PERK/eIF2a activation [91], suggesting that members of the arterivirus family have evolved different strategies to counteract the SG response. Similar diversity in the viral response to SG formation was observed among the coronaviruses, which are also members of the order Nidovirales [89, 93, 111].
Virus infections that interfere with the assembly of SGs often do so by redistribution, sequestration or cleavage of SG components. G3BP1, the primary nucleator of SGs, is a multifunctional protein reported to have roles in cell-cycle regulation, mRNA metabolism, ribosomal quality control, and the immune response, as well as SG assembly [82, 89]. During SG assembly, G3BP1 is reported to function as a “scaffold”, mediating protein-protein and protein-RNA interactions. G3BP1 is targeted by diverse virus families to subvert SG formation and is sometimes also utilized as a proviral replication factor [89]. A murine norovirus (MNV) infection was reported to inhibit SG formation, but foci containing G3BP1 but not eIF3B were observed near the viral replication sites [113, 114]. We observed a similar redistribution of G3BP1 and other SG related proteins (G3BP2, TIA-1, Caprin-1 and USP10), but not of translation initiation proteins (eIF4G, eIF3A) or small ribosomal proteins (rps6), to sites of viral replication. Similar to the foci seen in MNV-infected cells, the SHFV-induced foci were stable in the presence of CHX, unlike the dynamic SGs induced by SA. G3BP1 was determined to function as a proviral host factor for MNV replication and also for hepatitis C virus, Zika virus, CHIKV and SFV. Whether G3BP1 also provides a proviral function for SHFV replication remains to be investigated.
Recruitment of SG-related proteins through direct interaction with a viral protein is one means utilized by several viruses to subvert SG assembly. Tandem FGDF or FGxF-like motifs located in the nsp3 of several old world alphaviruses were reported to directly bind a hydrophobic groove in the NTF2-L domain of G3BP1 [95, 99-101, 115], and a FGAP motif located in the nsp3 of MAYV, was later identified as a non-canonical G3BP1 binding motif [102]. An ITFGGP sequence located in the N protein of SARS CoV2 was also shown to directly bind in the hydrophobic groove of the G3BP1 NTF2-L domain [94, 98]. Here, we showed by reciprocal co-IP assays, that the nsp2 and the N protein of SHFV directly interact with G3BP1 in transfected or transfected and infected cells.  Additionally, we showed that a single FGAP motif located in nsp2 and a unique FAEP motif located in the N protein of SHFV were required for interaction with G3BP1. Unlike the alphaviruses, which require tandem motifs to efficiently interact with G3BP1, a single motif in either the SHFV nsp2 or the N proteins was sufficient to mediate interaction with G3BP1. Other proteins, such as the SARS-CoV2 N protein and the cellular proteins, Caprin-1 and USP10, which are known G3BP1 interactors, also contain a single G3BP1 binding motif [86]. Since the SHFV nsp2 is expressed early during infection and the N protein is abundantly expressed at a later time, it is conceivable that interaction with both proteins is required to maintain G3BP1 redistribution throughout the viral life cycle.
However, the role of G3BP1 in the viral life cycle may differ depending on its interaction with each of the two viral proteins. G3BP1was shown to function as a replication factor for old world alphaviruses through direct interaction with the viral nsp3 [116]. Given that G3BP1 directly interacts with SHFV nsp2, localizes to the sites of viral replication and co-precipitated multiple nsps of the RTC, it is plausible that G3BP1 also functions as a replication factor for SHFV. The arterivirus N protein is not required for viral replication but was shown in EAV-infected cells to form a filamentous network of tubules near the sites of viral replication [33, 70] and to be  required for encapsidation of the viral genome. An RNA binding domain in the N-terminal region of the N protein facilitates interaction with genomic RNA and a capsid binding domain in the C-terminal region enables the formation of N protein homodimers [117]. A preformed nucleocapsid buds into the ER or Golgi membranes where the viral structural proteins are localized [6]. Several additional structural proteins were found to co-precipitate with G3BP1 in SHFV-infected cells, suggesting that G3BP1 may also function as an RNA chaperone for virion assembly. 
Among arterivirus proteins, nsp2 has the largest sequence variation due the presence of 2 hypervariable regions (HVRs) [49, 118]. The FGAP motif, which is located in an SHFV nsp2 HVR, was conserved in the nsp2 coding region of nine of the known simian arteriviruses, but was not present in the EAV, LDV or PRRSV-1/2 nsp2. Similarly, the simian arterivirus N proteins have conserved FAEP or FAAP motifs, further supporting the evolutionary divergence of SHFV and the other simian arteriviruses from other members of the arterivirus family. Further studies are required to confirm that the divergent nsp2 and N proteins of other simian arteriviruses can also interact with G3BP1 via their conserved motifs. 
While nsp1 b of PRRSV-1 was shown to co-precipitate with G3BP1 from infected or transfected MARC-145 cell lysates, a direct interaction between nsp1 b and G3BP1 was not demonstrated [97]. Our MS data showed that multiple viral proteins co-precipitated with G3BP1 from SHFV-infected MA104 cell lysates. Although nsp1 b and nsp1 g co-precipitated with G3BP1 from infected cell lysates, neither of these proteins co-precipitated G3BP1 in a reciprocal immunoprecipitation assay. Interestingly, we identified a FGAF motif in the nsp1 g protein sequence, similar to the alphavirus FGxF motifs. However, introducing alanine mutations into the FGAF motif of nsp1 g in a full-length infectious clone virus did not prevent the co-precipitation of nsp1 g with G3BP1 and did not inhibit the redistribution of G3BP1 to foci in the infected cells (data not shown). Furthermore, the FGAP motif of nsp1 g was not predicted to bind the hydrophobic pocket of the G3BPP1 NTF2-L domain in an in-silico interaction model of G3BP1 and SHFV nsp1 g generated with Alphafold 3.  In addition to the nsp1s, nsp3, the second most abundant protein that co-precipitated with G3BP1, could not be verified as a direct interacting partner of G3BP1 in reciprocal co-IP assays from lysates of transfected or transfected and infected cells. It is likely that nsp3 was so abundantly co-precipitated with G3BP1 due to its known interaction with nsp2 [53, 61, 90, 119]. A plausible orientation of the interaction between these proteins was demonstrated by an in silico model generated by AlphaFold 3, in which both the N protein and nsp2 interact with individual G3BP1 NTF2-L domains and nsp3 interacts with the C-terminal of nsp2. These data strongly suggest that the co-precipitation of nsp1 a, b and g and nsp 3 with G3BP1 was due to their interaction with other viral proteins in the RTC. 
Several studies have found that SG assembly can be inhibited by viral protease cleavage of G3BP1 [103-106, 120]. Our data indicate that G3BP1 cleavage occurs in SHFV-infected cells and a G3BP1 peptide analysis suggested cleavage by a viral protease. G3BP1 cleavage products were previously observed in cells infected with foot mouth disease virus (FMDV), equine rhinitis A virus (EARV) [106] and feline calicivirus (FCV) [104]. The PLP Lpro of FMDV and EARV were reported to cleave G3BP1 at an unknown site near the C-terminal RRM domain or RGG domain [106]. The FCV SP NS6pro cleaves G3BP1 in the RRM domain at E405 [104]. The G3BP1 peptide used to produce the antibody used in our experiment consisted of amino acids 167-466, indicating that this antibody would detect proteins cleaved at either the N or C terminus. The arterivirus PLP domain of nsp2 was shown to cleave in cis and trans at GG sites [49, 118] and the nsp4 SP was shown to cleave at either ES, EG, EA, QS or QG sites [41, 42, 53, 110]. Cleavage at only the G43/G44 site at the N-terminus or at either a E420/G421, G432/G433 or G436/G437 site at the C-terminus would produce a cleavage product of the detected size. In the MS data, we detected several G3BP1 peptides not cleaved at the G43/G44 site in the N-terminus in the infected cells, suggesting that G3BP1 was cleaved at a C-terminal site. The modeling data indicate that the interaction site in G3BP1 for the 2 SHFV proteins is likely located in the N-terminus NTF2-L domain [121], which would be present in both the full length and cleaved G3BP1s. We did not detect G3BP1 cleavage in nsp2-transfected cells and other cellular protein targets of arterivirus nsp2 PLP domain have not been reported. Although nsp2 PLP cleavage is plausible, it is also possible that nsp2 cooperates with the nsp4 SP to cleave G3BP1. The PRRSV nsp2 was shown to act as a cofactor for nsp4 SP cleavage activity [53-55] and both the PRRSV and EAV nsp4 SPs were shown to cleave multiple sites in the cellular protein NF-κB essential modulator (NEMO) in infected cells [56, 57], further supporting the hypothesis that the SHFV nsp4 SP could be responsible for cleavage of G3BP1. 
In addition to its protease activity, the PLP domain in SHFV, LDV, PRSSV and EAV nsp2 was reported to function as a deubiquitinating enzyme (DUB) and was shown to remove K63-linked polyubiquitin from RIG-I [50]. Furthermore, the PLP domain of PRRSV nsp2 was shown to remove K48-linked polyubiquitin from IkBα [51]. K63-linked polyubiquitination of G3BP1 by TRIM21 and TRIM25 was shown to be involved in the disassembly of SGs induced by oxidative stress or heat shock, but not PRK induced SGs [122-124]. Whether the SHFV nsp2 PLP domain is involved in G3BP1 deubiquitination is not known.
Here, we provide evidence that an SHFV infection counteracts bona fide SG assembly through (i) the redistribution of SG-related proteins to sites of viral replication (ii) direct interaction between G3BP1 and the SHFV nsp2 and N proteins and (iii) viral protease cleavage of G3BP1. Further studies are needed to determine if G3BP1 plays a proviral role in viral replication.

[bookmark: _Toc184988595]Method and Materials
[bookmark: _Toc184988596]Cells and virus 
The MA104 cell line was obtained from American Type Culture Collection (ATCC). MA104 cells are embryonic African green monkey epithelial kidney cells. These cells were cultured at 37oC in a 5% CO2 atmosphere using 1 x Dulbeco’s Modification of Eagle’s Medium (Corning, #15-013-CV) supplemented with 1% L-glutamine, 7.5 % fetal bovine serum (R&D systems, #S11150) and ~1% Pen/Strep (Gibco, #15140-122)

Whole blood samples of rhesus macaque monkeys were obtained from Yerkes Regional Primate Center. Peripheral blood mononuclear cells (PBMCs) were isolated using SepMateTM-50 tubes (Stemcell Technologies) and Lymphocyte separation media (Corning, #25-072-CV) by density gradient centrifugation. Isolated monocytes were resuspended in monocyte attachment media (Promocell, #C28051) and seeded in 24-well plates at a density of ~106 cells/well. Following a 2 h attachment period, monocytes were gently washed with RPMI-1640 media, then incubated with RPMI-1640 media supplemented with 1% autologous donor serum, 10% heat-inactivated FBS (Atlas Biologicals), ~1% Pen/Strep (Gibco, #15140-122) and 25 ng/ml recombinant human macrophage colony stimulating factor (Perprotech, #AF-300-25).  Differentiating macrophages were cultured at 37oC in a 5% CO2 atmosphere for 8 days and two-thirds of the culture media was replaced with fresh media every three days.

An aliquot of SHFV LVR 42-0/M6941 was obtained from ATCC. The virus was sequentially plaque-purified three times and then amplified once on MA104 cells (MOI of 0.01) to produce a stock pool. To make experimental virus pools, MA104 monolayers were infected with the stock virus at an MOI of 0.2 and the culture fluid was harvested at 32 hpi. The infectivity titer of the clarified culture fluid was determined to be 1 × 107 PFU/ml by plaque assay on MA104 cells and was aliquoted and stored at −80°C. 

MA104 cells or macaque macrophages were infected at an MOI of 0.1 or 1. Virus adsorption was allowed for 1 h at 37°C in a 5% CO2 atmosphere, then the inoculum was removed, and cells were washed three times with Hank’s balanced salt solution (HBSS). Infected cells were then incubated with cell-specific medium at 37°C in a 5% CO2 atmosphere until harvest at indicated times.  
[bookmark: _Toc184988597]Construction of DNA plasmids and DNA transfection
The SHFV sequences for the nsp1 g, nsp2, nsp3 or N protein coding regions, each with a V5 tag (GKPIPNPLLGLDST) fused at the C-terminus, were used to order gBlocks Gene Fragments from Integrated DNA Technologies (IDT). The nsp1 g gBlock was cloned into the pEF6V5-HIS-TOPO plasmid (ThermoFisher, #K961020) using flanking BamHI and XbaI restriction sites and nsp2, nsp3 and the N protein gBlocks were cloned into the pCDNA 3.1+ plasmid (ThermoFisher, #V79020) using flanking SpeI and XbaI restriction sites. Plasmids were transformed into XL Ultra competent cells (Agilent technologies) using the manufacturer’s protocol. Five colonies from each transformation were randomly picked from plates and grown overnight in liquid culture (LB media plus 50 µg/ml kanamycin or 50 µg/ml carbenicillin). Plasmid DNAs were extracted from liquid cultures, purified and sequence verified by Sanger sequencing (Psomagen). 

The nsp2 FGAP and N FAEP deletion mutants were generated by site directed mutagenesis using a QuickChange Lightning Site Directed Mutagenesis kit (Agilent, #210518) according to the manufacturer’s protocol. The primers used for the ∆FGAP mutant were 5'-CAGGGTCTCTCCT-GCCGTGATCGGTATGG-3' and 5'-CCATACCGATCACGGCAGGAGAGACCCTG-3' and for the ∆FAEP mutant were 5'-GCCTCTAAATGAGACACATTATGTTGGCGACCTCCGAG-3' and 5'-CTCGGAGGTCGCCAACATAATGTGTCTCATTTAGAGGC-3'.

Subconfluent MA104 monolayers seeded on coverslips in a 24-well plate were transfected with 1 ug of plasmid DNA per well. Cells seeded in a 10-cm dish were transfected with 10 ug of plasmid DNA using X-treme GENE 360 Transfection Reagent (Millipore Sigma, #8724105001) according to the manufacturer’s protocol. 
[bookmark: _Toc184988598]Construction of mRNA and mRNA transfections
All of the mRNAs used in this work were designed and synthesized by in vitro transcription reactions. Briefly, plasmids (GenScript) were linearized with NotI-HF (NEB) overnight at 37°C, purified by sodium acetate (Thermo Fisher Scientific) precipitation and rehydrated with nuclease-free water. In vitro transcription was performed overnight at 37°C using the HiScribe T7 kit (NEB) following the manufacturer’s instructions (N1-methyl-pseudouridine modified). The resulting RNA was treated with DNase I (Aldevron) for 30 min to remove the template, and then purified using lithium chloride precipitation (Thermo Fisher Scientific). The RNA was heat denatured at 65°C for 10 min before capping with a Cap-1 structure using guanylyltransferase and 2’-O-methyltransferase (Aldevron). mRNA was then purified by lithium chloride precipitation, treated with alkaline phosphatase (NEB) and purified again. The mRNA concentration was measured using a NanoDrop instrument. Purified mRNA products were analyzed by gel electrophoresis to ensure purity.
MA104 monolayers seeded on coverslips in a 24-well plate were transfected with 250 ng of mRNA per well. Cells seeded in a 10-cm dish were transfected with 3 ug of mRNA using Lipofectamine MessengerMax Transfection Reagent (Thermo, #LMRNA001) according to the manufacturer’s protocol.

[bookmark: _Toc184988599]Chemicals
Sodium arsenite (SA) (#S7400-100G) and Cycloheximide (CHX) (#239763-M) were obtained from Sigma-Aldrich. Dithiothreitol (DTT) (#R0861) was obtained from Thermo. 

[bookmark: _Toc184988600]Immunofluorescence assay
Sub-confluent monolayers of macaque MΦ or MA104 cells grown on 15 mm glass coverslips in a 24-well plate were either mock-infected, transfected or infected and transfected. At the indicated times, cells were fixed with 4% paraformaldehyde (PFA) in 1X phosphate buffered saline (1X PBS) for 10 min at room temperature (RT) and then permeabilized with ice cold 0.1% Triton X-100 in PBS for 10 min at RT.  Coverslips were washed in 1X PBS, blocked with 5% normal horse serum in 1X PBS at room temperature for 1 h and then rocked at 4oC with primary antibodies diluted in blocking buffer overnight. Primary antibodies used for IFA were rabbit anti-G3BP1 (1:300, Proteintech, #13057-2-AP), mouse anti-G3BP1 (1:300, Proteintech, #66486-1-Ig), rabbit anti-G3BP2 (1:200, Proteintech, #16276-1-AP), goat anti-TIA-1 (1:200, Santa cruz, #1751), rabbit anti-CAPRIN-1 (1:50, Proteintech, #15112-1-AP), rabbit anti-USP10 (1:50, Cell signaling, #8501), rabbit-anti rPS6 (1:50, Cell signaling, #2217), rabbit-eIF3A (1:50, Cell signaling, #3314), rabbit anti-eIF4G (1:50, Cell signaling, #2498), rabbit anti-V5 (1:200, Cell signaling, #13202), mouse anti-V5 (1:200, Cell signaling, #80076) or mouse anti-dsRNA J2 (1:20000, Nordic MUbio, #10010500). The coverslips were washed 3 times in PBS for 10 min, then incubated with either Alexa Fluor donkey 555 anti-mouse, Alexa Fluor 488 donkey anti-rabbit and/or Alexa Fluor 488 donkey anti-goat secondary antibodies (1:400, Thermo, #A31570, #A21206, #A11055, respectively) diluted in blocking buffer and Hoechst 33342 dye (0.08%, Invitrogen, #H3570) for 1h at room temperature. The coverslips were washed with PBS and mounted onto glass slides with Prolong Gold Antifade reagent (Invitrogen, #P36930). Images were obtained using a 40X oil-immersion objective on a Zeiss Axio Observer Z1 widefield fluorescent microscope and were analyzed using Volocity software (Perkin Elmer).

[bookmark: _Toc184988601]Western blot
Whole cell lysates from mock-infected, transfected or SHFV-infected cells were harvested in 1X RIPA buffer (1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% SDS) containing Halt protease inhibitor cocktail (Thermo Scientific, # 78430). Lysate proteins were separated on a 12% SDS-PAGE gel at 150 V for 1 h, and then transferred to a 0.2 um nitrocellulose membrane using a Trans-Bolt Turbo transfer system (Bio-rad) following the manufacturer’s protocol. The membrane was incubated in blocking buffer (5% non-fat dry milk diluted in 1X Tris-buffered saline (TBS), pH 8.0, containing 0.1% Tween 20) at room temperature for 1 h, and then cut into strips and incubated with primary antibodies overnight at 4oC while rocking. The antibodies used were rabbit anti-PKR (1:400, Cell signaling, #12297), rabbit anti-p-PKR (1:500, Invitrogen, #MA5-38282), mouse anti-eIF2a (1:500, Abcam, #5369), rabbit anti-p-eIF2a (1:500, Abcam, #32157), mouse anti-G3BP1 (1:1000, Proteintech, #66486-1-Ig), mouse anti-V5 (1:500, Cell signaling, #80076), rabbit anti-nsp1a peptide (GDLTRPEETPLPGGC) (1:500) rabbit anti-nsp1b peptide (FAQKVITAFPEGVLC) (1:2000), rabbit anti-nsp1g peptide (FPPLSRKSEAQRAIL) (1:500) or mouse anti-beta actin (1:10000, Abcam, #6276). The nsp 1 antibodies are monospecific, polyclonal antibodies made by Abgent. The membrane strips were washed three times for 15 min with 1X TBST (1x Tris-buffered saline, pH 7.6 + 0.1% Tween) and then incubated with a secondary antibody (horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody) (1:2000, Cell signaling, #7079, #7076, respectively) for 1 h at room temperature. The membrane strips were then washed twice in 1X TBST and once in 1X TBS for 15 min each and then developed with a Pierce ECL western blotting substrate (Thermo scientific, #32106) following the manufacturer's protocol.

[bookmark: _Toc184988602]Coimmunoprecipitation assay 
MA104 cells, seeded at 2x106 cells/10 cm dish, were either mock-infected, infected, transfected or infected and transfected. Whole cell lysates from each plate were harvested in 500 ul of IP lysis buffer (25 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40 and 5% glycerol) containing Halt protease inhibitor cocktail (Thermo Scientific, # 78430).  Pre-cleared lysates (50 ul) were stored in -20oC for later use as the input controls for the WB analysis. The remaining lysates were separated into 2 aliquots. One aliquot was incubated with 1ug of control rabbit anti-IgG antibody (Proteintech, #30000-0-AP) and the other was incubated with 1 ug of rabbit anti-G3BP1 antibody (Proteintech, #13057-2-AP). After 1 h with rotation at 4°C, Protein A magnetic beads (Cell signaling, #73778) were added to each sample and incubated overnight at 4°C with rotation. The beads were concentrated magnetically, washed 3 times in lysis buffer and then incubated in 50 ul of 1X SDS sample loading buffer (20% SDS, 25% glycerol, 0.5 M Tris-HCl [pH 6.8], 0.5% bromophenol blue, and 5% beta-mercaptoethanol) for WB analysis or in 50 ul of 1X NuPAGE LDS sample loading buffer (Thermo, #NP0007) for MS sample preparation. Control input lysates were also incubated with SDS or LDS sample loading buffer. All samples were eluted by boiling for 10 min. The IP samples were separated from the magnetic beads and the eluents were stored at -20oC until used for WB or LC-MS analysis. 

For immunoprecipitation of viral proteins with a V5 tag, the whole cell lysates were harvested as described above and then incubated with 20 ul of V5-Trap Magnetic agarose bead slurry (Proteintech, #v5tma) at 4°C for 2 h with rotation. The beads were then centrifuged, pelleted, washed and eluted in 1X sample loading buffer as described above. 

[bookmark: _Toc184988603]Mass spectrophotometry (MS) analysis
G3BP1 IP samples from mock or infected MA104 cells were prepared as described above. The precipitated proteins were run into a 12% NUPAGE bis-tris gel (Thermo, #NP0341BOX) using 1X MES SDS running buffer (Thermo, NP0002) for a short distance. Precision Plus protein standards (Bio-Rad, #1610373) were run on a separate lane. The proteins were stained using a colloidal blue staining kit (Thermo, # LC6025) according to the manufacturer’s standard protocol. The entire stained gel region was excised as a single band from individual lanes, then reduced with Tris(2-carboxyethyl)phosphine, alkylated with iodoacetamide, and digested with trypsin (Promega, #V5111). Tryptic digests were analyzed using a 90 min LC gradient on a Thermo Q Exactive HF mass spectrometer (Thermo Fisher Scientific). MS data were searched with full tryptic specificity against the UniProt Chlorocebus proteome database (12/24/2022), SHFV protein sequences, and a common contaminant database using MaxQuant 1.6.3.3 [125]. Protein and peptide lists were generated with a false discovery rate set at 1%. Statistical analyses were performed on protein LFQ Intensity values using LFQ-Analyst [126] and p-values were adjusted to account for multiple testing using Benjamini-Hochberg FDR correction.

[bookmark: _Toc184988604]In silico protein modeling
The protein sequences of the G3BP1 NTF2-L domain, SHFV nsp2, SHFV N protein and Mayaro virus nsp3 coding regions were used to generate predicted protein structures and interaction models using the AlphaFold 3 online server (https://golgi.sandbox.google.com). Analysis of the predicted interaction models and the crystal structure of the G3BP1-NTF2-L domain in complex with the SARS CoV2 N peptide ITFGGPS (PDB: 7SUO) was carried out with the PyMOL Molecular Graphics System (v3.0.3, Schrödinger, LLC). 
[bookmark: _Toc184988605]GenBank accession number for G3BP1 and viral protein sequences used in alignments and in silico protein modeling: 
SHFV (NC_003092.2), PBJV (NC_027124.1), KKCBV-1 (KT447550), MYBV-1 (NC_025112.1), SWBV-1 (NC_025113.1), KRTGV-1 (JX473849.1), SHEV (KM677927.1), DeMAV (NC_026509.1), FSVV (KR862307.1), KRCV-2 (NC_034455.1), KRCV-1 (KX656702.1), ZMbV-1 (KT166441), SARS CoV2 (NC_045512.2 ), APRAV (NC_026439.1), RtEiAV (KY369968), MAYV (KT754168.1) and G3BP1(XP_008013253.2)
























[bookmark: _Toc184988606]aim 2: Characterization of the SHFV E′ protein and its mitochondrial localization in transfected or infected MA104 cells

[bookmark: _Toc184988607]Abstract
Simian hemorrhagic fever virus (SHFV) and members of the subfamily Simarterivirnae are distinct from other known viruses of the family Arteriviridae. Compared to other arteriviruses, the simian arteriviruses genomes are the longest. Their increased coding capacity includes an additional set of the minor structural proteins, GP2′, GP3′ and GP4′.  SHFV and two other simian artieriviruses also express an E′ protein. The E protein, which is common to all arteriviruses, is encoded by ORF 2a in the SHFV genome, whereas the E′ protein is encoded by ORF 2b′. Arterivirus E proteins were shown by others to localize to the ER and Golgi membranes of infected or transfected cells and to oligomerize in the membranes of virion particles. However, little is known about the structure, localization or function of the E′ protein. In the present study we showed by mass spectrometry (MS) analysis that all of the known SHFV structural proteins, except the E′ protein, were present in purified virions. Comparison of the SHFV E′ and E, and the SHFV E′ and the E ′ protein sequences of PBJV and SWBV-1 detected low sequence identity. Immunofluorescence assay (IFA) of V5-tagged SHFV E and E′ proteins in transiently transfected cells revealed differences in cellular localization. The SHFV E′, but not the E protein colocalized with the mitochondrial marker cytochrome C in primary macaque MΦs and with Tom 20 in MA104 cells. Further analysis showed that the E′ protein cofractionates with mitochondria in transfected cells and it is an integral membrane protein localized to the outer mitochondrial outer membrane. MS data detected SQSTM1 and SLC1A4 as the most enriched cellular proteins to co-precipitated with the SHFV E′ protein and SQSTM1 was confirmed to directly interact with the E′ protein in mitochondria extracts.  Finally, mitochondria fragmentation was observed in SHFV-infected cells by 24 h and also in E′ transfected cells. Together, these data indicate mitochondrial localization of the SHFV E′ protein and suggest that it unlikely that this protein functions as a virion structural protein. 

[bookmark: _Toc147769889][bookmark: _Toc184988608]Introduction
Simian hemorrhagic fever virus (SHFV) is a single-stranded, positive-sense RNA virus that belongs to the family Arteriviridae, in the order Nidovirales, and is further classified in the subfamily Simarterivirinae [12]. The most well characterized members of the family include SHFV, equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), porcine reproductive and respiratory virus-1 (PRRSV-1) and PRRSV-2, but the most extensive research has been focused on EAV and PRRSV due to their significant agricultural impact on horses and pigs, respectively [6]. SHFV was first isolated in 1964 and was identified as the etiological agent causing lethal simian hemorrhagic fever (SHF) outbreaks among captive Asian macaque colonies in the United States [13]. Infected Asian macaques develop a fatal hemorrhagic fever disease within 7-14 days, but infected African cercopithecid monkeys such as baboons, develop an acute or persistent asymptomatic infection [16]. Divergent simian arteriviruses were later identified through deep sequencing analyses of viral RNA that was isolated from blood samples collected from several different African monkeys [13, 127, 128]. SHFV remains the most studied species of the simian arteriviruses.
The SHFV RNA genome is approximately 15.7 kb and consists of a 5′ type 1 cap and a 3′ poly (A) tract [6].  The 5′ proximal open reading frames (ORF) 1A and ORF 1B encode 16 non-structural proteins and multiple overlapping ORFs at the 3′ proximal end of the genome encode 12 structural proteins. The structural proteins are expressed as a 5′-3′ coterminal, nested set of sub-genomic (sg) mRNAs that are generated by discontinuous minus-strand transcription [34]. Separate sg mRNAs are generated for each of the major and minor structural protein [37, 129]. The non-simian arteriviruses, EAV, LDV, PRRSV1/2 and other members of the family, express 4 minor structural proteins, GP2, GP3, GP4 and the envelope (E) protein. However, SHFV and all of the other simian arteriviruses express an additional set of minor structural proteins, GP2′, GP3′, GP4′ [34, 38, 130]. Only SHFV and two other simian arteriviruses also express an E′ protein. The order of the ORFs encoding GP2/GP2’ and E/E′ differ between the two sets of minor structural proteins. The SHFV E protein is composed of 80 amino acids (aa) and is encoded by ORF 2a, whereas the E′ protein is composed of 94 aa and is encoded by ORF 2b' [34]. The E protein localizes mainly to the endoplasmic reticulum (ER) and the Golgi complex and contains a single hydrophobic transmembrane domain with the N-terminus of the protein oriented toward the cytoplasm and the C-terminus toward ER lumen [31, 64]. The E protein has a conserved N-terminal myristoylation site [63, 131] and forms homo-oligomers on the surface of virions and is thought to function as an ion-channel involved in uncoating of the viral genome [65]. The SHFV E′ protein lacks a myristoylation site and the function and structure of this protein have yet to be characterized.
In the present study we showed that the SHFV E and E′ share low protein sequence identity and differ in topology and cellular localization. Comparison of the E′ protein sequences of SHFV and those of two other simian arterivirus also showed low protein sequence identity. Mass spectrometry (MS) analysis of the structural proteins present in purified SHFV virions detected the E protein and all of the other structural proteins except the E′ protein. The SHFV E′ protein colocalized with mitochondrial markers in primary macaque macrophages and MA104 cells in an immunofluorescence assay and the E′ protein cofractionated with crude mitochondria from E′ transfected MA104 cells. A topology analysis indicated that E′ is an integral protein that localizes to the outer mitochondria membrane. MS analysis of cellular proteins co-immunoprecipitated with E′ from a crude mitochondria fraction isolated from E′ transfected cells detected the cytoplasmic proteins SQSTM1 and SLC1A4. A direct interaction between SQSTM1 and the E′ protein was confirmed by reciprocal co-IP assays. Finally, mitochondrial fragmentation was observed in SHFV-infected MA104 cells as well as in cells expressing the E′ protein after transfection with SHFV E′ mRNA.  These data indicate that the SHFV E′ protein localizes to mitochondria and induces mitochondrial fission, making it unlikely that this protein functions as a structural protein.

[bookmark: _Toc147769891][bookmark: _Toc184988609]Results
[bookmark: _Toc184988610]The E′ protein is not a component of the SHFV virion
An additional set of minor structural proteins (GP2a', E′, GP3′ and GP 4′) is encoded in the 3′ end of the SHFV genome (Fig. 3.1). To determine if both sets of the minor structural proteins are present in the SHFV virions, we infected MA104 cells at an MOI of 0.1 for 24 and then purified SHFV virions from the infected cell culture media through a sucrose cushion using ultracentrifugation followed by analysis of the virion proteins by mass spectrophotometry (MS). The major structural proteins, GP5, the N and M were the most abundant proteins identified in the purified virions. The minor structural proteins, E, GP2b, GP3, GP4, GP2a', GP3' and GP4', as well as the ORF5a protein were also identified. However, no peptides matching the E′ protein were recovered from the purified virions (Table 3.1), strongly suggesting that the E′ protein is not a virion structural protein.











[bookmark: _Toc184988649]Figure 3.1 Diagram depicting the organization of the structural protein ORFs in SHFV genome.
Partial genome organization of SHFV structural proteins, highlighting the order of the E′ and the E protein in each set of minor structural proteins.












[bookmark: _Toc184988637]Table 3.1 SHFV structural proteins identified by Mass Spectrometry peptide analysis of purified virions.
Structural proteins are arranged from greatest to least average intensities of retrieved peptides for each protein.








[bookmark: _Toc184988611]Comparison of sequence, topology and cellular localization of the SHFV E and SHFV E′ proteins
Among the simian arteriviruses, an E′ protein is only encoded in the SHFV, PBJV and SWBV-1 genomes. These E′ protein sequences were compared using a multiple sequence alignment with DNASTAR Lasergene MegAlign software and the shared sequence identity and sequence similarity percentages were determined. The SHFV E′ protein consists of 94 aa, whereas the PBJV and SWBV-1 E′ proteins both contain only 52 aa. The SHFV E′ protein sequence shares sequence identities of 11.5 % and 12.8 % and sequence similarities of 21.2% and 26.6 % with the E′ proteins of PBJV and SWBV-1, respectively, indicating significant divergence of the SHFV E′ from those of other simian arteriviruses. 
A pairwise alignment of the SHFV E and E′ proteins was also conducted. The two proteins share 17.5 % sequence identity and 31.5 % sequence similarity (Fig 3.2B). The topology of each protein was next predicted using multiple topology prediction programs (Table 3.2). Consistent with the previously reported topology of the PRRSV E protein [31, 64], the SHFV E protein was predicted to have a cytoplasmic N-terminal domain, a single transmembrane domain and a C-terminal domain that was located in the lumen of the ER (Fig 3.2C and Table 3.2). In contrast, a variety of different topologies were predicted for the E′ protein. Seven of the programs predicted the E′ protein to be soluble, while five other programs predicted the presence of a single transmembrane domain with conflicting predictions for the orientations of the N- and C-termini (Fig 3.2D and Table 3.2). Finally, to determine the subcellular localization of the E and E′ proteins, we transfected macaque MΦs for 4 h with mRNA encoding either the E or E′ protein fused to a C-terminal V5 tag, infected the cells with SHFV at a multiplicity of infection (MOI) of 0.1 for 24 h, and then processed the cells for an immunofluorescence assay (IFA). MA104 cells were also transfected with mRNA encoding either the E or the E′ protein for 12 h before being processed for IFA. A diffuse cytoplasmic distribution was observed for the E protein (Fig 3.2E and F, top panel), in both transfected MΦs and MA014 cells whereas the E′ protein appeared to be associated with tubular cytoplasmic structures (Fig 3.2E and F, bottom panel). Together these data indicate that the SHFV E and E′ proteins differ in their similar characteristics.

[bookmark: _Toc184988612]The SHFV E′ protein localizes to mitochondria and cofractionates with crude mitochondria
The E proteins of coronaviruses and arteriviruses have been shown to mainly localize to the ER and Golgi [31, 64, 132], but a small portion of the PRRSV E protein partially localized to mitochondria in transfected MARC-145 cells [133]. To determine if either the SHFV E or E′ protein localizes to the mitochondria, we transfected macaque MΦs and MA104 cells with mRNA encoding the E or E′ proteins for 28 h and then processed the cells for IFA. While the E protein did not colocalize with cytochrome C, in macaque MΦs (Fig 3.3A, top panel) or with Tom 20 in MA104 cells (Fig 3.3B, top panel), the E′ protein colocalized with both of these mitochondrial proteins (Fig 3.3A and B, bottom panels). The overlapping peaks in the fluorescence intensity plots of a region in the cytoplasm (indicated by the white solid lines in the enlarged merge images) confirmed colocalization of the mitochondria marker proteins and the V5 signals in the E′ transfected cells (Fig. 3.3A and B, right panel).  
	To further confirm that the E′ protein localizes to the mitochondria, we performed cellular fractionation on MA104 cells that had been mock-transfected or transfected for 72 h with plasmid DNA encoding the E′ protein with a C-terminal V5 tag and then performed immunoprecipitation
on the isolated mitochondrial fraction using V5 trap magnetic agarose followed by western blot

[bookmark: _Toc184988650]Figure 3.2 Sequence comparison, predicted membrane topologies and cellular location of the SHFV E and E′ proteins.
(A) Clustal W alignment of the SHFV E′ protein with the E′ proteins of PBJV and SWBV-1 was performed using the DNASTAR Lasergene MegAlign software. (B) Pairwise alignment of the SHFV E and SHFV E′ protein. (C) Diagram of consensus topology for the SHFV E protein and (D) the various predicted topologies of SHFV E′ protein based on the topology prediction software programs.  (E-F) Primary macaque MΦs or MA104 cells were transfected with mRNA encoding the SHFV E or E′ protein with a C-terminal V5 tag for (E) 4 h and then infected with SHFV (MOI of 0.1) for 24 h or (F) transfected only for 12 h. Cells were then fixed, permeabilized and incubated with anti-dsRNA antibody (red) and/or anti-V5 antibody (green). Nuclei were stained with Hoechst 33342 (blue). Images were obtained using a Zeiss Axio Observer Z1 fluorescent microscope and a 40X objective








[bookmark: _Toc184988638]Table 3.2 Membrane topology prediction of SHFV E and E′ proteins using multiple online prediction programs. 
Predicted transmembrane domains and the N- and C-termini locations are shown.









 (WB) analysis of the precipitated proteins (Fig 3.3C). The data showed that the E′ protein cofractionated with the crude mitochondria fraction but not with the cytoplasmic fraction. Furthermore, the E′ protein was greatly enriched in the V5 immunoprecipitants from the mitochondrial fraction and was not detected in the supernatant flow through wash which contained the unbound proteins (Fig 3.3D). These data confirm that the SHFV E′ protein localizes to the mitochondria in transfected cells.

[bookmark: _Toc184988613]SHFV E′ is an integral membrane protein that localizes to the outer mitochondrial membrane
Mitochondria are complex organelles comprised of four distinct compartments including the highly specialized outer mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM). Both membranes are separated by the intermembrane space (IMS), and the innermost matrix compartment is surrounded by the IMM [134]. To determine if the E′ protein possesses a mitochondrial targeting sequence (MTS), we analyzed the E′ protein sequence using the online MTS prediction programs, DEEPMITO, SignalP 5.0 and TargetP 2.0. A canonical MTS was not predicted in the E′ protein sequence by any of the prediction programs.
 Next, we performed a proteinase K accessibility assay to determine the sub-mitochondrial localization of the E′ protein. Proteinase Kis unable to penetrate the OMM or the IMM in intact mitochondria under isotonic conditions, but it can digest proteins that are exposed on the OMM of intact mitochondria [135]. To assess the integrity of the isolated mitochondria and to determine the optimal concentration of proteinase K needed for this assay, we incubated 6 aliquots of isolated mitochondria from MA104 cells with different concentrations of proteinase K for 10 min. One fraction was permeabilized with Triton-X prior to incubation with proteinase K as a control. After













[bookmark: _Toc184988651]Figure 3.3 Subcellular localization of the SHFV E and E′ proteins.
(A-B) Primary macaque macrophages or MA104 cells were transfected with mRNA encoding SHFV E or E′ protein for 28 h and then fixed, permeabilized and incubated with anti-V5 (green) and anti-cytochrome C or anti-TOM20 (red) antibody. Nuclei were stained with Hoechst 33342 (blue). Images were obtained with a Zeiss Axio Observer Z1 fluorescent microscope and a 40X objective. Fluorescence intensity profiles of the V5 (green) and cytochrome C or TOM20 (red) fluorescent signals along the white cross-section line in the enlarged merge images of transfected Macaque macrophages (A, right panel) or transfected MA104 cells (B, right panel) were generated using image J software. (C) Diagram depicting experimental protocol used for mitochondria fractionation and V5 immunoprecipitation of crude mitochondria (D) MA104 cells were mock-transfected or transfected with plasmid DNA encoding the E′ protein for 72 h. Whole cells were lysed and fractionated by centrifugation to retrieve a cytosolic fraction and a pellet containing crude mitochondria. The crude mitochondria pellet was lysed in IP lysis buffer and the E′ protein was immunoprecipitated using V5 trap magnetic agarose beads. The coprecipitated proteins, the unbound proteins (flow through wash), the lysates from the mitochondria fraction and the cytosolic fraction were analyzed by WB using antibodies specific for VDAC, TOM20 and V5.








stopping the reaction with 5 mM of PMSF, the undigested proteins were analyzed by WB. With concentrations of proteinase K between 25-200 ug/ml, TIM23 (IMM protein) and HSP60 (matrix protein) but not TOM 20 (OMM protein) were detected by WB, indicating that the mitochondria remained intact and only proteins on the OMM were accessible to proteinase K digestion. Furthermore, none of these proteins were detected in the mitochondria fraction that was permeabilized with Triton-X, verifying that proteinase K could access proteins inside the mitochondria only when the membranes were solubilized (Fig 3.4A). To determine the submitochondrial localization of the E′ protein, intact mitochondria were isolated from MA104 cells that were mock-transfected or transfected with plasmid DNA encoding the E′ protein for 72 h, then incubated with 25 ug/ml of proteinase K for 10 min, then centrifuged and the undigested proteins analyzed by WB. Only the HSP60 and TIM23 proteins were detected in the intact mitochondrial fraction, but neither the E′ protein nor the OMM protein, VDAC, were not detected, indicating that both of these proteins were accessible to proteinase K digestion due to their localization on the OMM (Fig 3.4B).  
A sodium carbonate extraction assay is used to distinguish integral membrane proteins from proteins that are peripherally associated with membranes or are soluble. The alkalinity of the sodium carbonate solution, commonly used at a pH of 11.5, disrupts noncovalent protein-protein interactions but does not compromise the integrity of the membranes. When samples are centrifuged after treatment, integral membrane proteins are located in the pellet fraction while soluble or loosely attached peripheral membrane proteins are found in the supernatant [136-138]. To characterize the association of the E′ protein with the OMM, intact crude mitochondria isolated from mock-transfected cells or cells that were transfected for 72 h with plasmid DNA encoding the E′ protein, were resuspended in 0.1 mM sodium carbonate solution, pH 11.5 for 30 min on ice and then centrifugated to collect the pellet and supernatant fractions which were analyzed by WB (Fig 3.4C). The integral OMM proteins VDAC and TOM20 were primarily detected in the pellet fractions. The E′ protein was also present in the pellet fraction, suggesting that it is an integral membrane protein. To validate this finding, we repeated the sodium carbonate extraction assay but incubated the mitochondria fractions in 0.1 mM sodium carbonate at pH 9.5, 11.5 or 13. 5 for 30 min on ice followed by centrifugation and WB analysis (Fig 3.4D). The E′ protein was consistently detected in the pellet fraction after treatment with sodium carbonate at different pHs, confirming that it is an integral membrane protein that is tightly associated with the OMM.

[bookmark: _Toc184988614]SHFV E′ directly interacts with SQSTM1 at the outer mitochondrial membrane
To identify cellular proteins that interact with the E′ protein, crude mitochondria were isolated from mock-transfected MA104 cells or cells transfected with E′ protein mRNA for 16 h, solubilized by sonication and then immunoprecipitated using V5 trap magnetic agarose. The precipitated proteins were analyzed by MS. Sequestosome-1 (SQSTM1/p62) and solute carrier family 1 member 4 (SLC1A4) were the most enriched cellular proteins to co-precipitate with the E′ protein (Fig 3.5A). SLC1A4, is a cytoplasmic neutral amino acid transporter protein that has not been well studied but was reported to be localized at the plasma membrane of cells [139]. SQSTM1/p62, is a multifunctional cytoplasmic protein that has been shown to partially associate with the mitochondria in its role as a selective autophagy receptor [140-142]. To confirm that SQSTM1 is associated with mitochondria in MA104 cells, we isolated crude mitochondria from cells that were mock-transfected or transfected with E′ plasmid DNA for 72 h and analyzed the fractionated lysates by WB. The E′ protein and the mitochondria marker proteins, VDAC and TIM23, were observed in the mitochondrial fraction but not in the cytoplasmic fraction, indicating











[bookmark: _Toc184988652]Figure 3.4 SHFV E′ is an integral membrane protein and localizes to the outer mitochondrial membrane.
(A) Crude mitochondria were isolated from MA104 cells and separated into 6 fractions, then incubated with various concentrations of proteinase K with/without Triton-X for 10 min. Undigested proteins were analyzed by WB using antibodies specific for HSP60, Tim23 and TOM20. (B-D) Crude mitochondria were isolated from MA104 cells that were mock-transfected or transfected with E′ plasmid DNA for 72 h. (B) Mitochondria were incubated with 25 ug/ml of proteinase K for 10 min and undigested proteins were analyzed by WB using antibodies specific for HSP60, VDAC and Tim23. (C) Mitochondria were incubated in 0.1 mM sodium carbonate, pH 11.5 or (D) pH 9.5, 11.5 or 13.5 for 30 min followed by centrifugation at 20, 000 x g for 1 h. Supernatants and pellets were collected and analyzed by WB using antibodies specific for V5, VDAC and TOM20 or Tim23.


that mitochondria were successfully isolated. SQSTM1 cofractionated with mitochondria but was also detected in the cytoplasmic fraction, confirming that a portion of SQSTM1 localizes to the mitochondria (Fig 3.5B). To investigate whether SQSTM1 interacts with the E′ protein, we mock-transfected or transfected MA104 cells with E′ plasmid DNA for 72 h and then performed an immunoprecipitation assay on whole cell lysates using anti-SQSTM1 antibody followed by WB analysis of the precipitated proteins. The E′ protein co-precipitated with SQSTM1 in transfected cells (Fig 3.5C). We also performed an immunoprecipitation assay on isolated mitochondria from mock-transfected or E′ plasmid DNA-transfected cells using anti-SQSTM1 antibody and observed that the E′ protein co-precipitated with SQSTM1 (Fig 3.5D). A reciprocal immunoprecipitation assay was performed on isolated mitochondria from mock-transfected or E′ plasmid DNA transfected cells using V5-trap magnetic agarose followed by WB analysis of the precipitated proteins. SQSTM1 was co-precipitated with the E′ protein (Fig 3.5E). The data indicate that the SHFV E′ protein can directly interact with a subpopulation of SQSTM1 that is localized on the mitochondria. 

[bookmark: _Toc184988615]Both an SHFV infection and transiently expressed SHFV E′ protein induce mitochondria fission
A PRRSV infection was previously shown to induce mitochondrial fission and subsequent mitophagy in Marc145 cells [143, 144]. Since the SHFV E′ protein interacts with SQSTM1, a mitophagy adaptor protein, we investigated the effects of an SHFV infection on mitochondria morphology. MA104 cells were infected at an MO1 of 0.1 and the cells were processed for IFA 
at12 h and 24 hpi. The mitochondria in infected cells at 12hpi formed an elongated tubular network, a pattern similar to that of the mitochondria in the mock-infected cells. However, by 24 hpi, the




[bookmark: _Toc184988653]Figure 3.5 SHFV E′ directly interacts with SQSTM1.
(A)  Crude mitochondria were isolated from MA104 cells that were either mock-transfected or transfected with E′ mRNA. At 16 hpt, the SHFV E′ protein was immunoprecipitated from the mitochondria fractions using V5 trap magnetic agarose. The immunoprecipitated proteins were separated on a 12% NuPAGE bis-tris gel and stained with colloidal blue. Individual lanes were subjected to in-gel trypsin digestion and the peptides analyzed by LC-MS/MS on an LTQ-Orbitrap XL mass spectrometer. The volcano plot shows all proteins that coprecipitated with from mock-transfected and E′-transfected cells, using V5 trap magnetic agarose. (B-E) MA104 cells were mock-transfected or transfected with SHFV E′ plasmid DNA for 72 h. (B) Crude mitochondria and cytoplasmic fractions were separated by centrifugation and proteins from each fraction were analyzed by WB using antibodies specific for SQSTM1, VDAC, Tim23 and V5. (C) Whole cell lysates were harvested in IP lysis and SQSTM1 was immunoprecipitated using rabbit anti-SQSTM1 antibody. A rabbit anti-IgG antibody was used as an antibody control. Immunoprecipitated proteins were analyzed by WB using rabbit anti-SQSTM1 and rabbit anti-V5 antibodies. (D) SQSTM1 or (E) the V5-tagged E′ protein was immunoprecipitated from crude mitochondria fractions using (D) rabbit anti-SQSTM1 or (E) V5 trap magnetic agarose beads. Immunoprecipitated proteins were analyzed by WB using rabbit anti-SQSTM1 and rabbit anti-V5 antibodies.

mitochondria had become circular, suggesting that an SHFV infection induces mitochondrial fission (Fig 3.6A). To examine the effects of the E′ protein on mitochondria morphology dynamics, we mock-transfected or transfected MA104 cells with E′ mRNA and at 8 and 24 hpt, the cells were processed for IFA. In contrast to the tubular mitochondria network observed in mock cells, fragmented punctate mitochondria morphology was observed by 8 hpt and circular mitochondria were observed by 24 hpt, suggesting that the SHFV E′ protein of induces mitochondrial fission (Fig 3.6B). 
[bookmark: _Toc147769892]
[bookmark: _Toc184988616]Discussion
The family Arteriviridae consists of single-stranded, positive-sense RNA viruses that infect mammals. Due to recent next generation sequencing (NGS) efforts, a large number of new arteriviruses have been identified. SHFV and ten additional simian arteriviruses were classified into the new subfamily Simarterivirinae [12]. The arterivirus minor structural proteins, GP2, GP3, GP4 and the E protein were shown to function as virion attachment proteins [145]. Only the simian arteriviruses express an additional set of minor structural proteins, GP2′, GP3′, and GP4′ and for some also E′, which were initially thought to be functionally redundant and arise from a gene duplication event with another arterivirus [38]. Although the exact functions of each of the additional minor structural protein have not yet been well characterized. Two recent studies showed that the proteins GP2, GP3, GP4, GP2′, GP3′, GP4′ and E were each required to produce infectious progeny viruses [146, 147], suggesting that the two sets of proteins are not functionally 
redundant. However, both studies presented conflicting data on whether the presence of the E′ protein was required in infectious virions, highlighting the need for further characterization of this protein.







[bookmark: _Toc184988654]Figure 3.6 Changes in the mitochondria morphology are induced by overexpression of the SHFV E′ protein or an SHFV infection.
MA104 cells were (A) transfected with mRNA encoding the SHFV E′ protein for 8 h and 24 h or (B) infected with SHFV at an MOI of 0.1 for 12 h and 24 h. The cells were then fixed, permeabilized and incubated with anti-TOM20 antibody (green) and (A) anti-V5 (green) or (B) anti-dsRNA antibody. Nuclei were stained with Hoechst 33342 (blue). Areas in the white boxes are enlarged. Tubular, fragmented and circular mitochondria are indicated. Images were obtained using a Zeiss Axio Observer Z1 fluorescent microscope and a 40X objective.





Here we provide new insights about the characteristics and possible functions of the E′ protein and show that it is not a component of the SHFV virion particle. The E proteins of EAV and PRRSV were shown to be integral membrane proteins that mainly localize to the ER and Golgi 
complex [64, 148, 149], which is necessary for incorporation into the viral envelope as progeny viruses bud into the ER membranes of infected cells. MS analysis of proteins from purified SHFV virions showed that of the eight minor SHFV proteins, only the E′ protein was not found in virions. Furthermore, IFA data and co-fractionation assays indicated that the E′ protein localizes to the mitochondria in transfected MA104 cells. Interestingly, a small fraction of the PRRSV E protein was previously reported to partially localize to the mitochondria in an IFA and was further shown to interact with mitochondrial proteins, ADP/ATP translocase 3, ATP synthase subunit alpha (ATP5A) and prohibitin 2 (PHB2) by reciprocal co-IP assays [133]. Pairwise sequence alignment of SHFV E′ with the E proteins of PRRSV-1 or PRRSV-2 showed low sequence identity (18 % and 19 %, respectively), suggesting that these proteins are not homologous. The SHFV E′ protein also has low sequence identities with the SHFV E protein and with the E′ proteins of other simian arteriviruses. 
Previous cross-linking experiments revealed that the E protein of PRRSV arranges into homo-oligomers on the virion envelope and is believed to function as an ion channel that may facilitate uncoating of the virus [65]. The E protein of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), a nidovirus, was also reported to function as an ion channel and was shown to be required for virus assembly, virus budding and viral pathogenesis [132, 150]. In this study, the SHFV E′ protein was also found to be an integral membrane protein, but it was shown to localize to the OMM. Whether the SHFV E′ protein oligomerizes or functions as an ion channel on the mitochondrial membrane is unknown. Absence of the SHFV E′ protein in virion particles and its localization to mitochondria in infected cells makes it unlikely that E′ functions in host receptor binding or virion uncoating. Also, only three of the known simian arteriviruses encode an E’ protein. The consequences of the lack of an E’ protein for the replication efficiency of a simian arterivirus has not yet been studied.  
Mitochondria dynamics (shape, distribution and size) is maintained through fission and fusion. Depending on the cell type, mitochondria shape ranges from short or elongated tubules to reticular networks to small spheres/ovals [151, 152].  Fragmented mitochondria phenotype or small clustered mitochondria punctate are often associated with mitophagy or apoptosis, respectively [153, 154]. Mitophagy, a type of selective autophagy, is responsible for the targeted autophagosomal degradation of unhealthy or damaged mitochondria, which are separated through mitochondria fission/fragmentation [143]. The removal of aberrant mitochondria maintains mitochondria homeostasis and inhibits apoptosis. However, excessive mitochondria clearance can negatively impact mitochondria homeostasis and lead to the activation of apoptosis [155]. A recent study showed that mitochondria fission and mitophagy are induced to attenuate apoptosis during a PRRSV infection in Marc-145 cells [144]. The induction of mitochondria fission and mitophagy to promote a persistent infection were also reported during infections with other viruses, including Hepatitis C virus, hepatitis B virus, Venezuelan equine encephalitis virus and coxsackievirus B [143, 156, 157]. Our IFA data reveal that mitochondria morphology changes, from tubular to fragmented to circular in E′ expressing cells and in SHFV-infected cells, providing some evidence for the induction of mitophagy and/or apoptosis by the E′ protein. 
While specific interactions between viral proteins and some mitochondria proteins were shown to positively regulate mitophagy, others were shown to induce apoptosis to promote progeny virus dissemination [156, 158]. Our MS data showed that SQSTM1 and SLC1A4 were the most enriched proteins co-precipitating with the SHFV E′ protein from mitochondria fractions obtained from SHFV E′ expressing cells. A direct interaction between the E′ protein and SQSTM1 was confirmed by reciprocal co-IP assays. While SQSTM1 is not a mitochondrial protein, a fraction of it is recruited from the cytosol to the OMM where, as an adaptor, it binds to ubiquitin on mitochondrial proteins and binds to LC3 on phagophores, bridging the autophagosome to damaged mitochondria that are targeted for degradation in Parkin-dependent mitophagy [142]. Recent studies found that SQSTM1 also has a role in recruiting an alternate E3 ubiquitin ligase for mitochondrial protein ubiquitination during PARKIN-independent mitophagy [141, 159]. Given the roles of SQSTM1 in mitophagy, it is conceivable that its interaction with the E′ protein might promote or suppress (would it better to say regulate because it can be doing either or both) the progression to mitophagy to prolong mitochondrial support of virus replication in the cytoplasm. However, further studies are required to explore the functional significance of this interaction.
SLC1A4 belongs to a family of amino acid transporters. SLC1A4 and SLC1A5 are neutral amino transporters that traffic alanine, serine, and cysteine in a number of tissues [160]. Interactions between these proteins with other cellular proteins have not yet been well studied. While both proteins were reported to localize to the plasma membrane, a splice variant of SLC1A5 was shown to localize to the inner mitochondrial membrane. However, its role at the mitochondria has not been determined [139]. It is plausible that the E′ protein recruits the full length or an isoform of SLC1A4 to mitochondria to further manipulate mitochondrial function. Further experiments are needed to investigate this hypothesis.
In the present study, we provide evidence that the SHFV E′ protein is not functionally redundant to the E protein, but rather performs unique functions in the infected or transfected cells. Our data show that the E′ protein is an integral membrane protein that localizes to the OMM, where it interacts with the mitophagy adaptor protein, SQSTM1. The E′ protein also induces mitochondria fission in transfected cells, which also occurs in SHFV infected cells. This study provides new insights about the characteristics of the E′ protein, but further studies are needed to fully explore the role(s) of the E′ protein during viral infection.

[bookmark: _Toc147769890][bookmark: _Toc184988617]Methods and materials
[bookmark: _Toc184988618]Cells and virus 
The MA104 cell line (embryonic African green monkey epithelial kidney cells) was obtained from American Type Culture Collection (ATCC). MA104 cells are. These cells were cultured at 37oC in a 5% CO2 atmosphere using 1X Dulbeco’s Modification of Eagle’s Medium (Corning, #15-013-CV) supplemented with 1% L-glutamine, 7.5 % fetal bovine serum (R&D systems, #S11150) and ~1% Pen/Strep (Gibco, #15140-122)

Whole blood samples of rhesus macaques were obtained from Yerkes Regional Primate Center. Peripheral blood mononuclear cells (PBMCs) were isolated using SepMateTM-50 tubes (Stemcell Technologies) and Lymphocyte separation media (Corning, #25-072-CV) by density gradient centrifugation. Isolated monocytes were resuspended in monocyte attachment media (Promocell, #C28051) and seeded in 24-well plates at a density of ~106 cells/well. Following a 2 h attachment period, monocytes were gently washed with RPMI-1640 media, then incubated with RPMI-1640 media supplemented with 1% autologous donor serum, 10% heat-inactivated FBS (Atlas Biologicals), ~1% Pen/Strep (Gibco, #15140-122) and 25 ng/ml recombinant human macrophage colony stimulating factor (Perprotech, #AF-300-25).  Differentiating macrophages were cultured at 37oC in a 5% CO2 atmosphere for 8 days and two-thirds of the culture media was replaced with fresh media every three days.

An aliquot of SHFV LVR 42-0/M6941 was obtained from ATCC. The virus was sequentially plaque-purified three times and then amplified once on MA104 cells (MOI of 0.01) to produce a stock pool. To make experimental virus pools, MA104 monolayers were infected with the stock virus at an MOI of 0.2 and the culture fluid was harvested at 32 hpi. The infectivity titer of the clarified culture fluid was determined to be 1 × 107 PFU/ml by plaque assay on MA104 cells and was aliquoted and stored at −80°C. 

MA104 cells or macaque MΦ were infected at an MOI of 0.1 or 1. Virus was adsorbed for 1 h at 37°C in a 5% CO2 atmosphere, the inoculum was removed, and cells were washed three times with Hank’s balanced salt solution (HBSS). Infected cells were then incubated with cell-specific medium at 37°C in a 5% CO2 atmosphere until harvest at the indicated times.  

[bookmark: _Toc184988619]Construction of DNA plasmids and DNA transfection
The SHFV sequences for the E and E′ protein coding regions each with a linker and V5 tag (GKPIPNPLLGLDST) fused at the C-terminus, were used to order gBlock Gene Fragments from Integrated DNA Technologies (IDT). The gBlocks were cloned into the pEF6V5-HIS-TOPO plasmid (ThermoFisher, #K961020) using flanking BamHI and XbaI restriction sites. Plasmids were transformed into XL Ultra competent cells (Agilent technologies) using the manufacturer’s protocol. Five colonies from each transformation were randomly picked from plates and grown overnight in liquid culture (LB media plus 50 µg/ml carbenicillin). Plasmid DNAs were extracted from liquid cultures, purified and sequence verified by Sanger sequencing (Psomagen). 

Subconfluent MA104 monolayers seeded on coverslips in a 24-well plate were transfected with 1 ug of plasmid DNA per well. Cells seeded in a 10-cm dish and grown to 80% confluency were transfected with 10 ug of plasmid DNA using X-treme GENE 360 Transfection Reagent (Millipore Sigma, #8724105001) according to the manufacturer’s protocol. 

[bookmark: _Toc184988620]Synthesis of E and E′ mRNA and mRNA transfections
All of the mRNAs used in this work were designed and synthesized by in vitro transcription reactions. Briefly, plasmids (GenScript) were linearized with NotI-HF (NEB) overnight at 37°C, purified by sodium acetate (Thermo Fisher Scientific) precipitation and rehydrated with nuclease-free water. In vitro transcription was performed overnight at 37°C using the HiScribe T7 kit (NEB) following the manufacturer’s instructions (N1-methyl-pseudouridine modified). The resulting RNA was treated with DNase I (Aldevron) for 30 min to remove the template, and then purified using lithium chloride precipitation (Thermo Fisher Scientific). The RNA was heat denatured at 65°C for 10 min before capping with a Cap-1 structure using guanylyltransferase and 2’-O-methyltransferase (Aldevron). mRNA was then purified by lithium chloride precipitation, treated with alkaline phosphatase (NEB) and purified again. The mRNA concentration was measured using a NanoDrop instrument. Purified mRNA products were analyzed by gel electrophoresis to ensure purity.

MA104 monolayers seeded on coverslips in a 24-well plate were transfected with 250 ng of mRNA per well. Cells seeded in a 10-cm dish and grown to ~80% confluency were transfected with 3 ug of mRNA using Lipofectamine MessengerMax Transfection Reagent (Thermo, #LMRNA001) according to the manufacturer’s protocol.

[bookmark: _Toc184988621]Immunofluorescence assay
Subconfluent monolayers of macaque MΦ or MA104 cells grown on 15 mm glass coverslips in a 24-well plate were either mock-infected, infected, transfected or infected and transfected. At the indicated times, cells were fixed with 4% paraformaldehyde (PFA) in 1X phosphate buffered saline (1X PBS) for 10 min at room temperature (RT) and then permeabilized with ice cold 0.1% Triton X-100 in PBS for 10 min at RT.  Coverslips were washed in 1X PBS, blocked with 5% normal horse serum in 1X PBS at room temperature for 1 h and then rocked at 4oC with primary antibodies diluted in blocking buffer overnight. Antibodies used for IFA were rabbit anti-V5 (1:200, Cell signaling, #13202), mouse anti-V5 (1:200, Cell signaling, #80076), rabbit anti-TOM20 (1:500, Proteintech, #11802-I-AP), rabbit anti-cytochrome C (1:500, Proteintech ,10993-1-AP), or mouse anti-dsRNA (1:20000, Nordic MUbio, #10010500). The coverslips were washed 3 times in PBS for 10 min, then incubated with either Alexa Fluor donkey 555 anti-mouse, Alexa Fluor donkey 488 anti-mouse, Alexa Fluor 555 donkey anti-rabbit or Alexa Fluor 488 donkey anti-rabbit secondary antibodies (1:400, Thermo, #A31570, #A21202, #31572, #A21206, respectively) diluted in blocking buffer and Hoechst 33342 dye (0.08%, Invitrogen, #H3570) for 1h at room temperature. The coverslips were washed with PBS and mounted onto glass slides with Prolong Gold Antifade reagent (Invitrogen, #P36930). Images were obtained using a 40X oil-immersion objective on a Zeiss Axio Observer Z1 widefield fluorescent microscope and were analyzed using Volocity software (Perkin Elmer).

[bookmark: _Toc184988622]Mitochondria fractionation
Mitochondria from mock-transfected or E′ transfected cells were isolated using the Mitochondria/Cytosol fractionation kit following the standard protocol (Abcam, #65320). All samples were kept on ice throughout the duration of the procedure. Briefly, MA104 cells seeded in a 10-cm dish were mock-transfected or transfected with E′ mRNA or plasmid DNA. At the indicated times, cells were scraped and washed with ice-cold PBS, resuspended into 500 ul of Cytosol Extraction buffer (Abcam, #65320) containing DTT and Halt protease inhibitor cocktail (Thermo Scientific, # 78430). Protease inhibitor was not added to cells that were used in the proteinase K assay. Cells were lysed by 30 passes through a 21 g needle on a 1 mL syringe. A 30 ul aliquot of lysate was saved for use as the whole cell lysate control. The remaining lysates were centrifuged at 1,000 x g for 10 min at 4oC to remove cell debris and nuclei. The supernatants were collected and centrifuged at 10,000 x g for 30 min at 4oC to separate the cytoplasmic fraction and the crude mitochondria fraction. The pellets containing crude mitochondria were resuspended in 100 ul of PBS (Sigma Aldrich, #P-5368) or in 100 ul of the Mitochondria Extraction Buffer Mix (Abcam, #65320) containing DTT and Halt protease inhibitor cocktail. Protease inhibitor cocktail was not used with cells that were utilized for the proteinase K protection assay.

[bookmark: _Toc184988623]Proteinase K protection assay
Crude mitochondria pellets were resuspended in isotonic Mitochondria Resuspension Buffer (250 mM mannitol, 0.5 mM EGTA, 5 mM HEPES, pH 7.4). Individual 50 ul aliquots were either left untreated or incubated with 25, 50, 100 or 200 ug/mL of Proteinase K or with 100 ug/ml of Proteinase K and 1% Triton X for 15 min on ice. Proteinase K digestion was terminated by the addition of 5 mM phenylmethyl sulfonyl fluoride (PMSF) and the mixtures were incubated on ice for 20 min. Mitochondrial proteins were then incubated in SDS sample loading buffer (0.5 M Tris-HCl [pH 6.8], 20% SDS, 25% glycerol, 0.5% bromophenol blue, and 5% beta-mercaptoethanol), boiled for 10 min, separated by SDS/PAGE and detected by Western blot analysis.

[bookmark: _Toc184988624]Sodium carbonate treatment
Crude mitochondria pellets were resuspended in 40 ul of 0.1 mM sodium carbonate (Na2CO3) pH 9.5, 11.5 or 13.5 (Thermo scientific, #207765000), for 30 min on ice, and then centrifuged at 20,000 x g for 1 h at 4oC to generate pellet and supernatant fractions. Pellet fractions were resuspended in 50 ul of 1X SDS sample loading buffer and supernatants were incubated with 10 ul of 5X SDS loading buffer (250 mM Tris·HCl [pH 6.8], 10% SDS, 30% glycerol, 0.5% bromophenol Blue and 5% beta-mercaptoethanol). All samples were boiled for 10 min, separated by SDS/PAGE and detected by Western blot analysis.

[bookmark: _Toc184988625]Co-immunoprecipitation assay 
MA104 cells, seeded in a 10-cm dish at 2x106 cells/dish, were either mock-transfected or transfected. Whole cell lysates from each plate were harvested in 500 ul of IP lysis buffer (25 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% NP-40 and 5% glycerol) containing Halt protease inhibitor cocktail (Thermo Scientific, # 78430).  Pre-cleared lysates (50 ul) were stored in -20oC for later use as the input control for WB analysis. The remaining lysates were separated into 2 aliquots. One aliquot was incubated with 1ug of control rabbit anti-IgG antibody (Proteintech, #30000-0-AP) and the other was incubated with 1 ug of rabbit anti-SQSTM1 antibody (Proteintech, #18420-1-AP). After 1 h of rotation at 4°C, Protein A magnetic beads (Cell signaling, #73778) were added to each sample and incubated overnight at 4°C with rotation. The beads were concentrated magnetically, washed 3 times in lysis buffer and the precipitated proteins were eluted in 50 ul of 1X SDS sample loading buffer for WB analysis or in 50 ul of 1X NuPAGE LDS sample loading buffer (Thermo, #NP0007) for MS sample preparation. Control input lysates were also incubated with SDS or LDS sample loading buffer. All samples were boiled for 10 min. The IP samples were separated from the magnetic beads and the eluents were stored at -20oC until used for WB or LC-MS analysis. 

For immunoprecipitation of the E′ protein with a V5 tag, isolated crude mitochondria were harvested as described above, resuspended in 100 ul of mitochondria extraction buffer, sonicated on ice for 30 s with a pause of 1 s every 10 s at 10% amplitude and then incubated with 20 ul of V5-Trap Magnetic agarose bead slurry (Proteintech, #v5tma) at 4°C for 2 h with rotation. The beads were then centrifuged, pelleted, washed and eluted in 1X sample loading buffer as described above. 

[bookmark: _Toc184988626]Western blot analysis
Whole cell lysates harvested in 1X RIPA buffer (1X PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% SDS) containing Halt protease inhibitor cocktail (Thermo Scientific, # 78430) or mitochondria lysates resuspended in IP lysis buffer, were separated on a 12% SDS-PAGE gel at 150 V for 1 h, and then transferred to a 0.2 um nitrocellulose membrane using a Trans-Bolt Turbo transfer system (Bio-rad) following the manufacturer’s protocol. The membrane was incubated in TBS blocking buffer (5% non-fat dry milk diluted in 1X Tris-buffered saline, pH 8.0, containing 0.1% Tween 20) at room temperature for 1 h, and then cut into strips and incubated with primary antibodies overnight at 4oC while rocking. The membrane strips were washed three times for 15 min with 1X TBST (1x Tris-buffered saline, pH 8 + 0.1% Tween) and then incubated with a secondary antibody (horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody, 1:2000, Cell signaling, #7079, #7076, respectively) for 1 h at room temperature. The membrane strips were then washed twice in 1X TBST and once in 1X TBS for 15 min each and then developed with a Pierce ECL western blotting substrate (Thermo scientific, #32106) following the manufacturer's protocol. The antibodies used were rabbit anti-TOM20 (1:1000, Proteintech, #11802-I-AP), rabbit anti-TIM23 (1:700, Proteintech, #11123-1-AP), rabbit anti-HSP60 (1:500, Proteintech, #15282-1-AP), rabbit anti-VDAC (1:700, Proteintech, #11663-1-AP), rabbit anti-SQSTM1 (1:1000, Proteintech, #80294-1-RR), mouse anti-V5 (1:500, Cell signaling, #80076), or mouse anti-beta actin (1:10000, Abcam, #6276).

[bookmark: _Toc184988627]Sequence alignment and transmembrane prediction
The E protein sequence of SHFV (GenBank accession # NC_003092.2) and the E′ protein sequence of PBJV (GenBank accession # NC_027124.1) and SWBV-1 (GenBank accession # NC_025113.1) were aligned with the SHFV E′ protein sequence using DNASTAR Lasergene software. The percentages of sequence identity and similarity were determined using the BLOSUM62 matrix in Global Needleman-Wunsch Protein Pairwise Sequence Alignment. The following online programs were accessed and used to predict the topologies and transmembrane regions of the E and E′ proteins: Phobius (https://phobius.sbc.su.se), TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/), SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/), SACS MEMSAT (https://bio.tools/memsat-svm), HMMTOP 2.0 (http://www.enzim.hu/hmmtop/html/submit.php), TOPCONS (https://topcons.cbr.su.se), MemBrain 3.1 (http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/).

[bookmark: _Toc184988628]Mass spectroscopy analysis of SHFV virion proteins
Supernatant from MA104 cells infected with SHFV at an MOI of 0.4 for 24 h was harvested and clarified at 4,000 rpm for 10 min at 4oC. Viruses from the supernatant were pelleted through a 0.5 M sucrose cushion using ultracentrifugation at 27,500 rpm for 4 h at 4oC. The pellets were resuspended in 1X NuPAGE LDS sample loading buffer (Thermo, #NP0007) separated on a 12% NUPAGE bis-tris gel (Thermo, #NP0341BOX) using 1X MES SDS running buffer (Thermo, #NP0002). Precision Plus protein standards (Bio-Rad, #1610373) were run on a separate lane. The proteins were stained with colloidal blue staining kit (Thermo, #LC6025), according to the manufacturer’s standard protocol and the gel was shipped to the Wistar Institute Proteomics and Metabolomics Facility, Philadelphia.

[bookmark: _Toc184988629]Mass spectroscopy of peptides co-precipitated with E′ 
Anti-V5 antibody IP samples were prepared from cells that were mock-transfected or transfected with E′ mRNA and the precipitated proteins were separated on a 12% NUPAGE bis-tris gel (Thermo, #NP0341BOX) using 1X MES SDS running buffer (Thermo, #NP0002). Precision Plus protein standards (Bio-Rad, #1610373) were run on a separate lane. The proteins were stained with colloidal blue staining kit (Thermo, # LC6025), according to the manufacturer’s standard protocol and the gel was shipped to the Wistar Institute Proteomics and Metabolomics Facility, Philadelphia. The stained gel regions of each lane containing proteins from 0 to 250 kDa was excised as a single band, reduced with Tris(2-carboxyethyl)phosphine, alkylated with iodoacetamide, and digested with trypsin. Tryptic digests were analyzed using a 90 min LC gradient on a Thermo Q Exactive HF mass spectrometer (Thermo Fisher Scientific). MS data were searched with full tryptic specificity against the UniProt Chlorocebus proteome database (12/24/2022), SHFV protein sequences, and a common contaminant database using MaxQuant 1.6.3.3. The detected SHFV proteins were quantified based on the identified razor plus unique peptides using the LFQ intensities.















[bookmark: _Toc184988630]CONCLUSION and future directions
[bookmark: _Toc184988631]Inhibition of stress granule formation in SHFV-infected cells through interaction of the viral nsp2 and nucleocapsid proteins with G3BP1
Viral infections impose stress on eukaryotic cells. In response, eukaryotic cells inhibit global cellular translation by assembling cytoplasmic stress granules (SG), which are translationally stalled mRNPs. The replication of all viruses in eukaryotic cells is dependent on the use of the cellular translation machinery and therefore SG shut down of the cellular host translation machinery is considered an anti-viral response. Many viruses have consequently developed mechanisms to counteract SG assembly. The induction of SG formation or inhibition of SGs had not been explored in SHFV-infected cells.
 	The results of this work showed that an SHFV infection activates the SG response pathway, but multiple viral proteins are involved in the inhibition of SG formation. One mechanism used during an SHFV infection is the sequestration of G3BP1 to the sites of viral replication. A conserved FGAP motif in SHFV nsp2 and a conserved non-canonical FAEP motif in the N protein were shown to be required for interaction with G3BP1. However, an interaction with G3BP2, which is a homolog of G3BP1, was not investigated. Reciprocal co-IP assays using G3BP2 antibodies or V5 magnetic agarose in nsp2 or N protein expressing cells could be conducted in the future to determine if either viral protein also directly interacts with G3BP2. Given that G3BP1 and G3BP2 share high similarity in their amino acid sequences and protein structures [161], it is likely that both nsp2 and N also interact with G3BP2.
An in silico interaction model predicted that nsp2 and N bind in the hydrophobic pocket of the G3BP1 NTF2-L domain. Other viral proteins and cellular proteins that contain the FGxF, FGDF-like, FGAP or ITFGGP motifs were shown to directly interact with the NTF2-L domain of G3BP1 [86, 95, 98, 100-102]. To confirm that the NTF2-L domain of G3BP1 is required for an interaction with SHFV nsp2 and the N protein, GFP-fused G3BP1 deletion mutants could be constructed and used for reciprocal co-IP assays on G3BP1 knockout cell lysates. Previous studies showed that overexpression of G3BP1 and G3BP2 induce SG formation [162]. The impact of the presence of preformed stress granules should be considered when carrying out the aforementioned experiment. Alternatively, a yeast 2 hybrid assay could be used to verify interaction with the G3BP1 deletion mutants. To determine if binding occurs at the G3BP1 hydrophobic pocket, alanine scanning mutations could be introduced to the G3BP1 amino acids that are predicted to interact with the nsp2 FGAP or N protein FAEP amino acids in the hydrophobic pocket and the interaction of these expressed mutant proteins with nsp2 or N could be tested by Co-IP assays.
G3BP1 was shown to associate with the RNA replication complex of the old-world alphaviruses and is utilized as a replication factor [116]. The role of G3BP1 during an SHFV infection was not determined in this study. The interaction between nsp2 and G3BP1 may serve a different function from the interaction between the N protein and G3BP1. Nsp2 is expressed early during an infection and is localized to the RTC, due to its role in the formation of double membrane structures where viral RNA replication and transcription occurs [61]. G3BP1 foci were observed to colocalize with nsp2 foci in nsp2 expressing cells, indicating that G3BP1 is recruited to the sites of replication. To determine if G3BP1 functions as an SHFV replication factor, viral protein production could be analyzed from cell lysates harvested from G3BP1/G3BP2 double knockout SHFV-infected cells. In addition, comparison of viral titers from control cells and G3BP1/G3BP2 double knockout cells might also provide further insight into G3BP1’s role in viral replication. One caveat, however, is that G3BP1 and G3BP2 are multifunctional proteins that have roles in cellular RNA metabolism, signal transduction, protein stability and cell cycle regulation among others [163] and knockout or knockdown of these proteins may have unintended side effects due to their effects on the host cell environment that indirectly impact viral replication. The N protein is translated during later times of infection and is not required for viral RNA replication or transcription but rather interacts with the viral RNA for virion packaging. It is possible that G3BP1 is also involved in virion packaging through its interaction with the N protein. To test this hypothesis, the efficiency of virus replication could be determined in cells that are infected with wild type SHFV or mutant SHFV viruses that have a FAEP motif deletion. A reduction in infectious viral titers from cells infected with mutant viruses would suggest that G3BP1 is enhancing virion packaging.
Finally, G3BP1 cleavage products were observed in the lysates of SHFV-infected cells. Analysis of the G3BP1 trypsin peptides detected by a MassSpec analysis suggested that cleavage of G3BP1 RGG domain by the protease domains of either nsp2 or nsp4 would produce a cleavage product of the observed size. G3BP1 cleavage products were not detected in nsp2 expressing cells, therefore is more likely that the nsp4 SP mediates this cleavage. SDS PAGE and WB analysis of G3BP1 from cells expressing nsp4 could be used as an initial assay to detect G3BP1 cleavage by nsp4. If G3BP1 cleavage is detected in nsp4 expressing cells, alanine mutations could be introduced in the predicted nsp4 cleavage site in an expressed G3BP1. 

[bookmark: _Toc184988632]Characterization of the SHFV E′ protein and its mitochondrial localization in transfected or infected MA104 cells
 The SHFV genome encodes additional proteins that are not expressed in other non-simian arteriviruses. The E′ protein is encoded only in the genomes of three of the eleven known simian arteriviruses, SHFV, PBJV and SWBV-1. SHFV and PBJV are known to cause a hemorrhagic fever disease in infected Asian macaques [13], but SWBV-1 was shown to cause a sub-clinical infection in macaques and baboons [164]. A recent study found that the E′ protein is not required for infectious virus production [147] but the topology, cellular localization and function of the E′ protein were not investigated. Data from the present study indicate that the E′ protein is not a structural protein of the SHFV virion and further suggest that the E′ protein may have a role in regulating mitophagy. 
In the present study, the SHFV E′ protein was found to be an integral membrane protein that localizes to the outer mitochondrial membrane and directly interacts with SQSTM1/p62, which is in the cytoplasm. However, the orientation of the N and C terminal domains of E′ was not determined. The V5 tag fused to the C-terminus of the E′ protein was digested in the proteinase K protection assay performed on intact mitochondria, suggesting that the E′ C-terminal domain is located on the cytoplasmic side of the mitochondria. The possibility still exists that the N terminal domain is either in the intermembrane space or also on the cytoplasmic surface. Both E′ orientations were predicted by different topology prediction programs. To further analyze these possibilities, an E′ protein fused with an N-terminal tag could be used to repeat proteinase K protection assay. If the N-terminal fused tag is not digested when intact mitochondria are treated with proteinase K, this would suggest that the N-terminal domain is located in the intermembrane space. If the N-terminal tag is digested, it would suggest that both the N and C terminal domains are located in the cytoplasm. 
SQSTM1 is a selective mitophagy adaptor protein that binds poly-ubiquitinated proteins on the outer membrane of the mitochondria and also binds to the LC3 protein on an expanding phagophore during the early stages of PINK1/PARKN dependent mitophagy [165]. A recent study found that SQSTM1 has a role in mitochondrial ubiquitination during PARKIN-independent mitophagy [141]. The presence of SQSTM1 on the mitochondria indicates the induction of mitophagy but does not confirm mitochondrial degradation. Numerous future experiments are needed to determine the functional relevance of the interaction between the E′ protein located on the outer membrane of the mitochondria and SQSTM1. WB and IFA could be used to determine PINK/PARKIN dependent mitophagy activation in E′ expressing cells or SHFV-infected cells. WB data showing an increase of phosphorylated PINK, PARKIN and SQSTM1 proteins, an increase in ubiquitinated proteins in mitochondrial extracts and cleavage of LC3 would all indicate the induction of mitophagy. Also, immunofluorescent data showing colocalization of mitophagy markers to the mitochondria in E′ expressing cells will further confirm mitophagy induction. Colocalization of mitochondrial markers and lysosomal markers would suggest mitochondrial degradation. SQSTM1 is a multifunctional protein that interacts with various proteins with diverse functions. If the interaction between the E′ protein and SQSTM1 is not involved in the induction of mitophagy, a number of other alternative functional pathways could be explored. 
The amino acid transporter protein, SLC1A4, was highly enriched in the E′ protein coprecipitated peptides from mitochondrial extracts by the MS data. SLC1A4 is localized to the plasma membrane where it functions as an amino acid transporter [160]. A direct interaction between the E′ protein and SLC1A4 could be confirmed in future experiments by performing reciprocal co-IP assays in E′ transfected cells. While neither SLC1A4 nor its splice variant have been reported to localize to the mitochondria, other members of the SLC1A4 transporter family have been shown to localize to the mitochondria. An interaction between SLC1A4 and the E′ protein at the mitochondria would suggest that the E′ protein is responsible for the relocalization and perhaps repurposing of SLC1A4. The function of SLC1A4 at the mitochondria would require further investigation. 
Finally, the IP and MS experiments were conducted in transiently transfected cells and do not recapitulate the environment of an infection. To confirm that these interactions are functionally relevant, these assays should be repeated in the context of an SHFV infection. 
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analysis allowed calculation of the relative abundance of each viral sg
mRNA. The data indicated that the relative sg mRNA abundance pro-
duced from each identified body TRS, regardless of whether it is a
‘major or alternative TRS, was consistent at early and later times after
infection in both primary macrophages and MA104 cells, suggesting
that sg mRNA production is primarily regulated by viral not cellular
factors (Di et al., 2017).

Two previous PRRSV leader-body junction sequence analysis studies
identified heterogeneous junction sequences (Lin et al., 2002
Meulenberg et al., 1993). The junction sequence of a sg mRNA is de-
termined by the location within the particular body TRS where the
polymerase disassociates and the location within the leader TRS where
the nascent minus strand anneals. The SHFV NGS data indicated that
about one-third of the total body TRSs identified, including both major
and alternative TRSs, produced sg mRNAs with two or three hetero-
geneous junction sequences (Di et al., 2017). Heterogeneity in sg mRNA
junction sequences produced from the same body TRS has also been
detected for coronaviruses by amplification, cloning and sequencing the
junction sequences or by NGS (Irigoyen et al., 2016; Makino et al.,
1988; Schaad and Baric, 1993). The heterogeneity of sg mRNA junction
sequences suggests that the fusion position between the leader and
body TRSs can vary but the observation that the abundances of the sg
mRNAs with each of the alternative junction sequences are consistent
suggests that this variation is controlled by the characteristics of the
viral elements regulating discontinuous minus strand synthesis at these
sites.

7. Possible modes of sg mRNA regulation

The means by which discontinuous RNA synthesis is regulated by
Nidoviruses is not well understood. Previous studies on both cor-
onaviruses and arteriviruses have suggested that shorter sg mRNAs
generated from TRSs located closer to the 3’ end of the genome are
usually in higher abundance (de Vries et al., 1990a; Krishnan et al.,
1996; Pasternak et al., 2004). Studies of two closely located body TRSs
showed that the downstream TRS could suppress the function of the
upstream one (Joo and Makino, 1995; Pasternak et al., 2004). However,
data from the SHFV NGS study clearly showed that across the genome
there is not a linear correlation between the distance of a TRS from the
3 end of the genome and the corresponding sg mRNA abundance pro-
duced from that TRS. Instead, multiple genomic regions containing
TRSs regulating high levels of discontinuous minus strand synthesis
were flanked by regions containing TRSs regulating low levels of dis-
continuous synthesis (Di et al., 2017). Previous studies also observed
that when mutations in a body TRS increased the duplex stability be-
tween the leader and body TRS sequences, the corresponding sg mRNA
abundance increased with a few exceptions (Pasternak et al., 2001,
2003; Sola et al., 2005; Zuniga et al., 2004). However, some sequence
motifs were found in the viral genomes with 100% similarity to the
leader TRS core sequence that were not utilized as TRSs, suggesting that
duplex stability is necessary but not sufficient for regulating dis-
continuous RNA synthesis. The duplex stability between the leader TRS
and each of the seven closely located functional body TRSs for SHFV
ORF5C was calculated and found not to show a linear correlation with
the corresponding sg mRNA abundance (Di et al., 2017). These findings
support previous suggestions that the local RNA secondary structure of
each body TRS, which may be dynamic, as well as long distance
genomic RNA-RNA interactions play important roles in regulating dis-
continuous RNA synthesis (Mateos-Gomez et al., 2013; Moreno et al.,
2008; Pasternak et al., 2000; Sola et al., 2005).

EAV nspl plays an essential role in sg RNA generation but little is
known about how protein-protein and protein-RNA interactions reg-
ulate sg RNA synthesis (Tijms et al., 2007). It was suggested that the
interaction of nspl with a particular body TRS could stall a viral
polymerase complex copying minus RNA from the genome at that site
and that nsp1 may also facilitate targeting and base pairing between the
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complementary body TRS and the leader TRS. The EAV nsp1 consists of
the regions equivalent to nspla and nsp1p of other arteriviruses due to
mutation of the nspla cleavage site. The zinc finger located in the
nspla region was shown to be critical for sg RNA production. However,
a subsequent study found that viral sg mRNA abundance was regulated
by an intricate interaction network involving all of the EAV nspl sub-
domains (Nedialkova et al., 2010). EAV nspl0 was also shown to play
an important role in sg RNA synthesis (van Marle et al., 1999b).

8. Conclusions

Following the initial discovery that coronaviruses produce a nested
set of 3" co-terminal sg mRNAs with a common 5’ leader sequence, the
main emphasis of research was focused on determining the mechanism
by which these sg mRNAs were generated. Minus strand sg RNAs were
shown to be generated from the genomic template by a discontinuous
minus strand synthesis mechanism. These sg RNAs then function as
templates for sg mRNA synthesis. The amplification, cloning and se-
quencing of the leader-body junction sequences of the sg mRNAS pro-
duced for each viral gene typically identified a single major TRS that
had sequence homology to the leader TRS. However, the detection of
alternative regulatory sequences mediating discontinuous RNA synth-
esis (heteroclite sg mRNAs) and of 3’ co-terminal sg mRNAs without a 5
leader for some nidoviruses indicates the use of additional mechanisms
for the generation of sg mRNAs among viruses in this order. Recent
studies employing NGS and ribosome profiling have provided a greatly
expanded view of the transcriptomes and coding capacities of both an
arterivirus and a coronavirus. The finding that an arterivirus and a
coronavirus may encode a number of small previously unidentified
proteins opens new avenues for investigation of the cell-virus interac-
tion.
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