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CHAPTER 1: Exploiting viral dependencies: Identifying and targeting host endoplasmic 

reticulum functions to prevent infection 

 

1.1 Role of the ER in protein homeostasis and in viral infections 

Although viruses vary widely in size, shape, genome composition, and host reservoirs, among 

the ubiquitous traits of these obligate parasites are the ability and need to rewire the cellular 

networks of their host to facilitate their own replication1,2. Hijacking of these networks is required 

throughout each stage of the viral life cycle; host factors are needed to assist in entry/release of 

the viral genome, replication and transcription/translation of the genome, assembly and 

maturation of new progeny virions, and egress of the newly synthesized virions from the cell3,4. 

One critical cellular compartment for many viruses is the endoplasmic reticulum (ER), which for 

many viruses can play diverse roles in many stages of the viral life cycle5–7. The organelle itself 

is highly dynamic; its tubular (rough ER) or sheet-like (smooth ER) structures are constantly being 

structurally rearranged, dealing with a changing composition of lipids and proteins both on the 

surface and within the lumen8–11. 

All secreted and membrane proteins, encompassing about 30% of the human proteome, are 

folded, glycosylated, and otherwise processed in the ER12. Among the types proteins found in the 

ER are N-glycosylation machinery, protein disulfide isomerases, and numerous heat shock 

proteins (Hsps) responsible for recognition, binding, and refolding of misfolded substrates to 

prevent aggregation of those client proteins13. Collectively, these proteins are referred to as the 

proteostasis or protein folding network (Figure 1.1). A typical ER substrate is recognized via a 

hydrophobic signal sequence at the N-terminus of the protein, which is subsequently bound by 

the signal recognition particle and results in the ribosome being directed to the ER membrane to 

translocate the nascent polypeptide across the ER membrane via the Sec61 translocon14.  

In  case any of these quality control systems fail, the ER uses several mechanisms to dispose of 

misfolded or aggregated ER proteins, as well as more generally respond to misfolding stress 
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within the organelle. Endoplasmic reticulum-associated degradation (ERAD), is used to mark a 

single protein substrate for degradation via ubiquitination to route towards the proteasome15,16. 

For larger aggregates, autophagy of a portion of the ER (colloquially referred to as ERphagy) is 

used to remove the aggregate from the ER17. When an abundance of misfolded proteins or 

aggregates are present, the ER activates any or all branches of the unfolded protein response, a 

stress pathway meant to increase the folding capacity of the ER as well as slow substrate entry 

in an attempt to alleviate the protein folding stress18. 

Aberrant proteostasis pathology has been implicated in a number of different disease states, 

particularly those related to neurodegenerative diseases linked with aging and protein 

aggregation such as Parkinson’s or Alzheimer’s19–22. For this reason, targeting of the proteostasis 

network for therapeutic purposes has been a long standing goal.  

Many virus families use the ER, either structurally or functionally, to facilitate their own replication 

cycles. Positive-sense RNA viruses use the ER to form replication organelles of some variety; 

flaviviruses create invaginations within the ER and form convoluted membranes and vesicle 

packets, while hepatitis C and severe acute respiratory syndrome virus create double membrane 

vesicles to serve as replication organelles23–25. Studies have shown this remodeling to be 

essential for viral replication, reiterating the importance of this structural perturbation within the 

viral life cycle26. Various negative sense RNA, double stranded RNA, and DNA viruses have been 

shown to form inclusion bodies, which are also thought to derive from ER membranes27,28. Overall, 

extensive remodeling of the ER by viruses suggests that ways to modulate the proteostasis 

network to block this remodeling may be a viable therapeutic strategy. 

Pharmacological modulators of the proteostasis network have been investigated as potential 

therapeutics for various diseases, from protein aggregation diseases to cystic fibrosis29–32. As it 

becomes increasingly apparent that targeting of ER proteins may serve therapeutic purposes 

across a wide range of diseases states, several approaches have been utilized to investigate the 

dependencies of virus strains or families on proteostasis machinery to add to the utility of this 
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work. This indirect targeting of viral replication via modulation of cellular processes is commonly 

known as ‘host-directed’ therapy and harbors several potential advantages over the targeting of 

viral proteins directly33,34. Virus mutational rates are known to be incredibly high relative to any 

living organism, including bacteria. For reference, higher eukaryotes (including humans) have a 

genomic mutation rate of approximately 10-10 per nucleotide per replication cycle. Bacteria mutate 

about 10x as quickly, approximately 10-9 per nucleotide per mutation cycle. For RNA viruses, this 

Figure 1.1. The proteostasis network. Protein folding in the ER consists of a wide variety of 

functions to ensure a protein takes its properly folded state. N-glycosylation can take place 

co- or post-translationally, Hsp70, 40, and even 90 chaperones prevent aggregation of 

substrates, and disulfide bond formation aids in assisting a protein’s tertiary structure 

formation. Properly folded substrates are sent to the Golgi for further processing, while 

misfolded substrates may be degraded by ERAD or ERphagy. 
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rate can be as high as 10-4, or 100,000x more often than bacterial genomes35,36. This makes 

viruses particularly susceptible to the development of resistance via simple mutation, thus 

rendering the binding of any drug ineffective. Since host proteins are outside the genetic and 

mutational control of the virus, any drug targeting a host process would likely remain outside the 

scope of resistance development. Secondly, by targeting host processes required by one virus, 

any related viruses would likely utilize similar processes, thus creating a broad-spectrum antiviral 

agent34,37. 

The idea of host-directed therapies is not new, and in fact is already in practice. Interferon, a 

component of the innate immune system, can be delivered to patients to boost function of the 

patient’s own immune system, and assist in upregulating expression of antiviral genes38,39. Closer 

to the topic of this review, cyclophilin inhibitors have been shown to be effective in cases of human 

immunodeficiency virus (HIV) and hepatitis C virus (HCV) infections and may be effective in 

further exploration with other viruses known to utilize cyclophilins in their replication cycles40–44. 

This chapter will highlight the exploration of host-centered protein folding modulators which have 

been under investigation as antiviral compounds. Specific focus will be given towards ER 

proteostasis dependencies, which are still underexplored as targets for antiviral interventions. 

 

1.2 Identifying host-virus interactions with the protein folding network 

To narrow down a list of targets required for viral replication, it is necessary to understand how 

viral proteins and host proteins interact. Importantly, selection of targets for host-directed 

therapies must engage proteins without disrupting important endogenous function of these 

proteins within the cell or organism (to avoid viability and/or toxicity concerns). These 

dependencies may be elucidated in numerous ways; gain or loss-of-function screens, affinity 

purification of viral proteins, or proximity labeling of nearby proteins.  
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1.2.1 Whole genome gain or loss-of-function screens 

CRISPR/Cas9 and RNAi have both provided high-throughput methods for observing the role of 

knockout or knockdown of host proteins on viral replication in cell culture models. While not 

identifying interactions directly between proteins (although this data may be combined with AP-

MS data as discussed below), these methods provide ways to quantify the effects of perturbing 

host function on viral replication45–47. Such screens also provide information about which proteins 

serve as proviral factors assisting in replication vs. those that serve as antiviral factors inhibiting 

infection. A whole-genome screen for gain and loss of function observations with Chikungunya 

virus was used to identify inhibitors of specific proteins as broad-spectrum antivirals48. Another 

Figure 1.2. Methods for identifying virus-host interactions. (A) RNAi (top) or plasmid 

(bottom) libraries can be used to determine the effects on virus levels when genes are 

knocked down or overexpressed, respectively. (B) Affinity purification (top) or proximity 

labeling (bottom) approaches allow for the isolation of a protein’s interactors via direct 

purification or attachment of an affinity handle to interactors respectivel, and those 

interactors can be identified using mass spectrometry. 
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CRISPR study on flaviviruses revealed that IFI6, an interferon stimulated gene upregulated during 

viral infection, is an ER-localized protein that interacts with an Hsp70 chaperone in the ER lumen 

and prevents the formation of convoluted membranes and vesicle packets needed for flavivirus 

replication49. Interestingly, IFI6 does not affect replication of viruses that require double 

membrane vesicle formation, such as hepatitis C virus, since it does not affect formation of DMVs 

specifically45,50–52. Several recent studies have used knockdown screens to identify host factors 

required for the replication of SARS-CoV-2, the causative agent of COVID-1945,53. 

The contrast to a genetic knockdown screen would be overexpression of single proteins to monitor 

effects on virus replication, and this has also been performed. A gain-of-function screen using 

overexpression constructs identified TMEM120A as an antiviral factor during Zika infection as a 

result of STING activation54. A study by Schoggins et al. overexpressed specific interferon-

stimulated genes (ISGs) to monitor effects on several human viruses, including chikungunya and 

several members of the Flaviviridae family55. A further screen used CRISPR/dCas9 as a method 

to overexpress single proteins and identify B4GALNT2 as an anti-pan-influenza factor52. 

 

1.2.2 Mass spectrometry-based identification of virus-host interactions 

To uncover direct interactions between host and viral proteins, several groups have employed the 

use of affinity purification-mass spectrometry (AP-MS) techniques to isolate a bait protein 

(typically, but not always a viral protein) and its interactors. At the beginning of the COVID-19 

pandemic, Gordon et al. used AP-MS to identify interactors of many SARS-CoV-2 proteins, and 

further showed that subsequent infection of cells treated with modulators of these interactors in 

some cases led to decreased viral propagation within cells56. Drug repurposing, though outside 

the scope of this review, is another strategy that has regained renewed attention during the 

COVID-19 pandemic. Soon to follow were studies comparing the interactors of SARS-CoV-2 to 

those of homologous coronavirus proteins, from both pathogenic strains such as SARS-CoV and 

endemic common cold strains such as hCoV-OC4357–59. Importantly, host-directed therapies were 
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later shown to be effective against emerging variants of SARS-CoV-2, indicating the conservation 

of intracellular interactions even as pathogenesis and transmission of these variants change60. 

Proximity approaches such as BioID and APEX labeling have also been used; these tag single 

viral proteins with biotin ligases, which then attach biotin to nearby proteins or interactors. These 

proteins can then be isolated and identified using western blot or mass spectrometry. Both 

techniques possess advantages and disadvantages; while proximity labeling is more 

promiscuous, it often aids in the identification of transient or weaker interactions as compared to 

traditional AP-MS. Several studies employed this method to determine the interactomes of SARS-

CoV-261,62. These studies largely use BioID, which tags a protein of interest with a biotin ligase; 

upon biotin addition to culture media, all proteins within approximately 10nm are labeled with 

biotin. These proteins can then be later isolated using a streptavidin pulldown63. This protocol has 

also been used to study Epstein-Barr virus Latent Membrane Protein 1, and the method was 

published as a suggested way to study Herpes Simplex Virus proteins64,65. 

Constraints on viral proteins often make insertion of affinity tags into replicating virus difficult, 

especially in cases where the genome consists of polyproteins that require individual proteins to 

retain specific N or C termini for protease cleavage. Heaton et al. performed transposon 

mutagenesis to insert random epitopes into influenza A viral proteins within the context of the full 

length genome. After rescuing those viruses which survived the insertion, the authors then  

replaced those random epitopes with affinity tags for AP-MS. They then utilized these infectious 

reporter viruses, which spanned 8 of the 10 viral proteins, and investigated interactions with the 

proteostasis network, specifically the Sec61 translocon66.  Similar processes have been done with 

DENV, using transposon mutagenesis to explore the tolerance of insertions into the viral genome 

followed by functional analysis of interactions using an affinity-tagged replicating virus system67,68. 

In another case, Hafirassou et al. deleted three structural proteins from the DENV genome, 

allowing the N-terminal nonstructural protein (NS1) to be tagged without interfering with protease 

cleavage sites, but leaving the replication complex essentially intact with the presence of all non-
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structural proteins. This allowed for identification of the NS1 interactome in a pseudo-infection 

context, an advantage over single protein expression. As expected, given that NS1 is a secreted 

protein this interactome was enriched with factors localized to the ER, as well as many localized 

to the mitochondria. 

For viruses where single proteins are expressed in various open reading frames, these 

considerations are less of a factor, as the termini are more easily tagged without concerns for 

disrupting protease cleavage sites. A study which tagged the human cytomegalovirus protein 

pUL13 identified extensive interactions with ER and mitochondrial proteins69. 

 

1.3 Perturbing host-virus interactions with the protein folding network to block replication 

1.3.1 Glycosylation & glycan modification 

Glycosylation is immensely important in several viral surface proteins. For example, the Env 

protein of HIV (specifically the gp120 subunit) is approximately 50% glycan by weight70. The 

glycosylation patterns have been highly studied in an attempt to understand how they may 

influence the binding of neutralizing antibodies to specific epitopes on the envelope protein for 

development of vaccine candidates71. Of course, the requirements for any of these processes to 

occur is that the glycans must be correctly installed and modified on the viral proteins. As noted 

in the introduction, the ER is responsible for facilitating N-glycosylation at N-X-S/T motifs on 

nascent peptides. This glycosylation is performed by either of two catalytic subunits of the 

oligosaccharyl transferase (OST) complex containing catalytic subunits STT3A and STT3B72. 

Post-installation, the initial high-mannose glycan is trimmed in the ER to remove terminal glucose 

residues. During and after binding by any of several lectin chaperones or 

glycosyltransferases/glucosidases, the protein is further modified and sent to the Golgi for further 

modification or signaled for degradation by the proteasome (Figure 1.3)73,74. The activity of these 

enzymes can be competitively inhibited by iminosugars, which are sugar mimetics where the 

cyclic oxygen is replaced by a nitrogen atom. Clinically, iminosugars are already used for the 
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treatment of type I Gaucher disease and/or Neimann-Pick disease type C (depending on the 

regulatory authority of the country), validating these as therapeutic intervention points75,76.  

ER α-glucosidases I and II carry out the initial polysaccharide trimming, removing the first and 

second terminal glucose residues respectively from the branched chain. Iminosugars that target 

these enzymes such as the one clinically approved for the diseases listed above have been shown 

to inhibit the replication of several different viruses, including flaviviruses, influenza viruses, and 

retroviruses77–79. However, these glucosidases may be bypassed via the action of Golgi endo-α-

1,2-mannosidase (MANEA), a regulator of independent glycoprotein maturation pathway. A 

Figure 1.3. N-glycan installation and modification in the ER. After synthesis of the N-

glycan on an ER-resident lipid, the oligosaccharyl transfer complex transfers the glycan to an 

asparagine residue co- or post-translationally using STT3A or STT3B. Glucosidases trim the 

proximal glucose residues, and the protein shuttles through the calnexin/calreticulin cycle until 

properly folded, at which point ER mannosidase I removes a single mannose residue to signal 

forward translocation. If a protein is not folded, it is translocated to the cytosol for ERAD. 
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structure of this enzyme was published by Sobala et al., as well as the structure in complex with 

inhibitors under investigation as further antiviral drugs80.  

Tunicamycin, which inhibits N-glycan synthesis, has also been used to inhibit viral infections81.  

Intriguingly, non-catalytic functions of the OST have been implicated in flavivirus infection46. A 

CRISPR screen initially identified STT3A and STT3B as host dependency factors required for 

viral replication; however, further studies showed the function of STT3B in DENV replication to be 

as a stabilizer for the non-catalytic subunit of MAGT1, where a CXXC motif is required for DENV 

propagation (see ‘Oxidative Folding’ section)82. This would suggest that in addition to disrupting 

just host-virus protein-protein interactions, interruption of certain host-host protein-protein 

interactions may also be an aid in inhibiting virus replication.  

 

1.3.2 Oxidative folding  

The endoplasmic reticulum, unlike the cytosol, is an oxidative environment83. This means the ER 

lumen, with the assistance of dedicated disulfide isomerases and other oxidative enzymes, is able 

to facilitate the formation of disulfide bonds within and between client proteins. Protein disulfide 

isomerases (PDIs) catalyze the oxidation of two free cysteine residues to disulfides or facilitate 

the rearrangement of disulfide bonds. PDIs comprise a class of ~20 enzymes which each contain 

at least one thioredoxin domain characterized by an active site CXXC motif84. Disulfide bond 

formation is crucial for ensuring proper folding and stabilization of most secretory proteins, hence 

several viruses rely on proper PDI-mediated disulfide bond formation to form progeny virions 

during replication. For example, the dengue virus envelope protein is known to contain disulfide 

bonds that link homodimers together. Various PDIs have been shown to be necessary for specific 

viral infections, such as the requirement for PDIA3 in the influenza A life cycle, specifically in the 

maturation of the HA protein into its native structure85,86. PDIA3 (ERp57) is also closely connected 

to the lectin chaperone cycle through interactions with calreticulin and calnexin, thereby linking 

glycan-mediated folding to oxidative folding86. PDIA3 may also be targeted for inhibiting proper 
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folding of the fusion F protein in paramyxovirus infection87. Another protein disulfide isomerase, 

PDIA4, has been shown to be necessary for uncoating of the genome uncoating of astroviruses88. 

Disulfide bonds may also mediate protein-protein interactions, such as those between the 

coronavirus spike protein and envelope protein. Langsjoen et al. showed that modulators of PDIs 

and other thioredoxin-domain containing proteins lowered extracellular plaque-forming units 

(PFUs) of chikungunya virus while not affecting viral RNA levels intracellularly, presumably 

affecting the structure of progeny virions89. Although the mechanism was not known at the time, 

PDI inhibition was shown in an older study by Ryser et al. to adversely affect the ability of HIV to 

bind to its cognate receptor90. Interestingly, this implies a functional role of PDI at the cell surface 

in virus infection- the localization of PDI at the cell surface was known, but its varying roles in viral 

infection make this a broader target for inhibiting replication. A follow up study by Fenouillet et al. 

identified the mechanism of this interaction, showing PDI is required for envelope-mediated 

membrane fusion after binding to the CD4 receptor91. 

In specific cases, secondary infection with a virus (or primary infection after vaccination) can lead 

to antibody dependent-enhancement, whereby antibodies from a primary infection bind but do not 

neutralize virions from a secondary infection, instead dissociating after phagocytosis by a 

macrophage and leading to subsequent infection of that macrophage92,93. With dengue virus, this 

has also been shown to be correlated with antibody titer levels post-infection. A protein disulfide 

isomerase inhibitor was shown to specifically block ADE of infection in human monocytic cells94. 

 

1.3.3 ERAD 

Endoplasmic reticulum-associated degradation (ERAD) is the system responsible for hydrolysis 

and degradation of terminally misfolded protein clients within the ER. Herpesviruses have been 

shown to hijack this system by suppression of the cellular immune response, ubiquitinating and 

causing degradation of loaded MHC-I complexes which are en route to the cell surface for antigen 

display95. Flaviviruses use this system for selective degradation of a subset of membrane-bound 
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nonstructural proteins, to ensure the presence of a correct ratio of structural to non-structural 

proteins during replication96.  

After recognition of these misfolded proteins, the p97/VCP (vasolin containing protein) 

retrotranslocation complex binds the client protein and retrotranslocates it to the cytosol. The 

ATPase activity of VCP has been shown to be essential for formation of DENV replication 

organelles via interaction with NS4B. Pharmacologic inhibition of this ATPase activity prevents 

replication of the virus97.  

Figure 1.4. ERAD and PROTACs. (A) Misfolded protein substrates are detected and 

prevented from proceeding in the secretory pathway; instead, they are delivered for 

retrotranslocation to the cytosol and degraded by the 26S proteasome. (B) PROTACS 

combine a drug targeting a protein of interest with a drug targeting an E3 ligase; bringing these 

two proteins in proximity causes ubiquitination and subsequent degradation of the target 

protein. 
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In addition to ERAD machinery being used by viruses, PROteolysis TArgeting Chimeras 

(PROTACs) have been developed to selectively degrade host factors needed for viral replication. 

Hahn et al. showed selective degradation of cyclin-dependent kinase 9 led to inhibition of 

cytomegalovirus (CMV) and SARS-CoV-2, while not affecting the replication of other viruses such 

as Varicella Zoster Virus (VZV) and Zika98. A second study showed that a PROTAC linking 

indomethacin with an E3 ligase targeting compound showed pan-coronavirus activity. This activity 

was hypothesized to be through disruption of the interaction between nsp7 and PGES-2, a 

prostaglandin E synthase99. Another strategy fuses peptide sequences instead of small 

molecules; Montrose and Krissansen fused two domains of the hepatitis B X-protein (an 

oligomerization domain and an instability domain) together along with a cell penetrating peptide. 

As the oligomerization domain bound another molecule of the X-protein, the instability domain 

leads to ubiquitination and degradation of the complex100. While not always directly targeting host-

virus interactions, this perturbation of a host protein has nonetheless proven an effective method 

of controlling host biology to compromise viral replication.  

 

1.3.4 The Unfolded Protein Response 

As noted earlier, the UPR is a three-pronged stress response pathway that leads to the 

upregulation of chaperones, lipid biosynthesis, and other folding factors (through the IRE1/XBP1s 

arms), as well as feeding into the integrated stress response to temporarily attenuate translation  

(via the PERK arm)18. Many viruses have been shown to upregulate these pathways, including 

flaviviruses and coronaviruses, as their proteins are translated and hijack the chaperone 

pathways normally reserved for host client proteins101,102. This UPR activation is typically mild, 

presumably as the virus attempts to control any clearance that may occur as a result of prolonged 

ER stress. Additionally, prolonged or intense ER stress induces apoptosis, and thus mild 

activation subverts these paths to maintain cell viability18,103. 
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The UPR has become an increasingly interesting pharmacologic target because of its 

dysregulation in many disease states. Small molecule modulators of UPR signaling have effects 

ranging from control of cardiac damage after stress to control of diabetes and obesity104–106. 

Several viruses have been shown to activate the UPR, while several others have been known to 

suppress activation103,107. UPR modulation has been studied in the context of single protein 

overexpression, as well as in the context of live infection. For a more detailed discussion of how 

different virus families manipulate the UPR, see the review by Prasad and Greber107. 

Figure 1.5. The unfolded protein response. Three transmembrane sensors sit across the 

ER membrane. On dissociation of binding immunoglobulin protein from the sensor (shown in 

black), activation by dimerization or disulfide bond isomerization causes downstream effects 

leading to upregulation of reporter genes for each branch.  
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Our lab recently showed that a compound initially designed as an activator of the ATF6 arm of 

the UPR was able to inhibit DENV and ZIKV infection in cell culture models, though this activity 

was shown to be independent of ATF6 activity and rather relied on covalent modification of thiols 

on largely ER resident proteins108. 

A combination of UPR inhibitors was shown to inhibit both murine hepatitis virus (MHV) and 

SARS-CoV-2 infection in cell models. Inhibitors of the PERK and ATF6 branches were effective 

on their own, a combination treatment was shown to be the most effective109. Another study by 

Sims et al. showed inhibition of PERK using the small molecule AMG PERK 44 resulted in a 

decrease in MERS-CoV replication in in primary human lung cells110. A combination of UPR 

inhibitors was also shown to have anti-ZIKV effects in human lung cells; PERK inhibition on its 

own showed no effects, but ATF6 inhibition using Ceapin-A7 did. Co-treatment of the two was 

able to further inhibit infection, suggesting synergistic action is required for the activity of the PERK 

inhibitor. 4-phenylbutyric acid inhibits ATF6 and PERK while potentiating IRE1 activity, and this 

combination was also sufficient to inhibit ZIKV replication111. 

Contrarily, activation of the UPR using pharmacologic thiopurines was shown to affect influenza 

A virus maturation without affecting intracellular viral RNA levels112. Global UPR activation with 

Brefeldin A (a trafficking inhibitor), tunicamycin (an N-glycosylation inhibitor), or thapsigargin (a 

SERCA ATPase inhibitor) also inhibited rhinovirus replication in airway epithelial cells81. 

Thapsigargin was also shown to inhibit replication of three different coronavirus strains (hCoV-

229E, MERS-CoV, SARS-CoV-2) in various cell types113. A broader study showed it to be 

effective against additional respiratory viruses, namely influenza A and respiratory syncytial 

virus114. Therapeutic use of thapsigargin is limited due to its extremely high cytotoxicity; however, 

less-toxic derivatives and prodrug variants are being explored115. 

1.3.5 Other proteostasis factors 

The sections above provide a broad but not all-encompassing overview of the ways in which 

proteostasis modulation has been used to inhibit replication of several classes of viruses. Among 
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other pathways targeted are translation and the translocon machinery, as noted in the influenza 

virus interactome study above. Some cotransational processes such as glycosylation have 

already been discussed, but other less studied processes such as proline hydroxylation have also 

been shown to be essential for viral replication (flaviviruses in this case)116. 

Furthermore, inhibition of GRP94, an ER-resident Hsp90-like protein, was shown to inhibit dengue 

and Zika virus replication in Huh7 cells117.  

 

1.4 Summary and Conclusions 

This review summarizes some of the ways in which virus-host interactions are identified, with 

particular focus on those interactions of viral proteins with host endoplasmic reticulum machinery. 

The endoplasmic reticulum, as a hub for protein folding within the cell, provides many chaperones 

that viruses have evolved to utilize within their own replication cycles.  

We then examine the ways in which these interactions or dependencies may be targeted using 

host-directed therapies in order to inhibit viral replication. The two largest advantages posited by 

this method, as opposed to traditional direct-acting antiviral therapy, are avoiding the high 

mutational rates of viruses, as well as targeting conserved host factors to create a broad-spectrum 

antiviral compound. However, other concerns must be addressed before many of these 

compounds are utilized in a therapeutic capacity, including validation of in vivo efficacy while 

avoiding toxicity to the host. Additionally, although it is harder for viruses to evolve resistance to 

host-centered therapeutics, the possibility still exists. Newcastle disease virus on long term 

propagation was shown to acquire resistance to thapsigargin118. Similarly, an inhibitor of MNK1, 

which is effective against buffalopox virus, becomes ineffective after multiple passages119. Thus, 

caution must be taken to monitor resistance development even with host-centered molecules. 
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1.5 Scope of dissertation  

This dissertation outlines the work I have conducted in furthering our understanding of the ways 

in which viruses interact with host cells and begins exploring how these dependencies can be 

exploited for the pursuit of new antiviral targets. This work approaches the problem from two 

sides: 1) identifying the interactions protein-protein interactions that take place during viral 

infections with the intention of understanding their importance, and 2) using small molecules that 

disrupt known interactions with the intention of discovering their specific targets. This chapter has 

outlined some of the known relationships of viruses with the endoplasmic reticulum protein folding 

network, concluding that these interactions are extensive and encompass several classes and 

functions of proteins. With an interest in these proteostasis interactions, particularly those related 

to the unfolded protein response, chapter 2 explores the effects of UPR regulators on flavivirus 

infection. These regulators, which are all recently discovered molecules, were designed to be able 

to preferentially activate or inhibit the IRE1 and ATF6 branches of the UPR. Chapter 2 answers 

the question of how modulating these pathways affects viral replication. Of these regulators, the 

ATF6 activator 147 was the only one that showed effects on viral replication. These effects are 

further investigated in chapter 3, where I show the antiviral effects are independent of ATF6 

activation, but rather dependent on covalent targeting of free thiols, namely cysteine residues on 

ER resident proteins. Although the specific targets of 147 responsible for the antiviral activity are 

still unknown, the molecule possesses broad-spectrum activity against several dengue and Zika 

strains. In chapter 4, I explore the effects of a structurally similar molecule, 263. This was another 

compound discovered in the initial screen for ATF6 activators120. Given the structural similarities 

between 263 and 147, I hypothesized that the mechanisms of action may be similar. However, 

we show that this is not the case and the covalent protein targets are different. Similarly to 147, 

the targets of 263 responsible for the antiviral activity remain unknown.  

Chapter 5 then begins exploring the interactions of coronavirus non-structural proteins with the 

host cell; this project began as the COVID-19 pandemic reached the United States, and our lab 
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gained an interest in determining how the interactions of SARS-CoV-2 proteins are similar or 

different to those of homologous proteins from other coronavirus strains. We begin with nsp2 and 

nsp4. Nsp2 is a non-conserved protein that is dispensable for replication, while nsp4 is more 

conserved and forms an integral part of the double-membrane vesicles, which are characteristic 

of and necessary for replication of the viral genome. Several interactors are conserved between 

SARS-CoV-1 and SARS-CoV-2 nsp2, and between SARS-CoV-1, SARS-CoV-2, and hCoV-

OC43 nsp4 homologs. However, several unique interactions are also seen with each homolog, 

and exploring these differential interactions may explain some of the unique pathogenesis seen 

with each strain. Followup studies show these interactors are enriched for proteins found at 

mitochondria-associated ER membranes. In chapter 6, we study the host interactions of 

coronavirus nsp3, a large, multi-domain protein that required truncations in order to express. We 

truncate the protein into three parts and study homologs from five different coronavirus strains; 

the three noted above, in addition to MERS-CoV and hCoV-229E. Similarly to the nsp2/nsp4 

study, we show both conserved interactions and unique interactions, though almost no 

interactions were seen that were common to all five coronavirus strains. We discovered that the 

nsp3 N-terminal fragment (nsp3.1) interacted with the UPR sensor ATF6, and follow-up studies 

have shown that nsp3.1 from SARS-CoV-2 is able to modulate the ATF6 stress response. Lastly, 

chapter 7 summarizes my work as well as exploring ongoing experiments and provides ideas on 

how the work may continue. 

Overall, this work contributes to our understanding of how virus hijack signaling pathways within 

cells to facilitate their own replication cycles and opens the possibility to targeting some of these 

interactions for therapeutic purposes. 
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CHAPTER 2: Characterizing unfolded protein response modulators in Huh7 cells and 

measuring their ability to impair flavivirus infection 

 

2.1 Introduction 

Flaviviruses are a class of positive-sense, single stranded RNA viruses that include dengue, Zika, 

and yellow fever. While the yellow fever vaccine has been one of the most reliable and successful 

vaccines developed, no other widespread vaccination options exist for flaviviruses, which is 

surprising given that half the world’s population is estimated to be at risk of dengue infection1. 

Additionally, no therapeutics exist for the treatment of flavivirus infection, though several efforts 

have been made to characterize and develop direct-acting antiviral compounds2,3.  

To begin investigating dependencies of flaviviruses on host machinery, we focused on the 

endoplasmic reticulum, an organelle basally used as a hub for host protein folding4. Specifically, 

Figure 2.1 Small molecules can selectively regulate UPR branches. The above structures 

show the small molecules designed to activate or inhibit (green/red symbols respectively) the 

three branches of the unfolded protein response. The molecules for regulation of IRE1 and 

ATF6 will be discussed further. 
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we took advantage of the observation that DENV infection selectively modulates the unfolded 

protein response, a stress response pathway intended to return the cell to a homeostatic state 

under conditions of increased protein folding load or stress from the buildup of unfolded proteins 

or if prolonged ER stress persists, induce apoptosis.5.  

The UPR consists of three branches; PERK, IRE1/XBP1s (referred to as IRE1 from hereon) and 

ATF6. Each of these three branches is ultimately responsible for upregulating distinct but 

overlapping functional outputs in order to increase the folding capacity of the ER and/or decrease 

cellular translation rates in order to allow the cell to play catch-up on a current protein folding 

load6. 

We began with the selection of four molecules that activate or inhibit the IRE1 and ATF6 branches 

of the UPR (Figure 2.1). All of these molecules are recently discovered, and provide a novel 

method of selectively regulating each of these branches7–10.   

The UPR branches are named after the transmembrane sensors that localize inside of the ER 

membrane and are able to direct communication between sensing stress in the ER lumen and 

relay the response to the cytosol or other organelles6. On the ER luminal side, under non-stressed 

conditions, these transmembrane sensors are bound by binding immunoglobulin protein (BiP, 

also referred to as GRP78). BiP is the sole ER luminal Hsp70 chaperone that, upon sensing an 

accumulation of unfolded proteins, will dissociate from the UPR sensor in an attempt to correct 

the misfolding. This dissociation is what thought to initiate the cascade of UPR activation, though 

alternative mechanisms have been proposed11–14. 

BiP dissociation from PERK induces dimerization and autophosphorylation, which leads to full 

activation of its kinase domain. This domain then phosphorylates eukaryotic initiation factor 2α, 

which results in translational attenuation via the ribosome15–17. Counterintuitively, this leads to the 

selective translation of specific transcripts containing upstream open reading frames (uORFs), 

one of which is activating transcription factor 4 (ATF4)17,18. ATF4 protein trafficks to the nucleus 

and upregulates specific targets, two of which are CHOP and GADD3419. CHOP is another 
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transcription factor which begins a further cascade of upregulating components of apoptosis; thus, 

prolonged PERK activation leads to this mechanism of controlled cell death. GADD34/PPP1R15A 

is the regulator which closes the negative feedback loop, serving as a specific regulatory subunint 

of the protein phosphatase 1 complex that dephosphorylates eIF2α and allows translation to 

resume normally20. The phosphorylation of eIF2α marks the intersection of the UPR with the 

integrated stress response (ISR), which is a broader cellular response activated under a range of 

physiological changes or stimuli21. Due to the interplay between these two pathways, small 

molecules have been developed to study the ISR at large, some of which bind PERK directly22. 

Sephin-1, an ISR ‘activator’, works via inhibition of the GADD34 phosphatase subunit, thus 

prolonging eIF2α phosphorylation10. ISRIB, short for integrated stress response inhibitor, works 

by enhancing activity or eIF2B, another component of the initiation complex. The activity 

enhancement is able to counteract the phosphorylation of eIF2α and prevent the translation 

attenuation9. 

In a similar fashion, BiP dissociation from IRE1 also causes dimerization and autophosphorylation 

of this sensor12,23. However, in this instance an endonuclease domain within IRE1 is activated 

after phosphorylation. The endonuclease domain degrades selective mRNA substrates via 

regulated IRE1-dependent decay (RIDD), but also cleaves a 26 nucleotide sequence from the 

mRNA of the X-box binding protein 1 (XBP1)24–26. This non-canonical splicing event causes a 

frameshift, and results in translation of an alternate protein product labeled as XBP1s. XBP1s is 

a transcription factor that upregulates some chaperones and other folding factors, but also 

upregulates genes involved in lipid biosynthesis and ER-associated degradation to increase 

overall folding capacity and help rid the organelle of misfolded proteins27. Inhibitors of both the 

kinase and endonuclease domains of IRE1 have been discovered and characterized28–30.  

The last sensor is ATF6, whose mechanism of activation is less defined than either PERK or 

IRE1. ATF6 is localized in the ER membrane as an oligomer, with intramolecular disulfide bonds 

linking monomers together. After BiP dissociation, these oligomers are reduced to a specifically 



34 
 

linked dimer, and these dimers of ATF6 are trafficked to the Golgi apparatus31,32. Here, ATF6 is  

cleaved by S1P and S2P proteases to release a cytosolic active transcription factor, which traffics 

to the nucleus and again upregulates chaperones and other folding factors which help restore 

protein homeostasis33. The two compounds designed to preferentially modulate this pathway are 

the activator 147 and the inhibitor Ceapin-A77,8. 147 was discovered in a high-throughput screen 

that looked at ATF6 activation at both the transcript and protein levels, and selected molecules 

which initially enhanced activation of a luciferase under the ERSE (BiP) promoter (indicative of 

ATF6 cleavage), while counterscreening against those molecules which also activated XBP1. 

Several other molecules were looked at as potential candidates after both screens, including 

compound 263, which will be discussed in chapter 4 in this dissertation. A follow-up study showed 

that this compound does not bind ATF6 directly, but rather targets protein disulfide isomerases, 

which are hypothesized to control the oligomeric state of ATF6 in the membrane via oxidation and 

reduction of disulfide bonds34. Ceapin-A7 prevents trafficking of ATF6 from the ER membrane to 

the Golgi apparatus, thus inhibiting its ability to form a functional transcription factor35. It does this 

by tethering the cytosolic domain of the sensor to a second transmembrane protein, ABCD3, 

found within the membrane of the peroxisome36.  

This chapter details efforts to characterize the selectivity of the ATF6 and IRE1 modulators in 

Huh7 cells, later used as a model system for flavivirus infection. After characterization, these 

modulators were tested in viral infections to monitor the effects of modulation of ATF6 and IRE1 

modulation on viral replication. 

 

2.2 Results 

2.2.1 Measuring effects of UPR regulators in Huh7 cells 

Previous efforts in characterizing each of the UPR regulators had taken place in a variety of cell 

lines, but Huh7 cells were not among them. Huh7 cells are a commonly used model for flavivirus 

infections, and thus confirming the specificity (or otherwise observing pathway effects) was an 
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important checkpoint. At this point, the structures and functions of 147, the IRE1 inhibitor 4µ8c, 

and Ceapin-A7 were known. Studies on the preferential IRE1 activator 474/IXA4 (referred to 

hereon as 474) studies had not yet been released, and thus data from this molecule is excluded 

from these studies.  

Initial 4µ8c experiments tested the molecule over a various range of concentrations, and the 

ability of the drug to inhibit XBP1 splicing was dose-dependent29. To determine the optimal 

concentration for use in Huh7 cells, cells were seeded into 12-well dishes and treated with 0.5 

µM final concentration thapsigargin (Tg), a universal UPR activator, or DMSO as a control37. Wells 

treated with thapsigargin were then treated with increasing concentrations of 4µ8c in DMSO. After 

6 hours, samples were harvested for RT-PCR and qPCR to measure effects on XBP1 splicing. 

cDNA was synthesized from the collected RNA for each sample and a PCR product of the XBP1 

gene was amplified using primers that spanned the splice site (Table A2.1, splice site is 

nucleotides 494-519 of the coding sequence), thus creating two products with 26 nucleotide 

difference. These products were separated on a 3% agarose gel, which provided the resolution 

to visualize two bands; one slightly above 200 bp, and one slightly below (Figure 2.2). These 

bands correspond to the unspliced and spliced products respectively. Under basal conditions (no 

thapsigargin or other ER stress), the majority of XBP1 mRNA remains unspliced. After 

thapsigargin addition, these conditions are reversed and a significant portion becomes 

Figure 2.2. XBP1 splicing inhibition by 4µ8c is dose-dependent. Samples were treated 

with the indicated compounds (thapsigargin, where indicated, was dosed at 0.5 µM) for 6 

hours. RNA was isolated, and the complimentary cDNA was synthesized and separated on an 

agarose gel. Upper band represents unspliced mRNA, lower band represents excision of 26bp 

after UPR activation. Saturated pixels not shown. 
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spliced. As the dose of 4µ8c increases, the splicing ratio decreases; by 32 µM, no splicing is 

seen. Thus, 32 µM was chosen as the concentration for later experiments; experiments down to 

16 µM would likely have also given valid results, as the majority of splicing is inhibited at this 

concentration. 

A second XBP1 splicing assay was performed to determine how long the effects of 4µ8c last in 

Huh7 cells. If a compound is quickly metabolized or otherwise disappears from the intracellular 

space, the effects on its target should not be expected to last a long time. To test this in Huh7 

cells, samples were treated with a pulse of 0.5 µM thapsigargin, with or without 4µ8c. After the 

initial treatment, sequences of wells were treated with a second pulse of thapsigargin, pairing a 

4µ8c treated and untreated well. If 4µ8c levels in the cell were sufficiently reduced, this second 

pulse of thapsigargin would result in an increase in splicing due to the decreased availability of 

the endonuclease inhibitor. However, even when the second pulse came 24 hours after the first, 

little splicing was seen in the presence of 4µ8c (Figure 2.3). Attempts to extend the timecourse 

were unsuccessful, likely due to the high toxicity of thapsigargin. 

A similar experiment was performed with Ceapin-A7, the ATF6 inhibitor. Because an mRNA 

splicing event does not occur as with XBP1, a further downstream event needs to be measured. 

In this case, quantification of HspA5, a marker selective for ATF6, was used27. Again, samples 

were treated with thapsigargin with or without Ceapin-A7. A second pulse of thapsigargin was 

added at the indicated hour post treatment, and transcription was measured 6 hours post-

Figure 2.3. XBP1 splicing inhibition by 4µ8c lasts at least 24 hours. Cells were treated 

with thapsigargin and 4µ8c (where indicated) simultaneously. A second dose of thapsigargin 

was given at the indicated hour post treatment (hpt). Levels of XBP1 splicing were measured 

6 hours after the second treatment by RT-PCR. Saturated pixels not shown. 
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treatment. Similarly to the results with 4µ8c, Ceapin-A7 was able to inhibit ATF6 activation up to 

24 hours post treatment (Figure 2.4). The BiP upregulation at the 6 hours post treatment timepoint 

even in the presence of Ceapin-A7 was unexpected, and given the continued effect at 12 and 24 

hours post treatment suggests Ceapin-A7 was aberrantly omitted from the sample. 

After ensuring that the molecules are effective during the length of times required for infection 

experiments, a more general exploration of the selectivity of these molecules for each UPR 

branch was carried out. Although designed for inhibition or activation of a single branch, it is 

conceivable that this selectivity may vary slightly from cell line to cell line. To characterize the 

effects on reporter gene levels of each compound, a combination of qPCR and proteomics was 

used. Reporter genes were chosen based on studies by Shoulders et al., and Grandjean et al., 

characterizing genes upregulated by a single stress pathway (so as to avoid genes upregulated 

by multiple branches)27,38. To measure changes at the transcript/mRNA level, Huh7 cells were 

treated with the indicated compounds and harvested 6 hours post-treatment for qPCR or RT-PCR 

Figure 2.4. ATF6 inhibition by Ceapin-A7 lasts 24 hours. Cells were treated with 

thapsigargin and Ceapin-A7 (where indicated) simultaneously. A second dose of thapsigargin 

was given at the indicated hour post treatment (hpt). Levels of HspA5 as an ATF6 reporter 

gene were measured 6 hours after the second treatment by qPCR.  
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to measure XBP1 splicing. To measure changes at the translational/protein level, which is 

downstream of transcription, a timepoint of 20 hours post-treatment was used.  

When examining transcript levels after treatment with each molecule, a discrepancy was 

observed between expected and experimental results. First, XBP1 splicing was measured using 

the same assay as outlined in Figures 2.2 and 2.3.  Thapsigargin was used as a universal UPR 

activator to measure upregulation of all three branches. Figure 2.5 shows the results of examining 

XBP1 splicing in the presence of single compounds or combination treatments; RP22 was used 

as an inactive analog of 147, and Ceapin-A5 as an inactive analog of Ceapin-A7. As expected, 

addition of thapsigargin induced a large amount of XBP1 splicing, which was reversed by 4µ8c 

but not Ceapin-A7. However, 147 also appeared to induce a significant amount of splicing, 

indicating it may possess IRE1 activating potential as well as ATF6 activating potential in the 

Huh7 cell line. This splicing was not reversed by Ceapin-A7 but it was inhibited by the IRE1 

inhibitor 4µ8c. 

 

For qPCR experiments to measure reporter gene levels of each branch, CHOP was used as a 

PERK marker (it should be noted this gene may also respond to ATF6 activation), HspA5 as an 

ATF6 marker, and Erdj4 as an IRE1 marker. RiboP was used as a housekeeping gene and all 

transcripts were normalized to the level in each sample. 

Figure 2.5. Selectivity of small molecules for XBP1s. Cells were treated with the indicated 

compounds and harvested 6 hours post-treatment. RT-PCR was performed using primers 

spanning the XBP1 splice site and samples were run on a 3% agarose gel at 80V for 

approximately 1 hour.  
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Figure 2.6. Selectivity of small molecules by qPCR. Cells were treated with the indicated 

compounds for 6 hours. RNA was harvested, cDNA was synthesized from 500ng cellular 

RNA, and qPCR primers for the genes listed above were used for amplification. Primers 

listed in Table A2.1. 
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When measuring CHOP levels, which were the most drastically changed in each of the treatments 

compared to background, thapsigargin and 147 both resulted in a greater than a 10 fold increase 

in expression (with Tg inducing closer to 20 fold). This was expected with thapsigargin, the global 

activator, but not with 147, which should be selective for ATF6 and thus levels should not be as 

high. 4µ8c was able to reduce levels of expression in the Tg treated samples, but not the 147 

treated samples. Ceapin-A7, on the other hand, did reduce CHOP expression in the presence of 

147 (Figure 2.6). 

As expected, HspA5 levels were raised in both the Tg and 147 treated sample. 4µ8c was able to 

attenuate this increase in both cases, suggesting it is capable of reversing ATF6 activation. 

Ceapin-A7 was also able to reduce HspA5 levels, to a greater extent than 4µ8c. However, 

Ceapin-A7 was also able to reduce expression levels of Erdj4, a marker intended to be selective 

for IRE1. 

 

2.2.2 Effects of IRE1 and ATF6 inhibitors on DENV infection  

Given that DENV upregulates the IRE1 and ATF6 branches of the UPR, our initial hypothesis was 

that inhibition of these branches using small molecules would lead to deleterious effects on virus 

replication. Intriguingly, in the initial study knockout of either ATF6 or XBP1 did not affect 

replication of the virus. Knockout of IRE1, however, did lead to a decrease in replication; this 

implicates a function of IRE1 other than XBP1 splicing being important in the DENV life cycle5. In 

this study, an endonuclease inhibitor was used to specifically inhibit the RNA splicing/degradation 

function of IRE1, while in theory leaving the kinase domain active. Huh7 cells were seeded and 

infected with DENV2 strain BID-V533 at MOI 3 for 3 hours. Inoculum was removed, cells were 

washed, and media containing DMSO or 32 µM 4µ8c was added. Cells were harvested between 

12 and 60 hours post-infection at 12 hour intervals. Lysate was used to compare viral protein 

levels between samples, and media was collected to evaluate infectious viral titer. At 12 hours, 

neither viral protein nor viral titers were observed. This is likely too early in the replication cycle 
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(approximately 24 hours) for output to be monitored, or a more sensitive assay would need to be 

used to obtain measurements. At all timepoints, no effect on viral protein levels was seen, 

suggesting the molecule does not affect production of the viral polyprotein. At most timepoints, 

no effect on viral titer was seen either. However, a small reduction in titer, approximately 50% 

was seen at the 24 hour timepoint (Figure 2.7). The selectivity for a decrease in titer but not 

Figure 2.7. Effects of 4µ8c on the viral life cycle. Samples were infected with DENV2 BID-

V533 for 3 hours. After infection, inoculum was removed, cells were washed, and media 

containing DMSO or 32 µM 4µ8c was added. Cells were harvested at the indicated intervals 

post-infection; samples were also taken at 12 hours, but no signal was observed at the titer or 

protein level. 
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protein suggested a mechanism by which assembly and secretion of progeny virions was 

affected; however, with a small effect, this needed to be confirmed. 

To confirm the effect seen with 4µ8c, another inhibitor of the IRE1 endonuclease domain was 

used, Kira628. This time, the 24 hour timepoint was used as a representative sample, rather than 

completing the entire timecourse, since this is where effects were initially seen with 4µ8c.  This 

time, no effects were seen with either molecule (Figure 2.8), leading to the conclusion that the 

endonuclease domain of IRE1 and/or subsequent activation of downstream UPR reporter genes 

is not necessary for flavivirus infection. Notably, the significant change with 4µ8c observed in 

initial experiments was not seen again, even with a pre-treatment step added. 

Experiments were repeated with the ATF6 inhibitor Ceapin-A7. Given that ATF6 knockout did not 

affect viral replication in Peña and Harris, it was hypothesized that the addition of this molecule 

would not have a significant effect on viral titers. This proved to be true, as both protein and titer 

levels were unaffected by Ceapin-A7 up to 60 hours post infection (Figure 2.9). 

Figure 2.8. Viral titers after treatment with IRE1 inhibitors. Cells were pre-treated with 

inhibitors for 16 hours, prior to infection with DENV2 BID-V533 for 3 hours. Inoculum was 

removed, cells were washed, and media and treatments were replaced. Media was collected 

for focus forming assay 24 hours post infection. No significant differences in titers seen. 
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2.2.3 Effects of IRE1 and ATF6 activators on DENV infection 

Although the inhibitors were initially of interest, given the availability of complementary activators 

of the IRE1 and ATF6 branches we were also intrigued to characterize the effects of these 

Figure 2.9. Effects of Ceapin-A7 on the viral life cycle. Samples were infected with DENV2 

BID-V533 for 3 hours. After infection, inoculum was removed, cells were washed, and media 

containing 6 µM Ceapin-A5 or 6 µM Ceapin-A7 was added. Cells were harvested at the 

indicated intervals post-infection; samples were also taken at 12 hours, but no signal was 

observed at the titer or protein level. 
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molecules on viral infection. Previously, selective activation of each UPR branch was not possible; 

an ‘activator’ of the PERK branch was available, but this worked by inhibition of the GADD34 

phosphatase rather than direct activation of PERK itself10.  

Given that DENV upregulates the IRE1 and ATF6 UPR branches, we hypothesized that treatment 

with pharmacologic activators may enhance viral infection, leading to increased protein and titer 

levels. To test this hypothesis, we pre-treated Huh7 cells with 10 µM 474 or 147 before infection 

with DENV2 strain BID-V533 at an MOI of 3 for 3 hours. 474 showed no effect on viral titers 24 

hours post-infection (Figure 2.10); initial experiments by a rotation student (data not shown) 

indicated that it may increase titers, as was hypothesized, but this data was not reproducible in 

later experiments shown here. 

When the treatments were repeated with 147, a remarkable decrease in titer was observed at 24 

hours, and up to 36 hours post-infection (Figure 2.11). This decrease neared 2 orders of 

magnitude, or a 99% reduction in virus levels. The change at the protein level was still significant, 

but on the order of a ~75% decrease instead of maintaining two orders of magnitude.  After this 

Figure 2.10. Effect of IRE1 activator 474 on DENV infection. Samples were pre-treated with 

10 µM 474 or DMSO and infected with DENV2 BID-V533 for 3 hours. After infection, inoculum 

was removed, cells were washed, and media containing DMSO or 10 µM 474 was added. 

Media samples were collected for focus forming assay 24 hours post infection. 
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observation, 147 became the topic of focus for this portion of the dissertation project, and the 

effects of this molecule are much further discussed in chapter 3. 

 

 

 

Figure 2.11. Effect of ATF6 activator 147 on DENV infection. Samples were pre-treated 

with 10 µM 147 or DMSO and infected with DENV2 BID-V533 for 3 hours. After infection, 

inoculum was removed, cells were washed, and media containing DMSO or 10 µM 147 was 

added. 



46 
 

2.3 Discussion 

Our interest in using these pharmacologic agents to inhibit flavivirus infection came from the initial 

observation that DENV upregulates the IRE1 and ATF6 branches of the UPR, and thus further 

pharmacologic manipulation may be able to perturb the replication cycle of the virus either by 

inhibition or enhancement. To this end, we selected four recently characterized small molecules, 

one activator and inhibitor each of the IRE1 and ATF6 branches. Our work began by determining 

the effects of these molecules on each UPR branch to determine the dose and duration of effect, 

as well as if the selectivity for each branch held in Huh7 cells. The dose and duration experiments 

were performed on 4µ8c specifically; we observed complete inhibition of XBP1 splicing at 32 µM, 

which led to the selection of this dose as the concentration for later viral infection experiments. At 

this dose, we also observe effects through at least 24 hours after a single treatment, as monitored 

by co-treatment with a UPR activator over the course of those 24 hours. However, experiments 

could conceivably be done at a lower dose of 4µ8c, as a significant amount of splicing was 

inhibited at 16 µM. This may be a wise option, given the later observations that the 32 µM dose 

was able to inhibit activation of other UPR branches, namely ATF6, as well. While it is not 

surprising that lower activation of ATF6 targets was seen, given the extensive crosstalk and 

overlap in gene upregulation between the ATF6 and IRE1 branches, if the goal is selective 

modulation of each branch the current conditions did not meet the true goal. Ultimately, no effects 

on viral replication were seen with 4µ8c treatment in Huh7 cells. These results were supported 

by trials with a different IRE1 endonuclease inhibitor, Kira6, which also showed no effects on viral 

replication. Given the experiments in Peña and Harris, which saw no effect on viral replication in 

an XBP1 knockout model compared to a wild-type, it is conceivable that the endonuclease 

function of IRE1 is simply not important for viral infection, and that activation of this pathway is 

simply a result of infection rather than a necessity for the virus5. Future experiments could instead 

use an inhibitor of the kinase domain of IRE1 rather than inhibitors of the endonuclease domain, 

such as APY2939,40. 
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When examining selectivity of the other modulators available at the time, broad UPR activity was 

observed rather than specific modulation. Initially, Ceapin-A7 appeared to be the most specific 

of the molecules, with no XBP1 splicing inhibition observed between activator control and the 

addition of Ceapin-A7. However, a qPCR for Erdj4 did show it was able to inhibit expression of 

this gene, used as an IRE1 marker, in the presence of 147 (which should be ATF6 selective, but 

does not appear to be). It is possible that in Huh7 cells, Erdj4 expression levels are increased in 

response to both IRE1 and ATF6 activation, and Ceapin-A7 is inhibiting expression due only to 

ATF6 activation. Testing of Ceapin-A7 response against a broader gene set would reveal more 

insight into its true selectivity in this cell line. As noted, 4µ8c also showed an ability to inhibit ATF6 

activation, as noted by the lower expression levels of BiP/HspA5 in the qPCR experiments 

compared to the activated controls. Again, lowering the concentration of the compound used may 

make this compound more selective. Since no effects were seen against viral infection, the point 

may be moot in this context, but should be kept in mind when using this compound for other 

purposes in Huh7 cells. 

The ATF6 activator 147 also lacked selectivity in this cell line; by qPCR, increased expression of 

both HspA5 (expected, an ATF6 marker) and Erdj4 (unexpected, an IRE1 marker) was seen. As 

discussed above, the increased expression of Erdj4 may be due to the gene’s lack of selectivity 

in Huh7 cells, rather than the lack of selectivity of the molecule. However, 147 also increased 

XBP1 splicing in these cells, which is a direct marker of IRE1 activation. Additionally, a significant 

increase in CHOP levels were observed, which is a marker for PERK activation. Again, it is 

possible that CHOP is less of a selective PERK marker in these cells than in others, and caution 

should be taken to make conclusions based on a single gene. However, later experiments using 

mass spectrometry to measure global protein changes suggest the activation was not localized 

to specific genes in each branch, and general activation of all three branches was seen (Figure 

A2.1). In addition, strong activation of the oxidative stress response (OSR) was seen, though later 

experiments by a rotation student using an OSR activator suggested this was likely not 
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responsible for the antiviral effects of 147 (data not shown)1. The global proteomics experiment 

also suggested Ceapin-A7 may be able to slightly suppress IRE1 gene activation as well (Figure 

A2.1). 

The PERK modulators ISRIB and Sephin-1 were not tested in these experiments, partially due to 

additional considerations of timing and assays that would be needed to measure activation. PERK 

is typically the first UPR branch to respond after ER stress, and so for purposes of timing earlier 

than 6 hours (for transcript) or 20 hours (for protein) may be needed. To this extent, levels of 

phosphorylated PERK or phosphorylated eIF2α may be used to monitor the most upstream 

events of pathway activation. With these considerations in mind, the PERK regulators may be 

used for similar experiments as described here, and their effects on viral replication may be 

measured. 

Given the exciting results seen with 147, this compound was chosen for further studies on the 

effects of flavivirus infection in Huh7 cells, and these results will be discussed in chapter 3. 

 

2.4 Materials and Methods 

Chemicals and resources 

All compounds were kept as 1000x stocks in DMSO (0.1% final concentration DMSO for cellular 

treatments). 147 and 474 were used at 10 µM, 4µ8c was used at 32 µM, and Ceapin-A7 was 

used at 6 µM. Kira6 was used at 10 µM. 

Cell culture and virus infections 

Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% glutamine. 

Huh7 and Vero cells were kept at 37°C, 5% CO2. C6/36 cells were kept at 28°C, 5% CO2. 

 
1 Experiments performed by Henry Schares 
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For experimental infections of cell lines, media was removed from cells and DENV was added at 

MOI 3 for 3 hours. After infection, inoculum was removed, cells were washed with DPBS, and 

media containing chemical compounds or DMSO was added for the remainder of the experiment. 

Huh7 cells were obtained from ATCC. Vero and C6/36 cells were a gift from Dr. Tom Voss of the 

virology core at the Vanderbilt Vaccine Center. Cells were regularly tested for mycoplasma. 

Viral Focus Forming Assay  

Confluent Vero cells in 96 well plates were inoculated with 10-fold serial dilutions of DENV in BA-

1 diluent (1xM199 media, 5% BSA, 1x L-glutamine, 1x penicillin-streptomycin, 0.04% sodium 

bicarbonate, 50mM Tris) for 2 hours. The cells were overlayed with a 1:1 mixture of 2x nutrient 

overlay (2x Earle’s Balanced Salt solution, 2x Ye-Lah Medium, 4% FBS, 0.4% sodium 

bicarbonate, 0.1 mg/mL gentamycin, 0.5 mg/mL amphotericin B) and 2.4% methylcellulose in 

water. After 3 days, overlay was removed, and cells were fixed in ice-cold 85% acetone for 30 

minutes. Infectious foci were stained with a primary mouse anti-pan-flavivirus 4G2 antibody 

(1:1000 in 5% BSA, TBST) and secondary anti-mouse HRP-conjugated secondary antibody 

(1:1000 in 2.5% milk, TBST. Foci were visualized using 400 µL 8 mg/mL 3-amino-9-ethyl-

carbazole in 10 mL 50 mM sodium acetate and 4 µL 30% H2O2 for 15-45 minutes or until staining 

was visible. 

Virus  

DENV2 strain BID-V533 was a gift from Dr. Tom Voss of the Vanderbilt Vaccine Center. For 

passaging, C6/36 or Vero cells were infected at MOI 0.1. Six days (C6/36) or three days (Vero) 

post-infection, culture supernatant was harvested and cell debris was pelleted at 3700xg for 10 

minutes. Cleared supernatant was combined with 23% FBS and mixture was frozen in 1 mL 

aliquots at -80°C. 

XBP1 splicing assay 

RNA was prepared from plates directly using the Zymo Quick-RNA miniprep kit. cDNA was 

synthesized from 500 ng total cellular RNA using random primers, oligo-dT primers, and Promega 
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M-MLV reverse transcriptase. Primers for XBP1 spanning the splicing site (Table A2.1) were 

used to amplify cDNA, and relative quantification was performed by separating the short and long 

products on a 3% agarose gel at 80V for 1 hour.  

SDS-PAGE gels and immunoblotting 

Cell pellets were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton-

X-100, 0.5% sodium deoxycholate) + Roche cOmplete protease inhibitor. Cells were left on ice 

for at least 10 minutes, and lysate was cleared at 17,000xg for 10 minutes. Cleared lysates were 

transferred to new tubes and normalized gel samples were prepared. Samples were separated 

on SDS-PAGE gels and transferred to PVDF membranes using standard settings on the 

TransBlot Turbo (BioRad). Blots were blocked in 5% milk in TBST for 30 minutes at room 

temperature or 4°C overnight. Primaries were added for 2 hours at room temperature or 4°C 

overnight. Primary antibodies were used at 1:1000 unless otherwise indicated; secondary 

antibodies were used at 1:10,000 unless otherwise indicated.  

Quantitative RT-PCR 

RNA was prepared from cell pellets using the Zymo Quick-RNA miniprep kit. cDNA was 

synthesized from 500 ng total cellular RNA using random primers, oligo-DT primers, and Promega 

M-MLV reverse transcriptase. qPCR analysis was performed using Bio-Rad iTaq Universal SYBR 

Green Supermix combined with primers for genes of interest. Reactions were run in 96 well plates 

on a Bio-Rad CFX instrument. Conditions used for amplification were 95°C, 2 minutes (initial 

denaturation followed by 45 repeats of 95°C, 10s/60°C, 30s (denaturation/annealing/extension). 

A melting curve was generated in 0.5°C increments from 65°C to 95°C. Cq values were calculated 

by the CFX Maestro software. For relative gene expression measurements, samples were 

normalized to a housekeeping gene (RiboP or GAPDH). All measurements were performed in 

technical duplicate on a single plate.  

Mass Spectrometry Sample Preparation 
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Protein lysate from DENV infected and non-infected Huh7 cells (for whole cell lysate samples, 20 

µg of protein as measured using Bio-Rad protein assay dye reagent) was aliquoted and purified 

using methanol/chloroform precipitation. Protein was resuspended in 3 µL 1% Rapigest (Waters) 

and diluted with water and 0.5 M HEPES. Proteins were reduced with 5 mM TCEP (Thermo 

Scientific) and alkylated with 10 mM iodoacetamide (Sigma). Proteins were digested in trypsin 

(Thermo Scientific) overnight at 37ºC shaking at 750 rpm. Peptides were labeled for 1 hour at 

room temperature using 11-plex tandem mass tag (TMT) reagents (Thermo Scientific) 

resuspended in acetonitrile. Labeling reactions were quenched with 0.4% ammonium bicarbonate 

for 1 hour at room temperature. Samples were combined and acidified to pH 2 by addition of 5% 

formic acid. Pooled samples were concentrated using a SpeedVac and resuspended in 94.9% 

water/5% acetonitrile/0.1% formic acid. Rapigest cleavage products were pelleted by 

centrifugation at 14,000xg for 30 minutes.  

Mass Spectrometry Data Acquisition 

Up to 10 µg of digested peptides were loaded onto a triphasic column filled sequentially with 1.5 

or 2.5 cm layers of 5 µm 100 Å C18 resin (Phenomenex), Luna 5 µm 100 Å SCX resin 

(Phenomenex) and a second layer of C18 resin using a high-pressure chamber. The column was 

washed for 30 minutes in 95% water/5% acetonitrile/0.1% formic acid (buffer A) and attached to 

an Ultimate 3000 nano LC system connected to a 20 cm, 100 µm ID fused-silica microcapillary 

column with a laser-pulled tip filled with 3 µm 100 Å C18 resin (Phenomenex). Mass spectrometry 

was carried out on a Q-Exactive HF (ThermoFisher). MuDPIT analysis was performed with 10 µL 

sequential injections of 0 - 100% buffer C (500 mM ammonium acetate, diluted in buffer A), each 

injection increasing by 10%, followed by an injection of 90% buffer C/10% buffer B (100% 

acetonitrile/1% formic acid). Peptides were separated on a 90 min gradient from 5% to 40% buffer 

B at a flow rate of 500nL/min, followed by a 5 min ramp to 60 - 80% buffer B. Electrospray 

ionization was performed from the tip of the microcapillary column at a voltage of 2.2 kV with an 

ion transfer tube temperature of 275 ºC. Data-dependent mass spectra were collected by 
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performing a full scan from 300 – 1800 m/z at a resolution of 120,000 and AGC target of 1e6. 

Tandem mass spectrometry was performed using TopN from each full scan using HCD collision 

energy of NCE 38, isolation window of 0.7, with automatic maximum injection time, a resolution 

of 45,000, fixed first mass of 110 m/z, and dynamic exclusion of 10s. 

Mass Spectrometry Data Analysis 

Peptide and protein identification, and TMT reporter ion quantification was analyzed using 

Proteome Discover 2.4. Searches were carried out with the SEQUEST node using a human 

proteome database (UniProt) with DENV proteins added manually and the following parameters: 

20ppm precursor mass tolerance, minimum peptide length of 6 amino acids, trypsin cleavage with 

a maximum of 2 missed cleavages, static modifications of +57.0215Da (carbamidomethylation at 

C) and +229.1629 (TMT/11plex), and dynamic modifications of +15.995 (oxidation at M), N-

terminal methionine loss (-131.040), and N-terminal acetylation (+42.011). Search results were 

filtered with Percolator using a decoy database of reversed sequences with a peptide false 

discovery rate of 1% and a minimum of 2 peptides for protein identification. TMT intensities were 

quantified using the reporter ion quantification node with TMT intensities from each channel being 

normalized using the total peptide amount, quantitative value correction enabled to correct for 

TMT impurities, and co-isolation threshold set to 25%. Intensities for each protein were calculated 

by summing the intensities of each peptide. A reference TMT channel of pooled samples was 

included for scaling of protein abundances across multiple mass spectrometry runs.  
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CHAPTER 3: ER proteostasis regulator 147 acts as a broad-spectrum inhibitor of dengue 

and Zika virus infections 

 

This chapter is adapted, with permission from journal and co-authors, from Almasy, K.M., Davies, 

J.P, Lisy, S.M., Tirgar, R., Tran., S.C., and Plate, L., Proceedings of the National Academy of 

Sciences, 2021, 118 (3) e 2012209118; https://doi.org/10.1073/pnas.2012209118. 

 

3.1 Introduction 

Flaviviruses are significant human pathogens that cause widespread mortality around the world. 

The genus encompasses several arthropod-borne viruses including Dengue (DENV), Yellow 

Fever (YFV), and Zika (ZIKV)1–3. These viruses pose serious public health threats, particularly as 

increased global travel and climate change have caused an increase in the spread of both the 

virus and their mosquito vectors (A. albopictus and A. aegypti)4,5. It is estimated that 53% of the 

world population lives in areas suitable for dengue transmission resulting in 50-100 million dengue 

infections per year, of which 500,000 proceed to dengue hemorrhagic fever and 22,000 are 

fatal1,6. ZIKV infection has been linked to serious neurological defects, including Guillain-Barré 

syndrome and microcephaly in newborns7. While ZIKV diagnoses were relatively rare until the 

early 2000s, the 2015–2016 pandemic in the Americas highlighted the potential for rapid spread 

of the disease vectors 3. 

Vaccines currently exist for only a limited range of flaviviruses8. The first DENV vaccine, 

Dengvaxia, was approved by the FDA in early 20199. However, its use remains limited to children 

with confirmed prior infection. In addition, no post-exposure therapeutic options are available for 

patients infected with these viruses; current treatments only attempt to alleviate the symptoms10–

12. Antiviral strategies often focus on directly targeting viral proteins. For instance, while molecules 

inhibiting the flavivirus RNA-dependent RNA polymerase NS5 or the protease NS3 have been 

identified, the high mutation rate of the virus allows for resistance to be developed quickly10,13,14. 

https://doi.org/10.1073/pnas.2012209118
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One increasing area of exploration for alternative therapeutic approaches is the targeting of host 

factors that are critical for virus propagation15. As these proteins are not under genetic control of 

the virus, development of resistance is much less likely16–18. In addition, host-targeted 

therapeutics should be effective as broad-spectrum antivirals instead of targeting a single virus19–

21.  

Flaviviruses contain a genome of positive-sense, single stranded RNA (+ssRNA) approximately 

11kbp in size. The viruses replicate and assemble around the endoplasmic reticulum (ER) 

membrane22. As the genome is translated after entry into the cell, the single polyprotein is inserted 

into the ER membrane and is co- and post-translationally processed into three structural (capsid, 

pre-membrane, and envelope) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 

NS5) proteins23. The host proteostasis network has been implicated in the maintenance of 

individual viral proteins and virus evolution20,24–26. The proteostasis network is comprised of 

chaperones, co-chaperones and other protein quality control factors that control protein folding, 

assembly, post-translational modification, trafficking, and degradation.  Genetic screens have 

identified many proteostasis factors as essential for DENV replication, including several 

components of the oligosaccharyl transferase (OST) complex, as well as the ER membrane 

protein complex27–30. Aside from promoting biogenesis of viral proteins, these components also 

have additional roles in organizing viral replication centers at the ER membrane28,29,31. 

Additionally, diverse cellular chaperone and co-chaperone systems are required for all stages of 

the viral life cycle, including virus entry and disassembly, folding of individual viral proteins, as 

well as assembly and egress of new virions21,32,33. Pharmacologic inhibition of proteostasis 

factors, including the OST as well as cytosolic Hsp70 and Hsp90 chaperones, has been shown 

to be an effective strategy to reduce flavivirus infection in cell models19,21,33–36. 

As flavivirus replication and polyprotein translation occurs at the ER membrane, infection results 

in expansion of the ER and remodeling of the ER proteostasis environment 31,37,38. DENV infection 

leads to modulation of the unfolded protein response (UPR), the adaptive stress response that 
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remodels the ER proteostasis environment to counter stress caused by accumulation of misfolded 

proteins39,40. The UPR consists of three overlapping but distinct signaling branches downstream 

of the stress-sensing receptors IRE1 (inositol-requiring enzyme 1), ATF6 (activating transcription 

factor 6), and PERK (Protein kinase R-like ER kinase)41,42. The first two branches primarily control 

the upregulation of chaperones and other proteostasis factors to expand the protein folding 

capacity of the ER. The PERK branch is responsible for translational attenuation via 

phosphorylation of eukaryotic initiation factor 2 alpha (eIF2a) and subsequent activation of the 

integrated stress response. DENV has been shown to upregulate the IRE1/XBP1s and ATF6 

branches of the UPR, while suppressing activation of the PERK branch39.  

Given the dependencies of DENV and other flaviviruses on UPR modulation and an enhanced 

ER proteostasis environment in the host cells during infection, we sought to explore whether these 

dependencies can be perturbed pharmacologically to impair viral infection. Pharmacologic 

remodeling of ER proteostasis pathways has become an attractive strategy at correcting 

imbalances associated with diverse phenotypes related to protein stress and misfolding without 

affecting endogenous protein maturation or causing toxicity43–47. In particular, compound 147, 

which was developed as a preferential activator of the ATF6 pathway, has broadly beneficial 

effects at reducing secretion of amyloidogenic proteins and protecting against oxidative organ 

damage from ischemia/reperfusion43,46.  

Here, we demonstrate that ER proteostasis remodeling by compound 147 serves as an effective 

strategy to reduce flavivirus infection. We determine that 147 reduces viral replication but 

particularly lowers the infectivity of secreted virions. The replication and assembly defect is 

surprisingly not mediated through activation of ATF6. Instead, the activity is mediated by upstream 

covalent modifications of protein targets by 147. Prior work identified protein disulfide isomerases 

(PDIs) as critical targets for the 147-dependent ATF6 activation48, however, our data suggests 

PDIs are not fully responsible for the antiviral activity. Finally, we show that 147 treatment can 

reduce proliferation of multiple DENV serotypes and several ZIKV strains, demonstrating that the 
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pharmacologic agent could be a broadly effective strategy against flaviviruses and other viruses 

that depend on ER proteostasis processes. 

 

3.2 Results 

3.2.1 A Selective Modulator of the ATF6 Pathway Impairs Dengue Virus Infection 

DENV is known to activate the UPR in infected host cells and was previously found to specifically 

upregulate the ATF6 and IRE1/XBP1s signaling arms, which transcriptionally upregulate ER 

protein quality control factors and adjust proteostasis capacity (Figure 3.1A)39,49. To confirm the 

activation of ER proteostasis pathways by DENV, we performed an infection time-course with 

DENV serotype 2 (DENV2) in Huh7 liver carcinoma cells and measured transcript levels of an 

ATF6-regulated gene (PDIA4) and an XBP1s-regulated gene (ERDJ4) by qPCR. Both PDIA4 and 

ERDJ4 transcripts exhibited a time-dependent induction in response to DENV2 infection (Figure 

3.1B). The late onset of UPR activation and degree transcript and protein induction was consistent 

with prior studies in other cell lines39. While a similar time-dependent upregulation of ATF6 and 

XBP1s-regulated protein products could be observed by western blot, the upregulation of 

individual proteins was variable (Figure A3.1A-B). To more broadly understand how DENV 

regulates the proteostasis network in Huh7 cells, we performed quantitative proteomics analysis 

at 24 and 36 hours post infection (hpi) with DENV2 to quantify global changes in protein 

expression (Figure A3.1C-D). We found that DENV2 activated specific factors involved in ER 

proteostasis maintenance, such as DNAJC10, BiP, SRPRB, and HYOU1. We also filtered 

previously defined genesets consisting of ~20 specific genes for each of the UPR signaling 

branches to quantify the cumulative activation of ER proteostasis pathways (Figure 3.1C)50. This 

analysis indicated a mild stimulation of ATF6 and XBP1s-regulated proteins, while PERK-

regulated proteins remained largely unchanged. In contrast, we did not observe upregulation of 

cytosolic proteostasis factors that are under control of the heat shock response (HSR)51. Overall,  
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Figure 3.1. DENV infection activates the ER Unfolded Protein Response (UPR).  
A. Schematic overview of the UPR showing the three signaling branches: IRE1/XBP1s, 

PERK, and ATF6. ER protein misfolding stress induces dimerization of IRE1 and PERK, 
followed by autophosphorylation and activation of downstream signaling pathways. ER 
stress activation of ATF6 results in trafficking to the Golgi and proteolytic cleavage by 
S1/S2 proteases. Prior work showed that DENV increased activity of the IRE1/XBP1s 
and ATF6 branches, while simultaneously preventing activation of the PERK branch (as 
indicated at the top) (39). 

B. Time course of qPCR data showing transcriptional upregulation of an IRE1/XBP1s 
target (ERdj4) and an ATF6 target (PDIA4) in response to DENV activation (MOI 3) in 
Huh7 cells. Error bars shows SEM from 2 to 3 biological replicates and p-values from 
two-tailed unpaired student t-tests are displayed.  

C. Box plots of proteomics data showing the aggregate upregulation of IRE1/XBP1s and 
ATF6 protein targets at 24 and 36 hpi. PERK and cytosolic heat-shock response (HSR) 
targets are not affected. Huh7 cells were infected with DENV (MOI 3) for 24h or 36h. 
Genesets for UPR and HSR pathways were defined based on prior transcriptional 
profiles 50. p-values from two-tailed Wilcoxon signed rank tests are indicated. Cell-wide 
proteomics data comparing DENV infected to non-infected Huh7 cells is shown in 
Figure A3.1C-D. 

 

our results confirm that DENV2 preferentially remodels ER proteostasis pathways through ATF6 

and IRE1/XBP1s-dependent upregulation of specific chaperones and protein folding factors. 

Considering the dependencies of DENV and other flaviviruses on UPR activation, we determined 

the impact of the proteostasis regulators 147 (a preferential activator of the ATF6 branch), and  

Ceapin-A7 (Cp-A7) (a selective inhibitor of the ATF6 branch) on DENV infection (Figure 3.2A). 

We pretreated Huh7 cells with the respective compounds 16 hours prior to infection by DENV2 to 

induce or inhibit UPR-dependent proteostasis remodeling, and we retreated immediately after 

infection. Quantification of DENV viral titers by a focus forming assay demonstrated a significant 

reduction in infection with compound 147 at 24 and 36 hpi (Figure 3.2B). In contrast, Cp-A7 

treatment only resulted in a small reduction in viral titers at 24 hpi but the infection recovered at 

36 hpi. Consistent with experiments in other cell lines, treatment with Cp-A7 did not induce a large 

amount of cell toxicity. Compound 147 at 10 µM caused a small reduction (approximate 20%) in 

cell proliferation when quantifying ATP levels by CellTiter-Glo (Figure A3.2A)46. We conducted 

dose-response studies with 147 demonstrating that the compound was effective at reducing 

DENV proteins at an IC50 of approximately 1 µM (Figure A3.2B). Cell viability was maintained 
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above 90% at this concentration (Figure A3.2C). To determine if this viability change was a result 

of active cell death, we measured the increase in caspase activity induced by DENV, 147, or the 

combination of both to quantify apoptosis induction (Figure A3.2D). On their own, DENV and 147 

did not stimulate an increase in caspase activity while the combined DENV infection with 147 

treatment (above 3 µM) led to a very mild 1.5-fold increase in caspase activity. However, this 

induction was much lower than with short treatment of the known caspase activator staurosporin 

(Figure A3.2D), indicating that any change in ATP levels is likely due to cytostatic activity, rather 

than a cell-death mediated pathway. These results demonstrate that modulation of the ER 

proteostasis network with the preferential ATF6 activator 147 could represent an effective strategy 

to impair DENV2 infection.  

The ER plays critical roles in several stages of the viral life cycle including replication of viral RNA 

at replication centers on the cytosolic side of the ER membrane, translation and proteolytic 

processing of the viral polyprotein in the ER membrane, as well as the folding, assembly and 

secretion of new virions53,54. To determine at what stage in the viral life cycle the compound 

treatment impaired viral propagation, we investigated the impact of compound 147 on viral RNA 

(vRNA) and protein levels at different time points post infection (Figure 3.2C-D). The replicative 

cycle of DENV lasts approximately 24 h; therefore the 12 and 24 hpi time points corresponds to 

initial infection, while the 36 hpi time point includes reinfection. Quantification of vRNA by qPCR 

indicated a modest but significant reduction of 50% at 24 hpi, which was attenuated to 30% 

reduction at 36 hpi (Figure 3.2E). Western blot quantification of NS3 and NS5 viral protein in 

Huh7 cell lysates from DENV2 infected cells showed a 35-80 % reduction in viral non-structural 

proteins in response to 147 treatment (Figure 3.2F, Figure A3.2E). This highlighted that the ER 

proteostasis regulator exerted a more pronounced effect on viral protein production relative to 

replication of vRNA. In contrast, infectious viral titers showed a far greater reduction reaching 

98% at 12 hpi and sustaining 80% reduction at 36 hpi (Figure 3.2G). We confirmed that reduction  
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Figure 3.2. Treatment with small molecule 147 reduces viral RNA, protein, and titer levels. 
A. Chemical structures of small molecule ATF6 activator 147 and ATF6 inhibitor Ceapin-

A7 (Cp-A7). 
B. Focus forming assay to quantify changes in Dengue infection in response to treatment 

with ATF6 modulator compounds. Huh7 cells were treated with compounds, and 16 h 
later infected with DENV-2 BID-V533 at a MOI of 3 for 3 hours. Media and treatments 
were replaced, and cells and media were harvested at indicated timepoints and virus 
focus forming units (ffu/mL) quantified. Error bars show SEM and p-values from ratio 
paired t-tests are indicated. 
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C. Schematic of the flavivirus life cycle. After attachment of the virus to a cellular receptor 
and clathrin-mediated endocytosis, fusion of the envelope protein with the endosome 
causes release of the capsid and RNA genome. The positive sense genome is then 
translated, providing the machinery to begin forming replication pockets at the ER 
membrane. Once sufficient proteins are available, new virions are assembled, trafficked 
through the Golgi network, and released into the extracellular space.  

D. Experimental workflow for quantifying viral RNA, viral protein and titer levels. After 
pretreatment with compound 147, cells are infected, retreated with 147, and left for 
harvesting at later timepoints. Media samples are taken to quantify ffu; cellular samples 
taken to quantify vRNA by qPCR or viral proteins by Western Blot/proteomics analysis.  

E. Bar graph showing reduction in viral RNA in response to 147 treatment as outlined in D 
24 and 36 hpi. Error bars correspond to SEM of 3 biological replicates and p-values 
from unpaired t-tests are shown. 

F. Bar graph showing reduction in NS3 and NS5 viral protein levels in response to 147 
treatment as outlined in D 24 and 36 hpi. Error bars correspond to SEM from 2 to 3 
biological replicates per protein and p-values from unpaired t-tests are shown. 
Representative western blots are shown in Figure A3.2E. 

G. Bar graph showing reduction DENV viral titers in response to 147 treatment as outlined 
in D 24 and 36 hpi. Error bars correspond to SEM from 2 to 5 biological replicates and 
p-values from ratio paired t-tests are shown. 

H. Quantification of envelope (E) protein from extracellular virus showing that 147 does not 
reduce viral structural proteins levels. Secreted virions (24 hpi) were purified and 
concentrated from the media by ultracentrifugation on a sucrose cushion. The same 
volume of sample was analyzed by SDS-PAGE and western blots (representative blot 
of E and prM proteins shown in Figure S2J). Error bars correspond to SEM from 5 
biological replicates and p-value from unpaired t-tests are shown. 

I. Bar graph showing reduction DENV viral titers in response to 147 treatment 24 hpi as 
pre- and post-purification as described in H. Error bars correspond to SEM from 4 
biological replicates and p-values from ratio paired t-tests are shown. 

 

in viral proteins is sustained 48 hpi and that renewed treatment with 147 24 hpi does not further 

reduce viral propagation (Figure A3.2F). 

The intensified effect of 147 on viral titers compared to vRNA and protein levels suggests that the 

compound predominantly acts on a stage subsequent to translation of viral proteins, which would  

be consistent with disruption of viral maturation or secretion pathways through modulation of ER 

proteostasis. We confirmed that 147 did not impair viral entry. Omission of the pretreatment prior 

to infection and treatment of Huh7 cells with the compound only after infection still resulted in a 

comparable reduction in viral protein and titers, confirming that the compound must act at a post-

entry stage (Figure A3.2G-J). 
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To further disentangle the mechanism by which 147 may be impairing viral assembly and egress, 

we compared the reduction in intracellular vs. extracellular viral protein levels by Western Blot. 

Extracellular virus secreted into the media was concentrated 24 hpi by ultracentrifugation. While 

the reduction of nonstructural protein levels intracellularly was up to 80% (Figure 3.2F, Figure 

A3.2E), matching the decrease seen with non-structural proteins, no decrease was observed in 

the extracellular structural protein levels (E and prM, Figure 3.2H, Figure A3.2K). Importantly, 

the reduction in secreted structural protein levels is markedly less than the observed ~95% 

reduction in infectious titer levels observed from the same samples. These combined findings 

suggest that 147 is affecting DENV assembly and/or secretion in a way that may lead to secretion 

of non-infectious virions. To support this mechanism, we performed qPCR on the purified 

extracellular virus samples to measure if there was a change in RNA similar to the change in titer. 

In support of the assembly defect, this reduction in extracellular vRNA was much smaller than the 

reduction in titers and not statistically significant (Figure A3.2L). This data suggests that the 

reduction in titer is not simply due to the presence of empty virions in the supernatant. 

 

3.2.2 Inhibition of DENV infection by 147 is only partially dependent on ATF6 

Given that flavivirus infection activates the ATF6 pathway, it seemed surprising that pre-activation 

could reduce viral propagation. We therefore sought to investigate whether ATF6 activation and 

induction of ATF6-targeted proteostasis factors was required for the 147-dependent inhibition of 

DENV infection. We first confirmed by qPCR and quantitative Western blot analysis that treatment 

with 147 activated the ATF6 regulated gene HSPA5 (BiP) in Huh7 cells (Figure A3.3A). To probe 

the impact of ATF6 activation on the compound activity, we took advantage of the ATF6 inhibitor 

Cp-A7, which inhibits ATF655,56. Cp-A7 mediates a neomorphic interaction between ATF6 and 

the peroxisomal membrane protein ABCD3, keeping ATF6 in a trafficking-incompetent oligomeric 

state, which cannot be activated by 147 (Figure 3.3A)57. We confirmed by qPCR and Western 

blot that co-treatment with 147 and Cp-A7 could attenuate the 147-dependent induction of ATF6  
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Figure 3.3. ATF6 inhibition does not attenuate the 147-mediated reduction in DENV 
replication.  

A. Ceapin-A7 (Cp-A7) acts as an ATF6 inhibitor downstream of 147 by tethering inactive 
ATF6 to the peroxisomal membrane protein ABCD3 preventing ATF6 trafficking to the 
Golgi and activation through S1/S2 cleavage. 
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B. Bar graph showing the reduction in vRNA levels in response to 147 and Cp-A7 
treatment measured by qPCR in Huh7 cells infected with DENV as outlined in Figure 
3.2D. Cp-A7 does not attenuate the 147-mediate reduction. Error bars correspond to 
SEM from 3 biological replicates and p-values from unpaired t-tests are shown. 

C. Bar graph showing the reduction in NS3 viral protein levels in response to 147 and Cp-
A7 treatment measured by Western blot in Huh7 cells infected with DENV as outlined 
in Figure 3.2D. Cp-A7 does not attenuate the 147-mediate reduction. Error bars 
correspond to SEM from 3 biological replicates and p-values from unpaired t-tests are 
shown. Representative western blots are shown in Figure 3.2E. 

D. Bar graph showing the reduction in DENV viral titers in response to 147 and Cp-A7 
treatment in Huh7 cells infected with DENV as outlined in Figure 3.2D. Cp-A7 only 
minimally attenuates the 147-mediate reduction at 24 hpi. Error bars correspond to SEM 
from 3 biological replicates and p-values from paired ratio t-tests are shown. 

E. Schematic of the destabilized-domain (dd)DHFR.ATF6 construct, which is constitutively 
degraded in the absence of the stabilizing ligand trimethoprim (TMP). TMP addition 
leads to accumulation of ATF6 and transcriptional activation of ATF6 target genes. 

F. Graph showing NS5 viral protein levels in DENV infected Huh7 cells that were 
transiently transfected with ddDHFR.ATF6. ATF6 was activated through addition of 
TMP 16 hours prior to DENV infection (MOI 3). Data points were collected 24 hpi. Error 
bars correspond to SEM from 3 biological replicates and p-value from unpaired t-tests 
is shown. Representative western blots are shown in Figure A3.3G. 

G. Graph showing DENV viral titers in infected Huh7 cells that were transiently transfected 
with ddDHFR.ATF6. ATF6 was activated through addition of TMP 16 hours prior to 
DENV infection (MOI 3) and DENV ffu were quantified 24 hpi. Error bars correspond to 
SEM from 3 biological replicates and p-value from ratio paired t-tests is shown.  

 
target genes in Huh7 cells (Figure A3.3A-B). Furthermore, quantitative proteomics data of cell-

wide expression changes confirmed the reduced induction of larger set of ATF6 target genes 

(Figure A3.3C). We then investigated the addition of Cp-A7 on the 147-mediated reduction of  

DENV propagation. Co-treatment of Cp-A7 did not diminish the reduction in vRNA or NS3 protein 

(Figure 3.3B-C). Furthermore, the addition of Cp-A7 only partially recovered the DENV2 viral  

titers at 24 hpi (Figure 3.3D). These results highlight that the reduction in viral titers could not be 

fully attributed to the 147-mediated induction of ATF6 target genes. To further probe whether the 

reduced viral propagation could be ascribed to activation of the ATF6 pathway, we took advantage 

of an orthogonal chemical genetic approach to selectively induce the ATF6 pathway independent 

of global ER stress. We transiently transfected a destabilized domain (dd)DHFR.ATF6 construct 

into Huh7 cells. This construct is constitutively degraded in the absence of a small molecule 

ligand, but can be stabilized through addition of trimethoprim (TMP) leading to accumulation of 

DHFR.ATF6 and selective induction of ATF6-regulated genes (Figure 3.3E)49. We confirmed 
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TMP-dependent upregulation of ATF6-regulated targets BiP, PDIA4, and GRP94 in Huh7 cells 

(Figure A3.3D-F). Next, we pre-treated Huh7 cells with TMP to stabilize ddDHFR.ATF6, infected 

cells with DENV2, and quantified propagation of the virus by monitoring viral protein levels by 

Western blot and measuring infectious titers. Chemical genetic ATF6 activation did not lead to a 

measurable reduction in viral protein levels (Figure 3.3F, Figure A3.3G). At the same time, a 

moderate decrease in viral titers could be observed, but this reduction in viral propagation was 

much lower than seen with 147 treatment (Figure 3.3G). Together, the results from ATF6 

inhibition and chemical-genetic ATF6 activation indicate that induction of ATF6-regulated ER 

proteostasis factors does not impact vRNA replication or production of viral proteins, and only 

partially accounts for the reduction in DENV2 viral titers. 

 

3.2.3 Reduced DENV propagation requires 147 to covalently target protein thiols 

Considering that reduced viral propagation in response to 147 was only partially mediated by 

ATF6 activation, we sought to explore other mechanisms of how the molecule could impair the 

virus. Previous studies showed that 147 is a prodrug and requires metabolic activation in cells to 

generate a reactive p-quinone methide that can then form protein adducts with reactive cysteine 

residues (Figure 3.4A)46,48,58. In several cell types, ER-resident protein disulfide isomerases 

(PDIs) were identified as the common protein targets of 147, and this modulation of PDIs was 

linked to the activation of ATF648. To explore whether covalent targeting of reactive thiols by 147 

is required for the reduction in DENV propagation, we blocked the covalent modifications through 

addition of an excess of the small-molecule thiol 2-mercaptoethanol (BME) to the cells treated 

with 147 (Figure 3.4A). We confirmed that this addition did not impair cell viability (Figure A3.4B), 

and that BME alone only had a minimal effect on NS3 viral protein levels (Figure A3.4A). When 

BME was added to DENV infected cells that were treated with 147, this resulted in a partial to 

complete recovery of viral proteins at 24 and 36 hpi, respectively (Figure 3.4B, Figure A3.4C). 

Similarly, the reduction in DENV2 viral titers was attenuated by the addition of BME (Figure 3.4C).  



70 
 

 

Figure 3.4. 147-mediated reduction in DENV infection is sensitive to small molecule 
thiols.  

A. Schematic outlining the metabolic activation mechanisms of 147. After oxidation by 
P450 enzymes, the generated p-quinone methide can react with thiol nucleophiles such 
as cysteine residues on cellular protein targets. Addition of exogenous free thiols such 
as 2-mercaptoethanol (BME) can quench the active form of 147 before it reacts with 
protein targets.  

B. Graph showing reduction in DENV NS3, NS5 or E protein levels in response to 147 
treatment and addition of BME. Huh7 cells were pretreated with 147 and indicated 
concentrations of BME 16 hours prior to DENV infection (MOI 3) and immediately after 
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infection. Protein levels were quantified by Western blot. Error bars show SEM and p-
values from unpaired t-tests are shown. Representative western blot is shown in Figure 
A3.4C. 

C. Bar graph showing DENV viral titer levels in response to 147 treatment and rescue 
through addition of BME. Huh7 cells were pretreated with 147 and indicated 
concentrations of BME 16 hours prior to DENV infection (MOI 3) and immediately after 
infection, and viral ffu were quantified by a focus forming assay. Error bars show SEM 
and p-values from ratio paired t-tests are shown. 

 

These results indicate that the targeting of cellular thiol groups is required for the inhibition of virus 

propagation. 

We next explored whether targeting of specific PDI proteins by 147 was required for the reduced 

viral replication. Previous studies determined the covalent targets of 147 in HEK293T, HepG2, 

and ALLC plasma cells48. However, it was conceivable that the metabolic activation mechanism 

differs in cell types and could result in alternative targets. We therefore determined whether 147 

could similarly target PDIs in Huh7 cells. We took advantage of the active analog 147-20, which 

contains an alkyne handle that enables further Click chemistry derivatization with desthiobiotin 

after protein labeling, followed by isolation of the targeted proteins on streptavidin resin (Figure 

3.5A). The desthiobiotin probe also contained a TAMRA fluorophore that allowed gel-based 

visualization of the targeted proteins (Figure 3.5B). We confirmed that 147-20 retained activity 

reducing DENV titer levels and NS3 protein levels in infected cells (Figure A3.5A-C). In contrast, 

treatment with 147-4, an inactive analog where generation of the quinone methide is blocked by 

the trifluoromethyl group, did not reduce infection. We probed for the presence of specific PDIs 

(PDIA4, PDIA1, PDIA6), which were identified as 147 targets in other cell lines. These proteins 

were clearly detectable at molecular weights of prominent labeled bands that were competed by 

147, confirming them as targets in Huh7 cells (Figure 3.5B, Figure A3.5D)48. In DENV-infected 

cells that were treated with 147-20, no additional labeled protein bands were observed, indicating 

that viral proteins are not directly targeted by the compound (Figure A3.5E). 

Considering the targeting of multiple PDI enzymes, we were interested in whether the inhibition 

of PDIs could have an important role in the reduction of viral propagation. We created stable 
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knockdown cell lines of several PDIs using shRNAs (Figure A3.5F). These cell lines were then 

infected with DENV2 and treated with 147 to assess the effect of PDI knockdown on propagation 

of the virus. Individual knockdown of PDIA1 (P4HB), PDIA4, or PDIA6 did not result in a decrease 

in viral titers indicating that none of these individual PDIs are essential for viral propagation 

(Figure A3.5G). Only knockdown of PDIA3 resulted in a small reduction in viral titers. While 

knockdown for some of the PDIs was mild, 147 has been shown to incompletely target these 

proteins with approximately 25% of PDIA4 was labeled48. Thus, even mild knockdown of the 

proteins should be sufficient to mimic the incomplete targeting by 147. Next, we measured viral 

infections in the knockdown cell lines in the presence of 147 to determine whether particular PDIs 

are required for the 147-mediated virus inhibition. We observed no measurable attenuation in the 

reduced viral titers with any single PDI knockdown, including the PDIA3 knockdown, suggesting 

that no individual PDIs are responsible for the 147-mediated effect (Figure A3.5G). 

To further explore whether PDI inhibition could be responsible for the reduction in DENV infection, 

we took advantage of several published small-molecule inhibitors of PDIA1 (Figure 3.5C)59–61. 

Importantly, these molecules display different degrees of specificity towards PDIA1 relative to 

other PDIs, mirroring the polypharmacology observed with 147. We profiled the specific PDIs 

targeted by the compounds in Huh7 cells by modifying the alkyne handles on the molecule with 

a fluorophore. KSC-34 displayed the greatest preference for PDIA1, while Rb-11-ca also labeled 

PDIA4, PDIA6, and several other proteins (Figure S3.5H). This is consistent with observations in 

other cell types and the development of KSC-34 as a more specific derivative of Rb-11-ca60. 

16F16 does not contain an alkyne handle but previous studies show even broader reactivity 

towards PDIs than Rb-11-ca61. We then tested the effect of the compounds on DENV2 infection 

in Huh7 cells using the same treatment regime as for 147. KSC-34 and 16F16 were unable to 

reduce viral NS3 protein levels (Figure 3.5D, Figure A3.5J). Rb-11-ca was able to lower viral 

protein production by 40%; however, this reduction did not translate into lower viral titers (Figure  
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Figure 3.5. Modification of individual protein disulfide isomerases by 147 is not sufficient 
to reduce viral infection.  

A. Illustration of the chemoproteomic workflow for target identification using chemical 
derivatives of 147. Cells are treated with 147-20, an alkyne analog of 147 which retains 
activity and can covalently label proteins as outlined in Figure 3.4A. The alkyne handle 
enables derivatization with either a fluorophore or biotin azide for detection or affinity 
purification of protein targets. 147-4 is an inactive analog of 147 used to determine 
specificity in competition experiments.  

B. Fluorescence SDS-PAGE image identifying proteins labeled by 147-20 in Huh7 cells. 
Huh7 cells were treated with 147-20 (3µM) and 3-fold excess competitor (active 147, or 
inactive 147-4) for 18 hours. Labeled proteins in cell lysates were derivatized with a 
TAMRA-desthiobiotin azide, proteins resolved on SDS-PAGE and a fluorescence image 
of the gel is shown. The pattern of labeled proteins reveals similar targets as seen in 
other cell lines 48. The location of PDIA4, PDIA6, and PDIA1/P4HB is indicated. Figure 
A3.5D shows images of Western blot overlays probing for individual PDI targets. 

C. Table showing chemical structures of PDI inhibitors 16F16, Rb-11-ca, and KSC-34 and 
their target selectivity for PDI isoforms. 
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D. Graph quantifying DENV NS3 protein levels in Huh7 cells in response to treatment with 
small molecule PDI inhibitors. Huh7 cells were treated with 147 or PDI inhibitors 16 
hours prior to DENV infection (MOI 3) and NS3 protein levels were quantified by 
Western blot 24 hpi. Only 147 and Rb-11-ca treatment lead to a significant reduction in 
viral protein. Error bars show SEM and p-values from unpaired t-tests are shown. 
Representative western blots shown in Figure A3.5J. 

E. Graph showing DENV viral titers in Huh7 cells treated with 147 or PDI inhibitors. Cells 
were treated with the corresponding molecules for 16 hours prior to DENV infection 
(MOI 3). Viral ffu were quantified 24 hpi by focus forming assay. Only 147 treatment 
reduces viral titers. Error bars show SEM and p-values from ratio paired t-tests are 
shown. 

 
3.5E). Reduction in viral protein levels with Rb-11-ca could be attributed to compound toxicity, as 

we observed a 40% reduction in cell proliferation (Figure A3.5I). These results indicate that  

targeting of individual PDIs is not solely responsible for the reduced viral titers by 147 and that 

these existing PDI inhibitors are not effective at inhibiting DENV replication.  

To identify additional mechanisms that could contribute to the 147-mediated reduction in DENV 

viral propagation, we turned to untargeted quantitative proteomics of the affinity-enriched samples 

to identify additional protein targets. We used tandem mass tags for relative quantification of 

proteins in the 147-20 enriched samples relative to the competition samples (147-20 treated with 

3-fold excess 147) (Figure 3.6A). This analysis confirmed that PDIs were the most highly enriched 

proteins that were covalently targeted by 147-20 (Figure 3.6B, Figure A3.6A). While labeling of 

PDIA4, PDIA6, and PDIA1 was confirmed above, we identified additional targeted PDIs 

(TXNDC5, PDIA3, TMX1) and two other highly enriched protein targets (GSTO1 and ALDH1A1). 

We compared these targets to previous datasets of 147-20 targets in HEK293T, HepG2, and 

ALMC-2 plasma cells (Figure 3.6C, Figure A3.6B)48. The additional proteins were targets specific 

to Huh7 cells and were not observed in other cell types, suggesting that they could have a unique 

role in the reduction in virus propagation in the Huh7 cells. To determine if targeting of any of 

these novel proteins could be responsible for the effects of 147, we similarly created stable 

knockdown cell lines of GSTO1, ALDH1A1, TXNDC5 and TMX1 using lentiviral delivery of 

shRNA. We validated knockdown by Western Blot (Figure A3.6C) and subsequently repeated  
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Figure 3.6. Identification of covalent protein targets of 147 in Huh7 cells.  
A. Illustration of the workflow for the chemoproteomic target identification. Huh7 cells were 

treated with 3µM 147-20 alone or in competition with 9µM 147 for 18 hours. Cell lysates 
were labeled with a TAMRA-desthiobiotin probe, labeled proteins were isolated on 
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streptavidin beads, eluted and digested with trypsin. Individual samples were then 
labeled with tandem mass tags, pooled and subjected to LC-MS/MS for identification of 
proteins and quantitative comparison of proteins in the 147-20 treated compared to the 
147-20/147 competition. 

B. Graph showing the most highly enriched proteins targets in the 147-20 treated samples 
compared to the competition with 147. The full data is shown in Figure A3.6A. High-
confidence targets were filtered that displayed a log2 enrichment ratio greater than two 
standard deviations of the distribution of enrichment ratios across four biological 
replicates.  

C. Venn diagram showing the comparison of high-confidence protein targets of 147-20 in 
Huh7 cells and other cells lines (HEK293T, HepG2 and ALMC-2) identified in a prior 
study (Paxman et al, 2018). Figure A3.6B shows the overlapping targets with individual 
cell lines. 

D. Bar graph showing reduction in DENV NS3 protein levels in response to 147 treatment 
in Huh7 knockdown cell cells ALDH1A1, GSTO1, TNXDC5 and TMX1. Stable shRNA 
knockdown cell lines were generated by lentivirus transduced with a pool of 2-3 shRNAs 
for each target. Knockdown was validated by western blot (Figure A3.6C). 
Representative western blot is shown in Figure A3.6E. 

 

the infection experiments to determine if knockdown of any single protein attenuated viral 

replication. No individual knockdown of these protein was sufficient to attenuate the 147-mediated  

reduction in DENV virus proteins (Figure 3.6D). Furthermore, all knockdowns produced similar 

DENV titers (Figure A3.6D) as the mock transduced control. All cell lines retained sensitivity to  

147 treatment to reduce viral propagation. Overall, these results showed that the 147-mediated 

DENV inhibition is unlikely to be mediated by a single protein target. 

 

3.2.4 Compound 147 is effective against other DENV strains and Zika virus 

Studies until this point were carried out with Dengue serotype 2 BID-V533 (isolated in 2005 in 

Nicaragua) in Huh7 cells. To determine the scope of 147 antiviral activity, we tested the effect 

against DENV2 propagation in HepG2 cells, another liver carcinoma cell line commonly used as 

an infection model. Prior data also showed that 147 treatment is non-toxic in HepG2 cells and can 

reduce amyloidogenic protein secretion46. When testing the impact on DENV titers in HepG2 cells, 

147 treatment resulted in a significant reduction in DENV propagation 48 hpi (Figure 3.7A). A 

similar decrease in protein levels was also detected (Figure A3.7A). Next, we proceeded to test 

whether the compound could be more broadly effective against other DENV strains. We tested  
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147 against a different DENV2 strain (16681, isolated in 1984 in Thailand) as well as against 

strains from DENV serotypes 3 and 462. Treatment with compound 147 was able to reduce viral 

titers consistently greater than 95% (Figure 3.7B–D) and protein levels were similarly reduced   

 

Figure 3.7. Compound 147 can reduce infection of multiple DENV strains, serotypes, as 
well as Zika virus.  

A. Reduction of DENV2 infection in response to 147 in HepG2 liver carcinoma cells. 
HepG2 cells were pretreated with 147 (10µM) for 16 hours prior to infection with DENV-
2 BID-V533 (MOI 3). Viral titers were determined 24 and 48 hpi by focus forming assays.  

B. Graph showing reduction in infection with DENV serotype 2 strain 16681 (isolated in 
Thailand in 1984) in response to treatment with compound 147. Prior studies were 
carried out with DENV-2 BID-V533 (Nicaragua). Huh7 cells were pretreated with 
compound 147 (10µM) 16 hrs prior to DENV infection (MOI 3) and viral titers were 
determined 24 hpi.  

C.–D. Treatment with 147 reduces infection of DENV serotype 3 and 4. Huh7 were 
pretreated with 147 (10µM) for 16 hours prior to infection with DENV-3 
Philippines/H87/1956 (C) or DENV-4 H241 (D) (MOI 3). Viral titers were determined 24 
hpi by focus forming assays.  

E.–F. Compound 147 is similarly active at reducing infection of Zika virus. Huh7 cells were 
pretreated with 147 (10µM) for 16 hours prior to infection with ZIKV strain MR766 (E) or 
ZIKV strain PRVABC59 (F). Viral titers were determined 24 hours hpi by focus forming 
assay. All error bars show SEM from 3 biological replicates and p-values from ratio 
paired t-tests are shown. 
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(Figure A3.7B). Finally, we sought to test whether compound 147 could be useful to treat other 

flaviviruses. We measured the effect against two different strains of Zika virus; MR766  

(isolated from Eastern Africa in the 1950s), and PRVABC59 (isolated from Puerto Rico in 

2015)63,64. The molecule displayed similar activity at reducing ZIKV titers and protein levels for 

both strains (Figure 3.7E-F, Figure A3.7C-D). Similar to earlier effects with DENV2 strain BID-

V533, a small reduction in cell proliferation was seen with 10 µM 147 treatment during virus 

infection (Figure A3.7E). To validate the observed antiviral effects were independent of the 

viability reduction, we repeated the experiments at 1 µM 147, the approximate IC50 observed in 

Figure A3.2B. At this concentration, we observed cell proliferation above 90% with 147 treatment 

in the context of infection with each virus. As expected, the lower 1 µM dose of 147 resulted in a 

muted antiviral effect, but ZIKV MR766 still showed significant inhibition on treatment with 147 

(Figure A3.7F-J). These results provide evidence that compound 147 is broadly active against 

multiple flaviviruses in multiple cell lines, thus facilitating its potential application as an extensive 

host-centered antiviral agent. 

 

3.3 Discussion 

The continued health burden from arbovirus infections, such as dengue and Zika, combined with 

the lack of effective vaccines and therapeutics against these viruses, highlights a need for the 

development of new antiviral strategies. Therapeutic methods which target host factors required 

for viral propagation provide a path unlikely to elicit drug resistance and may act broadly across 

several virus species17,18,20. However, a challenge remains to target host factors that selectively 

impair viral replication without causing toxicity to the host cell and infected organism. Prior studies 

with 147 have already indicated that the compound has broad potential to safely ameliorate 

proteostasis imbalances that are associated a variety of disease conditions43,46. The compound 

is effective at reducing the secretion and aggregation of amyloidogenic proteins, such as 

immunoglobulin light chains and transthyretin46. In addition, selective remodeling of ER 
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proteostasis pathways through an ATF6-dependent mechanism by 147 was shown to prevent 

oxidative organ damage in mouse models of ischemia/reperfusion43. The same study also showed 

that 147 could be safely administered to mice through IV injections and was able to activate ER 

proteostasis pathways in multiple tissues, including liver, kidney and heart43. Here, we expand the 

therapeutic utility of compound 147 by establishing that the small molecule serves as a promising 

strategy to target multiple flaviviruses without causing significant toxicity in the host cell. 

Treatment with the small molecule proteostasis regulator 147 had the most profound effect on 

viral titer levels, indicating that the compound was most active at preventing the assembly and 

secretion of mature infectious virions. This is consistent with the compound targeting critical 

proteostasis processes that could be required for production of infectious virions and are thus, 

crucial to the viral life cycle32,33. To support this mechanism, we found little to no reduction in 

extracellular virus structural protein levels, in contrast to intracellular protein levels which were 

reduced by up to 80% and extracellular viral titers which were reduced by ~95%. A possible 

explanation for this observation is that while similar numbers of virions are being secreted from 

the cell, these virions possess some structural defect that leave them unable to infect cells. 147 

had mild cytostatic effects in Huh7 cells at the higher doses, but other antiviral effects persisted 

at lower doses where cell proliferation was not impacted. Importantly, prior studies showed that 

147 is generally non-toxic in multiple cell lines and well tolerated in mice43,46.  

While 147 was designed as a preferential activator of the ATF6 branch of the UPR, we found that 

ATF6 activation did not mediate the antiviral effect. The ATF6 inhibitor Cp-A7 on its own also did 

not reduce virus infection, which is consistent with prior knockout of ATF6 not affecting DENV 

propagation39. These results prompted us to examine alternative mechanisms for the antiviral 

effects by investigating the specific protein targets of 147. Prior work showed that 147 is a prodrug 

that is metabolically oxidized to an iminoquinone or quinone methide, which covalently targets 

nucleophilic cysteine residues on cellular protein46,48,58. We showed that the metabolic activation 

mechanism and covalent targeting of reactive thiols is similarly required to reduce virus infection. 
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Furthermore, chemoproteomic target identification in Huh7 cells identified a similar set of PDIs, 

including PDIA1, PDIA4, and PDIA6, as 147 targets in this cell line. However, knockdown of 

individual PDIs was not sufficient to reduce viral titers suggesting that these individual PDIs are 

not responsible for the inhibition of viral infection.  

We addressed whether inhibition of multiple PDIs could be required by testing the effect of existing 

PDI inhibitors that display varying selectivity towards PDIA1/P4HB and additional PDIs also 

modified by 147. None of the PDI inhibitor compounds significantly reduced DENV viral titers, 

suggesting that 147 elicits its antiviral activity through an alternative mechanism of action. 

Importantly, one of the compounds, Rb-11-ca, exhibited considerably more toxicity in Huh7 cells, 

even at the highest concentration that we tested for 147. Toxicity has also been observed for 

other PDI inhibitors65. This further highlights the unique properties of compound 147. The low 

toxicity could be explained by previous observations showing that less than 25% of the PDIA4 

pool is labeled by the compound, indicating that PDIs are not globally inhibited by the molecule48. 

Furthermore, endogenous protein secretion and formation of disulfide bonds in secreted proteins, 

including fully assembled immunoglobulins, are not affected by 147 46. This lack of perturbation 

to normal proteostasis processes and selective inhibition of viral propagation makes 147 an ideal 

candidate for a host-centered antiviral strategy.  

To address whether alternative protein targets besides the most prominent PDIs could be 

responsible for reduction in virus propagation, we compared our identified targets in Huh7 cells 

to the prior list of covalently modified proteins in other cell lines48. In addition to the PDIs studied 

above, additional members of the PDI family were identified (TXNDC5, TMX1), as well as two 

unique proteins that were identified only in Huh7 cells: ALDH1A1 and GSTO1. However, 

knockdown of these proteins was also insufficient to recapitulate the reduction in viral replication 

induced by 147. These studies highlight the unique polypharmacology needed for 147’s antiviral 

effects which likely requires a combinations of protein targets. 
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The recent COVID-19 pandemic has refocused attention to the need for broad-spectrum antiviral 

agents that could inhibit future virus threats13. Targeting essential host pathways that are 

commonly hijacked by virus infection without causing significant host toxicity is recognized as one 

important strategy to combat future infection with unknown pathogens. We determined that 

compound 147 has broad antiviral activity against multiple DENV strains and serotypes and that 

the compound is also effective against multiple ZIKV strains. These results highlight broad utility 

of the proteostasis regulator compound to reduce flavivirus infection by targeting conserved host 

cell processes that are commonly exploited by the virus. Our results here now provide an entirely 

new therapeutic application of 147 as a broad antiviral agent to reduce flavivirus infections.  

 

3.4 Materials and Methods 

Chemicals and Resources 

All compounds except 2-mercaptoethanol (BME) were kept as 1000x stocks in DMSO (0.1% final 

concentration DMSO for cellular treatments). BME was directly diluted from a 55 mM DPBS stock. 

147, 147-4, 147-20, and 16F16 were used at 10 µM unless otherwise noted. Rb-11-ca was used 

at 20 µM. KSC-34 was used at 5 µM. Ceapin-A7 was used at 6 µM. Thapsigargin was used at 

0.5 µg/mL. All other resources are listed in Table S1. 

Cell culture and virus infections 

Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose and 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1% glutamine. 

All cell lines except C6/36 were kept at 37ºC, 5% CO2. C6/36 cells were kept at 28ºC, 5% CO2.  

For experimental infections of cell lines, media was removed from cells and virus was added at 

MOI 3 (DENV) for 3 hours or MOI 0.5 for 1 hour (ZIKV) (unless otherwise noted). Inoculum was 

removed, cells were washed, and media containing chemical compounds or DMSO was added 

for the remainder of the experiment. Huh7 and HepG2 cells were obtained from ATCC. Vero and 
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C6/36 cells were a kind gift from Dr. Tom Voss of the virology core at the Vanderbilt Vaccine 

Center. Cells were tested monthly for mycoplasma contamination. 

Viral Focus Forming Assay  

Confluent Vero cells in 96 well plates were inoculated with 10-fold serial dilutions of DENV or 

ZIKV in BA-1 diluent (1xM199 media, 5% BSA, 1x L-glutamine, 1x penicillin/streptomycin, 0.04% 

sodium bicarbonate, 50 mM Tris) for 2 hours. The cells were overlaid with a 1:1 mixture of 2x 

nutrient overlay (2x Earle’s Balanced Salt Solution, 2x Ye-Lah Medium, 4% FBS, 0.4% sodium 

bicarbonate, 0.1 mg/mL gentamycin, 0.5 mg/mL amphotericin B) + 2.4% methylcellulose in water. 

After 2 days (ZIKV, DENV3, DENV4) or 3 days (DENV2), overlay was removed, and cells were 

fixed in ice cold 85% acetone for 30 minutes. Infectious foci were stained with a primary pan-

flavivirus 4G2 antibody (1:1000 in 5% BSA, TBST) and secondary HRP antibody (1:1000 in 5% 

milk, TBST), then visualized using 400 µL 8 mg/mL 3-amino-9-ethylcarbazole (Sigma) in 10 mL 

50 mM sodium acetate (Fisher) + 4 µL 30% H2O2 (Fisher) and exposed for 15-45 minutes until 

foci were visible.  

Viruses 

DENV: DENV2 strain BID-V533 was a generous gift from Dr. Tom Voss of the Vanderbilt Vaccine 

Center. Strain 16681 was generated from a cDNA clone in pD2/ic-30p NBX that was a generous 

gift from Dr. Claire Huang at the Center for Disease Control. DENV-3 and DENV-4 strains were 

obtained from BEI Resources. For passaging, C6/36 or Vero cells were infected at MOI 0.1. Six 

days (C6/36) or three days (Vero) post-infection, culture supernatant was harvested and cell 

debris was pelleted at 3700xg for 10 minutes. Cleared supernatant was combined with 23% FBS 

and mixture was frozen as 1 mL aliquots at -80ºC.  

For experimental infections of cell lines, media was removed from cells and virus was added at 

MOI 3 for 3 hours (unless otherwise noted). Inoculum was removed, cells were washed, and 

media containing compounds or DMSO was added for the remainder of the experiment. Strain 

16681 was generated from a cDNA clone62. Plasmid DNA was transformed into DH5α cells and 
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purified by miniprep (Zymo Research). DNA was ethanol/sodium acetate precipitated for 

purification and concentration. Plasmid DNA was digested using XbaI (NEB) to cut upstream of 

the T7 promoter. A MEGAScript T7 in vitro transcription kit (Invitrogen) was used to obtain viral 

RNA, which was then transfected into Huh7 cells using the TransIT mRNA transfection reagent 

(Mirus). Virus stocks were amplified as indicated above. 

ZIKV: Strains MR766 and PRVABC59 were obtained from ATCC. For passaging, Vero cells were 

infected at MOI 0.05. Three days post-infection, culture supernatant was harvested and cell debris 

was pelleted at 3700xg for 10 minutes. Cleared supernatant was used as virus stock and stored 

at -80ºC. For experimental infections of cell lines, media was removed from cells and virus was 

added at MOI 0.5 for 1 hour. Inoculum was removed, cells were washed, and media containing 

compounds or DMSO was added for the remainder of the experiment.  

Lentivirus: The 3rd generation system was used for production. Respective shRNA plasmids were 

transfected into HEK293T cells together with lentivirus packaging plasmids RRG, VSVG, and Rev 

using the calcium phosphate method as described48. Media was changed 20 hours post-

transfection. Supernatants were collected 3 days post transfection, and cleared at 3700xg for 10 

minutes. To generate respective shRNA stable knockdown cell lines in Huh7 cells, lentiviruses 

prepared with pools of 2-3 shRNAs per target were added to Huh7 cells and media containing 4 

µg/mL final concentration polybrene. Selection proceeded for 1 week under puromycin (5 µg/mL). 

Successful knockdown was confirmed by Western Blot. 

SDS-PAGE Gels and Immunoblotting 

Cell pellets were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton-

X-100, 0.5% sodium deoxycholate) + Roche cOmplete protease inhibitor. Cells were left on ice 

for at least 10 minutes and lysate was cleared at 17,000xg for 10 minutes. Cleared lysate 

concentrations were normalized and gel samples were separated by SDS-PAGE. Gels were 

transferred to PVDF membranes using standard settings on the TransBlot Turbo (BioRad). Blots 

were blocked in 5% non-fat dry milk in Tris-buffered saline (TBST, 50mM Tris pH 7.4, 150mM 
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NaCl, 0.1 % Tween-20) for 30 minutes before applying antibodies. Primary antibodies (in 5% 

BSA, TBST) were applied at room temperature for 2 hours or at 4ºC overnight. Secondary 

antibodies (in 5% milk, TBST) were applied at room temperature for 30 minutes or at 4ºC for 1 

hour. Primary antibodies were used at dilutions indicated in Table A3.1; all secondary antibodies 

were used at a 1:10,000 dilution.   

Quantitative RT-PCR 

RNA was prepared from cell pellets using the Zymo Quick-RNA miniprep kit. cDNA was 

synthesized from 500 ng total cellular RNA using random primers (IDT), oligo-dT primers (IDT), 

and Promega M-MLV reverse transcriptase. qPCR analysis was performed using Bio-Rad iTaq 

Universal SYBR Green Supermix combined with primers for genes of interest (listed below) and 

reaction were run in 96-well plates on a Bio-Rad CFX qPCR instrument. Conditions used for 

amplification were 95ºC, 2 minutes, 45 repeats of 95ºC, 10s and 60ºC, 30s. A melting curve was 

generated in 0.5ºC intervals from 65ºC to 95ºC. Cq values were calculated by the BioRad CFX 

Maestro software. Transcripts were normalized to a housekeeping gene (either RiboP or 

GAPDH), except in the case of extracellular viral RNA quantification. All measurements were 

performed in technical duplicate; each of these duplicates was treated as a single measurement 

for the final average, except extracellular viral RNA quantification where the values were pooled. 

Data was analyzed using the BioRad CFX Maestro software. 

Cell Viability & Caspase Activity Assays 

Cell viability was determined using the CellTiter-Glo reagent (Promega). Huh7 cells were seeded 

into 96 well plates and treated with 100x dilutions of compounds in culture media. 16 hours after 

treatment, media was removed and cells were infected as described above (for -DENV samples, 

no virus was added). Media was replaced 24 hours after infection and 100 µL Cell Titer Glo 

reagent was added and luminescence was measured for each well on a Synergy HT plate reader. 

To assess the level of caspase 3/7 activation in Huh7 cells upon 147 treatment, we used the 

EnzCheck Caspase-3 Assay Kit #2 (ThermoFisher, E-13184). In brief, Huh7 cells were treated 
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with DMSO or 1, 3, or 10 µM 147 for 14-16 hours pre-infection. Cells were then either mock or 

DENV2 infected (MOI 3) and retreated with DMSO or 147 for an additional 24 hpi. Treatment with 

1 µM staurosporin for 12 hours pre-harvest was used as a positive control for caspase activation. 

Cells were harvested and lysed per kit instructions on ice for 30 min. Cell lysates were then treated 

with DMSO or 20 µM Ac-DEVD-CHO inhibitor for 10 min at room temperature before addition of 

25 µM Z-DEVD-R110 substrate solution. Samples were incubated at room temperature for 20 h 

and measured for fluorescence (excitation/emission 496/520 nm). Caspase activation was 

calculated by taking the difference in fluorescence between Ac-DEVD-CHO inhibitor and DMSO 

treated paired lysates and normalized to DMSO, mock infected samples. For all samples, n = 6, 

except 1 µM 147, mock or DENV2 infected (n = 3). 

Enrichment of Covalent Protein Targets 

Huh7 cells were treated with 3 µM 147-20 or a combination of 3 µM 147-20 and 9 µM 147. Cells 

were harvested 16-18 hours post-treatment and lysed as described above. Click chemistry using 

100 µM Cy5 azide or TAMRA desthiobiotin azide was performed with 1.6 mM BTTAA, 0.8 mM 

copper sulfate, and 5 mM sodium ascorbate for 1 hour at 37ºC, shaking at 500 rpm. All reagents 

were purchased from Click Chemistry Tools. For detection, samples from Cy5 reactions were run 

directly on SDS-PAGE gels for analysis. For enrichment of proteins, excess reagents were 

removed via methanol/chloroform precipitation; protein was washed twice with methanol before 

resuspension in 6 M urea. Samples were diluted in PBS and added to pre-washed (in PBS) 

streptavidin agarose beads (Thermo Scientific). Pulldowns were rotated for 1 hour at room 

temperature. Supernatant was removed and beads were washed six times in PBS and 1% SDS. 

Samples were eluted two times by incubation with 50 mM biotin, pH 7.2, in 1% SDS (PBS) for 10 

minutes.  

Mass Spectrometry Sample Preparation 

Protein lysate from DENV infected and non-infected Huh7 cells (for whole cell lysate samples, 10 

µg of protein as measured using Bio-Rad protein assay dye reagent) was aliquoted and purified 
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using methanol/chloroform precipitation. Streptavidin-enriched samples for target identification 

were used without normalization and purified by methanol/chloroform precipitation. Mass 

spectrometry samples were prepared as described previously43. Briefly, protein was resuspended 

in 3 µL 1% Rapigest (Waters) and diluted with water and 0.5 M HEPES. Proteins were reduced 

with 5 mM TCEP (Thermo Scientific) and subsequently alkylated with 10 mM iodoacetamide 

(Sigma). Proteins were digested in sequencing-grade trypsin (Thermo Scientific) overnight at 

37ºC while shaking at 750 rpm. Peptides were labeled for 1 hour at room temperature using 11-

plex tandem mass tag (TMT) reagents (Thermo Scientific) resuspended in 40% acetonitrile. 

Labeling reactions were quenched with 0.4% ammonium bicarbonate for 1 hour at room 

temperature. Samples were combined and acidified to pH 2 by addition of 5% formic acid. Pooled 

samples were concentrated using a SpeedVac and resuspended in 94.9% water/5% 

acetonitrile/0.1% formic acid. Rapigest cleavage products were pelleted by centrifugation at 

14,000xg for 30 minutes.  

Mass Spectrometry Data Acquisition 

Digested peptides (up to 20 µg) were loaded onto a triphasic column filled sequentially with 1.5 

or 2.5 cm layers of 5 µm 100 Å C18 resin (Phenomenex), Luna 5 µm 100 Å strong cation exchange 

resin (Phenomenex) and a second layer of C18 resin using a high pressure chamber66. The 

column was washed for 30 minutes in 95% water/5% acetonitrile/0.1% formic acid (buffer A) and 

attached to an Ultimate 3000 nano LC system connected to a 20 cm, 100 µm ID fused-silica 

microcapillary column with a laser-pulled tip filled with 3 µm 100 Å C18 resin (Phenomenex). Mass 

spectrometry was carried out on a Q-Exactive HF or an Exploris 480 instrument (ThermoFisher). 

For whole cell lysate samples, multidimensional peptide identification technology (MuDPIT) 

analysis was performed with 10 µL sequential injections of 0-100% buffer C (500 mM ammonium 

acetate, diluted in buffer A), each injection increasing by 10%, followed by an injection of 90% 

buffer C/10% buffer B (100% acetonitrile/1% formic acid). For target ID samples, only the 0, 10, 

20, 40, 60, 80, 100 and 90%C/10%B injections were carried out. Peptides were separated on a 



87 
 

90 min gradient from 5%-40% buffer B at a flow rate of 500nL/min, followed by a 5 min ramp to 

60-80% buffer B. Electrospray ionization was performed from the tip of the microcapillary column 

at a voltage of 2.2 kV with an ion transfer tube temperature of 275º C. Data-dependent mass 

spectra were collected by performing a full scan from 300 – 1800 m/z (Q-Exactive HF) or 375 – 

1500 (Exploris 480) at a resolution of 120,000 and AGC target of 1e6. Tandem mass spectrometry 

was performed using TopN (15 cycles, Q-Exactive) or TopSpeed (3 sec, Exploris 480) from each 

full scan using HCD collision energy of NCE 38 (Q-Exactive HF) or NCE 36 (Exploris 480), 

isolation window of 0.7 (Q-Exactive HF) or 0.4 (Exploris 480), with automatic maximum injection 

time, a resolution of 45,000 (Q-Exactive HF) or 30,000 + TurboTMT setting (Exploris 480), fixed 

first mass of 110 m/z, and dynamic exclusion of 10s (Q-Exactive HF) or 45s (Exploris 480).  

Mass Spectrometry Data Analysis 

Peptide and protein identification, and TMT reporter ion quantification was analyzed using 

Proteome Discover 2.4. Searches were carried out with the SEQUEST node using a human 

proteome database (UniProt) with DENV proteins added manually and the following parameters: 

20ppm precursor mass tolerance, minimum peptide length of 6 amino acids, trypsin cleavage with 

a maximum of 2 missed cleavages, static modifications of +57.0215Da (carbamidomethylation at 

C) and +229.1629 (TMT6/11plex), and dynamic modification of +15.995 (oxidation at M), N-

terminal methionine loss (-131.040), and N-terminal acetylation (+42.011). Search results were 

filtered with Percolator using a decoy database of reversed sequences with a peptide false 

discovery rate of 1% and a minimum of 2 peptides for protein identification. TMT intensities were 

quantified using the reporter ion quantification node with TMT intensities from each channel being 

normalized using the total peptide amount, quantitative value correction enabled to correct for 

TMT impurities, and co-isolation threshold set to 25%. Intensities for each protein were calculated 

by summing the intensities of each peptide. A reference TMT channel of pooled samples was 

included for scaling of protein abundances across multiple mass spectrometry runs. For Target 

ID samples, Proteome Discoverer searches were identical to the whole cell lysate searches, 
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except the normalization of TMT intensities was omitted in the reporter ion quantification node. 

Log2 transformations were performed on all TMT reporter ion intensities, and averages were 

determined for four 147-20 replicates and the four 147-20/147 competition replicates. Fold 

enrichment was determined as the log2 fold difference of the two averages. The log2 fold 

enrichment was fitted to a gaussian distribution and targets were defined as proteins with log2 

fold difference greater than two standard deviations. 

Purification and Concentration of Virus Media 

Virus was purified using a modified version of a previously published protocol67. In brief, virus-

containing media (9 mL) was layered on top of 3 mL of sterile-filtered 20% w/v sucrose and spun 

at 167,000 x g (Sorvall Surespin 630) for 3 hours at 4ºC to pellet virus. Media supernatant and 

sucrose were carefully removed and virus pellet was briefly air-dried for 10 minutes before 

resuspension in 100 μL ice-cold 5 mM HEPES, pH 7.9 

Data availability 

All data is either included in the dissertation or associated paper or is available upon request. 
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CHAPTER 4: ER proteostasis regulator 263 acts as a broad-spectrum inhibitor of dengue 

and Zika virus infections 

 

This chapter is adapted from a manuscript to be submitted for publication by Almasy, K.M., 

Mansueto, A.J., and Plate., L.  

 

4.1 Introduction 

As highlighted by the COVID-19 pandemic, new therapies are needed to treat current and future 

outbreaks of viral diseases. Among such families are the flaviviruses, a genus of Group IV viruses 

(genome of positive-sense, single-stranded RNA) which include Dengue virus (DENV), Zika virus 

(ZIKV), West Nile Virus (WNV) and Yellow Fever virus (YFV). These mosquito-borne pathogens 

currently pose a significant threat to public health, with close to half the world’s population 

proposed to live under risk of DENV infection1,2. DENV is known to cause hemorrhagic fever, 

particularly during secondary infection due to antibody-dependent enhancement3,4.  

Despite the prevalence and increasing occurrence of these viruses, no current therapeutics exist 

to fight flavivirus infections5,6. Most current small-molecule treatments only address the underlying 

symptoms, and do not interfere with the viruses themselves. Antiviral strategies often focus on 

inhibition of viral enzymes, otherwise known as direct-acting antivirals (DAAs). For flaviviruses, 

work largely focuses on small molecules inhibiting the NS3 protease and NS5 polymerase7. 

Molecules effective against these enzymes have been discovered and characterized but are not 

currently in use8–11. One limitation seen often with molecules that engage with viral proteins is the 

rapid development of resistance due to the ability of the viral genome to quickly mutate, 

decreasing the binding affinity of the small molecule with the protein12. An increasing area of 

exploration takes the alternative approach of identifying and targeting host factors essential for 

viral replication, aiming to disrupt protein-protein interactions necessary for the viral life cycle. As 

these host factors are not under direct genetic control of the virus, mutations leading to a 
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disruption in binding should be far less common. Additionally, should these host factors be 

required for replication of one or more entire families of viruses, these compounds could be use 

as broad-spectrum antivirals rather than targeting a single virus13,14. 

As noted, flaviviruses contain a genome of positive-sense, single-stranded RNA. After receptor-

mediated entry, the genomes are translated, and the resultant viral proteins remodel the interior 

of the cell to assist in replication of the genome and packaging of progeny virions. Both viruses 

concentrate this replication and assembly process in and around the endoplasmic reticulum (ER), 

which also serves as a protein folding center for the host cell itself15–17. The host protein 

homeostasis (or proteostasis) network has been heavily implicated in the flavivirus life cycle, and 

several screens have identified specific dependencies of viral replication on diverse proteostasis 

factors18–21. In addition, DENV infections cause upregulation of the ATF6 and IRE1 branches of 

the ER unfolded protein response (UPR), a stress response pathway initiated by the presence of 

misfolded protein buildup within the ER22,23. Pharmacologic modulation of the proteostasis 

network, for instance with inhibitors of Hsp70 and the oligosaccharyl transfer complex (OST), can 

prevent flavivirus replication in both cellular and mouse models24–26. Additionally, our recent study 

showed an ER proteostasis modulator, compound 147, serves as an effective inhibitor of DENV 

and ZIKV replication27.  

Pharmacologic modulation of ER proteostasis pathways has become an increasingly utilized 

strategy to correct protein folding imbalances associated with diverse disease phenotypes. 

Importantly, this correction occurs without affecting endogenous protein function or causing 

toxicity28–32. Compound 147, in addition to serving as an effective antiviral, has been shown to 

reduce secretion of amyloidogenic light chain proteins as well as preventing organ damage after 

oxidative injury during ischemia/reperfusion33,34. Given the broad utility of 147, we wanted to 

explore if compound 263, a structurally similar molecule, possessed similar antiviral qualities. 263 

was initially discovered in the same high-throughput screen which identified 147 as an activator 

of the ATF6 branch of the UPR35. While the mechanism of 263 is less defined than that of 147, 



97 
 

the structural similarities led us to believe the targets of the molecule, and therefore the antiviral 

mechanisms would be largely similar. Our results show that 263 does indeed harbor antiviral 

effects, with an EC50 and maximum effect size comparable to those of 147. However, target 

enrichment studies using a competition-based chemoproteomics approach suggest that the 

targets of the molecules may only overlap partially. Additional experiments were directed at 

delineating the molecular mechanism of the molecule demonstrating that unlike 147, 263 does 

not function through covalent modification of cysteine residues. Overall, these results show that 

the proteostasis modulator 263 possesses antiviral effects which work by a different mechanism 

than 147. 

 

4.2 Results 

4.2.1 Compound 263 inhibits DENV2 replication in Huh7 cells 

Compound 147 was initially reported as a regulator of the ATF6 branch of the unfolded protein 

response35. Previously, we reported 147 as an effective anti-flavivirus compound effective across 

several strains of DENV and ZIKV27. We showed that this activity was dependent on a 2-amino-

p-cresol moiety, which is oxidized to give an active quinone methide to serve as an electrophile 

for nucleophilic attack by free cysteine residues on host proteins. Given the active moiety of the 

molecule, we examined whether a similarly reactive moiety on a different molecule would retain 

anti-DENV and ZIKV activity. In the initial high-throughput screen for 147, a compound bearing a 

similar functional group was discovered, compound 263 (Figure 4.1a)35. Instead of a 2-amino-p-

cresol moiety, 263 bears a benzylidene hydrazine (or hydrazone) functional group (Figure 4.1a). 

Both groups are readily oxidized to a para- (147) or ortho- (263) quinone methide forming a highly 

active electrophile. Given the similarity in reactivity, we sought to determine if 263 would possess 

comparable effects inhibiting flavivirus replication. To examine the effects at different stages of 

the viral life cycle, a combination of assays was used to measure intracellular viral RNA (genome  
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Figure 4.1. 263 inhibits DENV2 propagation in Huh7 cells. a) Structures of compounds 147 
(left) and 263 (right), the two proteostasis regulators of interest. b) DENV life cycle. After entry 
to the cell via clathrin-mediated endocytosis, the genome is uncoated, translated into a single 
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polypeptide in and around the ER membrane, and cleaved into its individual proteins. Formation 
of the viral replication complex allows for replication of the RNA genome; some copies are 
translated, while others are eventually packaged into progeny virions as enough copies of the 
structural proteins become available. Maturation and egress through the trans-Golgi network 
leads to the release of the newly assembled virons. c) Huh7 cells were pre-treated with 
indicated concentrations of 263 for 16h before each experiment; cells were infected with DENV 
for 12-48 hours, with samples collected every 12 hours to measure viral RNA or protein levels 
intracellularly, and viral titers extracellularly. d) Quantification of reduction in viral RNA as 
measured by qPCR. Statistics reflect student’s unpaired t-test, with the untreated control at 
each timepoint set to an RNA expression level of 1. e) Quantification of reduction in intracellular 
viral protein levels as measured by western blot. Statistics reflect student’s unpaired t-test, with 
the untreated control at each timepoint set to a protein expression level of 1. f) Absolute 
quantification of viral titers as measured by focus forming assay. Statistics reflect student’s 
paired ratio t-test. 

 

replication) and protein (viral protein translation) levels, as well as extracellular infectious titer 

levels (Figure 4.1b). Huh7 cells were seeded and treated with 2.5 µM 263 or a DMSO control. 16 

hours post-infection, cells were infected with DENV serotype 2 strain 16681 (generated from a 

cDNA clone36) at a multiplicity of infection (MOI) of 3, or mock infected with a media control. 

Infection proceeded for 3 hours, at which point the inoculum was removed and replaced with fresh 

media and compounds. Timepoints were taken every 12 hours up to 48 hours post-infection (hpi) 

to determine the effects 263 had on viral replication. 12 hours marks the earliest stage of progeny 

virion release, while 24 hours and beyond mark peak viral production37. Cells were harvested for 

RNA (via qPCR) and protein (via western blot) quantification, while the media was saved to 

measure extracellular virus infectious titers (Figure 1c). At 12 hpi, low titers and RNA levels were 

measured, but protein levels at this timepoint were too low to be detected by western blot, showing 

the low abundance of the virus at this stage. To this point, no significant differences were seen 

between treated and untreated samples. However, the 24 hour timepoint revealed differences 

between the two conditions. RNA levels were reduced approximately 50% across the 24, 36, and 

48 hour timepoints in the 263 treated samples versus the control, all three of which were 

significant at the p<0.05 level (Figure 4.1d). By western blot, we again observed an approximately 

50% decrease in viral protein levels 24 hours post-infection in the 263 treated samples compared 

to the DMSO treated control, and measurable differences were also observed at the 48 hour 
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timepoint. The 36 hour timepoint produced more variable results, and no statistical significance 

was observed (Figure 4.1e, Figure A4.1). Extracellular infectious titers were the most affected at 

the same timepoints; measured levels were reduced by just over 90% at the 24 hour timepoint, 

indicating that the molecule predominantly affects the viral assembly/packaging/egress stage. We 

also observe that minimal recovery of viral replication takes place over time; by 48hpi, titers are 

still significantly lowered in the 263 treated cells compared to the untreated control (Figure 4.1f). 

To further investigate the timing of the antiviral effects, we eliminated the pre-treatment of the 

cells (Figure 4.2a) to test if 263 affected viral entry. Given that the largest impact was observed 

on infectious titers, we hypothesized that the molecule should acts largely at a post-translational 

step and thus the pre-treatment step would be unnecessary. Consistent with this notion, we found 

that the pre-treatment step prior to infection was not necessary for 263 to lower protein or titer 

levels (Figure 4.2b-c, Figure A4.2), indicating the molecule acts at a post-viral entry stage. 

Figure 4.2. Eliminating pre-treatment step does not attenuate effects of 263. a) 

Experimental design for determining if 263 affects viral entry. Similar to Figure 1c, but without 

the step of pre-treating prior to infection. b) Quantification of western blots showing DENV E 

protein in vehicle control vs. 263 treated cells. Representative blot is shown in Figure A4.2. c) 

Graph showing absolute titers of vehicle vs 263 treatment, following experimental scheme 

shown in a.  
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Having observed these same effects with 147, we next tested if the reduction in viral titers 

corresponded to less viral protein being secreted, or as with 147, reduction in titers was 

independent of total viral protein secretion. Virus containing media was collected from either 

DMSO or 263 treated infected cells 24 hours post-infection, virus particles were purified via 

ultracentrifugation, inactivated, and protein levels were measured via western blot (Figure 4.3a). 

Samples treated with 263 reproducibly showed lower extracellular envelope protein levels (Figure 

4.3b-c, Figure A4.3). The reduction of protein levels was comparable to the magnitude reduction 

seen at the titer level (80-90%), suggesting the lower infectious titer is due to less progeny virions 

virions. Additionally, qPCR was performed to measure any differences in RNA levels between 

treated and untreated purified virus samples (Figure 4.3d). The 263 treated samples consistently 

contained lower levels of RNA than the DMSO treated samples, although this difference did not 

reach statistical significance due to high variability in measured RNA amounts. We conducted 

dose-response studies to study how the antiviral effect and the toxicity of the molecule changed 

with concentration. The dose-response curve indicated an EC50 value of approximately 7.5 µM; 

however, a significant reduction in cell viability is seen at this concentration. The 2.5 µM 

concentration, on the other hand, still produced reproducibly significant reductions in viral titer 

with a viability above 70%. These viability results held true whether or not the cells were infected 

with virus (Figure A4.4, Figure A4.5). 

While 263 was shown to be effective up to 48 hours post-infection, the effects of the molecule 

began to wane over time, expectedly as the drug is metabolized and rendered inactive. To 

examine how readministration of the drug may result in continued viral inhibition, we treated cells 

as above, while readministering the drug every 24 hours up to 72 hours post infection. As noted 

above, the single treatment was enough to result in a significant decrease up to 48 hours post 

infection; however, re-administration of the drug at 24 hours post infection resulted in an additional 

decrease compared to the sample treated only once (Figure A4.6). 
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Figure 4.3. Purification of DENV supernatant in 263 treated samples shows decrease in 

secreted viral protein levels. a) Scheme for purification of DENV. Media is collected from 

infected cells and cleared on a benchtop centrifuge at 4000xg for 45 minutes. Samples are then 

ultracentrifuged on a 20% sucrose cushion for 3 hours at 167000xg. Supernatant is removed, 

pellets are left to dry, and virus is resuspended in buffer and prepared for western blot analysis. 

b) Post-purification titers of DMSO vs 263 treated samples, showing difference in titer is 

maintained during the purification process. c) Western blot analysis of purified DENV E protein 

post-purification. A reduction of 80-90% is observed, eclipsing the difference observed 

intracellularly and matching the reduction in titers. Representative western blot is shown in Figure 

A4.3. d) qPCR data from DMSO vs 263 treated virus post-purification.  
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Figure 4.4. Indirect target ID suggests differing mechanism of 263. a) Structures of alkyne-

labeled 147 variant used in pulldown experiments (147-20) and trifunctional probe used for 

simultaneous CuAAC click chemistry, detection, and pulldown. b) Target ID experiment workflow. 

Cells were treated with 147-20 alone, or in competition with an excess of 147 or 263. For pulldown 

experiments, lysates were ‘clicked’ with trifunctional probe and 147-20 labeled proteins were 

isolated using streptavidin. TMT labeling and quantitative proteomics of pulldown vs competition 

samples revealed targets competitively labeled by 147 or 263 respectively. c) Fluorescent western 

blot of 147-20 treated lysates, with 147 and 263 competitions. PDIs were blotted for as a known 

target of 147. The band between PDIA1 and PDIA6 was later identified as ALDH1A1. d) 

Quantification of targets most enriched in 147-20 pulldown vs. competition with 147. e) 

Quantification of targets most enriched in 147-20 pulldown vs. competition with 263. f) Effects of 

263 in cell line with ALDH1A1 knocked down vs. GFP/mock control cells. Representative western 

blot (including knockdown efficacy) shown in Figure A4.8. g) Absolute titers in ALDH1A1 

knockdown cell lines and GFP/mock control cells.  

 

At 72 hours post-infection, this difference in the samples treated once vs repeated treatments 

became more apparent, indicating that re-administration of the drug is a viable strategy for 

sustained inhibition of viral replication. Additionally, by 72 hours, the media quality of the untreated 

DENV-infected samples was visibly compromised. As 263 causes a decrease in cell viability, the 

lower cell population in these wells likely allowed the media quality to remain higher, increasing 

virion stability and therefore infectious titer (Figure A4.6). 

 

4.2.2 Target ID using 147 analogues suggests protein targets are different than 147 

Given the similarity between the phenotypes of 147 and 263 treatment against DENV, paired with 

the resemblance of oxidizable moieties in the compound structures, sought to determine if the 

molecules target similar host proteins. Prior investigations of 147, as well as our recent study in 

Huh7 cells, showed the primary targets of 147 are protein disulfide isomerases (PDIs)27,38. PDIs 

were the predominant class of proteins labeled by 147 as measured by a competition assay 

between an alkyne-substituted derivative of 147 (147-20, Figure 4.4a) and the parent compound. 

While neither structure-activity relationship data nor an alkyne-labeled derivative are available for 

263, we took advantage of the fact that the molecules are expected to have similar covalent 

targets and conducted an analogous competition experiment between 147-20, 147, and 263. 
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Huh7 cells were treated with 3 µM 147-20, 3 µM 147-20 and 9 µM 147, or 3 µM 147-20 and 9 µM 

263 (Figure 4.4b). In the 147-20 samples, target proteins are covalently labeled by the alkyne-

containing compound via the mechanism highlighted in Figure 4.1a. Modified proteins can 

subsequently be labeled via click chemistry with a TAMRA-desthiobiotin-azide compound and 

enriched with a streptavidin pulldown to then be visualized via SDS-PAGE/western blot (Figure 

4.4c) or identified via mass spectrometry. In the cotreatments, the 3-fold excess of the parent 

compounds 147 or 263 will compete with 147-20 binding to specific targets, thus less labeling of 

targets should occur in these samples. This competition workflow is routinely employed to 

distinguish specific targets that rely on distinct interactions with the probe compound versus high-

abundance background binding partners39,40. 

After pulldown, samples were reduced, alkylated, and digested overnight. Using TMTpro 

reagents, 16 samples were labeled with isobaric tags and combined into a single mass 

spectrometry run, with LC separation using multidimensional peptide identification technology 

(MudPIT). As validation of the competition experiment, we confirmed observation of PDIs as the 

predominant targets of 147 (Figure 4.4d). However, these enrichments were not seen in the 263 

competition samples. This implies 263 did not compete off the PDIs as initially expected (Figure 

4.4e). A small number of targets overlapped as enriched between the 147 and 263 competition 

experiments, but no PDIs were observed in the 263 dataset. One protein, ALDH1A1, was 

identified as the top target of both compounds. Interestingly, a much stronger 6-fold enrichment 

was observed in the probe vs. competition with 263, while only a 2-fold enrichment was observed 

in the probe vs. competition experiment for 147, suggesting 263 more effectively binds ALDH1A1 

than does 147. We previously showed that shRNA knockdown of ALDH1A1 does not impact viral 

replication27. To validate this point, we generated a stable ALDH1A1 shRNA knockdown cell line 

(Figure A4.8), infected the cells with DENV and treated with either DMSO or 263. The cell line 

retained sensitivity to 263 treatment, as titers were significantly lower when 263 was added to the 

samples. As expected, knockdown of ALDH1A1 did not, on its own, cause a reduction in viral 
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protein or titers (Figure 4.4f-g, Figure A4.8). Overall, the lack of overlap between the targets 

competed off by 263 compared to 147 suggests the targets of the two molecules in Huh7 cells 

are more divergent than initially anticipated. 

 

4.2.3 Antiviral effects of 263 are not thiol or P450 dependent 

Considering the divergence in covalent targets of 263 and 147, it seemed plausible that the 

compounds exert their antiviral activities through distinct mechanisms. 147 is oxidized by P450 

enzymes to yield an ortho-quinone imine, which tautomerizes to a paraquinone methide, the 

active electrophilic species (Figure 4.5a)38,41. Inhibition of the oxidation step with resveratrol (a 

broad-spectrum P450 inhibitor) or competition of the nucleophilic addition step with beta-

mercaptoethanol) resulted in restoration of viral titers. With 263, we hypothesized that P450 

oxidation of the molecule would lead to the formation of an ortho-quinone methide, which would 

subsequently provide an electrophile to be attacked by nucleophilic residues on target proteins 

(Figure 4.5b). However, given the divergent covalent targets despite similar antiviral activities of 

the two compounds, we sought to test whether the metabolic activation and nucleophilic attack 

was required for the antiviral activity of 263. We therefore explored two possible ways to disrupt 

the oxidation/nucleophilic attack mechanism; both have been shown to attenuate the effects of 

14727,38.  

First, cells were treated with DMSO, 2.5 µM 263, or a combination of 2.5 µM 263 and 55 µM or 

110 µM β-mercaptoethanol (BME). Excess BME will quench the nucleophilic addition step, 

leaving the protein targets unmodified. However, we found that BME addition failed to attenuate 

the antiviral effects of 263, suggesting covalent modification of thiols is not required for the 

mechanism of action (Figure 4.5c-d, Figure A4.10). Secondly, cells were treated with DMSO, 

2.5 µM 263, or a combination of 2.5 µM 263 and 10 µM resveratrol, a broad-spectrum cytochrome 

P450 inhibitor. Co-treatment with resveratrol blocks any P450-mediated oxidation required if 263 

to test if metabolic activation us needed for antiviral activity. In experiments with 147, resveratrol  



107 
 

 

Figure 4.5. 263 does not work via a thiol-dependent mechanism. a) Mechanism of action of 

147- the compound is oxidized and tautomerizes to the active electrophilic species, which is 
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available for covalent modification by sulfhydryl groups on free cysteine residues of proteins. b) 

Hypothesized mechanism of 263 effect, based on similarities between para-cresol moiety on 147 

and benzylidene hydrazine group on 263. c) Protein levels of virus-infected samples treated with 

DMSO, 263, and varying concentrations of beta-mercaptoethanol. Representative western blot is 

shown in Figure S10. d) Absolute titers of virus-infected samples treated with DMSO, 263, and 

varying concentrations of beta-mercaptoethanol. e) Protein levels of virus-infected cells treated 

with DMSO, 263, and resveratrol. Representative western blot is shown in Figure S10. f) Absolute 

titers of virus-infected samples treated with DMSO, 263, and resveratrol. 

 

reproducibly blocked the effects of the molecule and a significant recovery in virus titer was 

observed. In experiments with 263, results were less consistent, but viral titer was generally not 

significantly different from either the untreated or treated samples (the exception being at 48 hpi, 

where viral titer in the co-treated sample was still significantly lower than the untreated sample) 

(Figure 4.5e-f, Figure A4.10). No changes in cell viability were observed on co-treatment of 263 

with either of the aforementioned compounds (Figure A4.9). 

 

4.2.4 Compound 263 is effective against several flaviviruses  

It is hypothesized that host-centered antivirals often possess broad activity against related 

viruses. We therefore tested 263 across a larger panel of flaviviruses. Studies until this point were 

conducted with DENV2 strain 16681, a Thailand isolate, in Huh7 cells. Experiments with DENV3 

strain Philippines/H87/1956 and DENV4 strain H241 in Huh7 showed similar effects. Titer 

reduction 24 hours post infection was consistently around 90% (Figure 4.6a-b). To show 

effectiveness against multiple flaviviruses, we tried using 263 against two different strains of Zika 

virus; strain MR766, isolated in the 1950s, and strain PRVABC59, from the recent 2015 outbreak 

in Puerto Rico. Again, the molecule displayed effectiveness at reducing viral titers >90% 24 hours 

post-infection (Figure 4.6c-d), and these same effects were seen at the protein level (Figure 

S4.11).  
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Figure 4.6. 263 is effective against multiple DENV and ZIKV strains. a) Absolute titers of 

DENV serotype 3 strain Philippines/H87/1956 samples treated with DMSO or 263. b) Absolute 

titers of DENV serotype 4 strain H241 samples treated with DMSO or 263. c) Absolute titers of 

ZIKV strain MR766 samples treated with DMSO or 263. d) Absolute titers of ZIKV strain 

PRVABC59 treated with DMSO or 263. 

 

4.3 Discussion 

The COVID-19 pandemic has highlighted the need for the development of new, effective, antiviral 

therapies. Ideally, therapies developed for existing virus strains could be applied to future viruses 

or outbreaks as well. The development of host-centered antivirals, which would target cellular 

protein factors required for virus propagation, is an attractive strategy for this purpose, and 

additionally would likely have the advantage of avoiding the development of resistant viral strains 

by targeting proteins outside the genetic control of the virus. Our work focuses on utilizing 

pharmacologic modulators of the human ER proteostasis network to identify protein folding factors 

required for the replication of multiple viruses. Previously, we showed that 147, a proteostasis 

regulator effective at reducing secretion of amyloidogenic proteins and preventing cardiac 
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damage in mouse models of ischemia/reperfusion, also served as an effective antiviral against 

both dengue and Zika virus 33,34. Here, we explore the antiviral activity of compound 263, a 

molecule structurally related to 147 and shown to have some of the same phenotypic effects with 

regards to proteostasis regulation35. We thus sought to test a) if 263 would possess similar 

antiviral effects, and b) if the effects were a result of similar mechanisms and targeting.  

Treatment of DENV-infected cells with 263 produced generally similar effects to what was seen 

with 147. With an EC50 of approximately 2.5 µM, the molecule was up to 90% effective at reducing 

viral titers 24 hours post-infection. While the magnitude of inhibition was greatest for infectious 

titers, we also observed a ~50% reduction in intracellular viral RNA and protein levels at the same 

timepoint. Believing that this pointed to 263 causing a defect in viral assembly or secretion, we 

measured the total extracellular protein content in DMSO vs. 263 treated cells and showed that 

the overall amount of viral protein secreted decreases, largely matching the percentage reduction 

seen in the extracellular viral titers. This indicates that the reduction in titer can be completely 

explained by a reduction in secretion of viral proteins, rather than secretion of incorrectly folded 

or otherwise aberrant protein species. Further studies may be done to highlight where specifically 

in the packaging and assembly process the molecule is exerting an effect. 

Believing that the structural similarities between the two molecules would be enough to direct the 

targeting in similar directions, we utilized an alkyne-labeled variant of 147 in competition with 

either 263 or the true parent compound 147 to investigate which 147-20 targets were competed 

off by an excess of either compound. While not a true target ID scheme for 263, we believed this 

would give us information on how similar the targeting of the two compounds was. Surprisingly, 

the overlap was very small. The competition experiment with 147 led expectedly to the ID of 

protein disulfide isomerases; none of these proteins were among the most competed off by 263. 

The most prominent taret for each molecule was ALDH1A1. We previously showed that shRNA 

knockdown of ALDH1A1 was not sufficient to mimic 147 treatment in Huh7 cells, and here show 

that these cells also retain 263 sensitivity. However, previous research shows that benzylidine 



111 
 

hydrazines (otherwise called hydrazones) do possess the potential to be oxidized; one study 

outlined the ability of these molecules to scavenge free radicals42. An additional study showed 

that an aldehyde dehydrogenase was one of the enzymes found in yeast responsible for 

metabolism of these compounds43. This could indicate another member of the ALDH family is 

responsible for the antiviral activity, or otherwise for metabolism of the compounds in liver cells, 

where dehydrogenase enzymes are highly expressed44. Other commonly labeled targets for 263 

and 147 were HMG-CoA reductase (HMGCS1) and constitutive heme oxygenase 2 (HMOX2). 

The role of cholesterol biosynthesis or oxidative stress in DENV propagationcould be further 

studied.  

Considering that the covalent targets were different between the two molecules, we investigated 

whether the molecular mechanism of 263 was similar to that of 147. 147 requires P450 oxidation 

to form the active quinone methide, at which point free thiols are covalently modified after binding 

the electrophilic functional group. We blocked P450 oxidation with resveratrol and intercepted the 

nucleophilic attack step with beta-mercaptoethanol. These same experiments with 263 did not 

attenuate the antiviral effects, indicating that the molecule works by a completely different 

mechanism, and does not require covalent modification of cysteine residues on protein targets. 

Considering this fact, the mechanism by which 263 appeared to compete for binding with 147-20 

targets raises questions about how these two molecules bind some of the same proteins (or at 

the very least, ALDH1A1). While outside the scope of this study, this may suggest the benzylidene 

hydrazine is somewhat relevant for non-antiviral functions of the molecule, or, as suggested, 

targets of 147 may be responsible for metabolism of 263.  

Finally, we tested 263 across a panel of flaviviruses. Consistent with our expectation that a host-

centered antiviral agents should have broad spectrum activity against multiple viruses, the 

compound exerted similar effects against two strains of Zika, and three serotypes of DENV 

(DENV2, DENV3, DENV4). This continues to highlight the potential of protein folding modulators 

as potential anti-flavivirus drugs, a model pathway being increasingly explored.  
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4.4 Materials and methods 

Cell culture  

Huh7 and Vero cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with high 

glucose and supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% 

glutamine. Cells were kept at 37°C, 5% CO2.  

Virus infections  

For flavivirus infection of cell lines, media was removed from cells and virus was added at MOI 3 

for 3 hours (DENV) or MOI 0.5 for 1 hour (ZIKV), unless otherwise noted.  

Inoculum was removed, cells were washed, and media containing chemical treatments or DMSO 

was added for the remainder of the experiment. 

Virus maintenance 

DENV: DENV2 strain 16681 was generated from a cDNA clone in PD2/ic-30p from Dr. Claire 

Huang at the United States Centers for Disease Control. DENV3 and DENV4 were obtained from 

BEI resources. For passaging, Vero cells were infected at an MOI of 0.1 in DMEM supplemented 

with 1% penicillin/streptomycin, 1% glutamine, and 2% fetal bovine serum. Two days post-

infection, culture supernatant was harvested and cell debris was pelleted at 4000xg for 10 

minutes. Cleared media was frozen as 1-1.5mL aliquots at -80°C. 

ZIKV: ZIKV MR766 and ZIKV PRVABC59 were obtained from ATCC. For passaging, Vero cells 

were infected at an MOI of 0.05 in DMEM supplemented with 1% penicillin/streptomycin, 1% 

glutamine, and 2% fetal bovine serum. Two days post-infection, culture supernatant was 

harvested and cell debris was pelleted at 4000xg for 10 minutes. Cleared media was frozen as 1-

1.5mL aliquots at -80°C. 

Lentivirus: A 3rd generation lentivirus system was used for production. Packaging plasmids were 

a combination of 3 shRNAs for ALDH1A1 knockdown, or a mitochondrial GFP as a mock control. 

Packaging plasmids and structural plasmids Rev, RRE, and VSVG were cotransfected into 

HEK293T cells using a calcium phosphate method. Media was changed 20 hours post-
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transfection, and supernatant containing lentivirus was collected 48 hours after changing media. 

Lentivirus-containing media was cleared for 10 minutes at 4000xg, and sterile filtered using a 0.45 

micron syringe filter. Lentiviruses were transduced onto Huh7 cells in media containing 4 µg/mL 

final concentration polybrene. Selection began 1 day post-transduction under 5 µg/mL puromycin 

and proceeded for one week before knockdown was confirmed by western blot. 

Flavivirus quantification by focus forming assay 

Confluent Vero cells in 96 well plates were inoculated with serial dilutions (10-fold) of DENV or 

ZIKV in BA-1 diluent (M199 media, 5% bovine serum albumin, 1x 

glutamine/penicillin/streptomycin, 0.04% sodium bicarbonate, 50 mM Tris) for 2 hours. 110 L of a 

1:1 mixture of nutrient overlay (2x Earle’s Balanced Salt Solution, 2x Ye-Lah medium, 4% fetal 

bovine serum, 0.4% sodium bicarbonate, 0.1 mg/mL gentamycin, 0.5 mg/mL fungizone) and 2.4% 

methycellulose in water. After 2 days (ZIKV, DENV3, DENV4) or 3 days (DENV2), overlay was 

removed and cells were fixed with ice cold 85% acetone for 30 minutes. Foci were stained with a 

primary pan-flavivirus antibody (clone 4G2, 1:1000 in 5% BSA) followed by a secondary HRP-

conjugated antibody (1:1000 in 5% milk, TBST), and visualized using a solution of 8 mg/mL 3-

amino-9-ethylcarbazole in 50 mM sodium acetate with 0.00012% hydrogen peroxide for 15-45 

minutes until foci were visible. 

SDS-PAGE gels and immunoblotting 

Cell pellets were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton-

X100, 0.5% sodium deoxycholate) supplemented with Roche cOmplete protease inhibitor. Cells 

were left on ice for 10 minutes, and lysate was cleared at 21.1xg for 20 minutes. Cleared lysate 

concentrations were normalized using Bio-Rad Protein Assay Dye, and normalized gel samples 

were separated by SDS-PAGE gel at 175V. Gels were transferred to PVDF membranes using 

mixed molecular weight settings on the TransBlot Turbo. Antibodies used are listed in Table A4.1. 

Quantitative Polymerase Chain Reaction (qPCR) 
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RNA was isolated from cell samples or purified virus using the Zymo Quick RNA miniprep kit. 

cDNA was synthesized from 500ng cellular RNA or the maximum allowed purified virus RNA 

using random hexamer and oligo-dT primers from IDT and Promega M-MLV reverse 

transcriptase. Primers specific to DENV NS5 and GAPDH are listed in Table S1, and reactions 

were performed using BioRad iTaq Universal SYBR green supermix on a BioRad CFX qPCR 

instrument. Conditions used for amplification were 95°C, 2 minutes for initial denaturation followed 

by 45 cycles of 95°C/10s and 60°C/30s. A melting curve was generated in 0.5°C intervals from 

65°C to 95°C. Cq values were generated by the BioRad CFX Maestro software. For cellular RNA, 

ΔΔCq values were calculated after normalization of samples to GAPDH expression. For purified 

virus RNA, ΔCq values were calculated. 

Cell viability assays 

Cell viability was determined using the Cell Titer Glo reagent from Promega. Huh7 cells were 

seeded into 96 well plates and treated with 100x dilutions of compound in culture media. 16 hours 

after treatment, media was removed, and cells were infected as noted earlier. Media was replaced 

24 hours post infection, and 100 µL prepared Cell Titer Glo reagent was added. Luminescence 

was measured on a Synergy HT plate reader. 

Enrichment/competition of covalent protein targets with 147-20 

Huh7 cells were treated with DMSO, 3 µM 147-20, 3 µM 147-20 and 9 µM 147, or 3 µM 147-20 

and 9 µM 263. Cells were harvested 24 hours post-treatment and lysed as indicated above. 

Lysates were normalized to 1 mg/mL for click reactions. Click reactions contained lysate, 100 µM 

TAMRA desthiobiotin azide, 1.6mM BTTAA, 0.8mM copper sulfate (all purchased from Click 

Chemistry Tools), and 5mM sodium ascorbate and were run for 1 hour at 37°C under vigorous 

shaking. For detection, samples were prepared for and run on SDS-PAGE gels as described 

above. For enrichment, excess reagent was removed by chloroform/methanol/water precipitation 

(1:3:1) and protein pellets were washed with methanol before resuspension in 6M urea in 1% 

SDS. Samples were diluted in PBS and added to pre-washed streptavidin agarose beads. 
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Pulldowns were rotated for 1 hour at room temperature. Supernatants were removed and beads 

were washed 6x in PBS with 1% SDS. Bound proteins were eluted in 2 rounds of 50 mM biotin, 

pH 7.2 in 1% SDS in PBS for 10 minutes each. 

Mass Spectrometry (MS) Sample Preparation 

Samples from pulldowns were directly precipitated using chloroform/methanol/water (1:3:1) and 

protein pellets were washed twice in methanol. Dried samples were resuspended in 1% Rapigest 

(Waters). Proteins were reduced with 5mM TCEP in 0.5M HEPES, then alkylated with 10mM 

iodoacetamide. Proteins were digested overnight at 37°C with 0.5µg sequencing-grade trypsin 

(Thermo Scientific) while shaking. Peptides were labeled for 1 hour at room temperature with 

TMTpro reagents (Thermo Scientific) in 40% acetonitrile. Reactions were quenched for 1 hour 

with the addition of 0.4% ammonium bicarbonate. Samples were combined, acidified to pH 2 

using approximately 5% formic acid. Collected samples were acidified using a SpeedVac and 

resuspended in 95% water/5% acetonitrile/0.1% formic acid and pH adjusted to 2 if necessary. 

Rapigest cleavage products were pelleted by centrifugation at 18,800xg for 45 minutes. 

MS Data Acquisition  

1/2 to 1/3 of each pulldown was loaded onto a triphasic column 1.5cm layers of 5 µm 100Å C18 

resin, Luna 5 µm 100 Å strong cation exchange resin (both from Phenomenex), and a second 

layer of C18 resin using a high-pressure chamber. Loaded columns were washed in 95% 

water/5% acetonitrile/0.1% formic acid (buffer A) for 30 minutes prior to attachment to an Ultimate 

3000 nano liquid chromatography system connected to a 20cm, 100µm inner diameter fused-

silica microcapillary column with a laser-pulled tip filled with 3µM 100 Å C18 resin (Phenomenex). 

Data acquisition was carried out on a Thermo Exploris 480 instrument using multidimensional 

peptide identification technology (MuDPIT). Separation was performed using sequential 10µL 

injections of 0, 10, 20, 40, 60, 80, and 100% buffer C (500mM ammonium acetate, diluted in buffer 

A) followed by an injection of 90% buffer C/10% buffer A (100% acetonitrile/0,1% formic acid). 

Separation occurred over a 90 minute gradient from 4-40% buffer B, followed by a 5 minute 
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gradient of 40-80% buffer B. Electrospray ionization was performed from the tip of the 

microcapillary at 2.2kV with an ion transfer tube of 275°C. Data-dependent spectra were collected 

with a  full scan from 375-1500 m/z at an orbitrap resolution of 120k and an AGC target of 100%. 

Tandem mass spectra were collected using a TopSpeed (3s) method from each full scan 

(dynamic exclusion 10s) using a HCD normalized collision energy of 36%, an isolation window of 

0.4 m/z, an AGC target of 200%, a resolution of 30k with TurboTMT, and a fixed first mass of 110 

m/z. 

MS Data Analysis 

Protein/peptide identification and reporter ion quantification were performed using Proteome 

Discoverer 2.4. Searches were carried out with SEQUEST using a SwissProt human proteome 

database (ID=9606) with DENV proteins added manually. The following parameters were used: 

20ppm precursor mass tolerance, peptide length 6-144 amino acids, trypsin cleavage with a 

maximum of 2 missed cleavage points, static modifications of carbamidomethylation at C 

(+57.0215Da) and TMTpro at N-termini and K (+304.207Da), dynamic modification of oxidation 

at M (+15.995Da). Search results were filtered using Percolator with a false discovery rate of 0.01 

(strict) and 0.05 (relaxed). A minimum of 2 peptides were required for protein ID. For 

quantification, unique and razor peptides were used and a co-isolation threshold of 50% was 

used. TMT intensities were not normalized prior to abundance ratio calculations. Intensities for 

individual proteins were calculated by summing the intensities of individual peptides. Fold 

enrichment is expressed as the log2 fold change of the abundance ratios between the pulldown 

and competition samples for the 147 and 263 competitions respectively. 

Concentration and purification of flavivirus media 

Virus was purified as previously described 27,45. Briefly, virus-containing media was layered on 

20% w/v sucrose and spun for 3 hours at 4°C, 167000xg. Media and sucrose layers were 

removed, virus pellet was air-dried and resuspended in 5 mM HEPES, pH 7.9. 
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CHAPTER 5: Comparative multiplexed interactomics of SARS-CoV-2 and homologous 

coronavirus nonstructural proteins identifies unique and shared host-cell dependencies 

 

This chapter is adapted, with permission from journal and co-authors, from Davies, J.P.*, Almasy, 

K.M.*, McDonald, E.F., and Plate L., ACS Infectious Diseases, 2020, 6(12), 3174-3189. 

*authors contributed equally 

 

5.1 Introduction 

Coronaviruses (CoVs) are positive single-stranded RNA viruses capable of causing human 

disease with a range of severity. While some strains, such as endemic hCoV-OC43, cause milder 

common-cold like symptoms, other strains are associated with more severe pathogenesis and 

higher lethality, including SARS-CoV-1 (emerged in 2002), MERS-CoV (in 2012), and most 

recently SARS-CoV-2, the causative agent of COVID-191,2. Despite the relevance of CoVs for 

human health, our understanding of the factors governing their divergent pathogenicity remains 

incomplete. Pathogenicity may be mediated by a variety of factors, including different specificities 

and affinity for different cell surface receptors such as angiotensin-converting enzyme 2 (ACE2) 

for SARS-CoV-1 and SARS-CoV-21,3 or 9-O-acetylated sialic acid for hCoV-OC434. CoV strains 

also engage a variety of host immune processes in infected cells. Pathogenic strains more 

strongly interfere with interferon I signaling4,5 and induce apoptosis and pyroptosis6–9. Ensembles 

of virus-host protein-protein interactions (PPIs) orchestrate the reprogramming of these 

processes during infection.  

Coronaviruses possess the largest known RNA viral genomes, approximately 30kbp in length. 

The 5’ 20 kb region of the genome encodes for two open reading frames (orf1a/1ab) that produce 

16 non-structural proteins (nsp1-nsp16) needed to form the viral replication complex, while the 3’ 

proximal region encodes for the structural proteins and several accessory factors with varying 

roles (Figure 5.1A). Previous protein-protein interaction studies of individual CoV proteins have 
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shed light on their functions in the infected host cells and putative roles during pathogenesis. 

Yeast-two hybrid studies of coronavirus proteins have identified intraviral interactions10 and 

interactions between nsp1 and immunophilins11, and a proximity-labeling approach was used to 

determine host proteins concentrated in sites of replication12.  

Affinity purification-mass spectrometry (AP-MS) is a powerful tool to study virus-host interactions 

and has been used extensively to examine how viruses reorganize host cells13–16. A prior AP-MS 

study of SARS-CoV-1 nsp2 identified multiple host interactors including prohibitin 1/2 (PHB1/2)17. 

Most notably, Gordon et al.  recently profiled host interactors for 26 SARS-CoV-2 proteins18. While 

these studies enabled important insight on individual viral protein functions, they focused on single 

CoV strains, limiting direct cross-strain comparisons. 

Here, we sought to profile and compare the host interaction profiles of nsps from multiple hCoVs, 

namely hCoV-OC43, SARS-CoV-1, and SARS-CoV-2. Through comparative interactomics, we 

identify both conserved and unique interactors across various strains. Notably, quantitative 

analysis of interaction enrichment enables nuanced differentiation between shared interactions 

for each coronavirus protein. Through this approach we discovered both conserved and novel 

functions of viral proteins and the pathways by which they manipulate cellular processes. 

Comparisons across strains may also provide clues into the evolutionary arms race between virus 

and host proteins to hijack or protect protein-protein interfaces19. Additionally, identified host 

dependencies can potentially be exploited as targets for host-directed antiviral therapeutics.  

In particular, we focus on the host interactors of nsp2 and nsp4. Nsp2 has been suggested to play 

a role in modifying the host cell environment, although its precise function remains unknown17. 

Nsp2 is dispensable for infection in SARS-CoV-1 20 and has pronounced amino acid sequence 

differences across coronavirus strains (Figure 5.1B, Figure A5.1A). Additionally, early sequence 

analysis of SARS-CoV-2 identified regions of positive selection pressure in nsp221. Given the 

variability of sequence across strains and the ambiguous function, a comparison of interaction 

profiles across strains can yield insights into the role of nsp2. In contrast, the role of nsp4, a 
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transmembrane glycoprotein, is better defined, most notably in formation of the double-membrane 

vesicles associated with replication complexes22,23. Unlike nsp2, nsp4 has a high degree of 

sequence similarity across human coronavirus strains (Figure 5.1B, Figure A5.1B).  

In this study, we use affinity purification-proteomics to identify interactors of nsp2 from two human 

coronaviruses (SARS-CoV-1 and SARS-CoV-2) and interactors of nsp4 from three strains (OC43, 

SARS-CoV-1, and SARS-CoV-2). Quantitative comparative analysis of nsp2 interactors identifies 

common protein binding partners, including the ERLIN1/2 complex and prohibitin complex 

involved in regulation of mitochondrial function and calcium flux at ER-mitochondrial contact sites. 

We also identify overlapping nsp4 interactors, including N-linked glycosylation machinery, UPR 

associated factors, and anti-viral innate immune signaling proteins. Unique interactors of different 

nsp4 homologs include E3 ubiquitin ligase complexes for SARS-CoV-1, and ER homeostasis 

factors for SARS-CoV-2. In particular, we found nsp2 and nsp4 interactors are strongly enriched 

for mitochondria-associated ER membranes (MAM) factors, suggesting a potential mechanism to 

affect calcium homeostasis and other host processes at these organelle contact sites. 

 

5.2 Results 

5.2.1 Design and validation of expression of CoV nsp2 and nsp4 constructs for affinity 

purification 

The two main open reading frames of the CoV viral genome, orf1a and orf1ab, encode for 16 non-

structural proteins which perform a variety of tasks during the infection cycle (Figure 5.1A). We 

focus our analysis on two of these proteins, nsp2 and nsp4. Nsp2 is a less functionally-well 

understood protein with less than 70% amino acid sequence identity between the SARS-CoV-1 

and SARS-CoV-2 homologs (Figure 5.1B, Figure A5.1A). Nsp4 is a component of the CoV 

replication complex that is 80% identical between SARS strains, but only 42% between SARS 

and OC43 strains, a less clinically severe human CoV (Figure 5.1B, Figure A5.1B).  
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Figure 5.1. Design and validation of expression of CoV nsp2 and nsp4 constructs for 

affinity purification.  

(A) Schematic of SARS-CoV-2 genome organization.  

(B) Amino acid sequence identity and similarity (in parentheses) for comparisons of nsp2 and 

nsp4 homologs. Sequence alignments are shown in Figure S1A-B. 

(C) Nsp2 and nsp4 FLAG-tagged construct designs. Nsp2 constructs contain an N-terminal 

FLAG-tag. Nsp4 constructs contain a 19 amino acid leader sequence from nsp3 at the N-

terminus, including the PL2pro cleavage site, along with a C-terminal FLAG-tag.  

(D-E) Western blot of nsp2 and nsp4 homologs expressed in HEK293T cells. Cells were 

transiently transfected with FLAG-nsp2 (D) or nsp4-FLAG (E). Proteins were detected using 

an anti-FLAG antibody.  

 

To compare the virus-host protein-protein interactions of nsp2 and nsp4 across multiple CoV 

strains, we designed FLAG-tagged expression constructs for affinity purification (Figure 5.1C).  

SARS-CoV-1 and SARS-CoV-2 nsp2 constructs contain an N-terminal FLAG-tag, while the 

SARS-CoV-1, SARS-CoV-2, and OC43 nsp4 constructs contain a C-terminal FLAG-tag. In 

addition, nsp4 constructs contain a 19 amino acid leader sequence corresponding to the C-
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terminus of nsp3, which includes the nsp3-PL2pro cleavage site necessary for proper nsp4 

translocation into the ER membrane as has been shown previously24,25. Improper membrane 

insertion would likely alter the observed interactome as compared to the native state. 

Protein constructs were transiently transfected into HEK293T cells and proteins were detected by 

immunoblotting for the FLAG-tag. While HEK293T cells are not representative of the primary 

physiological target tissue, these cells are permissive to infection, and were able to recapitulate 

strong interactors expected in lung tissue in a prior SARS-CoV-2 interactome study18. The nsp2 

constructs were detectable as a single protein band at the expected molecular weight (Figure 

5.1D), while nsp4 constructs displayed two distinct bands at a lower size than its expected 

molecular weight (Figure 5.1E). This lower apparent molecular weight was previously reported 

and the different bands likely correspond to different glycosylation states18. To ensure nsp4 is 

expressed fully and the detected products do not correspond to a truncated protein, we 

immunopurified the protein using FLAG-agarose beads and analyzed the purified protein by LC-

MS. We detected peptide fragments spanning the N- and C-termini with overall sequence 

coverage of up to 62% (Figure A5.1C-E) confirming expression of the full proteins. 

 

5.2.2 Affinity purification-mass spectrometry identifies nsp2 interactors 

To identify host cell interaction partners of the distinct CoV non-structural proteins, we employed 

an affinity purification-mass spectrometry workflow (Figure 5.2A). The protein constructs were 

expressed in HEK293T cells, gently lysed in mild detergent buffer, and co-immunopurified from 

whole cell lysates using anti-FLAG agarose beads. Virus-host protein complexes were then 

reduced, alkylated, and trypsin digested. Importantly, we used tandem mass tag (TMT)-based 

multiplexing using TMTpro 16plex or TMT11plex for relative quantification of protein abundances. 

For this purpose, 4–6 co-immunoprecipitation (Co-IP) replicates for respective nsp2 homologs 

were pooled into a single MS run. Co-IPs from mock GFP transfected cells were included to 

differentiate non-specific background proteins (Figure 5.2B). Overall, the data set included three 



126 
 

individual MS runs containing 34 co-IP (SARS-CoV-2 n = 13; SARS-CoV-1 n = 9; GFP (mock) n 

= 12) (Figure A5.2A). 

We first determined interactors of the individual nsp2 homologs by comparing the log-transformed 

TMT intensity differences for prey proteins between bait and GFP samples (Figure 5.2C-D). We  

optimized variable cutoffs for high- and medium-confidence interactors based on their magnitude 

of enrichment compared to the GFP samples and confidence as defined by adjusted p-values 

(Figure 5.2C-D, Figure A5.2B-C). Using the most stringent cutoff, we identified 6 and 11 high-

confidence interactors for SARS-CoV-2 and SARS-CoV-1 nsp2 respectively (Figure 5.2C-D). 

Including medium-confidence interactors, we identified 20 nsp2 interactors for each homolog, 

including four overlapping proteins, ERLIN1, ERLIN2, RNF170, and TMEM199 (Figure 5.2E).  

Gene enrichment analysis shows nsp2 interactors are involved in a number of host cell processes, 

including metabolic processing and transport (Figure A5.3A). A number of these interactors are 

membrane-associated proteins in the ER and nucleus (Figure A5.3B). Detailed comparisons of 

gene set enrichments for individual nsp2 homologs revealed several pathways preferentially 

enriched for SARS-CoV-1, such as mitochondrial calcium ion transport, protein deacetylation, and 

negative regulation of gene expression (Figure A5.3C). We confirmed by immunofluorescence 

that SARS-CoV-1 and SARS-CoV-2 nsp2 are largely localized perinuclear and co-localize 

partially with the ER marker PDIA4 (Figure A5.3D). 

To validate our findings, we cross referenced our data set with previous coronavirus interactomics 

studies. A prior study of SARS-CoV-1 nsp2 identified 11 host interactors, five of which overlap 

with our SARS-CoV-1 list, including GIGYF2, PHB, PHB2, STOML2, and EIF4E217. We also cross 

referenced our interactors with a recently published SARS-CoV-2 interactomics data set18. 

Interestingly, we identified 18 new interactors, though several of these share secondary 

interactions with the proteins identified by Gordon et al. (Figure A5.4). In addition, we cross 

referenced our host interactor data set with tissue- and cell line-specific protein expression data  
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Figure 5.2.  Affinity purification-mass spectrometry identifies nsp2 interactors. 

(A) General AP-MS workflow to quantitatively determine interactors of viral nsp homolog. 

HEK293T cells are transfected with FLAG-tagged expression constructs of nsps as bait or 

GFP (mock) and lysed. Bait proteins are immunoprecipitated (IP) along with interacting 

proteins, reduced, alkylated, and tryptic digested. Peptides are then tandem-mass tag (TMT) 

labeled, pooled, and analyzed by LC-MS/MS for identification and quantification. 

(B) Data processing workflow. Peptide spectra are identified and matched to corresponding 

proteins (SEQUEST HT), then quantified based on TMT reporter ion intensity (Proteome 

Discoverer 2.4). High confidence interactors are filtered by comparing bait vs control. 

Interaction ratios between bait homologs are determined (log2 fold change) and adjusted p-

value calculated using ANOVA. 

(C-D) Volcano plot of SARS-CoV-2 nsp2 (C) and SARS-CoV-1 nsp2 (D) datasets to identify 

medium- and high-confidence interactors. Plotted are log2 TMT intensity fold changes for 

proteins between nsp2 bait channels and GFP mock transfections versus -log10 adjusted p-

values. Curves for the variable cutoffs used to define high-confidence (red) or medium 

confidence (blue) interactors are shown. 1 = 0.5 for (C), 1 = 0.43 for (D). 

(E) Venn diagram comparing high-confidence interactors between nsp2 homologs. Sixteen 

unique proteins were identified each, while four proteins overlapped both data sets (listed in 

adjacent table). 

 

sets to determine interactor expression levels in tissues associated with primary infection (Figure 

A5.5)26–28. We find that expression of identified interactors is enriched in lung and upper  

aerodigestive tissues in multiple proteomics datasets, confirming the relevance of these factors 

to coronavirus tropism.  

 

5.2.3 Quantitative comparison of SARS-CoV-1 and SARS-CoV-2 interactors 

Apart from determining nsp2 host cell interactors, we sought to understand to what degree 

interactions vary between SARS-CoV-1 and SARS-CoV-2. Our multiplexed analysis enabled 

direct comparison of TMT intensities between the SARS-CoV-1 and SARS-CoV-2 nsp2 Co-IPs 

(Figure 5.3A). We validated that nsp2 bait levels are largely invariable across the replicates, 

enabling the direct comparison of prey protein intensities (Figure A5.2D).  We find a subset of 

interactors are clearly enriched for SARS-CoV-1, including GIGYF2, HDAC8, EIF432, and PHB2 

(Figure 5.3A). In contrast, several other interactors are enriched more strongly for SARS-CoV-2, 

for instance FOXK1 and NR2F2.  
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We performed unbiased hierarchical clustering of the enrichment intensities to group the nsp2 

interactors in an unbiased way. This analysis yielded four distinct clusters. Clusters 1 and 2 

contained shared interactors between SARS-CoV-1 and SARS-CoV-2 nsp2. On the other hand, 

clusters 3 and cluster 4 contained proteins that bound exclusively to either SARS-CoV-2 or SARS-

CoV-1, respectively (Figure 5.3B). To better visualize the relationship between shared and  

unique nsp2 interactors, we constructed a network plot (Figure 5.3C). We also included 

experimentally validated secondary interactions from the STRING database to group shared and 

unique interactors into functionally relevant subclusters.  

Several of these subclusters are shared between SARS-CoV-1 and SARS-CoV-2 nsp2, for 

instance one including STOML2, PHB, PHB2, VDAC2. These proteins were previously shown to 

interact and upregulate formation of metabolically active mitochondrial membranes29. Another 

subcluster involves ERLIN1, ERLIN2, and RNF170, which form a known complex regulating 

ubiquitination and degradation of inositol 1,4,5-triphosphate receptors (IP3Rs), which in turn are 

channels regulating Ca2+ signaling from the ER to the mitochondria. Consistent with this, we 

detect mitochondrial calcium ion transmembrane transport as one of the unique biological 

processes associated with SARS-CoV-1 nsp2, but not SARS-CoV-2 (Figure A5.3C). 

Interestingly, ERLIN1 and ERLIN2 show stronger interactions with SARS-CoV-1 nsp2 than with 

SARS-CoV-2, indicating some strain-specific preference, which was confirmed by western blot 

analysis of homolog co-IPs (Figure A5.6A). Additional shared interactors include a subunit of the 

vacuolar ATPase (ATP6AP1) and a regulatory protein (TMEM199), supporting a common role for 

nsp2 to influence lysosomal processes. Finally, we observe one cytosolic and one ER-resident 

Hsp70 chaperone (HSPA8, HSPA5) as shared interactors, highlighting their role in nsp2 folding 

and biogenesis. Unique SARS-CoV-2 interactors include FOXK1 and NR2F2, both of which are 

anti-viral transcription factors induced in response to other viruses30,31. We also observe an 

exonuclease regulator of endosomal nucleic acid sensing (PLD3)32, a transcription factor 

associated with the influenza humoral response (MAZ)33,34, and a DNA-binding protein implicated  
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Figure 5.3. Quantitative comparison of SARS-CoV-1 and SARS-CoV-2 nsp2 interactors.  

(A) Volcano plot comparing interactions between nsp2 homolog from SARS-CoV-1 and 

SARS-CoV-2. Only high- and medium confidence interactors of nsp2 are shown. Highlighted 

proteins meet the filter criteria of adjusted p-value <0.05 and | log2 fold change | >1.  

(B) Heatmap comparing the enrichment of SARS-CoV-1 and SARS-CoV-2 nsp2 interactors 

compared to GFP control. log2 fold change is color-coded and centered by row (blue low, 

yellow high enrichment). Hierarchical clustering using Ward’s method shown on the left was 

carried out on euclidean distances of log2 fold changes scaled by row. Clusters 1 and 2 

corresponds to shared interactors of SARS-CoV-1 and -2 nsp2, while cluster 3 and 4 for are 

unique interactors for SARS-CoV-2 and SARS-CoV-1 nsp2, respectively. 

(C) Protein-protein interaction (PPI) network map of nsp2 homologs. Blue lines indicate viral-

host PPIs, where line width corresponds to fold enrichment compared to the GFP control. 

Grey lines indicate annotated host-host PPIs in STRING (score >0.75). Groups of interactors 

with a common functional role are highlighted. 

 

in B cell class switching (KIN or KIN17)35.  In contrast, the list of unique SARS-CoV-1 interactors 

includes components of the 4EFP-GYF2 translation repression complex (GYGYF2, EIF4E2), 

lysosomal ion channels involved in chloride/proton ion exchange (CLCN7, OSTM1), and the  

cytosolic histone deacetylase 6 (HDAC6). While SARS-CoV-1 interactors GIGYF2 and EIF4E2 

were also identified in the recent SARS-CoV-2 nsp2 dataset18, it is clear from our quantitative 

comparison that enrichment of this complex with SARS-CoV-2 nsp2 is much weaker than with 

SARS-CoV-1 nsp2. 

 

5.2.4 Comparative profiling of CoV nsp4 interactions 

We extended our comparative analysis of host cell interactors to another CoV non-structural 

protein nsp4 involved in the replication complex. We applied the same AP-MS workflow used to 

identify nsp2 interactors (Figure 5.2A). In addition to SARS-CoV-1 and SARS-CoV-2 nsp4, we 

also included the hCoV-OC43 nsp4 construct. With this addition, we sought to probe the protein-

protein interactions that differentiate strains causing severe pathogenesis versus non-severe. To 

this end, four co-immunoprecipitation replicates of respective nsp4 homologs were pooled into a 

single MS run, along with mock GFP transfected cells to differentiate non-specific background 
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proteins (Figure 5.2B). The full data set included three individual MS runs, containing 40 Co-IPs 

(SARS-CoV-2 n = 12; SARS-CoV-1 n = 8; OC43 = 8; GFP (mock) n = 12) (Figure A5.7A). 

As previously described, we optimized variable cutoffs for high- and medium-confidence 

interactors based on their magnitude enrichment compared to GFP samples (Figure 5.4A, Figure 

A5.7B-C). We identified 29, 20, and 13 high-confidence interactors for SARS-CoV-2, SARS-CoV-

1, and OC43 respectively using the most stringent cutoff. Including medium-confidence 

interactors, we identified 86, 126, and 93 nsp4 interactors for SARS-CoV-2, SARS- 

CoV-1, and OC43 nsp4 homologs respectively. Comparisons of high-confidence interactors 

yielded 17 shared interactors between all strains (Figure 5.4B) or 30 medium-confidence shared 

interactions (Figure A5.7D).  

Similarly to our analysis of nsp2, we compared our data set with previously published nsp4 

interactomics data, including the recently published study of the SARS-CoV-2 interactome18, and 

find there is relatively little overlap between our identified SARS-CoV-2 nsp4 interactors and 

published nsp4 interactomics data (Figure A5.8). This discrepancy could be attributed to the nsp4 

constructs in our study including the N-terminal residues of nsp3, which were added to ensure 

proper localization and prevent the hydrophobic N-terminal region of nsp4 to serve as signal 

sequence24. For further validation, we determined interactor expression levels in human tissues 

and find interactors are enriched in tissues relevant to coronavirus tropism (Figure A5.5)26–28.  

Analysis of GO-terms associated with the nsp4 interactors showed multiple enriched biological 

processes, such as cell organization and biogenesis, transport, and metabolic processes 

(Figure A5.9A). Interestingly, several shared SARS nsp4 interactors are associated with cell 

death, cellular communication, and cell differentiation. Shared interactors of all three strains are 

predominantly ER-membrane associated proteins, while many SARS-CoV-1 and OC43 specific 

interactors are annotated as nuclear-localized (Figure A5.9B). Comparisons of gene set 

enrichment analysis between strains indicate the ERAD pathway is significantly enriched for   

in STRING (score >0.75). Groups of interactors with a common functional role are highlighted. 
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Figure 5.4. Comparative profiling of nsp4 interactions. 

(A) Volcano plot of the SARS-CoV-2 nsp4 datasets to identify medium- and high-confidence 

interactors. Plotted are log2 TMT intensity differences for proteins between nsp4 bait channels 

and GFP mock transfections versus -log10 adjusted p-values. Curves for the variable cutoffs 

used to define high-confidence (red) or medium confidence (blue) interactors are shown. 1 = 

0.66. Equivalent volcano plot for SARS-CoV-1 and OC43 nsp4 are shown in Figure S5B-C. 

(B) Venn diagram of interactors from nsp4 homologs. Overlapping nsp4 interactors between all 

strains are listed in the adjacent table.  
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(C) Heatmap comparing the enrichment of interactors for the different nsp4 homologs. log2 fold 

change is color-coded and centered by row (blue low, yellow high enrichment). Hierarchical 

clustering using Ward’s method shown on the left was carried out on euclidean distances of 

log2 fold changes scaled by row. Clusters 1 corresponds to shared interactors of SARS-CoV-

1, -2, and OC43 nsp4. Cluster 2, and 4 contain unique interactors for OC43 and SARS-CoV-1 

nsp4, respectively, while cluster 3 contains shared interactors of SARS-CoV-1 and SARS-CoV-

2. 

(D) Protein-protein interaction (PPI) network map of interactors of nsp4 homolog. Blue lines 
indicate measured viral-host PPIs, where line width corresponds to fold enrichment compared 
to the GFP control. Grey lines indicate annotated host-host PPIs. 

 

SARS strains, most strongly for SARS-CoV-1 (Figure A5.9C). Ubiquitin-dependent protein 

catabolic processes and ER mannose trimming are also strongly enriched for SARS-CoV-1. In 

general, processes strongly enriched for SARS-CoV-1 are less enriched for SARS-CoV-2, and to 

an even lesser extend for OC43. 

Our multiplexed analysis of nsp4 homolog Co-IPs enabled direct comparison across strains 

(Figure A5.10A-C). We validated that nsp4 bait levels were mostly similar across replicates, 

allowing for direct comparison of bait protein intensities (Figure A5.10D). Unbiased hierarchical 

clustering of enrichment intensities to group nsp4 interactors yielded four distinct clusters. 

Clusters 1 contained common interactors of all nsp4 homologs (Figure 5.4C), while cluster 3 

contains shared interactors of SARS-CoV-2, SARS-CoV-1 nsp4 that displayed weaker 

enrichment with OC43. In contrast, cluster 2 and 4 contained unique interactors enriched for 

OC43 and SARS-CoV-1 nsp4, respectively. To visualize functionally relevant subclusters of 

shared and unique nsp4 interactors, we constructed a network plot, including high-confidence 

interactions (score >0.75) from the String database (Figure 5.4D). Inclusion of all median-

confidence interactors of the nsp4 homologs yielded a similar clustering and network organization 

(Figures A5.10E, A5.11). 

We identified several common interactors across all three nsp4 homologs. These include 

components of UPR signaling (TMEM33) and ER-phagy (CCPG1). We also identify RNF5, an 

ER-localized E3 ubiquitin ligase known to modulate anti-viral innate immune signaling36,37, and 
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VKORC1, which reduces Vitamin K, a key cofactor for several coagulation factor proteins38. Not 

surprisingly, given that nsp4 is a glycosylated protein, we also identify several members of the 

N-linked glycosylation machinery (STT3B, MAGT1, CANX, DDOST) (Figure 5.4D) in all three 

strains. 

We identified several shared interactors between SARS-CoV-1 and SARS-CoV-2 that were 

absent in OC43. These include the ERLIN1/2 complex, LONP1, HERPUD1, GET4, and BAG2, 

all of which are involved in a facet of ER homeostasis, proteostasis or trafficking (Figure 5.4D). 

We validated the interactions of nsp4 constructs with ERLIN2 and CANX by Co-IP, and confirmed 

that ERLIN2 enriches significantly more strongly with SARS-CoV-1 and -2 compared to OC43, 

while CANX interacts with all three homologs (Figure S6A). The ERLIN1/2 complex was also 

identified in the nsp2 data set (Figure 5.3B-C) and shows comparable enrichment values 

between SARS-CoV-1 and SARS-CoV-2. Interestingly, the other four overlapping interactors all 

exhibit increased enrichment for SARS-CoV-2 versus SARS-CoV-1. LONP1 is a mitochondrial 

peptidase responsible for removing the majority of damaged mitochondrial proteins via 

proteolysis. The unfolded protein response (UPR) induces HERPUD1 expression, which is 

involved in the ER-associated degradation pathway (ERAD) to maintain ER homeostasis 39. 

BAG2 serves as a co-chaperone for HSP70 chaperones, acting as a nucleotide exchange factor 

to regulate chaperone-client interactions through modulating HSP70 ATPase rates 40, while GET4 

is part of a complex driving trafficking of tail-anchored proteins to the ER 41.  

We observed shared interactors between OC43 and SARS-CoV-2, such as the N-glycosylation 

factor RFT1 42,43 and a sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA – 

ATP2A2)44. In addition, we identified shared interactors between OC43 and SARS-CoV-1, 

including a regulator of UPR-mediated apoptosis (WLS or GPR177)45, a member of the signal 

peptidase complex (SEC11A) 46, and factors involved in cholesterol synthesis (IDI1, DHCR7)47–

50. WLS, SEC11A, and DHRC7 exhibited higher enrichment for OC43, whereas IDI1 was more 
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greatly enriched for SARS-CoV-1. Consistent with this observation, we identified sterol metabolic 

process as one of the unique processes enriched for OC43 nsp4.  

In addition to shared interactors, we found several unique interactors for SARS-CoV-2, including 

the monoubiquitin-ribosomal fusion protein (RPS27A), a Golgi/ER-resident zinc receptor that has 

been shown to regulate TNF receptor trafficking and necroptosis (SLC39A7), and the ER-resident 

Hsp70 chaperone BiP (HSPA5). The latter two play distinct roles in regulating ER homeostasis 

and proteostasis. In contrast, only two unique OC43 nsp4 interactors were identified: a target of 

the NEDD8-Cullin E3 ligase pathway (MRFAP1)51 and FAM120A, an RNA-binding protein found 

to serve as a scaffolding protein for the IL13 signaling pathway (Figure A5.10B-C)52,53. Both of 

these proteins are localized to the nucleus (Figure A5.9B). Lastly, we identified a large cluster of 

unique SARS-CoV-1 nsp4 interactors that compose the CTLH E3 ubiquitin ligase complex (Figure 

4D). This nuclear complex maintains cell proliferation rates, likely through the ubiquitination of the 

transcription factor Hbp1, a negative regulator of cell proliferation54. This complex is highly 

enriched for SARS-CoV-1 specifically, presenting one of the most profound differences in 

interaction profile (Figure A5.8A,C). This specificity of engagement was validated through co-IP 

and western blot (Figure A5.6A-B). We confirmed that only SARS-CoV-1 nsp4 co-purified with 

several of CTLH components (MKLN1, WDR26, RANBP9). 

The fact that both OC43 and SARS-CoV-1 nsp4 displayed prominent interactions with nuclear 

proteins prompted us to evaluate the cellular localization of the protein by immunofluorescence. 

We detected perinuclear puncti for all constructs which partially co-localized with the ER marker 

PDIA4 (Figure A5.12), consistent with prior studies22. However, for SARS-CoV-1 and OC43 nsp4, 

we also detected measurable signal in the nucleus, supporting a nuclear function and the 

observed interactions with proteins in the nucleus. 
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5.2.5 Enrichment of mitochondria-associated membrane proteins as nsp2 and nsp4 

interactors  

In our evaluation of cellular compartment GO-terms, we noticed that nsp2 and nsp4 interactors 

are enriched in membranes of the endoplasmic reticulum and the mitochondria (Figures A5.3B,  

A5.9B). ERLIN1/2 and RNF170 form an E3 ubiquitin ligase complex known to localize to the 

interface between the ER and mitochondria, regions termed mitochondria-associated membranes 

(MAMs). Jonathan Davies, co-first author, and Eli mcDonaldtherefore probed our data set for any 

other MAMs-associated nsp2 and nsp4 interactors. He cross-referenced our interactor lists with 

three published data sets that specifically characterized the MAMs proteome55–57.  

He then performed subcellular fractionation and probed for the presence of viral proteins in MAMs 

fractions, and after confirming this localization has performed follow-up work in characterizing the 

role of these proteins in viral infection. Given that many of the interactors are involved in calcium 

regulation across the membranes of the organelles, he is now pursuing how coronavirus infection 

or overexpression of nsp2/4 constructs alters mitochondrial morphology and calcium homeostasis 

in cells. 

 

Figure 5.5. Enrichment of mitochondria-associated membrane (MAM) proteins as nsp2 

and nsp4 interactors. Proposed model for how SARS-CoV nsp2 and nsp4 utilize ERLIN1/2 

and interacting protein factors to regulate ER Ca2+ signaling at MAMs. 
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5.3 Discussion 

Our analysis enables both the identification of interactors for SARS-CoV-1, SARS-CoV-2, and 

OC43 homologs of nsp2 and nsp4, and comparative quantitative enrichment to differentiate 

between shared and unique host cell binding partners. We acknowledge the limitations of using 

transiently transfected viral proteins for AP-MS. Viral infection results in a collection of both 

protein-protein and RNA-protein interactions and our approach cannot account for how these 

events influence the interactions of nsp2 and nsp4. However, given the logistical barriers to 

handling BSL-3 viruses, paired with the urgency of the current pandemic, our workflow is an 

efficient system to perform comparative analysis and generate a shortlist of interactors to prioritize 

for further investigation. 

We identify several nsp2 interactors shared across SARS strains, including STOML2, and 

prohibitins (PHB and PHB2), which were previously identified as interacting with SARS-CoV-117. 

These proteins work in tandem to induce formation of metabolically active mitochondrial 

membranes to regulate mitochondrial biogenesis. Increased levels of STOML2 are associated 

with increased ATP production and reduced apoptosis induction29. This conserved interaction for 

SARS strains presents an avenue for nsp2 to increase mitochondrial metabolism and stall 

apoptosis to maintain a pro-viral cellular environment. Additionally, STOML2 has been found to 

play a key role in stabilizing hepatitis C virus replication complexes58 and PHB has been shown 

to promote entry of both Chikungunya virus59 and enterovirus 7160. These factors may prove 

effective pan-RNA virus targets for host-directed therapies. We also attempted to extend the 

comparative analysis to OC43 nsp2. However, this construct did not express detectable protein, 

which could be due to much lower homology to SARS-CoV-2 and SARS-CoV-1 than for other 

non-structural proteins. 

For nsp4, we identify multiple unique SARS-CoV-1 interactors, most notably members of the 

CTLH E3 ubiquitin ligase complex. This complex is known to regulate levels of Hbp1, a negative 

regulator of proliferative genes54 and was previously shown to interact with the dengue viral 
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protein NS2B315, implicating this complex as a target for RNA viruses to influence cell 

proliferation. We also identified the FBXO45-MYCBP2 E3 ubiquitin ligase complex, which has 

been shown to prevent cell death in mitosis 61. Together, this may support a role in SARS-CoV-1 

nsp4 co-opting host ubiquitin complexes to extend cell viability during infection to promote viral 

replication. During resubmission, Gordon et al. published a comparative coronavirus interaction 

network confirming the SARS-CoV-1 specific interactions with the CTLH E3 ligase complex62. 

Furthermore, we find components of the cholesterol biosynthesis pathway, IDI1 and DHCR7, 

which were specifically enriched for SARS-CoV-1 and OC43 nsp4 respectively. IDI1 has been 

shown to be downregulated by host cells in response to CMV-infection-induced interferons47 and 

is upregulated by both HIV and HCV during infection48,49. DHCR7 is downregulated during RNA 

virus infection in macrophages to promote IRF3 signaling and IFN-1 production. Moreover, 

inhibition of DHCR7 aids in clearance of multiple RNA viruses50. These previous findings indicate 

that interactions with IDI1 and DHCR7 may provide means for coronaviruses to counteract anti-

viral responses. Interestingly, these interactions with the aforementioned E3 ligase complexes 

and cholesterol biogenesis factors are not enriched for SARS-CoV-2 nsp4, implying that SARS-

CoV-2 pathogenesis may not require these interactions. 

As a whole, it appears that SARS-CoV-2 homologs differ from SARS-CoV-1 not by gaining new 

interactions, but rather by losing network nodes. This is emphasized in the gene enrichment 

analysis of nsp2 and nsp4 (Figure A5.3C, A5.9C), in which multiple pathways are more strongly 

enriched for SARS-CoV-1, as well as in the nsp4 interactome (Figure 5.4C-D), particularly with 

the absence of E3 ligase complex interactions for SARS-CoV-2. It will be important to investigate 

potential functional implications of the engagement of the E3 ubiquitin ligase, as well innate 

immune signaling factors on CoV infections and the course of pathogenicity for the divergent 

strains. 

To gain functional insights into which nsp2 and nsp4 interactions may have an impact on CoV 

infection, we mined recently published data from a genome wide CRISPR knockout screen and 
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a targeted siRNA knockdown/CRISPR knockout screen of SARS-CoV-2 interactors (Figure 

S13A-B)62,63. The comprehensive genome wide dataset by Heaton et al. conducted in A549 lung 

cancer cells identified that knockout of several of the proteostasis components (BAG2, DDOST), 

as well as ERLIN1 and ERLIN2 enhanced cell survival in the presence of SARS-CoV-2, 

suggesting that these factors may have an anti-viral function (Figure A5.13A). When comparing 

the more limited siRNA knockdown data in A549 cells and CRISPR knockout data in Caco2 

colorectal cancer cells, ATP6AP1 stood out as hampering SARS-CoV-2 infection in both cell 

models supporting a pro-viral role (Figure A5.13B)62. ATP6AP1/Ac45 is a critical accessory 

subunit to facilitate the assembly of the vacuolar ATPase in support of lysosome function and 

autophagy playing a role in viral infection64. Future functional genomic screens will be necessary 

to evaluate the role of other interactors on CoV infection and evaluate differential roles for the 

distinct strains. 

A particularly noteworthy finding is the identification of 17 mitochondria-associated membrane 

factors in the combined nsp2 and nsp4 datasets, based on cross-referencing interactors with 

previously published proteomics studies of MAMs proteins55-57. Given the prominence of these 

interactions, it is tempting to speculate that nsp2 and nsp4 localize to MAMs and influence 

processes at these important organelle contact sites (Figure 5). MAMs are nodes for innate 

immune signaling and apoptosis pathways, both of which are common targets for viral 

manipulation. 

In particular, we identify the E3 ubiquitin ligase RNF5 interacting with all nsp4 homologs. RNF5 

targets STING for degradation, which stabilizes retinoic acid-inducible gene-I (RIG-I) and 

mitochondrial antiviral-signaling protein (MAVS) interactions at MAMs, thereby inducing inteferon-

1 and -3 production via IRF3 and NF-B signaling36-37. RIG-I is one of the main viral RNA genome 

sensors in host cells; therefore, it is possible that nsp4 increases targeting of RNF5 to MAMs to 

inhibit downstream signaling of RIG-1. 
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We also identify the ERLIN1/2 complex in both nsp2 and nsp4 data sets. In the nsp2 interaction 

network, the complex is associated with a different E3 ligase, RNF170. RNF170 has been shown 

to inhibit innate immune signaling by targeting TLR3 for degradation, thereby blocking IRF3 and 

NF-B signaling pathways65. In addition, ERLIN1/2 acts in concert with RNF170 to target the 

inositol-1,4,5-triphophate receptor (IP3R) for degradation via polyubiquination66. IP3R is an ER-

resident Ca2+ channel integral in the formation of MAMs67,68. Calcium flux at MAMs has been 

shown to increase mitochondrial calcium uptake, which increases ATP production, thereby 

benefitting active viral replication69. Indeed, several other viruses have been shown to influence 

ER Ca2+ exchange. For instance, the Hepatitis C viral protein, NS5A,  promotes degradation of 

IP3R3 to limit apoptosis induction triggered by persistent Ca2+ signaling at MAMs70 or the human 

cytomegalovirus protein, vMIA, which increases ER Ca2+ export at MAMs through IP3R into the 

mitochondria72. Previous studies have shown the SARS-CoV-1 E protein acts as a channel to 

leak ER calcium stores during infection71, but to our knowledge, no such features have been 

attributed to either nsp2 or nsp4. Thus, manipulation of ER Ca2+ signaling via IP3R regulation may 

represent a novel method by which coronaviruses manipulate mitochondrial function. Additionally, 

a recent study found that IP3R3 is significantly upregulated during SARS-CoV-2 infection72 

(Figure A5.13C). Further studies will be important to evaluate whether ER calcium exchange and 

mitochondrial metabolism could impact coronavirus infection. 

 

5.4 Methods 

Protein expression constructs 

Coding sequences for nsp2 and nsp4 were obtained from GenBank (MN908947 SARS-CoV-2 

isolate Wuhan-Hu-1; AY278741 SARS-CoV-1 Urbani; NC_006213 hCoV OC43 strain ATCC VR-

759). Human codon optimized sequences were designed, genes synthesized, and cloned into 

pcDNA3.1-(+)-C-DYK (nsp4) to append a C-terminal FLAG tag, or into pcDNA3.1-(+)-N-DYK 

(nsp2) to append an N-terminal FLAG tag (GenScript). 
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Cell culture and transfection 

HEK293T cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with high 

glucose and supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 

1% glutamine. Cells were kept at 37°C, 5% CO2. Generally, 2 x 106 cells were seeded into 10cm 

dishes. 24 hours post-seeding, cells were transfected with 5µg nsp2, nsp4, or fluorescent control 

DNA constructs in pcDNA3.1-(+)-C/N-DYK vectors using a calcium phosphate method. Media 

was exchanged 16 hours post-transfection, and cells were harvested 24 hours after changing 

media.  

Immunoprecipitation 

Cells were collected and washed with PBS. Immunoprecipitation samples were lysed by 

resuspension in TNI buffer (50 mM Tris pH 7.5, 150mM NaCl, 0.5% IGEPAL-CA-630) with Roche 

cOmplete protease inhibitor on ice for at least 10 minutes, followed by sonication in a room 

temperature water bath for 10 minutes. Lysates were cleared by centrifugation at 17,000 x g for 

10-20 minutes. Sepharose 4B resin (Sigma) and G1 anti-DYKDDDDK resin (GenScript) were pre-

washed 4x with the respective lysis buffer for each sample. Protein concentrations in cleared 

lysates were normalized using BioRad Protein Assay Dye and added to 15 µL Sepharose 4B 

resin for 1 hour, rocking at 4°C. Resin was collected by centrifugation for 5-10 minutes at 400 x g 

and pre-cleared supernatant was added directly to 15 L G1 anti-DYKDDDDK resin and rocked 

at 4°C overnight. The next day, supernatant was removed and resin was washed 4 times with the 

respective lysis buffer. Bound proteins were eluted with the addition of modified 3x Laemelli buffer 

(62.5 mM Tris, 6% SDS) for 30 minutes at room temperature followed by 15 minutes at 37°C, 

followed by a second elution for 5-15 minutes at 37°C. 10% of elution was set aside for SDS-

PAGE and silver staining to confirm immunoprecipitation efficiency, and the remainder was 

prepared for mass spectrometry. Silver staining was performed using a Pierce Silver Stain kit 

(Thermo Scientific). Separate biological replicates of co-immunoprecipitated lysates were 

identically processed, in which inputs and elutions were normalized and run on SDS-PAGE gel, 
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transferred to PVDF membrane, and blotted for various host interactors using the following 

antibodies (1:1000 dilutions): anti-FLAG (Sigma-Aldrich, F1804), anti-calnexin (GeneTex, 

GTX109669), anti-muskelin (Santa Cruz Biotechnology, SC-398956) anti-ERLIN2 (Sigma-

Aldrich, HPA002025), and anti-GAPDH (GeneTex, GTX627408) as a loading control. 

Tandem Mass Tag sample preparation 

Sample preparation was carried out as described73. Briefly, eluted proteins were precipitated in 

methanol/chloroform/water (3:1:3), washed twice in methanol, and protein pellets were air dried. 

Pellets were resuspended in 1% Rapigest SF (Waters), reduced, and alkylated. Proteins were 

digested in trypsin-LysC overnight. Digested peptides were labeled using TMT 11-plex or TMTpro 

16-plex reagents (Thermo Scientific), pooled, and acidified using formic acid. Cleaved Rapigest 

was removed by centrifugation of samples at 17,000 x g for 30 min.  

MudPIT liquid chromatography-mass spectrometry analysis 

Triphasic MudPIT microcolumn were prepared as described74. Individual pooled TMT proteomics 

samples were directly loaded onto the microcolumns using a high-pressure chamber followed by 

a wash with 5% acetonitrile, 0.1% formic acid in water (v/v) for 30 min. Peptides were analyzed 

by liquid chromatography-mass spectrometry on an Exploris 480 in line with an Ultimate 3000 

nanoLC system (Thermo Fisher). The MudPIT microcolumns were installed on a column 

switching valve on the nanoLC systems followed by 20 cm fused silica microcapillary column (ID 

100µm) ending in a laser-pulled tip filled with Aqua C18, 3µm, 100 Å resin (Phenomenex). MudPIT 

runs were carried out by 10µL sequential injection of 0, 10, 20, 40, 60, 80, 100 % buffer C (500mM 

ammonium acetate, 94.9% water, 5% acetonitrile, 0.1% formic acid), followed by a final injection 

of 90% C, 10% buffer B (99.9% acetonitrile, 0.1% formic acid v/v). Each injection was followed by 

a 130 min gradient using a flow rate of 500nL/min (0 – 6 min: 2% buffer B, 8 min: 5% B, 100 min: 

35% B, 105min: 65% B, 106 – 113 min: 85% B, 113 – 130 min: 2% B). Electrospray ionization 

was performed directly from the tip of the microcapillary column using a spray voltage of 2.2 kV, 

ion transfer tube temperature of 275ºC and RF Lens of 40%. MS1 spectra were collected using 
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the following settings: scan range 400 – 1600 m/z, 120,000 resolution, AGC target 300%, and 

automatic injection times. Data-dependent tandem mass spectra were obtained using the 

following settings: monoisotopic peak selection mode: peptide, included charge state 2 – 7, 

TopSpeed method (3s cycle time), isolation window 0.4 m/z, HCD fragmentation using a 

normalized collision energy of 32, resolution 45,000, AGC target 200%, automatic injection times, 

and dynamic exclusion (20 ppm window) set to 60 s. 

Experimental layout and data analysis 

The nsp2 AP-MS experiments included three individual MS runs combining 34 Co-AP samples 

(SARS-CoV-2 n = 13; SARS-CoV-1 n = 9; GFP (mock) n = 12). Samples were distributed to 

TMTpro 16plex or TMT11plex channels as outlined in Figure A5.2A. The nsp4 AP-MS 

experiments consisted of three individual MS runs, containing 40 Co-IPs (SARS-CoV-2 n = 12; 

SARS-CoV-1 n = 8; OC43 = 8; GFP (mock) n = 12). Samples were distributed to TMTpro 16plex 

channels as outlined in Figure A5.5A. Identification and quantification of peptides and proteins 

were carried out in Proteome Discoverer 2.4 (Thermo Fisher) using a SwissProt human database 

(Tax ID 9606, release date 11/23/2019). CoV nsp2 and nsp4 protein sequences were added 

manually. Searches were conducted in Sequest HT using the following setting: Trypsin cleavage 

with max. 2 missed cleavage sites, minimum peptide length 6, precursor mass tolerance 20 ppm, 

fragment mass tolerance 0.02 Da, dynamic modifications: Met oxidation (+15.995 Da), Protein N-

terminal Met loss (-131.040 Da), Protein N-terminal acetylation (+42.011 Da), static modifications: 

Cys carbamidomethylation (+57.021 Da), TMTpro or TMT6plex at Lys and N-termini (+304.207 

Da for TMTpro or +229.163 for TMT6plex). Peptide IDs were filtered using the Percolator node 

using an FDR target of 0.01. Proteins were filtered based on a 0.01 FDR requiring two peptide 

IDs per protein, and protein groups were created according to a strict parsimony principle. TMT 

reporter ions were quantified using the reporter ion quantification considering unique and razor 

peptides and excluding peptides with co-isolation interference greater than 25%. Peptide 

abundances were normalized based on total peptide amounts in each channel assuming similar 
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levels of background signal in the APs. Protein quantification roll-up used all quantified peptides. 

Pairwise ratios between conditions were calculated based on total protein abundances and 

ANOVA on individual proteins was used to test for changes in abundances and to report adjusted 

p-values. 

To filter high-confidence interactors of individual CoV nsp proteins, we used a variable filter 

combining log2 fold enrichment and adjusted p-value according to a published method75. Briefly, 

the histogram of log2 protein abundance fold changes between nsp-transfected versus mock-

transfected groups were fitted to a gaussian curve using a nonlinear least square fit to determine 

the standard deviation  (see Figure A5.2B-C). Fold change cutoffs for high-confidence and 

medium-confidence interactors were based on 2 , or 1 , respectively. For actual cutoffs taking 

into consideration adjusted p-values, we utilized a hyperbolic curve y > c / (x – x0), where y is the 

adj. p-value, x the log2 fold change, x0 corresponds to the standard deviation cutoff (2 or 1), 

and c is the curvature (c = 0.4 for 1 , and 0.8 for 2 , Figures A5.C-D, 5.4A, A5.7B-C). 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE76 partner repository with the dataset identifier PXD022017. 

Gene set enrichment analysis 

GO-term categories for biological processes and cellular components for interactors were based 

on assignment in the Proteome Discoverer Protein Annotation node. Gene set enrichment 

analysis was conducted in EnrichR77. The analysis was conducted separately for sets of 

interactors of individual nsp2 or nsp4 homologs and GO-terms for biological processes were 

filtered by adjusted p-values <0.1. Redundant GO-terms were grouped manually based on 

overlapping genes in related terms. 

Network plots and identification of overlapping interactions with published data 

Extended and overlapping interactomes between novel interactors identified in this study and 

previously published interactors18 were generated by scraping the top n interactors of each 



146 
 

primary prey protein on the STRING database using the python API. We established an extended 

secondary interactome by searching for the top 20 and top 30 STRING db interactors of the nsp4 

primary interactors and nsp2 interactors respectively using limit parameter in STRING API and 

searching against the human proteome (species 9606). We then compared the extended 

interactomes of our data with the previously published data by dropping any secondary interactors 

that did not appear in both data sets. Next, we concatenated the primary interactors from our data, 

the primary interactors from the published data, and the overlapping secondary interactors into a 

single data frame. Finally, we searched the overlapping secondary interactors against the 

STRING database human proteome to determine interactors between secondary interactors with 

a threshold of greater than 50% likelihood in the experimental score category. The results were 

plotted in Cytoscape. 

Immunofluorescence confocal microscopy 

HEK293T cells were cultured on glass-bottom culture dishes (MatTek, P35G-0-14-C) and 

transfected with CoV expression constructs as previously described. Cells were fixed with 4% 

paraformaldehyde-PBS, washed thrice with PBS, then permeabilized in 0.2% Triton-X (in PBS). 

After three PBS washes, cells were blocked in PBS with 1% BSA with 0.1% Saponin (blocking 

buffer). After blocking, cells were incubated with anti-PDIA4 primary antibody (Protein Tech, 

14712-1-AP) in blocking buffer (1:1000 dilution) for 1 hour at 37°C. After three PBS washes, cells 

were incubated with AlexFluor 488-conjugated anti-rabbit goat antibody (ThermoFisher, A-11008) 

in blocking buffer (1:500 dilution) at room temperature for 30 min. Cells were then stained with 

M2 FLAG primary antibody (SigmaAldrich, F1804) and AlexFluor 594-conjugated anti-mouse 

goat antibody (ThermoFisher, A-11005) using the same conditions. Cells were then mounted in 

Prolong Gold with DAPI stain (ThermoFisher, P36935). Cells were imaged using an LSM-880 

confocal microscope (Zeiss) and images were merged using Image J software. 
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CHAPTER 6: Comparative host interactomes of the SARS-CoV-2 nonstructural protein 3 

and human coronavirus homologs 

 

This chapter is adapted, with permission from journals and co-authors, from Almasy, K.M.*, 

Davies, J.P.*., and Plate, L., Molecular and Cellular Proteomics, 2021, 20 (100120), 

https://doi.org/10.1016/j.mcpro.2021.100120. 

*authors contributed equally 

 

6.1 Introduction 

Coronaviruses are a family of positive-sense, single-stranded RNA viruses that typically cause 

upper respiratory infection in humans. Four endemic strains have been characterized that cause 

symptoms resembling those of the common cold. However, since 2002, three more pathogenic 

strains have emerged: SARS-CoV in 2002, MERS-CoV in 2012, and SARS-CoV-2, the causative 

agent of COVID-19, in 20191–5. Some of the differences in pathogenicity can be attributed to 

differential receptor binding, for example, SARS-CoV and SARS-CoV-2 utilize the angiotensin 

converting enzyme 2 (ACE2) receptor, while 229E (a common-cold causing strain) uses the 

human aminopeptidase N receptor5–7. At the same time, the engagement of viral proteins with 

different host proteins or complexes within infected cells is equally critical to understand changes 

in pathogenicity. These engagements alter the native protein-protein interaction (PPI) architecture 

of the cell and have been shown to perform various pro-viral functions such as suppression of the 

type I interferon system for immune evasion purposes8–10.  

The coronavirus genome is among the largest RNA virus genomes, at approximately 30 kilobase 

pairs in length. The 3’ third of the genome encodes for the four structural proteins used to 

construct new virions, as well as several accessory factors shown to be important for 

pathogenesis. The 5’ two thirds of the genome consist of two open reading frames (orf1a and 

orf1b) that encode for sixteen non-structural proteins (nsps) that perform a number of functions 

https://doi.org/10.1016/j.mcpro.2021.100120
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throughout the viral life cycle, including replication and proofreading of the RNA genome and 

formation of the replication-transcription complex. The largest of these proteins, at approximately 

2000 amino acids, is nsp3. Nsp3 is a large multi-domain protein, of which the papain-like-protease 

(PL2Pro) domain has been most closely studied. In addition to autoproteolysis of the viral 

polyprotein, the PL2Pro domains possess both deubiquitinase and deISGylation activities11–13. 

Additionally, nsp3 in complex with nsp4 and nsp6 has been shown to be sufficient for formation 

of the double-membraned vesicles (DMVs) implicated in the CoV replication cycle14,15. Expression 

of the C-terminus of nsp3 and full-length nsp4, while not enough to induce DMV formation, does 

cause zippering of the ER membrane16. However, role(s) of nsp3 outside of the PL2Pro remain 

less well understood17.  

Herein, we focused our analysis on four nsp3 homologs from the genus betacoronavirus (hCoV-

OC43, MERS-CoV, SARS-CoV, SARS-CoV-2) and one homolog from the genus 

alphacoronavirus (hCoV-229E). Within the betacoronaviruses, hCoV-OC43 is from clade A, 

SARS-CoV and SARS-CoV-2 are from clade B, and MERS-CoV is from clade C. The domain 

organization of nsp3 varies widely among coronavirus genera, and even from strain to strain. 

Despite the differences, ten regions are conserved across all coronavirus variants: two ubiquitin-

like domains (UBLs), a glutamic acid-rich domain, protease domain, two transmembrane regions 

separated by an ER ectodomain, and two C-terminal Y domains (Figure A6.1). 

Affinity purification-mass spectrometry (AP-MS) has been used extensively to characterize the 

coronavirus interactome, including in two large studies by Gordon et al. to characterize the SARS-

CoV-2 host protein interactions and compare these to the SARS-CoV and MERS-CoV 

interactomes18,19. Another study compared the interactomes of isolated SARS-CoV and SARS-

CoV-2 PL2pro domains11. However, the remaining parts of nsp3 have been missing from SARS-

CoV-2 interactome studies thus far, likely because their complex topology and large size makes 

expression of the protein difficult. To circumvent this problem, we divided the nsp3 protein into 

three fragments based on earlier interrogation of the SARS intraviral interactome14,20. These 
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fragments are referred to as nsp3.1 for the N-terminal fragment, nsp3.2 for the middle fragment, 

and nsp3.3 for the C-terminal fragment21. We expressed each fragment from each of the five 

viruses listed above (hCoV-229E, hCoV-OC43, MERS-CoV, SARS-CoV, SARS-CoV-2). We 

employed tandem mass tag (TMTpro 16plex) isobaric tagging technology, which enables highly 

multiplexed analysis for direct comparison of interactor abundances across homologs from all 

strains. Previously, we demonstrated the use of AP-MS and TMT technologies in comparing the 

interactomes of the coronavirus nsp2 and nsp4 proteins from three strains: SARS-CoV-2, SARS-

CoV, and hCoV-OC4322. We now extend the analysis to the understudied nsp3 protein across 

additional viral strains. In particular, comparing host protein interactions for homologs from 

multiple coronavirus strains and genera may provide insight into how the molecular mechanisms 

of pathogenic coronaviruses differ from endemic ones, as well as the evolution of functions that 

nsp3 assumes across these strains. 

Our study finds that very few interactors are shared among the five strains, although several 

interactors are common among the mostly conserved SARS variants. Several previously 

unknown pathways are discovered to be highly enriched with individual variants, such as ERAD 

processing for SARS-CoV nsp3.2 and nuclear import for 229E nsp3.2. In addition, we find that 

SARS-CoV-2 nsp3.1 interacts with the unfolded protein response (UPR) transcription factor ATF6 

and suppresses the ATF6 pathway in both basal and activated conditions. These discoveries 

open the door for further work delineating the role of nsp3 in coronavirus infections, with a 

particular emphasis on the variation in roles between different CoV strains. 

 

6.2 Results 

6.2.1 Expression of nsp3 truncations and AP-MS of CoV nsp3 

The orf1a and orf1b open reading frames encode for 16 non-structural proteins which perform 

crucial roles during the viral life cycle, including replication of the genome and formation of double-

membraned vesicles. Non-structural protein 3 (nsp3) is the largest of the 16 non-structural  
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Figure 6.1. Design and expression of CoV nsp3 truncations for affinity-purification mass 
spectrometry (AP-MS). 

A) Coronavirus (CoV) genome schematic indicating the regions encoding orf1a, orf1ab, and 
structural/accessory proteins. Nsp3 is encoded within orf1a. 

B) General schematic of SARS-CoV-2 nsp3 protein topology. Nsp3 has two single-span 
transmembrane regions anchoring the protein in the ER membrane, with a small luminal 
domain and both N and C terminal regions in the cytosol. The conserved papain-like 
protease (PL2pro) domain is on the N-terminal cytosolic portion. For this study, the nsp3 
protein was truncated into three fragments: nsp3.1 (1-749), nsp3.2 (750-1462), and nsp3.3 
(1463-1945), numbering corresponding to SARS-CoV-2 nsp3. 

C) The nsp3 truncations for homologs from all five human coronaviruses used in this study. All 
fragments contain a C-terminal FLAG tag for affinity-purification. Percent sequence identity 
compared to SARS-CoV-2 is indicated. The PL2pro domain in nsp3.2 homologs is 
highlighted in light blue. 

D) Western blotting of immunopurified nsp3.1, nsp3.2, and nsp3.3 homologs after transient 
transfection in HEK293T cells. Predicted MW of proteins is indicated below. 

E) AP-MS workflow to identify virus-host protein interactions of nsp3 fragment homologs. 
HEK293T cells were transfected with corresponding homologs and lysates were 
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immunopurified using anti-FLAG beads to enrich for viral proteins in complex with host 
interactors. Proteins were reduced, alkylated, and digested with trypsin. Peptides were then 
labeled with tandem mass tags (TMTpro) and analyzed by tandem mass spectrometry (LC-
MS/MS) to both identify and quantify host interactors. 

 

proteins; the full-length protein is 1586–1945 amino acids long (177-217 kDa) (Figure 6.1A). 

While the domain organization is different among CoV variants, several domains are shared,  

including multiple ubiquitin-like-domains, at least one highly conserved papain-like protease 

(PL2Pro) domain, and an ER luminal domain postulated to be important for nsp4 binding and 

double membrane vesicle (DMV) formation (Figure 6.1B-C, Figure A6.1).  

Initial attempts at expression of the full-length construct for SARS-CoV-2 nsp3 were unsuccessful, 

likely due to the complex structure and topology of the full-length protein. To study the 

interactome, we thus divided the protein into three portions based on a prior interactome study 

carried out on similar truncations of the SARS-CoV nsp3 homolog20. The N-terminal fragment 

(nsp3.1), comprising the first ubiquitin-like-domain through the SARS unique domain, is expected 

to localize exclusively to the cytosol (Figure 6.1C, Figure A6.1). The second portion (nsp3.2), 

starting before the second ubiquitin-like domain and ending just after the first transmembrane 

region, includes the papain-like-protease (PL2Pro) domain. The C-terminal fragment (nsp3.3) 

starts with the ER-localized 3Ecto-domain, includes the second transmembrane region and ends 

with the C-terminus of the protein. Based on multiple sequence alignments, similar N-terminal, 

middle, and C-terminal constructs were created for the SARS-CoV-2, MERS-CoV, hCoV-OC43, 

and hCoV-229E nsp3 homologs (Figure A6.1). Each construct contains a C-terminal FLAG tag 

for affinity purification (Figure 6.1C).  

Constructs were transfected into HEK293T cells, and expression was confirmed by 

immunoprecipitation and immunoblotting for the FLAG tag and/or detection by mass spectrometry 

(Figure 6.1D). Overall, SDS-PAGE gel patterns matched with the expected molecular weights; 

the exception was the MERS nsp3.1 fragment, which ran larger than expected. In addition, 
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confocal immunofluorescence microscopy of transfected HEK293T cells shows that nsp3.2 and 

nsp3.3 homologs colocalize with PDIA4, an ER marker, while nsp3.1 exhibits cytosolic localization 

as expected (Figure A6.2A-C). Although kidney cells do not represent a primary tissue target of 

the virus, previous work has identified HEK293T cells as appropriate cell lines to recapitulate 

relevant CoV protein interactions with host factors18,22. While the constructs showed variable 

expression levels, all fragments were reproducibly detectable by mass spectrometry, and 

peptides coverage spanned the length of each fragment (Figure 6.1D). For native co-

immunoprecipitations with host interactors, protein constructs were expressed, lysed in mild 

detergent buffer to maintain interactions, and co-immunoprecipitated from lysates using anti-

FLAG beads. After confirmation of IP by silver stain, samples were reduced, alkylated, and trypsin 

digested. Samples were labeled using TMTpro 16plex reagents for MS2 quantification of peptides 

abundances23 (Figure 6.1E). Between 2 and 4 co-immunoprecipitation replicates for each 

construct were pooled into a single TMTpro 16plex run, along with mock IPs from tdTomato 

transfected cells to establish the background signal. The final datasets consisted of 184 IPs 

across the 16 constructs (tdTomato & 15 viral protein constructs) (Figure A6.3). We quantified 

the abundance of nsp3 bait proteins across the biological replicates showing consistent 

enrichment compared to the mock control (Figure A6.3G-I). 

After identification and quantification of interactors using Proteome Discoverer, a variable cutoff 

method was used to determine high- and medium- confidence interactors for each construct 

based on enrichments compared to the tdTomato background control.  

 

6.2.2 Comparison of CoV nsp3.1-host interactors 

The N-terminal fragments of nsp3 contain a conserved ubiquitin-like domain (Ubl1), a highly 

variable or acidic-rich region, a conserved macrodomain (Mac1), followed by strain-specific 

domains (Figure 6.2A, Figure A6.1). In hCoV-229E and hCoV-OC43, this fragment includes a 

papain-like protease domain (termed PL1Pro). This first PL1Pro domain is absent from all viruses  
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Figure 6.2. Identification of CoV nsp3.1 host interactors. 

A. Schematic of nsp3.1 topology for all five CoV homologs. Nsp3.1 is a cytosolic fragment, 
comprising residues from 1 to 631-762. All fragment homologs contain a ubiquitin-like 
domain (Ubl1, yellow) and a conserved macrodomain (Mac1, blue). SARS-CoV-2 and 
SARS-CoV contain a SARS-unique domain (SUD, green), while hCoV-OC43 and 
hCoV-229E contain a papain-like protease domain (PL1pro, pink). 

B. Venn diagram showing the number of unique and shared host interactors amongst all 
five CoV nsp3.1 homologs. Total interactors for each homolog are shown in 
parentheses. 

C. Network plot of virus-host interactors. Individual nsp3.1 homologs are shown as red 
circles, while host interactors are shown as yellow circles. Blue lines indicate virus-host 
protein interactions, where line width and shade are wider/darker for more highly 
enriched interactions. Grey lines indicate known host-host protein interactions from the 
STRING database. Notable clusters of host proteins are highlighted. The transcription 
factor ATF6 (red diamond) interacts with SARS-CoV-2, SARS-CoV, and hCoV-OC43 
and was subjected to later functional follow-up (Figure 6.5). 

 

in clades B and C of the betacoronaviruses, hence its absence in MERS-CoV and the two SARS 

variants. In contrast, SARS strains contain a SARS-unique domain (SUD) consisting of 3 

sequential macrodomains. Overall, this region of nsp3 is most variable from strain to strain, 

despite several of the predicted domains being conserved (Figure 6.1B-C, Figure A6.1). 

The final dataset for the N-terminal fragment analysis combined 5 mass spectrometry runs 

containing 62 co-IP samples (tdTomato 15, SARS-CoV-2 13, SARS-CoV 9, OC43 9, MERS 8, 

229E 8) (Figure A6.2A). We identified a robust set of high-confidence interactors for each 

fragment: 39 for SARS-CoV-2, 44 for SARS-CoV, 41 for MERS-CoV, 30 for hCoV-OC43, and 87 

for hCoV-229E (Figure A6.4).  

Of these high-confidence interactors, none were common across all 5 strains, and none were 

common to all betacoronaviruses (Figure A6.2B). Fourteen interactors were common between 

the two SARS variants, and 2 of these 14 interactors, MKI67 and ATF3, were also shared with 

the MERS fragment. MKI67 is required to maintain individual chromosomes in the cytoplasm 

during mitosis, and ATF3 is a cyclic AMP-dependent transcription factor which negatively 

regulates the cellular antiviral response. Lastly, we identified 25 high confidence interactors 

unique to SARS-CoV-2, 16 unique to SARS-CoV, 17 unique to hCoV-OC43, 62 unique to hCoV-
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229E, and 23 unique to MERS-CoV. Notably contained in this fragment is the SARS-unique 

domain, which is exclusively found in SARS-CoV and SARS-CoV-2 nsp3. As noted, 14 proteins 

were identified as interactors of both fragments. Eleven of these interactors were exclusive to the 

SARS variants, including several ribosomal proteins (RPL38, RPS11, RPS2, RPS16) and 

assorted factors (FMR1, MKRN2, SP1, VEZF1, CREB5, CCNG1, and PEX11B). 

We also identify 9 shared interactors between OC43 and 229E, both of which have a PL1pro 

domain (UBR4, TUBA4A, SQSTM1, RPP25L, MADD, DNAJB1, BAG6, AHSG, AATF). BAG6 and 

DNAJB1 are co-chaperones components involved in protein quality control 24,25, while UBR4 is an 

E3 ubiquitin ligase involved in membrane morphogenesis and SQSTM1 is an autophagy 

receptor26,27. These shared interactors may represent possible targets of the PL1pro domains in 

OC43 and 229E. 

We performed the same filtering on proteins observed to be less enriched with the viral bait and 

more enriched with the tdTomato background, interpreting these largely to be proteins which bind 

non-specifically to the FLAG beads in the absence of viral bait and its interactors (Figure A6.4). 

To determine any overlap between our data set and contaminant interactors, we queried all 

identified high-confidence interactors in the Contaminant Repository for Affinity Purification 

(CRAPome) dataset for common contaminant proteins found in control AP-MS experiments28. 

Using a frequency threshold of 25%, only 34 of 186 unique high-confidence interactors 

overlapped with the CRAPome (Figure A6.5), emphasizing the specificity of host interactors for 

viral bait proteins. Many of these overlapping interactors are ribosomal and chaperone proteins 

with central roles in protein biogenesis and may be expected to be found in control AP-MS 

experiments. 

As an alternative method to map shared and unique interactors for nsp3.1 from the different 

strains, we performed hierarchical clustering of the grouped protein abundance Z-scores for all 

identified high-confidence interactors (Figure A5.6). Consistent with the Venn diagram, we 

observed a cluster of shared interactors for the SARS construct (cluster 4), distinct interactors of 
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229 (cluster 5) and MERS (cluster 3). A large cluster (7) contained interactors present in four of 

the strains but absent in SARS-CoV-2.  

To ascertain how these proteins cluster into cellular pathways with potential pro- or anti-viral roles, 

we grouped the high-confidence interactors into a network plot. To highlight connections between 

the binding partners, known protein interactions based on the STRING database were included 

(Figure 6.2C). Several groups of associated interactors emerged, including a large cluster of 

eleven ribosomal proteins (RPS2, RPS11, RPS16, RPS18, RPS25, RPS27A, RPL11, RPL23, 

RPL29, RPL37A, RPL38). Other notable clusters include factors involved in protein quality control 

(BAG2, BAG6, HSPA6, DNAJB1, UBL4A, GET4), metabolic transport (SLC1A3, SLC25A1, 

SLC25A5, SLC25A6, SLC25A16, SLC25A33), histone modification (SUZ12, MSL1, WDR5), 

RNA-binding proteins (FXR1/2, FMR1), and E3 ubiquitin ligases (CUL2, COMMD4, HERC5, 

UBR4, PJA2). Interactions between nsp3 and FXR1/2, as well as several ribosomal proteins were 

also prominently observed in a BioID proximity ligation data set29. Additionally, ten transcription 

factors were identified with at least one interaction to severely pathogenic betacoronaviruses. 

These include VEZF1, a transcription factor for IL-330, ATF3, a broad negative regulator of NF-

κB, IL-4, IL-5, IL-13 expression31, and ATF6, which turns on expression of the ATF6 branch of the 

unfolded protein response (UPR)32. 

As a last method to identified pathways represented by the interactors, we filtered the list of 

proteins through EnrichR to determine the most common gene ontology terms related to biological 

processes among each interactome (Figure A5.7). For both SARS variants, as well as MERS-

CoV, we observed a strong enrichment for several ribosomal-related processes, including SRP-

dependent cotranslational protein targeting, ribosome biogenesis, and rRNA metabolic 

processes.  These processes were not observed in the less pathogenic hCoV-OC43 and hCoV-

229E strains. For SARS-CoV, but not SARS-CoV-2, we also observed several mitochondrial 

related processes, such as mitochondrial transport, and mitochondrial RNA metabolic processes. 

hCoV-OC43 showed enrichment of factors associated with an upregulation of transcription from 
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RNA polymerase II factors. Lastly, despite having the highest overall number of high confidence 

interactors, no individual pathways showed enrichment at the high confidence interactor level for 

hCoV-229E. 

 

6.2.3 Comparison of nsp3.2 CoV interactors 

Next, we turned to the middle fragment of the nsp3 constructs, which includes the highly 

conserved PL2Pro domain, the protease responsible for the self-cleavage of several coronavirus 

non-structural proteins from the orf1a/b polypeptide33. This domain also has deubiquitination and 

de-ISGylation activity, an activity well-studied in the pathogenic coronaviruses, but less studied in 

the endemic strains34,35. The importance of this domain for both viral polypeptide processing and 

remodeling of host ubiquitination/ISGylation modifications make it an intriguing target for drug 

development. Also included in this fragment are the second ubiquitin-like domain UBL2, the first 

transmembrane domain, and the first portion of the ER ectodomain (Figure 6.3A). 

The final dataset for the middle fragment analysis combined 3 mass spectrometry runs containing 

59 co-IP samples (tdTomato 10, SARS-CoV-2 11, SARS-CoV 11, hCoV-OC43 10, MERS-CoV 

10, hCoV-229E 7) (Figure A6.3B,E). In total, we identified 11 high confidence interactors for 

SARS-CoV-2, 23 for SARS-CoV, 11 for hCoV-OC43, 36 for MERS-CoV, and 35 for hCoV-229E 

(Figure 6.3B, Figure A5.8). Nine proteins were observed as high confidence interactors for both 

SARS-CoV and SARS-CoV-2. No proteins were observed to be common among all 5 strains at 

the high confidence level (6 at the medium confidence level), and no proteins were observed to 

be exclusive interactors of betacoronaviruses at the high confidence level (2 at the medium 

confidence level). Lastly, we identified 2 high confidence interactors unique to SARS-CoV-2, 11 

unique to SARS-CoV, 3 unique to OC-43, 28 unique to 229E, and 34 unique to MERS. When 

querying the CRAPome dataset, we only found overlap in 14 of 93 idenfied proteins, supporting 

the specificity of the interactors for the nsp3.2 bait proteins (Figure A6.5). 
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Figure 6.3. Identification of CoV nsp3.2 host interactors. 

A. Schematic of nsp3.2 protein topology for all five CoV homologs. Nsp3.2 contains both 
cytosolic, transmembrane, and luminal regions. All homologs contain a ubiquitin-like 
domain (Ubl2, yellow), a papain-like protease domain (PL2pro, purple), a transmembrane 
region (TM1, blue), and the N-terminal portion of the ectodomain (3EctoN, brown). 
Betacoronavirus homologs also contain a nucleic acid binding domain (NAB, green), 
while SARS strains also have a betacoronavirus-specific marker (βSM, light blue). 
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B. Venn diagram showing the number of unique and shared host interactors amongst all 
five CoV nsp3.2 homologs. Total interactors for each homolog are shown in 
parentheses. 

C. Network plot of virus-host interactors. Individual nsp3.2 homologs are shown as red 
circles, while host interactors are shown as yellow circles. Blue lines indicate virus-host 
protein interactions, where line width and shade are wider/darker for more highly 
enriched interactions. Grey lines indicate known host-host protein interactions from the 
STRING database. Notable clusters of host proteins are highlighted.  

 

We carried out hierarchical clustering of the grouped abundance Z-scores for all high-confidence 

interactors. The resulting heatmap (Figure A5.9) more clearly highlights a cluster of shared 

interactions for all five strains (cluster 2), although intensities vary, which could explain why not 

all may have passed our stringent high-confidence cutoff. Cluster 1 contains binding partners 

found in four of the strains, but absent in MERS. A striking observation were two large clusters of 

strain-specific interactors for 229E (cluster 3) and MERS (cluster 4) respectively.  

We also grouped the high-confidence interactions into a network plot highlighting previously 

known interactions from String DB (Figure 6.3C). We identify several ER-associated degradation 

(ERAD) components as high confidence interactors of SARS-CoV nsp3.2. While some of these 

components were identified as high confidence interactors of SARS-CoV-2 as well, the number 

and magnitude were both much less. Analysis of GO terms associated with both the medium and 

high confidence interactors confirmed the enrichment of the ERAD machinery, as well as several 

related processes such as membrane proteolysis and cellular response to ER stress (Figure 

A6.10).  

The 229E fragment revealed a high number of unique interactors related to nuclear importins and 

translocation of proteins into the nucleus (IPO5, IPO7, IPO11, IPO8, KPNB1, TNPO1). A recent 

report identified a role of MHV nsp3 in forming pores across the DMV membrane in coronavirus 

infection, potentially for the purpose of dsRNA export from the DMVs36.  The nuclear importins 

could be additional host factors co-opted by 229E or alphacoronaviruses specifically for a similar 

purpose. Additional interactors of the 229E fragment include ERLIN1 and ERLIN2, which we 
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previously identified as being interactors of both SARS-CoV-2 and SARS-CoV nsp2 and nsp4. 

These proteins are also associated with ERAD, most notably in regulating ubiquitination and 

degradation of the inositol 1,4,5-triphosphate receptor IP3R37. Lastly, other unique interactor of 

hCoV-229E nsp3.2 included a cluster of mitochondrial membrane transporters (SLC25A6, 

SLC25A5, VDAC2), as well as a cluster of subunits of the conserved oligomeric Golgi (COG) 

complex involved in intra-Golgi mediated vesicle transport. COG6 was identified in a recent 

CRISPR screen as essential for hCoV-229E replication38, and the intra-Golgi mediated vesicle 

transport was a pathway enriched only in our hCoV-229E nsp3.2 dataset, not appearing for the 

other strains (Figure 6.10).  

Lastly, for MERS nsp3.2. we identified a complex of ribosomal RNA (rRNA) processing factors as 

highly unique interactors, including DDX51, NOL9, NOL10, UTP14A, WDR36, URB1, RBM34, 

PPAN, and PDCD11 (Figure 6.3C). Consistent with this finding, RNA processing and ribosome 

biogenesis were the most highly-enrichment GO terms specific to the MERS nsp3.2 fragment 

(Figure A6.10). Other viruses have been shown to target ribosomal biogenesis to facilitate 

infection, such as human cytomegalovirus (CMV) and HIV-139,40. The specificity of these 

interactors for MERS nsp3.2 is striking and may represent a unique replication strategy to 

modulate host protein synthesis. 

 

6.2.4 Comparison of nsp3.3 CoV interactors 

The C-terminal fragments begin with the second half of the ER ectodomain, continuing through 

the second transmembrane region and Y domains, ending with the nsp3/nsp4 cleavage site. The 

Y domains, although one of the more conserved domains across the 5 strains, remains largely 

unstudied. In co-expression experiments of individual SARS-CoV-2 nsp3 fragments and nsp4, we 

observed co-immunoprecipitation of this C-terminal fragment with nsp4 (Figure A6.11). In 

contrast, the N-terminal and middle fragments did not co-immunoprecipitate with nsp4. 
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Figure 6.4. Identification of CoV nsp3.3 host interactors. 

A. Schematic of nsp3.3 protein topology for all five CoV homologs. Nsp3.3 contains both 
cytosolic, transmembrane, and luminal regions. All homologs contain the C-terminal 
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portion of the ectodomain (3EctoC, brown), the second transmembrane region (TM2, 
blue), a likely amphipathic helix (AH1, green), and a Y&CoV-Y domain (red). 

B. Venn diagram showing the number of unique and shared host interactors amongst all 
five CoV nsp3.3 homologs. Total interactors for each homolog are shown in 
parentheses. 

C. Network plot of virus-host interactors. Individual nsp3.3 homologs are shown as red 
circles, while host interactors are shown as yellow circles. Blue lines indicate virus-host 
protein interactions, where line width and shade are wider/darker for more highly 
enriched interactions. Grey lines indicate known host-host protein interactions from the 
STRING database. Notable clusters of host proteins are highlighted.  

 

The final dataset for the middle fragment analysis combined 5 mass spectrometry runs containing 

63 co-IP samples (tdTomato 15, SARS-CoV-2 14, SARS-CoV 9, hCoV-OC43 9, MERS-CoV 8, 

hCoV-229E 8) (Figure A6.3C,F). In total, we identified 75 high confidence interactors for SARS-

CoV-2, 66 for SARS-CoV, 52 for hCoV-OC43, 49 for MERS-CoV, and 76 for hCoV-229E (Figure 

6.4B, Figure A6.12). One protein, SLC39A6, a zinc transporter, was observed as a high 

confidence interactor for all five strains (68 proteins observed as common medium confidence 

interactors). Five proteins, DERL3, TMEM33, SC5D, CERS1, and ALG8, were observed as high 

confidence interactors unique to the betacoronavirus strains. DERL3 is a functional component 

of the ERAD system, TMEM33 is involved in tubular ER network organization as well as being a 

component of the IRE1 and PERK stress response pathways, SC5D is involved in cholesterol 

biosynthesis, CERS1 is involved in lipid biosynthesis, and ALG8 is involved in N-glycan 

biosynthesis. Lastly, we identify 48 high confidence interactors unique to SARS-CoV-2, 17 unique 

to SARS-CoV, 20 unique to hCoV-OC43, 41 unique to hCoV-229E, and 18 unique to MERS-CoV 

(Figure 6.4B). As for the other nsp3 fragment, little overlap was identified with the CRAPome 

dataset (12 of 206 proteins), confirming the specificity of the interactions (Figure A6.5). 

We carried out hierarchical clustering of the grouped abundance Z-scores for all high-confidence 

interactors. The resulting heatmap (Figure A6.13) highlights 6 clusters of interactors, including a 

cluster of shared interactors for all five strains (cluster 4), a cluster of shared betacoronavirus 

interactors (cluster 5), and a cluster of shared SARS interactors (cluster 6). 
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Despite these C-termini being the most conserved of the fragments across strains, there was a 

large divergence observed in the enriched pathways when searched for enriched GO-terms 

(Figure A6.14). In all strains except hCoV-OC43, ERAD was a highly enriched pathway. It has 

been postulated that nsp3, in tandem with nsp4 and nsp6, hijacks ERAD-tuning vesicles during 

double-membrane vesicle (DMV) formation, after ERAD factors EDEM1 and OS-9 were shown 

to co-localize with MHV-derived DMVs in infected cells14,41. Our results may provide insight into a 

role for nsp3 in modulating this machinery. 

Unexpectedly, the biological process most enriched for the hCoV-229E fragment was protein N-

linked glycosylation. N-linked glycosylation sites are localized at the N-terminus of the 3.3 

fragment in the ectodomain.  One of these interactors, MGAT1 (unique to the hCoV-229E 

interactome), was identified in the CRISPR screen as being an essential gene for hCoV-229E 

infection38. In addition, we identify STT3B, a catalytic component of the oligosaccharyl transferase 

complex, as a high confidence hCoV-229E nsp3.3 interactor. 

The patterns observed in our GO term analysis were consistent with network plots of high-

confidence interactors (Figure 6.4C). Multiple homologs shared interactors involved in ERAD 

(RNF139, DERL1, DERL3, ERLEC1, SYNV1, OS9, RNF5, SEL1L) and the oligomeric Golgi 

complex (COG1, COG6, COG7, SYS1). A cluster of five components of the mitochondrial ATP 

synthase complex (ATP5E, ATP5G3, ATP5H, ATP5F1, and ATP5O) was enriched for hCoV-

OC43 nsp3.3, while clusters of Hsp70 co-chaperones (DNAJB1, DNAJC16, BAG2) and N-glycan 

biosynthesis factors (MGAT1, MGAT2, MAN2A2) were enriched for hCoV-229E nsp3.3. 

Interestingly, a large swath of identified high-confidence interactors are interconnected based on 

STRING analysis but do not cluster into distinct biological categories outside of those previously 

mentioned.  
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6.2.5 SARS-CoV-2 nsp3.1 interacts with ATF6 and suppresses the ATF6 branch of the 

Unfolded Protein Response (UPR) 

An intriguing observation was the shared interaction of the nsp3.1 fragment from SARS-CoV-2, 

SARS-CoV and hCoV-OC43 with ATF6 (Figure 6.2C), a transmembrane protein located across 

the ER membrane serving as one of the sensors of the ER unfolded protein response (UPR). 

Upon activation by ER stress, ATF6 is trafficked to the Golgi apparatus, where site-1 and site-2 

proteases (SP1 & MBTPS2) cleave the protein, releasing an active transcription factor that serves 

to upregulate chaperones and other proteostasis factors which aid in relieving ER stress32.  

Intriguingly, we also observed MBTPS2 as an interactor of SARS-CoV nsp3.2. MSTPS2 was 

found in a recent CRISPR to be an essential gene in the replication of SARS-CoV-238. 

Coronaviruses are known to upregulate the UPR. Specifically, the SARS-CoV spike protein was  

 

Figure 6.5. SARS-CoV-2 nsp3.1 interacts with ATF6 and suppresses the ATF6 branch of 
the Unfolded Protein Response (UPR). 

A. Representative co-immunopurification (IP) western blots of 3xFT-ATF6 cells transfected 
with SARS-CoV-2 nsp3.1-2xST or tdTomato (control), lysed, and immunopurified for 
either FLAG or 2xStrepTag. Cells were treated with 100 nM doxycycline to induce 3xFT-
ATF6 expression 24 h pre-harvest. Input and IP elution blots were probed with both anti-
FLAG and anti-StrepTag antibodies. n = 3. 

B. Box-and-whisker plots of ATF6-regulated protein abundance measured by quantitative 
proteomics. HEK293T cells were transfected with tdTomato (control) or SARS-CoV-2 
nsp3.1-FT and treated with DMSO or 10 µM 147 for 16 h pre-harvest. Shown are the 
distribution of scaled log2 TMT intensities for ATF6-regulated proteins based on 
published genesets45. A one-way ANOVA with Geisser-Greenhouse correction and 
post-hoc Tukey’s multiple comparison test was used to determine significance. Adjusted 
p-values are shown. n = 3 biological replicates in a single mass spectrometry run. 
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shown to be sufficient to upregulate transcription of factors such as GRP78/BiP and GRP9442,43, 

both known to be downstream targets of ATF644,45. Furthermore,  SARS-1 Orf8 can activate ATF6 

and promote UPR induction46, but a role for nsp3 in UPR modulation during virus infection is not 

known. 

As technical validation of the interaction of the N-terminal fragment of SARS-CoV-2 nsp3 with 

ATF6, Jonathan Davies, co-first author, used a HEK293T cell line expressing a doxycycline-

inducible 3xFLAG-ATF6 construct47. The affinity tag of the nsp3 N-terminal construct was 

replaced with a 2x strep tag (2xST) to allow for complementary immunopurifications (IP) and 

detection. He observed reciprocal pulldown of SARS-CoV-2 nsp3.1 with ATF6, and vice-versa. 

After determining that nsp3.1 transfection did not upregulate the ATF6 branch of the UPR (by 

measuring downstream reporter gene levels), he tested UPR suppression by treating cells with 

147, the compound discussed in chapter 3 that mildly upregulates ATF6 specifically in 293T cells. 

SARS-CoV-2 nsp3.1 was able to inhibit the activation by small molecules, suggesting its role in 

suppression of the UPR (Figure 6.5 A-B). 

 

6.3 Discussion  

As evidenced by its many domains, nsp3 likely serves a multitude of roles within the coronavirus 

replication cycle. Some of these roles are well characterized, such as the requirement of nsp3 for 

formation of double-membraned vesicles and the papain-like protease function in autocleavage 

of the orf1a polypeptide14–17,51,52. Other roles remain less defined, and the interactome of the 

individual nsp3 fragments contained herein may serve to help delineate the role of this protein 

across several CoV strains. Using tandem mass tags (TMTpro 16plex), we are able to directly 

identify and compare the abundance of interactors across five coronavirus strains, including two 

different genera and three different betacoronavirus clades. Given the frequent emergence of 

severely pathogenic coronavirus strains over the past 20 years, it is becoming increasingly 

apparent that a deeper knowledge of the molecular mechanisms of coronavirus replication is 
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needed to understand how we may better prepare therapeutics against potential future strains of 

these viruses.  

The N-terminal portion of the protein (nsp3.1) is the only fragment lacking transmembrane 

domains and exclusively localizes to the cytosol. This could explain the high expression levels 

seen with this fragment, although there was still some variation among the expression efficiency 

for the homologs from different viral strains. An interesting divergence observed in the nsp3.1 

dataset is the enrichment of pathways related to mitochondrial transport and metabolism in the 

SARS-CoV dataset that is absent in the SARS-CoV-2 dataset.  Given the two fragments share 

high sequence identity, it is noteworthy when one pathway is so highly enriched in one fragment 

versus the other, pointing to rapid divergent evolution. Other SARS-CoV-2 proteins have been 

shown to interact with several components of the mitochondria18,19, including our earlier nsp2/4 

dataset that found both SARS-CoV and SARS-CoV-2 proteins interacting with mitochondria-

associated membrane factors involved in controlling calcium flux between ER and mitochondria22. 

Interestingly, the most highly enriched pathways in both of the SARS variants are also enriched 

(to a similar magnitude) in the MERS-CoV nsp3.1 fragment pointing towards conserved functions 

among the pathogenic variants. 

The C-terminal portion of the nsp3.1 fragment for SARS-CoV and SARS-CoV-2 consists of the 

SARS unique domain (SUD). While a definitive function of this domain has not been established 

in the coronavirus replication cycle, prior studies described a role for macrodomains within the 

SUD binding G-quadruplexes, strings of RNA containing multiple guanosines51,53,54. While no 

RNA-binding pathways were observed as enriched with either of the SARS nsp3.1 fragments, 

potentially related processes such as mRNA catabolism, rRNA metabolism, and ribosome 

biogenesis were significantly enriched. This pathway was also observed in the MERS-CoV nsp3.1 

interactor set, potentially pointing to a broader role for pathogenic strains. The singular pathway 

shown to be enriched only in the two SARS variants was “positive upregulation of transcription in 
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response to ER stress”, which prompted us to investigate the interactions and regulation of this 

fragment with the UPR sensor ATF6, which is discussed further below.  

The middle fragment yielded the smallest number of overall interactors of the three fragments, 

across all five strains. Generally, expression levels of this fragment were also lower than the 

termini, which may have limited detection of interactors. However, all fragments and interactors 

were still reproducibly detectable by mass spectrometry.  Surprisingly, we observed highly distinct 

pathway enrichment from the MERS-CoV and hCoV-229E fragments showing substantial 

interactions with ribosomal RNA processing proteins and nuclear import proteins, respectively. 

Interactions of other coronavirus proteins with nuclear transport machinery have been observed, 

for instance nsp9 with the nuclear pore complex and nsp1 with mRNA export machinery18,55. Orf6 

of SARS-CoV and SARS-CoV-2 inhibits STAT1 signaling by blocking nuclear import of 

phosphorylated STAT1. Nuclear localization of SARS-CoV and SARS-CoV-2 orf3b has been 

shown, as well as for N proteins56–58. In contrast, no strains studied to date have observed 

interactions of nuclear transport pathways with nsp3. One possibility is the recruitment of nuclear 

transport proteins to 229E nsp3 to assist in the transport of viral components from double-

membraned vesicles, which nsp3 is essential in helping to create14–16. A recent study showed that 

nsp3 from murine hepatitis virus (MHV) not only assists in initial formation of the DMVs, but 

subsequently forms the core of a pore-like structure that may aid in export of viral RNA36. The 

absence of these protein interactions between nsp3.1 homologs from betacoronavirus strains and 

nuclear importins points to evolution of functional divergence.  

We also find that MERS nsp3.2 uniquely interacts with rRNA processing machinery involved in 

ribosome biogenesis. Several of these factors (WDR36, NOL10, URB1) were previously found to 

interact with SARS-CoV-2, SARS-CoV, and MERS-CoV nsp8 homologs18,19. Some viruses, such 

as HIV-1, have also been shown to down-regulate factors involved in rRNA processing during 

infection40. Given the dependence of all coronaviruses on host translation machinery, it is 
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interesting that MERS is the only CoV to maintain these interactions. This may represent a 

specialized avenue for MERS-CoV to modulate host translation through nsp3.  

Viruses often modulate cellular stress responses in order to assist during replication and/or 

subvert the host immune system. Many groups of viruses, including coronaviruses and 

flaviviruses, have been shown to upregulate branches of the UPR42,43,46,59–64, although exact roles 

of this activation for the viral life cycle are still debated. We were therefore particularly interested 

to find ATF6 as a high confidence interactor of the SARS-CoV and SARS-CoV-2 nsp3.1 

fragments. ATF6 is a transmembrane sensor representing one of the most upstream portions of 

the ER unfolded stress response (UPR). As noted, coronaviruses replicate near the ER, and nsp3 

possesses transmembrane domains that anchor the protein in the ER membrane. Given the 

localization of nsp3.1 to the cytosol, the protein is likely to interact with the cytosolic basic leucine 

zipper (bZIP) transcriptional activator domain of ATF6. Therefore, we sought to determine if the 

fragment could be regulating the ability of ATF6 to respond to stress. Jonathan Davies probed 

translational level of known ATF6 regulated genes after overexpression of nsp3.1 fragments. He 

showed that SARS-CoV-2 fully blocked the modest induction by the pharmacological activator 

147. It is likely that UPR activity has to be finely tuned during infection to prevent detrimental 

consequences from prolonged activation, such as apoptosis induction. Prior studies found that 

the IRE/XBP1s UPR branch was inhibited by the SARS-CoV E protein and that ATF6 gene targets 

were not upregulated during MHV infection despite ATF6 activation and cleavage60,65. These 

results suggest that coronaviruses employ strategies to attenuate distinct UPR signaling 

branches, but little is known about what viral proteins are responsible for tuning UPR activity. Our 

results indicate that the N-terminal regions of SARS-CoV-2 nsp3 directly acts on ATF6 to 

suppress activation. Further work is needed to understand the molecular mechanisms of this 

suppression and its role during SARS-CoV-2 infection. 

Many studies have highlighted the utility of viral protein interactomes in identifying roles for host 

pathways in the life cycle of many viruses38,66, and large-scale interactome studies with SARS-
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CoV-2 demonstrated how these interactomes may be useful for identifying existing drugs to be 

repurposed to fight viral infections18. Despite the large body of work done in the past year on 

SARS-CoV-2, interactome studies of nsp3 have been limited to the PL2pro papain-like-protease 

domain11. In addition to presenting data for the full nsp3 interactome, our studies highlight the 

utility of using tandem mass tag technology to quantitatively compare the SARS-CoV-2 nsp3 

interactome to the interactome of other known coronaviruses, both severely and mildly 

pathogenic. We find very divergent interactomes, suggesting that while there is a large 

conservation of domains, there may also be more specific roles for this protein in the context of 

each individual virus. One caveat is the use nsp3 fragments in our analysis, which may miss host 

interactions that require different region or domains of the protein to coordinate. Additionally, it 

would be intriguing to investigate the interactomes of nsp3 (fragmented or in full) with nsp4 and/or 

nsp6, as coordination between these viral proteins is required to form the double-membraned 

vesicles characteristic in CoV infection. In the future, it may be important to study the variations 

in host protein interactions that occur between specific SARS-CoV-2 variants that are rapidly 

emerging. This study was initially published during the rise of the B.1.1.7 (alpha) variant which 

possesses three mutations in nsp367,68. Additionally, the B.1.351 (beta) variant contains one nsp3 

mutation, and the P.1 (gamma) variant contains two. More recently, the B.1.617.2 (delta) and 

B.1.1.529 (omicron) variants of concern also possess mutations in nsp367. This makes nsp3 

protein variants relevant to study for better understanding how such evolutionary adaptations in 

non-structural proteins may impact virulence. 

 

6.4 Materials and Methods 

Construct design 

The coding sequences for full-length nsp3 were obtained from GenBank (SARS-CoV-2 isolate 

Wuhan-Hu-1 MN908947, SARS-CoV Urbani AY279741, hCoV-OC43 NC006213, MERS-CoV 

JX869059, hCoV-229E AF304460). 
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Sequences for creating fragments of the SARS-CoV nsp3 were chosen based on Pan et al, 2008, 

PLoS One21. The amino acid sequences of full-length nsp3 for the remaining hCoV strains were 

aligned using ClustalOmega to the SARS-CoV fragments to determine the corresponding 

starting/ending positions for each fragment.  

Full length SARS-CoV-2 nsp3 was codon optimized and cloned into a pcDNA-(+)-C-DYK vector 

(Genscript). Truncations were performed using primers listed in Table 1. All other nsp3 fragments 

were individually codon optimized and cloned into pTwist CMV Hygro vectors (Twist Biosciences).  

SARS-CoV and SARS-CoV-2 nsp3.1 strep-tagged constructs were created using primers listed 

in Table 1. Briefly, nsp3 fragment plasmids were amplified to exclude the FLAG tag. A pLVX 

vector containing a strep tag was used to amplify the insert. The two fragments were ligated using 

a DNA HiFi assembly kit (NEB). All plasmid constructs were confirmed by sequencing (Genewiz). 

Cell culture and transfection 

HEK293T and HEK293T-REx cells were maintained in Dulbeccos’ Modified Eagle’s Medium (high 

glucose) and supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% 

glutamine. Cells were kept at 37°C, 5% CO2. For transfections, 2E6 cells were seeded into 10cm 

tissue culture dishes. 24 hours after seeding, cells were transfected using a calcium phosphate 

method with 5 µg nsp3 or tdTomato construct. Media was exchanged 16 hours post-transfection 

and cells were harvested 24 hours after media exchange.  

FLAG immunoprecipitations 

Immunoprecipitations were performed as reported previously22. Cells were collected from 10cm 

dishes via scraping, washed with PBS, and lysed by suspension in TNI buffer (50mM Tris pH 7.5, 

150mM NaCl, 0.5% IGEPAL-CA-630) supplemented with Roche cOmplete protease inhibitor. 

Cells were left to lyse on ice for at least 10 minutes, followed by 10 minute sonication in a room 

temperature water bath. Lysates were cleared by centrifugation at 21.1xg for 20 minutes. Protein 

concentrations were normalized using 1x BioRad Protein Assay Dye, and normalized lysates 

were added to 15 µL pre-washed (4x in lysis buffer) Sepharose 4B beads (Sigma) and rocked at 
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4°C for 1 hour. Resin was collected by centrifugation at 400xg for 10 minutes, and pre-cleared 

supernatant was added to 15 µL G1 anti-DYKDDDDK resin (GenScript) and rocked at 4°C 

overnight. The next day, resin was collected by centrifugation at 400xg for 10 minutes. Resin was 

washed 4x with lysis buffer. Resin-bound proteins were eluted with the addition of modified 3x 

Laemelli buffer (6% SDS, 62.5mM Tris) for 30 minutes at room temperature, followed by 15 

minutes at 37°C. A second elution was performed for 15 minutes at 37°C. 

During the first IP for each construct, immunoprecipitation was confirmed by silver stain using a 

Pierce Silver Stain Kit (Thermo Fisher) and by western blotting with anti-FLAG antibody (Sigma-

Aldrich, F1804) 

Immunofluorescence confocal microscopy 

HEK293T cells were transfected with nsp3 constructs as described in “Cell culture and 

transfection”. Two hours post-media change, 2x104 transfected cells were seeded into glass-

bottom culture dishes (MatTek, P35G-0-14-C). At 40 hours post-transfection, cells were fixed with 

4% paraformaldehyde-PBS, washed with PBS three times, then permeabilized in 0.2% Triton-X 

(in PBS). After three PBS washes, cells were blocked in PBS with 1% BSA and 0.1% Saponin 

(blocking buffer) for 1 hour at room temperature. After blocking, cells were incubated with anti-

PDIA4 primary antibody (Protein Tech, 14712-1-AP) in blocking buffer (1:1000 dilution) overnight 

at 4°C. After three PBS washes, cells were incubated with AlexFluor 488-conjugated anti-rabbit 

goat antibody (ThermoFisher, A-11008) in blocking buffer (1:500 dilution) at room temperature for 

30 min. Cells were then stained with M2 FLAG primary antibody (SigmaAldrich, F1804) and 

AlexFluor 594-conjugated anti-mouse goat antibody (ThermoFisher, A-11005) using the same 

conditions. Cells were then mounted in Prolong Gold with DAPI stain (ThermoFisher, P36935) 

overnight. Cells were imaged using an LSM-880 or LSM-710 confocal microscope (Zeiss) and 

images were merged using Image J software. 

Tandem Mass Tag sample preparation 
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Sample preparation was carried out as previously described22. Eluted proteins were precipitated 

via methanol/chloroform/water (3:1:3) and washed thrice with methanol. Each wash was followed 

by a 5 minute spin at 10,000xg. Protein pellets were air dried and resuspended in 1% Rapigest 

SF (Waters). Resuspended proteins were reduced (TCEP) for 30 minutes, alkylated 

(iodoacetamide) for 30 minutes, and digested with 0.5 µg trypsin/Lys-C (Thermo Fisher) 

overnight. Digested peptides were labeled using 16plex TMTpro (Thermo Scientific) and 

quenched with the addition of ammonium bicarbonate. Each TMT channel shown in Figure 

A6.3A-F represents an independent immunoprecipitation and biological replicate. Samples were 

pooled, acidified, and concentrated. Cleaved Rapigest products were removed by centrifugation 

at 17,000xg for 45 minutes.  

MudPIT LC-MS/MS analysis 

Triphasic MudPIT columns were prepared as previously described using alternating layers of 

1.5cm C18 resin, 1.5cm SCX resin, and 1.5cm C18 resin71. Pooled TMT samples (roughly one-

third of pooled IP samples and 20 µg of peptide from global UPR activation samples) were 

loaded onto the microcapillaries using a high-pressure chamber, followed by a 30 minute wash 

in buffer A (95% water, 5% acetonitrile, 0.1% formic acid). Peptides were fractionated online by 

liquid chromatography using an Ultimate 3000 nanoLC system and subsequently analyzed 

using an Exploris480 mass spectrometer (Thermo Fisher). The MudPIT columns were installed 

on the LC column switching valve and followed by a 20cm fused silica microcapillary column 

filled with Aqua C18, 3µm, C18 resin (Phenomenex) ending in a laser-pulled tip. Prior to use, 

columns were washed in the same way as the MudPIT capillaries. MudPIT runs were carried 

out by 10µL sequential injections of 0, 10, 20, 40, 60, 80, 100 % buffer C (500mM ammonium 

acetate, 94.9% water, 5% acetonitrile, 0.1% formic acid) for IP samples and 0, 10, 20, 30, 40, 

50, 60, 70, 80, 90, 100% buffer C for global UPR activation samples, followed by a final injection 

of 90% C, 10% buffer B (99.9% acetonitrile, 0.1% formic acid v/v). Each injection was followed 

by a 130 min gradient using a flow rate of 500nL/min (0-6 min: 2% buffer B, 8 min: 5% B, 100 
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min: 35% B, 105min: 65% B, 106-113 min: 85% B, 113-130 min: 2% B). ESI was performed 

directly from the tip of the microcapillary column using a spray voltage of 2.2 kV, an ion transfer 

tube temperature of 275°C and a RF Lens of 40%. MS1 spectra were collected using a scan 

range of 400-1600 m/z, 120k resolution, AGC target of 300%, and automatic injection times. 

Data-dependent MS2 spectra were obtained using a monoisotopic peak selection mode: 

peptide, including charge state 2-7, TopSpeed method (3s cycle time), isolation window 0.4 m/z, 

HCD fragmentation using a normalized collision energy of 32 (TMTpro), resolution 45k, AGC 

target of 200%, automatic injection times, and a dynamic exclusion (20 ppm window) set to 60s. 

Data analysis 

Identification and quantification of peptides were performed in Proteome Discoverer 2.4 (Thermo 

Fisher) using the SwissProt human database (TaxID 9606, released 11/23/2019; 42,252 entries 

searched) with nsp3 fragment sequences (15 entries) manually added (42,267 total entries 

searched). Searches were conducted with Sequest HT using the following parameters: trypsin 

cleavage (maximum 2 missed cleavages), minimum peptide length 6 amino acids, precursor 

mass tolerance 20ppm, fragment mass tolerance 0.02Da, dynamic modifications of Met oxidation 

(+15.995Da), protein N-terminal Met loss (-131.040Da), and protein N-terminal acetylation 

(+42.011Da), static modifications of TMTpro (+304.207Da) at Lys and N-termini and Cys 

carbamidomethylation (+57.021Da). Peptide IDs were filtered using Percolator with an FDR target 

of 0.01. Proteins were filtered based on a 0.01 FDR, and protein groups were created according 

to a strict parsimony principle. TMT reporter ions were quantified considering unique and razor 

peptides, excluding peptides with co-isolation interference greater that 25%. Peptide abundances 

were normalized based on total peptide amounts in each channel, assuming similar levels of 

background in the IPs. For global UPR proteomics, protein abundances were also scaled. Protein 

quantification used all quantified peptides. Post-search filtering was done to include only proteins 

with two identified peptides.  

Experimental Design and Statistical Rationale 
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Nsp3.1 analysis combined 62 co-IP samples distributed across 5 individual MS runs (biological 

replicates: 15x tdTomato (negative co-IP control), 13x SARS-CoV-2, 9x SARS-CoV, 8x MERS-

CoV, 9x hCoV-OC43, 8x hCoV-229E). Nsp3.2 analysis combined 63 co-IP samples distributed 

across 4 individual MS runs (biological replicates: 15x tdTomato (negative co-IP control), 14x 

SARS-CoV-2, 9x SARS-CoV, 9x hCoV-OC43, 8x MERS-CoV, 8x hCoV-229E). Nsp3.3 analysis 

combined 63 co-IP samples distributed across 5 individual MS runs (biological replicates: 15x 

tdTomato (negative co-IP control), 14x SARS-CoV-2, 9x SARS-CoV, 8x MERS-CoV, 9x hCoV-

OC43, 8x hCoV-229E). Pairwise ratios between conditions were calculated in Proteome 

Discoverer based on total protein abundance, and ANOVA was performed on individual proteins 

to test for change in abundances and report adjusted P-values. To filter interactors of individual 

nsp3 fragments, we used a variable cutoff method combining log2 enrichment and adjusted p-

value according to a published method 22,72. The histogram of log2 protein abundance fold 

changes for each construct vs the tdTomato control was fitted to a gaussian curve with a bin width 

of 0.1 using a nonlinear least square fit (excluding outliers) to determine the standard deviation σ 

of the scatter. For medium- and high-confidence interactors, the cutoff values were 1σ and 2σ 

respectively. To take into consideration the adjusted p-values, we used a hyperbolic curve y > 

c/(x-x0) where y is the adjusted p-value, x is the log2 fold change, and x0 corresponds to the value 

of the 1σ or 2σ standard deviation. Negative medium- and high-confidence interactors were 

filtered using cutoff values of -1σ and -2σ respectively and the hyperbolic curve y > - c/(x+x0). 

CRAPome overlap, geneset enrichment analysis, comparative heatmaps, and network plots 

High-confidence interactors of all homologs for each nsp3 fragment were queried in the 

CRAPome “Homo sapiens Single Step Epitope tag AP-MS” dataset28. A frequency threshold of 

25% of control experiments found in was used to qualify an interactor as overlapping with the 

CRAPome. A gene ontology (GO) enrichment analysis for biological processes was conducted in 

EnrichR. The analysis was conducted separately for the high (and/or medium) confidence 
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interactors for each fragment. GO terms were manually filtered for adjusted p-values <0.1. 

Redundant GO terms were grouped manually based on overlapping genes in related pathways.  

Network plots were generated in Cytoscape73; human protein interactions were validated based 

on the STRING database. 

Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository with the dataset identifier PXD024566. All other 

necessary data are contained within the dissertation. 
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CHAPTER 7: Conclusions and future directions 

7.1 Summary of work 

Viruses have been, and continue to be, a major threat to human health around the world. Over 

the course of this study, the world saw threatening outbreaks of a flavivirus (Zika) and a 

coronavirus (SARS-CoV-2) that caused significant social and economic impact worldwide. These 

events highlighted the need to better understand the pathogenesis of viruses, and how shared 

dependencies between strains or families may be exploited to allow us to prepare today for the 

public health emergencies of tomorrow. 

Our group is not the first to have an interest in perturbing host-virus interactions to inhibit 

replication, and chapter 1 outlines some of the ways in which interactions, specifically those 

involving the host protein folding network, can be both identified and exploited. The ER protein 

folding network constitutes a swath of functions, from cotranslocation of ER targeted proteins to 

correct folding and glycosylation of those clients to degradation of misfolded substrates and 

more1. Given the interactions many viruses have with the ER, each of these steps in the protein 

folding process has been interrogated in some regard in an attempt to understand dependencies 

of many classes of viruses on the host cell2,3. Identifying these direct or indirect interactions can 

be performed in a variety of manners; affinity purification-mass spectrometry allows for 

identification of direct interactions by pulling down on a bait protein with its interactors after 

expression4. Genetic screens using CRISPR, RNAi, or overexpression constructs may help 

identify the role a protein has in enhancing or inhibiting viral replication without necessarily 

identifying a direct interaction5–7.  

The Plate lab was specifically interested in pharmacologic manipulation of the unfolded protein 

response, given the observation that dengue virus (DENV), a flavivirus related to Zika, is able to 

temporally control upregulation of each of the three branches; IRE1, ATF6, and PERK8. 

Specifically, we were interested in the effects that recently characterized modulators of the IRE1 

and ATF6 pathways would have, given these two arms are largely responsible for controlling the 
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remodeling of the ER under conditions of protein folding stress9. In chapter 2, we find that neither 

inhibitor of the pathway has an effect on viral replication, either enhancing or inhibiting it. The 

activator of the IRE1 branch, 474, initially showed some promising effects at enhancing viral 

replication, but these effects were not reproduced later. Compound 147, an activator of the ATF6 

branch, provided the largest effect, inhibiting viral replication up to 99% after 24 hours of infection. 

This compound was chosen as the basis for follow up in chapter 3.  

Chapter 3 dives further into the mechanism of 147 as an antiviral10. We show that the compound 

is active up to at least 48 hours post-infection, and that it affects the total number of infectious 

virions released from the cell without affecting total viral protein secretion. Although designed as 

an activator of the ATF6 branch of the UPR, the antiviral activity of this compound is ATF6-

independent, as measured by both small molecule cotreatment and chemical genetic methods. 

Instead, the compound relies on oxidation via P450 enzymes to create an active electrophile that 

covalently modifies free thiols, such as cysteine residues. Specifically, we use an alkyne labeled 

variant of 147 to show that it is predominantly ER resident proteins that are labeled, and even 

more specifically that the major targets are protein disulfide isomerases. Using small molecules 

specific for one or two PDIs, as well as RNAi, we were unable to find a single target whose 

inhibition or depletion resulted in a significant phenotypic change, indicating the effects of 147 are 

likely due to some polypharmacology. Encouragingly, we show that the compound 147 is able to 

inhibit several serotypes of dengue virus, which are antigenically distinct but genetically similar to 

one another. We also show the ability of the molecule to inhibit two strains of Zika virus, one 

ancestral and one from the 2015 outbreak.  

After characterizing the activity of 147, we wondered if a structurally and functionally similar 

molecule, 263, would exhibit similar effects to 147. Both groups possess an oxidizable motif to 

generate an active electrophile, and it was thought the potential electrophile on 263 could also 

covalently modify thiol groups. Chapter 4 explores our efforts to characterize this compound in 

the context of viral infection. While a lower dose of 263 had to be used due to toxicity, we were 
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encouraged when similar antiviral effects were seen, with infectious viral titers being lowered up 

to 90% 24 hours post infection. Contrary to 147, 263 did cause a drop in total viral protein 

secretion, which was the first clue the mechanisms may be divergent. To support this point, a 

competition experiment using the alkyne labeled variant of 147 showed that 263 likely does not 

inhibit protein disulfide isomerases; many of the targets between the two molecules were different. 

The top target was the same between the two compounds, ALDH1A1, but shRNA experiments 

showed depletion of this gene does not have an effect on viral titers, suggesting it is not the target 

responsible for antiviral activity. Neither oxidation nor thiol modification are required for the 

antiviral activity either, positing this as a truly unique molecule compared to 147. Encouragingly, 

we found that it is still active against several strains of dengue and Zika virus, further validating 

the utility of proteostasis modulation as an antiviral intervention point.  

During these studies, SARS-CoV-2, the causative agent of COVID-19, emerged and immediately 

caused worldwide disruption socially, economically, and to the flavivirus research being done in 

the lab. This new virus, although genetically similar to SARS-CoV, marked a new starting line for 

science. Our lab chose to study the interactions that take place between viral proteins and host 

proteins using affinity purification-mass spectrometry, starting with non-structural proteins 2 and 

411. Using homologs from SARS-CoV-1, SARS-CoV-2, and hCoV-OV43, we showed that 

although some interactors are conserved among the strains, many interactors diverge. Among  

interactors, we observed an enrichment of mitochondria-associated ER membrane factors. 

We were not the only groups interested in characterizing these interactions, and before and after 

we published our comparative study other groups used both AP-MS methods and proximity 

labeling methods to come up with lists of interactors of these viral proteins12–16. One nonstructural 

protein that was missing from all these studies was nonstructural protein 3, the largest and 

arguably most complex of the SARS-CoV-2 ORF1ab proteins. As outlined in chapter 6, we were 

unable to see the full length individual protein expressed, which suggests that it may be necessary 

to stabilize this protein with other members of the replication complex in order for stable 
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expression to occur17. To circumvent this problem, we divided the protein up into three fragments 

based on an intraviral interactome generated by Pan et al. for the SARS-CoV genome18. SARS-

CoV-2 was aligned with these cut sites to create analogous fragments, and the same was done 

for coronaviruses MERS-CoV, hCoV-OC43, and hCoV-229E. These fragments all contained a 

FLAG affinity tag, which was used for immunoprecipitation of the bait proteins and their 

interactors. We identified and compared interactors among the N-terminal, middle, and C-terminal 

fragments for each strain (termed nsp3.1, nsp3.2, and nsp3.3 respectively). We find that almost 

no host interactors are conserved among all five strains for a given fragment, and that of the five 

strains SARS-CoV and SARS-CoV-2 generally share the most interactors. Surprisingly, we found 

interactions of the two SARS variants and hCoV-OC43 with ATF6, one of the transmembrane 

sensors involved in activation of the ER unfolded protein response. We reasoned two possibilities 

could result from this interaction, ATF6 activation or suppression. We found that SARS-CoV-2 

nsp3.1 suppresses ATF6 activation, completely blocking it under mild activation conditions. 

 

7.2 Ongoing experiments 

7.2.1 Investigating perturbation of DENV structure by 147 

One of the intriguing discoveries in chapter 3 was the observation that 147 does not reduce total 

viral protein levels secreted from the cell but does affect the infectious titer. This led to the 

hypothesis that 147 treatment results in the secretion of defunct virions. Given that 147 

predominantly labels thioredoxin domain containing protein disulfide isomerases (PDIs), we 

further hypothesize that these virions are defunct because of aberrant disulfide bonding within or 

between envelope or premembrane protein monomers. The investigation of this question requires 

two methods to be optimized initially; a robust method of virus purification/concentration, and a 

method to quantify the number or concentration of free cysteines in one sample versus another.  

A robust method of virus purification/concentration is needed to reproducibly isolate virus from 

the initial >10mL of viral supernatant into a concentrated solution for eventual detection by 
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western blot. While the method described in chapters 3 and 4 was sufficient for those experiments, 

going from ~10mL of virus to ~100µL of eventual resuspension rarely led to a concentration in 

virus titers, suggesting that much of the sample was lost during purification. To better isolate the 

virus, two options have been considered, one of which is under current investigation. Traditional 

methods use, as described, ultracentrifugation to pass viral particles through a sucrose cushion 

or gradient, while much of the remaining components of the media remain on top of the cushion. 

The virus pellets, allowing for removal of everything but the pellet, and resuspension in a smaller 

volume of liquid. The procedure used herein was a modified version of this protocol which used 

a shorter spin time. However, due to the mentioned concentration problems, an optimization of a 

full ultracentrifugation method may be needed for these purposes. In this case, a gradient is used 

to further separate components of the media, and each fraction is analyzed for the presence of 

virus. The relevant fractions are combined and subjected to a further spin to pellet the sample 

before resuspension in a chosen solution. 

The second method of consideration is using centrifugal spin filters instead of a sucrose gradient 

to remove components of the media. The large advantage of spin filters is the ease of use; rather 

than needing a sucrose gradient and several hours to separate virus from solution, the spin filters 

easily allow cellular components smaller than the cutoff size of the membrane to pass through 

while retaining larger components. Viruses are larger than the typical extracellular protein, and so 

a 100kDa spin filter was chosen for the pilot experiments. The most crucial component of the 

media to remove is the bovine serum albumin from the added fetal bovine serum (FBS), which is 

approximately the same weight as the envelope protein monomer on DENV and extremely 

abundant in media samples run on SDS-PAGE gels; this abundance makes detection of the 

envelope protein difficult, and so the removal is important for any experiment on isolated virus. 

The 100kDa filter was intended to allow for the removal of this ~66kDa protein. 

Initial experiments used DMEM with FBS to determine how efficiently the filter would remove the 

BSA. 4 mL DMEM plus 10% FBS was added to the top of an Amicon-4 100kDa spin filter, and 
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samples were spun at 4000xg for 20 minutes based on the suggested procedure given by EMD 

Millipore. Unexpectedly, a red buildup was observed in the bottom of the retentate; subsequent 

buffer exchanges using water did not relieve this buildup, and samples were unable to be run on 

a gel (Figure A7.1). Initially believing this to be a result of the phenol red in the DMEM complexing 

with BSA, the experiment was repeated using phenol red-free media. However, a buildup at the 

bottom of the retentate was still observed, with a color resembling that of BSA (Figure A7.2). In 

both cases, a freeze thaw of the samples left the retentate unable to be run on SDS-PAGE gels; 

the solution coagulated and would not return to a liquid state even after heating. The filtrates 

showed minimal presence of BSA based on stain-free gel imaging, supporting the hypothesis the 

BSA was being left behind in the retentate (Figure A7.1, A7.2). To attempt to subvert this 

problem, two additional attempts were made to pass BSA through the spin filter. A second attempt 

used 2% FBS medium instead of 10% FBS, as has typically been used in these experiments. 

With an infection time of 24 hours, the 2% FBS should only minimally affect the viability of the 

cells or virus. The same spin conditions were used, with repeated buffer exchanges of water after 

spins at 4000xg for 20 minutes. Unfortunately, the same buildup of BSA was observed, and 

Figure 7.1 Stain-free gels of DMEM-10 and DMEM-2 before and after soft spin filtration. 

BSA, although below the 100kDa filter weight, accumulates in the retentate fraction. After 3 

buffer exchanges (water), levels in the DMEM-2 sample were reduced to pre-filtration levels. 
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samples were still unable to be run on gels. Minimal BSA in the filtrate was also observed, 

suggesting most of the protein was in the retentate (Figure A7.3).  

The third generation of the experiment used both 10% and 2% FBS media but decreased the spin 

time and intensity in an attempt to more gently concentrate the BSA. Spins were conducted for 5 

minutes at 1500xg. Visible BSA concentration was still observed in all samples until three buffer 

exchanges had been performed in the 2% FBS media sample (Figure 7.1). While the BSA did 

not appear to be dilute relative to the initial media sample, under infection conditions the virus 

would be 20-30x concentrated. This ratio was posited to be enough to overcome any adverse 

effects from retaining the BSA.  

To generate virus supernatant, 10cm dishes of Huh7 cells were treated for 16 hours with 10uM 

147 or DMSO. Cells were infected for 3 hours with DENV2 16681 at MOI 3; inoculum was 

removed, and media with 2% FBS was replaced along with treatments. Media was collected 24 

hours post infection. 8 mL media was divided among 2 4mL spin filters, and spin conditions as 

described in the last optimization experiment were repeated with five buffer exchanges into 5mM 

HEPES, pH 7.9. The final volumes for each sample were normalized to 288 µL, for an approximate 

concentration of 28x. It was observed that BSA still remained in the retentate, as observed by the 

buildup of a colored substance at the bottom of the filter even after repeated washes. This was 

confirmed by stain-free gel, where a darker band was observed in the retentate fractions 

compared to the filtrate. (Figure A7.4). Despite this, western blotting showed the concentration 

of DENV protein in the filtered samples compared to the initial media, indicating the goal of virus 

concentration was met. A focus forming assay to confirm this showed a 16x concentration in titer 

from pre-spin to post-spin, which is less than the 28x measured by volume but still more efficient 

than the ultracentrifugation methods used previously in this dissertation. It should be noted that 

no viral protein was observed in the post-spin 147 samples, whereas earlier results would indicate 

that the protein levels should have been the same between the two samples. The titer levels were 

still reduced by two orders of magnitude in both pre- and post-spin samples, but the equivalence 
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in protein intensities should form the basis of this experiment, indicating further follow up may be 

needed. 

A second experiment was performed with virus containing media to confirm the results of the first 

spin. In this experiment, an aliquot was taken from the top layer of the retentate to determine if 

this layer contained most of the virus, in which case the BSA could be removed simply by leaving 

the bottom layer of the retentate in the filter. However, a titer approximately equal to that of the 

pre-filtrate was observed in the top layer of the retentate, while the bottom layer exhibited the 

increased titer expected after concentration (data not shown).  

The second part of these follow-up experiments will consist of methodically footprinting the 

released virions to measure any structural changes that may occur between DMSO and 147 

treated samples. Initially, we hypothesize that the structural changes are largely due to the 

disulfide bond arrangement, and so began seeking out reagents which would allow us to test this 

hypothesis. Initial experiments have used a PEG-maleimide reagent- the maleimide group is 

Figure 7.2. Titers increase in retentate after spin filter purification. Titers are increased 

approximately 15 fold in the DENV only retentate samples compared to the pre-purification, 

and approximately 30 fold in the 147 treated samples. 
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electrophilic and cysteine-reactive, and thus will differentially label proteins involved in disulfide 

bonds compared to those with reduced residues. Only those free sulfhydryl groups will be 

available for covalent modification, and not those oxidized by disulfide bonds or otherwise 

modified. The long chain PEG substrate serves to alter the effective molecular weight of the 

compound, thus shifting it higher on an SDS-PAGE gel compared to an unmodified protein. The 

specific reagent used contained a photocleavable linker between the maleimide group and the 

PEG chain, allowing for separation by SDS-PAGE then cleavage of the PEG chain using UV light. 

Advantageously, removal of the PEG chain allows for better detection after transfer to a 

membrane for western blot.  

Proof-of-concept experiments were performed on Huh7 cell lysates to measure proteins with 

known disulfide bonds or free cysteine residues. The first of these proteins measured was 

GAPDH, an enzyme involved in glycolysis which resides in the cytosol, a reducing environment, 

and thus has reduced disulfide bonds. Conditions were optimized using GAPDH, and it was 

determined that a concentration of approximately 0.5 mg/mL protein lysate with 0.5 mg/mL PEG-

maleimide reagent at 37°C after 4 hours of exposure is sufficient to monitor labeling. In the labeled 

samples, two bands were seen above the unlabeled (Figure A7.5). GAPDH contains four 

cysteine residues including the active site, and thus a maximum of 5 bands would be expected. 

Still in protein lysates, the next set of experiments measured labeling of the protein disulfide 

isomerases under DMSO vs 147. Identical conditions were used for labeling, and the various 

labeling states of PDIA1, PDIA4, and PDIA6 were measured by western blot. Of these, PDIA1 

displayed the most complex labeling pattern. In all cases, the addition of 147 decreased the 

presence of higher molecular weight bands, supporting the data that 147 covalently modifies 

thiols; if these cysteine residues are labeled by 147, they are unavailable for labeling by the 

maleimide reagent. This study is now able to be extended to intracellular viral proteins, and 

ultimately to the concentrated virus from an optimized purification scheme. 
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Figure 7.3. PC-PEGmal differentially labels 147 treated samples. DENV infected lysates 

with or without PC-PEG-maleimide compound for 4 hours at 37°C. Samples were separated 

by SDS-PAGE and visualized by western blot using antibodies for the proteins indicated. In 

general, the addition of 147 lowered the availability of cysteines to be labeled by the 

maleimide reagent, as indicated by the lowered intensity or disappearance of higher 

molecular weight bands compared to the non-147 treated samples. 



202 
 

7.2.2 Target identification of 263 using thermal shift methods 

Chapter 4 outlined our study of 263, and how this molecule was initially posited to have a similar 

mechanism to 147 but in fact does not. This leaves the question of how 263 does work within the 

cell, both as an ER stress activator as well as its antiviral properties. We began answering the 

former by examining global proteome changes on 263 treatment, in addition to co-treatment with 

Figure 7.4. Stress pathway activation by combinations of DENV, 263, and 147. Samples 

were pre-treated with compounds where indicated, prior to infection with DENV at MOI 3 

(where indicated) for 3 hours. After infection, inoculum was removed, cells were washed, and 

media and treatments were replaced for 24 hours. Samples were harvested and lysed, and 20 

µg of each sample was precipitated, reduced, alkylated, and digested. Peptides were labeled 

using TMTpro reagents, combined, and run on an Exploris 480 using multidimensional peptide 

identification technology for on-line fractionation prior to MS analysis. Genesets for each stress 

pathway were taken from Grandjean et al. and changes relative to the DMSO control were 

calculated using TMT reporter ion intensities from Proteome Discoverer. 
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147. In initial studies, 263 was not examined further as a molecule because it did show slightly 

more promiscuous activity towards the other UPR branches, particularly IRE1. On treatment in 

Huh7 cells, it was clear that 263 did promiscuously activate branches of the UPR, though the 

gene profile was not typically as extreme in either direction as the samples with 147.  

Examining the targets of 263 requires a more intricate assay, because unlike 147, there is little 

SAR data for the compound and no alkyne-labeled variant exists. Fortunately, recent methods 

have been developed to help identify the targets of small molecules not based on pulldown 

assays, but on the assumption that they confer thermal stability onto their targets and this stability 

can be measured. The initial method, the cellular thermal shift assay, developed by Norlund and 

colleagues, involved treating cells with compound and heating fractions of the lysate to different 

temperatures, followed by quantification of the soluble fraction of a protein of interest by western 

blot19. The quantification could be compared to a control lysate; a protein stabilized by a given 

drug would show a higher propensity to stay in solution as the melting curve progressed. This 

method has evolved into several related technologies, one of which is thermal proteome 

profiling20. The logic behind the method is the same, but this method takes advantage of 

Figure 7.5. DENV titers after 263 and 147 treatement. Samples were pre-treated with 

compounds where indicated, prior to infection with DENV at MOI 3 (where indicated) for 3 

hours. After infection, inoculum was removed, cells were washed, and media and treatments 

were replaced for 24 hours. Media samples were taken and analyzed by focus forming assay. 
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quantitative mass spectrometry to identify the melting curves of a high number of proteins at once 

in an unbiased manner. Using tandem mass tag technology, samples across a curve are 

combined into a single mass spectrometry run, and a melting curve is generated based on the 

TMT reporter ion intensity for each temperature.  

We used this method to perform a pilot experiment to investigate some of the potential targets of 

263. Using 147 as a control (for which the targets are known as validated by pulldown in chapter 

3), 15cm dishes of cells were treated with DMSO, 3 µM 147, or 3 µM 263 for 4 hours. Cells were 

resuspended and aliquoted into 8 fractions, which were exposed to different temperatures as 

outlined in Table 7.1 for 3 minutes. Cells were treated with benzonase and Igepal-CA-630 to 

disrupt membranes and precipitate nucleic acid, then subjected to freeze-thaw cycles to lyse. 

Lysates were cleared and aliquoted for mass spectrometry analysis or western blot.  

The SDS-PAGE gels for each sample showed the expected indirect relationship between 

temperature and protein abundance; as the temperature in each set went up, the intensity of the 

lane (as a marker for total protein content) went down (Figure A7.9). To begin parsing whether 

the experiment may have worked, gels were transferred to PVDF membranes and two PDIs were 

blotted for. As targets of 147, it was expected a difference would be seen in the 

melting curves of these proteins between the DMSO and 147 treated samples. 

However, the abundance curves did not look as expected, with noisy lines being 

produced and no distinction between the two conditions. In some samples, it 

was visible that the first heated sample (42°C) was higher in abundance 

compared to the control 37°C sample. It is possible that western blot may not 

be sensitive enough to detect subtle changes in abundance.  

The mass spectrometry run provides a higher sensitivity and throughput ability 

to measure changes in melting curves between conditions. With 8 temperatures 

for each condition in hand, a DMSO and treatment sample (for each drug) were labeled with 

TMTpro reagents, combined, and run on an Exploris480 instrument using MuDPIT. TMT reporter 

Temp (°C) 

37 

42 

47.6 

52 

56.8 

59.5 

62.8 

67 

Table 7.1 

Temperatures 

used for TPP. 
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intensities were quantified using Proteome Discoverer 2.4; after plotting the intensities observed 

in each channel, the same pattern as observed by western blot emerged. As the temperature rose 

in all three conditions, the total protein abundance (via TMT reporter ion intensity) decreased 

(Figure A7.10). Initial attempts to quantify the targets as measured by stabilization were not 

successful in identifying PDIs as the target group of 147. Further data analysis as well as 

additional replicates of the experiments are needed. 

 

 

Figure 7.6. Western blots of select PDIs in thermal proteome profiling samples. After 

heating, samples were run on SDS-PAGE gels and transferred to PVDF membranes. 

PDIA4 (top) and PDIA6 (bottom) levels expectedly decreased in each of the samples as 

the exposure temperature increased. 
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7.2.3 Further exploration of coronavirus nsp interactomes 

Chapter 4 relayed the story of our initial foray into viral interactomics using homologs of 

nonstructural proteins 2 and 4 from three different coronaviruses. While the interactome of a given 

viral protein provides useful information, it is more powerful when paired with functional data about 

the implications of these interactions. We observed in the nsp2/4 interactomes an enrichment of 

factors localized at mitochondria associated membranes, or MAMs. Jonathan Davies showed the 

nonstructural proteins to also localize to these MAMs, and he has since begun followup studies 

on how these proteins, and how coronavirus infection, may affect the morphology of mitochondria 

in cells. He is also interested in how calcium flux or mitochondrial function may change under 

these conditions. Lastly, he is using RNA to identify the pro- or anti-viral factors of these MAMs 

factors and other interactors during infection2. 

Chapter 5 explored the interactome of fragments of the coronavirus nsp3 interactome across five 

different strains by breaking the protein up in to three fragments per homolog. In the N-terminal 

portion, we observed an interaction between three variants (SARS-CoV-2, SARS-CoV, and 

OC43) with the ER unfolded protein response sensor ATF6. We showed that this interaction helps 

suppress the ability of ATF6 to respond to ER stress. This discovery raises several questions 

about how this suppression may be valuable in the context of the full viral replication cycle. The 

domain organization of nsp3 has been well documented, even if the specific roles of several 

domains are still unknown. It is pertinent to discover which of these domains interacts with ATF6, 

especially given that the N-terminus of nsp3 is not predicted to contain any membrane-associated 

domains and ATF6 is a membrane bound protein. To do so, domain truncations of nsp3 have 

been created, and similar immunoprecipitations are being performed to isolate which 

subfragments of nsp3 still retain the interaction with ATF6. In addition, a variant composed of both 

the N-terminal and middle fragments of nsp3 is being created to determine how the middle 

 
2 Work being done by Jonathan Davies, co-first author 
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fragment, which does contain a transmembrane domain that spans the ER membrane, affects 

localization of the fragment and binding to ATF6, as well as overall UPR activity3. In regard to the 

UPR activity, an observation was made that nonstructural protein 4, another component of the 

double membrane vesicle used for replication, activates the ATF6 and PERK branches of the 

UPR. Another question therefore is whether nsp3 is able to directly counteract ATF6 activation 

raised as a result of nsp4 expression. These experiments involve co-expression of nsp4 and 

nsp3.1, as well as individual expression4. 

Our initial paper noted mutations occurring in some of the early variants of SARS-CoV-2, including 

the alpha, beta, and gamma variants (at the time known as B.1.1.7, B.1.351, and P.1 or United 

Kingdom, South Africa, and Brazil variants respectively), that changed the amino acid sequence 

within nsp3 specifically21. Though the mutations within the spike protein received much of the 

attention, as they impact cell surface receptor binding and infectivity, we wonder how these 

mutations in nsp3 might impact the interactome of the protein. The corresponding mutations of 

the alpha, beta, gamma, delta, and omicron variants to date have been created within the 

appropriate fragments of SARS-CoV-2 nsp3, and the comparative interactome studies are 

currently being conducted5. 

 

7.3 Future directions 

The work outlined herein increases our understanding of how viruses perturb host cellular function 

in order to facilitate their own replication cycles. This greater understanding has led to the 

characterization of two compounds which appear to have pan-flavivirus activity, reducing titers up 

to 99% after 24 hours of infection. These studies add to the versatility of compounds already 

 
3 Mutants created and tested by Joyce Karyuki, undergraduate. 
4 Experiments performed by Athira Sivadas, undergraduate. 
5 Mutants created and experiments performed by Valeria Garcia Lopez, graduate student. 
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under investigation for the treatment of other diseases, as the need for proteostasis regulators 

encompasses diseases far wider than viral infections. 

147 has been tested in mouse models for protection against ischemia/reperfusion damage after 

cardiac injury, as well as in brain and kidney models. Given that the compound was a) effective 

and b) well tolerated by mice, it would be intriguing to test 147 against DENV and/or ZIKV in an 

infection-permissive mouse model. Other compounds, such as Hsp70 inhibitors, have been tested 

in such models22,23. A collaboration with the Dr. Judith Frydman research group at Stanford 

University has been discussed for this purpose. If these results continue to hold true, an antiviral 

purpose could be added to the potential clinical studies of 147. Discussions about testing both 

the stress pathway and antiviral effects of 147 in mosquitos would also be intruiging; while likely 

more difficult due to the nature of handling infected mosquitos, a lab with this specialty could be 

identified for this purpose.  It would also be interesting to test, either in cell culture or in mouse 

models, how the compound affects the efficacy and resistance development against other drugs 

that have failed as potential therapeutic candidates. The resistance development against 147 also 

needs to be examined. While we hypothesize that resistance will not develop due to the host 

proteins being targeted (which are less likely to develop mutations), this should be done through 

serial passaging of the virus in the presence of compound. Lastly, to further examine which targets 

of the compound may be responsible for the antiviral activity, literature comparisons could be 

made using existing RNAi or CRISPRi studies to determine how gene knockdown has affected 

flavivirus replication with the same proteins noted in chapter 4. A separate study could also be 

conducted using Huh7 cells in the lab to determine if 147 retains activity when each gene is 

knocked down. 

Initial studies showed that 263, but not 147, may possess anti-coronavirus activity. While it is 

important to validate that the targets of the compounds are similar between cell lines (thus more 

of a reason to develop a 263 target ID method), further investigating the proteins responsible for 

these effects could lead to broader discoveries of what specific host-pathogen protein-protein 
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interactions are important for RNA virus infection, spanning multiple families. Contrarily, further 

understanding of the ways in which viral proteins interact with host proteins during infection would 

provide an alternative method of which targets of the compounds may be important. As outlined 

in chapter 1, affinity tagging of a specific viral protein in the context of a full genome can be difficult, 

especially in cases like these where multiple proteins are encoded by a single reading frame. 

However, the power these investigations would give surely yield a good return on investment in 

terms of understanding virus biology. Our lab has used FLAG, Strep, and GFP affinity handles for 

pulldowns in both single virus constructs and, in limited cases, full viral genomes. In published 

literature, transposon mutagenesis has often yielded the highest number of functional viruses with 

tags installed; doing this for flavivirus or coronavirus genomes with any of the named affinity tags 

would likely be the easiest method of obtaining replicons amenable to affinity pulldown. 

A question that arose during our initial thermal proteome profiling (TPP) studies was how sensitive 

the technique would be for compounds that incompletely label their targets; 147, for example, is 

known to only label up to 25% of PDIA4. Based on the premise of CETSA, this labeling would 

need to be enough to detect a shift in thermal stability in order to identify it as a ‘target’ of the 

compound. While the percentage of any given protein that 263 labels is unknown, a similar 

consideration may need to be made. 

The importance of understanding viruses and being prepared for pandemics has arisen time and 

time again. However, we still largely lack the tools to prevent these outbreaks, and an 

understanding of how viruses perturb host cells and how therapeutics can manipulate the host 

back to inhibit viral replication is increasingly becoming an option for developing novel drugs. 

Host-centered therapeutics represent a new age in antiviral (or more generally, antimicrobial) 

discovery, and this work presents findings that expands on our understanding of the targets that 

may be relevant in coronavirus and flavivirus biology. Whether through drug repurposing or novel 

drug discovery platforms, science is developing towards being able to rapidly respond to public 

and global health threats.  
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APPENDIX 

 

Appendix 2 Supplementary figures and tables for chapter 2 

 

 

 

Figure A2.1 Stress pathway activation by DENV, 147, and Ceapin-A7. Stress pathway genesets 

based on characterization of Grandjean et al1. Cells were pre-treated with compounds where noted 

for 16 hours before infection with DENV BID-V533 at MOI 3 for 3 hours. Media and compounds 

were replaced for 24 hours before cells were harvested. 10 µg protein from each sample (quantified 

using BioRad 1x protein assay dye and BSA standards) was precipitated, reduced, alkylated, and 

digested. Peptides were labeled using TMT11plex reagents, combined, and run on a QExactiv HF 

instrument using multidimensional peptide identification technology (MudPIT) for separation. TMT 

reporter intensities were quantified using Proteome Discoverer. 
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Table A2.1. Key resources table for chapter 2 

Reagent 
Type 

Designation Source Sequence Notes 

Chemical 147 2  10 µM 

Chemical 474 3  10 µM 

Chemical 4µ8c 4  6 µM 

Chemical Kira6 5  10 µM 

Chemical Ceapin-A7 6  10 µM 

Chemical RP22 2  6 µM 

Chemical Ceapin-A5 6  10 µM 

Chemical Thapsigargin   0.5 µg/mL 

Chemical 3-amino-5-
ethylcarbazole 

Sigma   

Antibody Anti-pan-flavivirus 
4G2 

Millipore  1:1000 

Antibody Anti-mouse HRP   1:1000 

Primer Xbp1_F Sigma ccttgtagttgagaaccagg For RT-PCR 

Primer Xbp1_R Sigma gagtcaataccgccagaatc For RT-PCR 

Primer HspA5_F Sigma gcctgtatttctagacctgcc For qPCR 

Primer HspA5_R Sigma ttcatcttgccagccagttg For qPCR 

Primer ERDJ4_F Sigma ggaaggaggagcgctaggtc For qPCR 

Primer ERDJ4_R Sigma atcctgcaccctccgactac For qPCR 

Primer CHOP_F Sigma accaagggagaaccaggaaacg For qPCR 

Primer CHOP_R Sigma tcaccattcggtcaatcagagc For qPCR 

Primer RiboP_F Sigma cgtcgcctcctacctgct 
 

For qPCR 

Primer RiboP_R Sigma ccattcagctcactgataaccttg For qPCR 
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Appendix 3 Supplementary figures and tables for chapter 3 

 

 

Figure A3.1. DENV infection induces the UPR.  

Representative Western Blot (A) and protein quantification (B) showing time course of ATF6 

upregulation over the course of DENV infection. Cells were infected with DENV-2 strain BID-V533 

at MOI of 3 for 3 hours. Media was replaced and samples were taken at indicated timepoints post-
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infection. Cells were lysed, and protein samples were run on SDS-PAGE gels and visualized using 

PVDF membranes. Actin is included as a loading control. Waterfall plots of proteomics data from 

samples infected with DENV-2 for 24 hours (C) and 36 hours (D), showing the presence of DENV 

proteins and upregulation of IRE1/XBP1s, ATF6, and PERK branches of the UPR. Cells were 

infected with DENV-2 strain BID-V533 at a MOI of 3 for 3 hours. Media was replaced and samples 

were collected at 24 or 36 hpi. Gene upregulation was quantified using TMT11plex reagents and 

comparison is between DENV-infected cells vs. noninfected cells. Graph represents 4-7 

independent biological replicates.  
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Figure A3.2. Treatment with small molecule 147 reduces DENV infection in a dose-dependent 

manner and only minimally impairs cell viability.  
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(A) 147 only modestly affects Huh7 cell proliferation over the course of treatment. No decrease in 

viability was seen with 147-4 or Ceapin-A7 (Cp-A7). Cells were pretreated with 10 µM 147, 6 

µM Cp-A7, or both for 16h, then infected (where indicated) with DENV-2 strain BID-V533 at a 

MOI of 3 for 3 hours. Media and treatments were replaced, and proliferation was measured 

24hpi using the Promega Cell Titer Glo reagent. Graphs represent six independent biological 

replicates across two days of measurement. Error bars represent SEM. Significance was 

determined using a one-sample t-test with a hypothesized mean of 100. A dose-response curve 

shows DENV is sensitive to 147 treatment with an IC50 of approximately 1 µM.  

(B) Cells were treated with the indicated concentrations of 147 for 16 hours, then infected with 

DENV-2 strain BID-V533 at a MOI of 3 for 3 hours. Media and treatments were replaced, and 

cells were collected 24 hpi. Cells were lysed, and protein samples were run on SDS-PAGE gels 

and visualized using PVDF membranes. Western blot intensities were normalized to a GAPDH 

loading control. Graphs represent 2-4 independent biological replicates.  

(C) Error bars represent SEM. Increasing 147 concentration causes decreasing cell proliferation. 

No decrease in cell growth was seen with 147-4 or Ceapin-A7 (Cp-A7). Cells were pretreated 

with the indicated concentrations of 147 for 16h, then infected (where indicated) with DENV-2 

strain BID-V533 at a MOI of 3 for 3 hours. Media and treatments were replaced, and proliferation 

was measured 24 hpi using the Promega Cell Titer Glo reagent. Graphs represent three 

biological replicates. Error bars represent SEM.  

(D) Bar graph quantifying caspase 3/7 activity in response to 147 treatment and DENV infection. 

Caspase activity is not significantly increased with up to 10 µM 147 treatment or with DENV 

treatment. 147 in combination with DENV infection causes a slight increase in caspase 3/7 

activation; however, this activity is far less than the positive control staurosporin, a known 

activator of caspase 3/7.  

(E) Representative western blot showing 147 attenuates DENV protein levels. Cells were pretreated 

with 10 µM 147, 6 µM Cp-A7, or both for 16h, then infected with DENV-2 strain BID-V533 at 

MOI of 3 for 3 hours. Media and treatments were replaced, and cells were collected at indicated 

timepoints. Cells were lysed, and protein samples were run on SDS-PAGE gels and visualized 

using PVDF membranes. GAPDH is included as a loading control. No visualization of DENV 

protein could be seen at 12 hpi.  

(F) Western blot quantification of DENV NS3 protein levels at an extended time point 48 hpi when 

treated with different dosing regimens of 147. Huh7 cells were pretreated with 147 (3 or 10 µM) 

for 16 h, infected with DENV at MOI of 3 for 3 h, and media containing 147 was replenished (1x). 

For the 2x treatment, a fresh dose of 3µM 147 was added to the cells 24 hpi. Cells were 

harvested 48 hpi, lysed, proteins separated by SDS-PAGE, transferred to PVDF and blotted for 

NS3. The high dose of 147 is sufficient to lower viral protein levels at 48 hpi, while a single dose 

3 µM 147 results in higher recovery of virus production 48 hpi. On the contrary, significant 

reduction can be achieved with the 2x repeated treatment of 3 µM 147.  

(G) Schematic showing the treatment regimen eliminating the pretreatment step, which will 

determine if 147 blocks viral entry. Cells are only treated post-infection with 10 M 147, and 

focus forming units are quantified 24 hpi.  

(H) Quantification of western blots with treatment only post-entry shows similar phenotype to 

treatment pre- and post-entry. Cells were only treated post-infection with 10 µM 147, and cells 

were harvested 24 hpi. Cells were lysed, and protein samples were run on SDS-PAGE gels and 

visualized using PVDF membranes. Graph represents three independent biological replicates. 

Error bars represent SEM and p-value from an unpaired t-test is shown.  

(I) Representative western blot for H showing DENV NS3 levels decrease even when 10 µM 147 

is only added to cells post-infection. Normalization to GAPDH was included as a loading control.  
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(J) Graph showing reduction in viral titers for only post-entry treatment. Cells were treated as in G-

H and viral titers were determined by focus forming assay. Error bars represent SEM and p-

value from a ratio paired t-test is shown.  

(K) Representative western blot showing that extracellular viral structural protein levels are not 

affected by 147 treatment. Huh7 cells were pre-treated with 147, infected with DENV at MOI of 

3, and cells and media were harvested 24 h post infection. Cells were lysed to collect the total 

lysate protein sample (lys). Extracellular virions from the media were isolated and concentrated 

by ultracentrifugation (extra). ‘Lys’ and ‘extra’ samples were separate by SDS-PAGE, 

transferred to PVDF and probed for DENV structural proteins. As with the nonstructural protein 

levels, structural proteins E and prM show decreased levels in lysate with 147 treatment. On the 

other hand, no decrease in E and prM protein levels was observed for the purified extracellular 

virion fraction. Quantification of western blots is shown in Fig. 3.2H. This is in contrast to the 

observed decrease in infectious viral titers shown in Fig. 3.2G and Fig. 3.2I. 

(L) qPCR data showing that 147 does not cause a significant decrease in the level of extracellular 

viral RNA. Cells were treated and infected as described in K, extracellular virions were isolated, 

and RNA was extracted from the same volume of samples and used to generate cDNA for 

qPCR. Bars represent the cumulative average of five biological replicates and error bars show 

SEM. P-value from unpaired t-test is shown. 
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Figure A3.3. Ceapin-A7 blocks the 147-mediated ATF6 activation and ligand regulated 

DHFR.ATF6 activation in Huh7 cells.  

(A) qPCR data showing 147 upregulates ATF6 target gene HspA5/BiP. Upregulation is reversed 

after cotreatment with Cp-A7. Thapsigargin (Tg), a global UPR stressor, is included as a positive 

control. Graphs represent two independent biological replicates, where each biological replicate 
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is the average of two technical replicates. Error bars represent SEM and p-values from unpaired 

t-tests are shown.  

(B) Mild stimulation of ATF6 reporter gene GRP94 after 147 treatment, which is subsequently 

reversed by cotreatment with 147. Cells were treated with 10 µM 147 or 10 µM 147 and 6 µM 

Cp-A7.  

(C) Proteomics data showing 147-mediated activation of ATF6 target proteins in DENV infected 

Huh7 cells. Huh7 cells infected with DENV were treated with 10µM 147 or a combination of 

10µM 147 and 6µM Cp-A7 and harvested 24 hpi. Control cells were DMSO treated and not 

infected. Cells were lysed and global protein abundances profiled by quantitative proteomics as 

outlined in the Materials and Methods. The box and whisker plot shows the cumulative activation 

for a previously defined geneset of ATF6 targets.  Treatment of infected cells with 147 causes a 

significant increase in target protein expression. Co-treatment with 147 and Cp-A7 reverses the 

ATF6 activation. p-values from two-tailed Wilcoxon signed rank tests are shown.  

(D) Representative western blot shows upregulation of ATF6 targets BiP and GRP94 after 

transfection of ddDHFR-ATF6 construct AND treatment with TMP. A DHFR-YFP construct was 

used as a negative control.  

(E) Quantification of western blots in D showing activation of ATF6 target proteins BiP and GRP94 

in cells treated with TMP after transfection with the ddDHFR-ATF6 construct.  

(F) qPCR shows upregulation of ATF6 target gene PDIA4 after transient transfection of ddDHFR-

ATF6 construct and treatment with trimethoprim (TMP). Treatment with DENV also shows 

upregulation of PDIA4. Combination TMP treatment and DENV infection does not appear to 

have a synergistic effect on PDIA4 upregulation. Graphs represent 3 independent biological 

replicates, where each biological replicate is the average of two technical replicates. Error bars 

represent SEM and p-values from unpaired t-tests are shown.  

(G) Representative western blot of Fig. 3.3F showing chemical genetic activation in cells transfected 

with the ddDHFR-ATF6 construct, activated with TMP, and infected with DENV show no 

significant change in viral protein levels compared to a -TMP control. 10cm dishes of Huh7 cells 

were transfected with ddDHFR-ATF6 using Lipofectamine 3000 reagent. Cells were then treated 

with TMP or DMSO as a mock control, infected with DENV where indicated. Cells were lysed 

and protein levels were measured by immunoblot. 
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Figure A3.4. BME addition does not lower DENV infection or impair cell proliferation.  

(A) Western blot data showing BME does not reduce DENV propagation in Huh7 cells. Cells were 

pretreated for 16h, then infected (where indicated) with DENV-2 strain BID-V533 at MOI of 3 for 

3 hours. Media and treatments were replaced, and cells were collected 24hpi. Cells were lysed, 

and protein samples were run out on SDS-PAGE gels and visualized by immunoblot on PVDF 

membranes.  

(B) Cell proliferation data showing 147/BME treatment only modestly affects Huh7 cell viability over 

the course of treatment. Cells were pretreated for 16h, then infected (where indicated) with 

DENV-2 strain BID-V533 at MOI of 3 for 3 hours. Media and treatments were replaced, and 

proliferation was measured 24 hpi using the Promega Cell Titer Glo reagent. Graphs represent 

three to six biological replicates. Error bars represent SEM.  

(C) Representative western blot for Fig. 3.4B showing attenuation of the antiviral effects of 147 on 

addition of BME at 55 µM or 110 µM. Cells were pretreated for 16h, then infected (where 

indicated) with DENV-2 strain BID-V533 at MOI of 3 for 3 hours. Media and treatments were 

replaced, and cells were collected 24 hpi. Cells were lysed, and protein samples were run out 

on SDS-PAGE gels and visualized using PVDF membranes. 
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Figure A3.5. PDIs are covalent targets of 147 but knockdown or inhibition of PDIs does not 

recapitulate the reduction in DENV viral infection.   
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(A) Titer data showing 147-20 has a similar effect on virus replication as the parent compound 147. 

In contrast, compound 147-4 has no observable effect on viral titer levels. Cells were pretreated 

with 10 µM of the respective compound for 16h, then infected with DENV-2 strain BID-V533 at 

MOI of 3 for 3 hours. Media and treatments were replaced and titer levels were measured 24 

hpi. Error bars show SEM and p-values from ratio paired t-test relative to the DMSO treated 

control are shown.  

(B) Western blot quantification of DENV NS3 levels after treatment with 147, 147-20, or 147-4. Cells 

were pretreated with 10 µM respective compound for 16h, then infected with DENV-2 strain BID-

V533 at a MOI of 3 for 3 hours. Media and treatments were replaced, and cells were collected 

at indicated timepoints. Cells were lysed, and protein samples were run on SDS-PAGE gels and 

visualized using PVDF membranes. Error bars show SEM and p-value from unpaired t-test 

relative to the DMSO treated control are shown.  

(C) Representative western blot of DENV NS3 levels after treatment with 147, 147-20, or 147-4 for 

data shown in B.   

(D) Western blot showing overlay of TAMRA and probes for PDIs. Huh7 cells were treated with 

indicated compounds at 3 µM (for single compound treatments) or 3 M 147-20 and 9 µM 

147/147-4 (for double compound treatments) for 16-18 hours before harvest. Cells were lysed, 

protein concentration normalized, and Click chemistry was performed using a TAMRA-biotin-

azide trifunctional probe for 1 hour at 37ºC. Samples were run on SDS-PAGE gels and targets 

were visualized on PVDF membranes.   

(E) Representative western blot showing the addition of DENV does not result in additional target 

labeling of 147-20. Huh7 cells were treated with 10 µM 147-20 for 16-18 hours before harvest, 

then infected with DENV2 strain BID-V533 at MOI of 3 for 3 hours. 24 hpi, cells were lysed, 

normalized to 1 mg/mL protein, and Click chemistry was performed using a Cy5 azide 

fluorophore for 1 hour at 37ºC. Samples were immediately run on SDS-PAGE gels and targets 

were visualized on PVDF membranes. No additional labeled protein bands were visible in DENV 

infected cells.  

(F) Western blot validating the knockdown of PDIs in stable cell lines. Lentiviral vectors were 

produced using a pooled combination of 2 or 3 shRNAs in HEK293T cells. Lentiviruses were 

transduced into Huh7 cells, and knockdown cells were selected using puromycin. Polyclonal 

knockdown cells were maintained as normal Huh7 cells. Two independent batches of 

knockdown cell lines were produced; the top three panels represent the first, the bottom four 

panels represent the second. The knockdown % of each target protein is indicated below.  

(G) PDI knockdowns cells exhibit a similar response to 147 as the parental Huh7 cell line or mock-

transduced cells. Only PDIA3 knockdown results in a small but significant reduction. Cells were 

treated with 147 (where indicated) for 16 hours, then infected with DENV-2 strain BID-V533 at 

MOI 3 for 3 hours. Media and treatments were replaced, and media was harvested 24hpi. Titer 

assay was performed as described. Graphs represent 2-6 independent biological replicates. 

Error bars represent SEM and p-values from ratio paired t-tests are shown.  

(H) Western blot showing overlay of Cy5 fluorophore (from Click chemistry) and antibody probes for 

PDIs. Huh7 cells were treated with indicated compounds (10 µM 147-20, 10 µM 16F16, 20 µM 

Rb-11-ca, or 5 µM KSC34) for 16-18 hours before harvest. Cells were lysed, normalized to 1 

mg/mL protein, and Click chemistry was performed using a Cy5 azide fluorophore for 1 hour at 

37ºC. Samples were immediately run on SDS-PAGE gels and targets were visualized using 

PVDF membranes. 16F16 lacks a click handle preventing fluorophore labeling.  

(I) Cell proliferation data with PDI inhibitors. 147 only minimally reduced cell proliferation while 

16F16 and KSC34 do not impact cells, but Rb-11-ca leads to a greater than 50% reduction in 

ATP levels. Cells were pretreated with 10 µM 147, 10 µM 16F16, 20 µM Rb-11-ca, or 5 µM 

KSC34 for 16h, then infected (where indicated) with DENV-2 strain BID-V533 at MOI of 3 for 3 
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hours. Media and treatments were replaced, and viability was measured 24hpi using the 

CellTiter-Glo reagent. Graphs represent three biological replicates. Error bars represent SEM.   

(J) Representative western blot for Fig. 5D showing effects on DENV NS3 levels after treatment 

with 10 µM 147, 10 µM 16F16, 20 µM Rb-11-ca, or 5 µM KSC34. Cells were infected with DENV-

2 strain BID-V533 at MOI of 3 for 3 hours. Media and treatments were replaced, and cells were 

lysed 24h post infection. Lysates were run on SDS-PAGE gels and proteins visualized by 

immunoblot on PVDF membranes. 
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Figure A3.6. Identification of covalent protein target of 147 in Huh7 cells. 

(A) Chemoproteomic target identification for 147-20 shows an enrichment of several PDIs compared 

to the 147-competition control. Quantitative proteomics using TMT-11plex reagents was used to 

compare log2 intensities across 4 replicates of probe (147-20 alone) versus probe in competition 

with excess parent compound 147. Targets were ordered from most enriched (high log2 fold 

change) to least enriched (low log2 fold change). Protein disulfide isomerases (PDIs, highlighted 

as red dots) were among the most enriched targets identified.  

(B) Venn diagram of highly enriched targets found in Huh7 cells in this study compared to HEK293T, 

HepG2, and ALMC-2 cells in a previous study. Previous target ID studies were comparable to 

the study conducted herein.   

(C) Western blot validation of knockout of non-PDI targets in stable Huh7 knockout cell lines. 

Targets were selected based on top proteins identified in Fig. 3.6C. Lentiviral vectors were 
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produced using a pooled combination of 2 or 3 shRNAs in HEK293T cells. Lentiviruses were 

transduced into Huh7 cells, and knockdown cells were selected using puromycin. Polyclonal 

knockdown cells were maintained as normal Huh7 cells. The knockdown % of each target 

protein is indicated below.  

(D) Knockdown cell lines of select targets exhibit a similar response to 147 as the mock-transduced 

cells. Cells were treated with 147 (where indicated) for 16 hours, then infected with DENV-2 

strain BID-V533 at MOI 3 for 3 hours. Media and treatments were replaced, and media was 

harvested 24 hpi. Titer assay was performed as described. Graphs represent 2-5 independent 

biological replicates. Error bars represent SEM and p-values from ratio paired t-tests are shown.  

(E) Representative western blot for Fig. 3.6D showing 147 is effective in reducing viral protein levels 

across all knockdown cell lines.  
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Figure A3.7. Reduction of viral proteins in DENV and ZIKV strains by compound 147.  
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(A) Representative western blot for Fig. 3.7A showing similar phenotype in HepG2 cells as in Huh7 

cells. HepG2 cells were pretreated with 10 µM 147 for 16h, then infected with DENV-2 strain 

BID-V533 at MOI of 3 for 3 hours. Media and treatments were replaced, and cells were collected 

at 24 and 48 hpi. Cells were lysed, and protein samples were run on SDS-PAGE gels and 

visualized using PVDF membranes. GAPDH is included as a loading control.  

(B) Representative western blot showing attenuation of DENV-2 16681 viral protein levels on 

treatment with 147. Cells were pretreated with 10 µM 147 for 16h, then infected with DENV-2 

strain 16681 at MOI of 3 for 3 hours. Media and treatments were replaced, and cells were 

collected at 24hpi. Cells were lysed, and protein samples were run on SDS-PAGE gels and 

visualized using PVDF membranes. GAPDH is included as a loading control.  

(C) Representative Western Blot showing attenuation of ZIKV PRVABC59 viral envelope (E) protein 

levels on treatment with 147. Cells were pretreated with 10 µM 147 for 16h, then infected with 

ZIKV strain PRVABC59 at MOI of 0.5 for 1 hour. Media and treatments were replaced, and cells 

were collected at 24hpi. Cells were lysed, and protein samples were run on SDS-PAGE gels 

and visualized using PVDF membranes. GAPDH is included as a loading control.  

(D) Representative Western Blot showing attenuation of ZIKV MR766 viral E protein levels on 

treatment with 147. Cells were pretreated with 10 µM 147 for 16h, then infected with ZIKV strain 

MR766 at MOI of 0.5 for 1 hour. Media and treatments were replaced, and cells were collected 

at 24hpi. Cells were lysed, and protein samples were run on SDS-PAGE gels and visualized 

using PVDF membranes. GAPDH is included as a loading control.  

(E) Cell proliferation as measured by CellTiter-Glo for the panel of viruses when cells were treated 

with 1 or 10 µM of 147. Cells were pretreated with 147 for 16h, then infected with the respective 

virus strains for 3 hours. Media and treatments were replaced, and ATP levels were measured 

24 hpi using the Promega CellTiter-Glo reagent. Graphs represent six independent biological 

replicates across two days of measurement. Error bars represent SEM. Significance was 

determined using a one-sample t-test with a hypothesized mean of 100.  

(F-J) Bar graphs showing reduction in viral titers of different DENV and ZIKV strains when cells were 

treated with low 1µM doses 147 or high 10µM dose of 147. The 1µM concentration corresponds 

to the approximate IC50 value for 147 at inhibiting DENV-2 strain BID-V533 (Fig. A3.2B). Huh7 

cells were pre-treated with the indicated concentrations of 147 or DMSO, infected with DENV-2 

16681 (F), DENV3 (G), DENV4 (H), ZIKV PRVABC59 (I), or ZIKV MR766 (J). Media and 

treatments were replaced and viral titers were measured 24 hpi. Error bars correspond to SEM 

and p-values from ratio paired t-tests compared to the DMSO control are shown. 
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Table A3.1. Key resources table for chapter 3 

Reagent 
type 

Designation Source or 
reference 

Sequence Usage notes 

Chemical 147, 147-20, 147-
4 

2,7  10 µM 

Chemical Rb-11-ca 8  20 µM 

Chemical KSC-34 9  5 µM 

Chemical 16F16 Sigma  10 µM 

Chemical Ceapin-A7 6  6 µM 

Chemical 2-
mercaptoethanol 

Gibco  55 or 110 µM 

Chemical Thapsigargin Sigma  0.5 µg/mL 

Chemical Trimethoprim Research 
Products 
International 

  

Chemical Cy5 azide Click Chemistry 
Tools 

  

Chemical TAMRA-
desthiobiotin-
azide 

Click Chemistry 
Tools 

  

shRNA PDIA1_1 Sigma 
(MISSION 
shRNA) 

ccgggtgtggtcactgcaaa
cagttctcgagaactgtttgca
gtgaccacactttttg 
 

TRCN0000049194 
 

shRNA PDIA1_2 Sigma 
(MISSION 
shRNA) 

ccggaggtgaaatcaagac
tcacatctcgagatgtgagtct
tgatttcaccttttttg 
 

TRCN0000296675 
 

shRNA PDIA3_1 Sigma 
(MISSION 
shRNA) 

ccgggcttactatgatgtgga
ctatctcgagatagtccacat
catagtaagcttttttg 
 

TRCN0000147809 
 

shRNA PDIA3_2 Sigma 
(MISSION 
shRNA) 

ccggcgatttgcacatacga
atgttctcgagaacattcgtat
gtgcaaatcgttttttg 
 

TRCN0000147738 
 

shRNA PDIA3_3 Sigma 
(MISSION 
shRNA) 

ccggccaacactaacacct
gtaatactcgagtattacagg
tgttagtgttggttttttg 
 

TRCN0000146965 
 

shRNA PDIA4_1 Sigma 
(MISSION 
shRNA) 

ccggcctgagagaagattac
aaattctcgagaatttgtaatc
ttctctcaggtttttg 
 

TRCN0000289674 
 

shRNA PDIA4_2 Sigma 
(MISSION 
shRNA) 

ccggcttggtcctaaatgatg
caaactcgagtttgcatcattt
aggaccaagtttttg 
 

TRCN0000289676 
 

shRNA PDIA4_3 Sigma 
(MISSION 
shRNA) 

ccgggcttgtgttgaccaaag
agaactcgagttctctttggtc
aacacaagctttttg 
 

TRCN0000289675 
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shRNA PDIA6_1 Sigma 
(MISSION 
shRNA) 

ccggccatcgaatttcaacc
gagaactcgagttctcggttg
aaattcgatggtttttg 
 

TRCN0000049353 
 

shRNA PDIA6_2 Sigma 
(MISSION 
shRNA) 

ccgggagattatcaacgag
gacattctcgagaatgtcctc
gttgataatctctttttg 
 

TRCN0000049354 
 

shRNA PDIA6_3 Sigma 
(MISSION 
shRNA) 

ccgggcagataagcatcatt
ccctactcgagtagggaatg
atgcttatctgctttttg 
 

TRCN0000049355 
 

shRNA ALDH1A1_1 Sigma 
(MISSION 
shRNA) 

ccgggccaaatcattccttgg
aattctcgagaattccaagg
aatgatttggcttttt 
 

TRCN0000026498 

shRNA ALDH1A1_2 Sigma 
(MISSION 
shRNA) 

ccgggctgatttaatcgaaa
gagatctcgagatctctttcga
ttaaatcagcttttt 
 

TRCN0000026415 

shRNA ALDH1A1_3 Sigma 
(MISSION 
shRNA) 

ccgggctgatttaatcgaaa
gagatctcgagatctctttcga
ttaaatcagctttttg 
 

 
TRCN0000276461 

 

shRNA GSTO1_1 Sigma 
(MISSION 
shRNA) 

ccgggactaataagaagac
gaccttctcgagaaggtcgtc
ttcttattagtcttttttg 
 

TRCN0000150913 

 

shRNA GSTO1_2 Sigma 
(MISSION 
shRNA) 

ccgggcctgagtggttctttaa
gaactcgagttcttaaagaa
ccactcaggcttttttg 
 

TRCN0000152790 

 

shRNA GSTO1_3 Sigma 
(MISSION 
shRNA) 

ccgggcttgccagaagatga
tcttactcgagtaagatcatctt
ctggcaagcttttttg 
 

TRCN0000153150 

 

shRNA TXNDC5_1 Sigma 
(MISSION 
shRNA) 

ccgggccaagcgaaagac
gaactttctcgagaaagttcg
tctttcgcttggctttttg 
 

TRCN0000064354 

 

shRNA TXNDC5_2 Sigma 
(MISSION 
shRNA) 

ccgggccaaagtctatgtgg
ctaaactcgagtttagccaca
tagactttggctttttg 
 

TRCN0000064355 

 

shRNA TMX1_1 Sigma 
(MISSION 
shRNA) 

ccggcgtgccaagcaataa
gatttactcgagtaaatcttatt
gcttggcacgttttttg 
 

TRCN0000150291 

 

shRNA TMX1_2 Sigma 
(MISSION 
shRNA) 

ccggaggactgagtggacg
gtttatctcgagataaaccgtc
cactcagtccttttttg 
 

TRCN0000338656 
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shRNA TMX1_3 Sigma 
(MISSION 
shRNA) 

ccgggctgaaagtaaagaa
ggaacactcgagtgttccttct
ttactttcagctttttg 
 

TRCN0000338583 

 

qPCR 
primer 

DENV_NS5_F Sigma gagaaacggaccaccatgc
t 

 

qPCR 
primer 

DENV_NS5_R Sigma gcaaccgagatccaccacc
t 

 

qPCR 
primer 

PDIA4_F Sigma agtggggaggatgtcaatgc  

qPCR 
primer 

PDIA4_R Sigma tggctgggatttgatgactg  

qPCR 
primer 

HspA5_F Sigma gcctgtatttctagacctgcc  

qPCR 
primer 

HspA5_R Sigma ttcatcttgccagccagttg  

qPCR 
primer 

ERDJ4_F Sigma ggaaggaggagcgctaggt
c 

 

qPCR 
primer 

ERDJ4_R Sigma atcctgcaccctccgactac  

qPCR 
primer 

GAPDH_F Sigma gtcggagtcaacggatt  

qPCR 
primer 

GAPDH_R Sigma aagcttcccgttctcag  

qPCR 
primer 

RiboP_F Sigma cgtcgcctcctacctgct 
 

 

qPCR 
primer 

RiboP_R Sigma ccattcagctcactgataacc
ttg 

 

Antibody Anti-DENV NS5 Genetex 
(GTX124253) 

 1:1000 

Antibody Anti-DENV NS3 Genetex 
(GTX124252) 

 1:1000 

Antibody Anti-GAPDH Genetex 
(GTX627408) 

 1:1000 

Antibody Anti-KDEL Enzo (ADI-SPA-
827-F) 

 1:1000 

Antibody Anti-PDIA1 SantaCruz (SC-
74551) 

 1:1000 

Antibody Anti-PDIA3 SantaCruz (SC-
23886) 

 1:1000 

Antibody Anti-PDIA4 Proteintech  1:1000 

Antibody Anti-PDIA6 Genetex 
(GTX121275) 

 1:1000 

Antibody Anti-ALDH1A1 Santa Cruz 
Biotech 

 1:1000 

Antibody Anti-GSTO1 Genetex 
(GTX118439) 

 1:1000 

Antibody Anti-TXNDC5 Proteintech 
(19384-1-AP) 

 1:5000 

Antibody Anti-TMX1 Proteintech 
(24789-1-AP) 

 1:1000 

Antibody Anti-pan-flavivirus 
4G2 

Millipore-Sigma 
(MAB10216) 

 1:1000 
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Antibody Anti-mouse HRP Promega 
(W4021) 

 1:1000 

Antibody Anti-mouse 
Starbright 700 

Bio-Rad 
(12004158) 

 1:10,000 

Antibody Anti-rabbit 
IRDye800 

Li-Cor (926-
32211) 

 1:10,000 

Antibody Anti-rabbit 
Starbright B520 

Bio-Rad 
(12005869) 

 1:10,000 

Antibody hFAB rhodamine 
anti-actin 

Bio-Rad 
(12004164) 

 1:10,000 

Plasmid pD2/ic-30p NBX 10  Used to generate 
DENV2 16681 

Kit CellTiter-Glo Promega 
(G7572) 

 ATP-based cell 
proliferation assay 

Kit  Caspase 3/7 
assay 

ThermoFisher 
(E-13184) 

  

Kit MEGAScript T7 in 
vitro transcription 
kit 

Invitrogen 
(AM1333) 

  

Kit TransIT mRNA 
transfection 
reagent 

Mirus (MIR2225)   
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Appendix 4 Supplementary figures and tables for chapter 4 

 

 

Figure A4.1. Representative western blot of timecourse with 263. Cells were pre-treated with 

263 where indicated for 16 hours prior to infection, then retreated immediately after an infection with 

DENV2 (where indicated) at MOI 3 for 3 hours. Samples were harvested at the indicated timepoints, 

separated by SDS-PAGE, and immunoblotting was conducted on PVDF membranes. As shown, 

effects of 263 hold up to 48 hours post-infection (hpi). 

 

 

 

 

 

 

Figure A4.2. Representative western blot of eliminating pre-treatment with 263. Cells were 

infected where indicated, then treated where indicated with 263 only post-infection to determine if 

263 affects viral entry. A reduction in viral protein levels is still seen when the pre-treatment step is 

eliminated. 
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Figure A4.3. Representative western blot of purified virus. Media was harvested from infected 

10cm dishes treated with either DMSO or 263. Media was cleared for 45 minutes at 4000xg, then 

ultracentrifuged over a 20% sucrose cushion at 167,000xg for 3 hours to isolate virus. Purified virus 

was denatured in Laemelli buffer + DTT and run on SDS-PAGE gels. A reduction in total structural 

protein levels is observed in samples treated with 263. 
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Figure A4.4. Cell viability as measured by CellTiter Glo (Promega) for varying concentrations 

of 263. Experiments were conducted in black-walled, clear-bottom 96 well plates. Cells were treated 

with the indicated concentrations of 263 (0 indicates DMSO vehicle control), then infected (for 

+DENV) samples for 3 hours at MOI 3. Inoculum was removed, treatments were replaced, and ATP 

levels were measured 24hpi. Viability percentages are compared to an untreated control. Bars 

indicated the average of 3 biological replicates, error bars indicate standard error of the mean. 

Concentration of 2.5µm for experiments was chosen based on combination of viability and response 

seen in Figure A4.5. 
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Figure A4.5. Dose-response curve of 263 effects. Cells were pre-treated with the indicated 

concentrations of 263, infected with DENV for 3 hours at MOI 3, and re-treated. a) Protein samples 

were analyzed by western blot, and b) infectious titers were analyzed by focus forming assay. 

Protein samples are relative to an untreated control. EC50 was observed to be approximately 

7.5µM. 
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Figure A4.6. Repeated treatments increase effects of 263. Cells were pre-treated with the 2.5µM 

final concentration 263 for 16 hours, infected with DENV for 3 hours at MOI 3, and re-treated. Every 

24 hours, samples were harvested, allowed to propagate without retreatment, or retreated. 
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Figure A4.7.  Mass spectrometry data for 147-20/147/263 pulldowns. (A) Absolute TMT 

intensities for 15 channels of TMTpro run. (B) Proteins ranked by enrichment in pulldown vs 263 

competition. 
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Figure A4.8. Representative western blot comparing Huh7-GFP and Huh7-ALDH1A1kd viral 

protein levels. Stable cell lines were produced by lentivirus transfection followed by blasticidin 

(GFP) or puromycin (ALDH1A1 kd) selection. Cells were pre-treated with 263 where indicated, 

infected where indicated for 3 hours with DENV at MOI 3, and re-treated. Samples were collected 

24hpi, lysed and separated by SDS-PAGE before western blot. Blotting for ALDH1A1 confirms high 

knockdown efficiency, but this does not significantly impact viral protein levels seen in samples. 

 

 

 

 

 

Figure A4.9. BME and resveratrol treatment do not affect cell viability. Cells were pre-treated 

with the indicated compounds and infected (where noted) for 3 hours with DENV at MOI 3. 24hpi, 

CellTiter Glo reagent was added and viability was calculated based on the uninfected or infected 

untreated control. 
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Figure A4.10. Representative western blots from BME and resveratrol co-treatments. Cells 

were pre-treated with the indicated compounds and concentrations for 16 hours. 
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Figure A4.11. Representative western blots from samples infected with ZIKV MR766 and 

PRVABC59. Cells were pre-treated with 263 where noted, then infected with the indicated strain of 

ZIKV for 1 hour at MOI 0.5. Treatments were replaced and samples were harvested 24hpi. 
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Table A4.1 Key resources table for chapter 4 

Reagent 

type 

Designation Source/Reference Sequence Usage notes 

Chemical 263 2  2.5 µM, unless 

noted 

Chemical 147 2,7  9 µM, unless 

noted 

Chemical 147-20 2,7  3 µM, unless 
noted 

Chemical 2-

mercaptoethanol 

Gibco  55 or 110 µM 

Chemical Resveratrol   10 µM 

Chemical TAMRA-
desthiobiotin-
azide 

Click Chemistry 
Tools (1110) 

 100 µM 

shRNA ALDH1A1_1 Sigma (MISSION 
shRNA) 

ccgggccaaatcattccttg
gaattctcgagaattccaa
ggaatgatttggcttttt 
 

TRCN0000026498 

shRNA ALDH1A1_2 Sigma (MISSION 
shRNA) 

ccgggctgatttaatcgaa
agagatctcgagatctctttc
gattaaatcagcttttt 
 

TRCN0000026415 

shRNA ALDH1A1_3 Sigma (MISSION 
shRNA) 

ccgggctgatttaatcgaa
agagatctcgagatctctttc
gattaaatcagctttttg 
 

TRCN0000276461 

qPCR 
primer 

DENV_NS5_F Sigma gagaaacggaccaccatg
ct 

 

qPCR 
primer 

DENV_NS5_R Sigma gcaaccgagatccaccac
ct 

 

qPCR 
primer 

GAPDH_F Sigma gtcggagtcaacggatt  

qPCR 
primer 

GAPDH_R Sigma aagcttcccgttctcag  

Antibody Anti-DENV E Genetex 
(GTX127277) 

 1:1000 

Antibody Anti-GAPDH Genetex 
(GTX62708) 

 1:1000 

Antibody Anti-ALDH1A1 Santa Cruz 
Biotech (sc-
374149) 

 1:1000 

Antibody Anti-pan-
flavivirus 4G2 

Millipore Sigma 
(MAB10216) 

 1:1000 

Antibody Anti-mouse HRP Promega (W4021)  1:1000 

Antibody Anti-mouse 
Starbright 700 

BioRad 
(12004158) 

 1:10,000 

Antibody Anti-rabbit 
Starbright B520 

BioRad 
(12004164) 

 1:10,000 

Kit CellTiter Glo Promega (G7572)   
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Appendix 5 Supplementary figures and tables for chapter 5 
 

 
Figure A5.1. Amino acid sequence comparison and MS sequence coverage of CoV non- 
structural protein homologs. 



246 
 

(A) Amino acid sequence alignment of nsp2 homologs from SARS-CoV-1 (SARS) and SARS-
CoV-2 (Wuhan). Identical or similar residues are highlighted and color scheme 
corresponds to amino acid properties. 

(B) Amino acid sequence alignment of nsp4 homologs from SARS-CoV-1 (SARS), SARS-
CoV-2 (Wuhan) and hCoV-OC43. Identical or similar residues are highlighted and color 
scheme corresponds to amino acid properties. 

(C) Tandem MS sequence coverage of SARS-CoV-2 (Wuhan) nsp4. Detected peptides are 
indicated in green. 

(D) Tandem MS sequence coverage of SARS-CoV-1 (Urbani) nsp4. Detected peptides 
are indicated in green. 

(E) Tandem MS sequence coverage of hCoV-OC43 nsp4. Detected peptides are indicated in 
green. 



247 
 

 
 

Figure A5.2. TMT normalization and filtering of nsp2 interactors. 

(A) Normalized log10 TMT abundances of all proteins in the affinity purification samples 
expressing GFP control or nsp2 homologs as bait proteins. Pairing of individual samples into 
three separate mass spectrometry runs is indicated by the color bars. 
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(B-C) Histogram of log2 fold change enrichment of proteins in nsp2 affinity purification samples 
compared to GFP controls. A gaussian non-least square fit of the distribution is shown in light 
blue. The standard deviation of the distribution (σ) is indicated and 1σ and 2σ (dotted lines) 
were used for the variable cutoffs to define medium- and high-confidence interactors, 
respectively. 

(B) shows the distribution for SARS-CoV-2 nsp2 with 1σ = 0.5. 

(C) shows the distribution for SARS-CoV-2 nsp2 with 1σ = 0.43. 

(D) Normalized TMT intensities comparing the abundances of SARS-CoV-2 and SARS-CoV-1 
nsp2 homologs in the replicate samples. 
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Figure A5.3. Gene ontology (GO) pathway analysis of interactors and cellular localization of 
nsp2 homologs. 
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(A-B) GO terms associated with the individual interactors of nsp2. Terms were assigned in the 
Protein Annotation node in Proteome Discoverer 2.4. Proteins were grouped according to 
the hierarchical clustering in Fig. 3B to distinguish shared and distinct interactors of SARS- 
CoV-1 and SARS-CoV-2 nsp2. (A) GO terms for biological processes. (B) GO terms for 
cellular components. 

(C) Comparisons of pathways identified in gene set enrichment analysis of interactors of nsp2 
homologs. Gene set enrichment analysis of high-and medium-confidence interactors was 
performed in Enrichr. GO terms for biological processes with adjusted p-values < 0.1 were 
included in the analysis and filtered manually to remove redundant terms containing similar 
genes. Non-redundant pathways are shown and color scheme indicates confidence of 
enrichment as represented by adjusted p-values of the Enrichr analysis. 

(D)  Confocal microscopy images of nsp2 homologs expressed in HEK293T cells, stained for 
PDIA4 (ER marker, green), FLAG-nsp2(red), and DAPI (blue). Scale bar is 10 µm.
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Figure A5.4. Nsp2 interactome overlap with published dataset. 
 
Extended and overlapping interactors between our nsp2 dataset and previously published 
interactors of SARS-CoV-2 nsp2. Nsp2 proteins are shown as purple circles (our dataset) or pink 
circle (published dataset). Previously published primary interactors are shown as dark pink 
diamonds, novel primary interactors identified in this study are shown as yellow diamonds, 
overlapping primary interactors (GIGYF2) are shown as orange diamonds, and overlapping 
secondary interactors scraped from the STRING database are shown as blue ellipses. Previously 
identified primary interactions are shown with red edges, novel primary interactions identified in 
this study are shown with blue edges, overlapping primary interactors are shown with orange 
edges, and secondary interactions scraped from the STRING database are shown as grey edges 
between nodes. 
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Figure A5.5. Tissue-specific expression of nsp2 and nsp4 interactors. 
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(A-C) Nsp2 and nsp4 interactors were cross-referenced with existing data sets on protein 
expression in cell lines and tissue-samples11–13 to identify enrichment levels of interactors. 

(A) Top ten cell lines enriched for interactors in the CCLE data set11 based on analysis of 
combined ranking score using Enrichr14. 

(B) Top ten tissue samples enriched for interactors in the GTeX data set12 based on analysis of 
combined ranking score using Enrichr14. 

(C) Violin plots showing log10 protein quantification values for the nsp2 and nsp4 interactions in 
29 healthy human tissues based on the dataset published by Wang et al.4 The median 
quantification across all tissues is shown on the right. Significance of expression difference 
was assessed in Graphpad Prism by mixed-effects analysis with the Geisser-Greenhouse 
correction and Holm-Sidak’s multiple comparison test for each tissue compared to the 
median. * p<0.05; **p<0.01, ***p<0.001; ****p<0.0001 
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Figure A5.6. Co-immunoprecipitation of MAMs and proteostasis factors with CoV non-
structural proteins. 
 
(A-B)  Lysates from HEK293T cells transfected with respective viral homologs of nsp2 or nsp2 

were immunopurified using anti-FLAG sepharose beads and probed for MAMs factors 
(CANX, ERLIN2) and CTLH E3 ligase complex interactors (MKLN1, RANBP9, WDR26) by 
western blot. Representative blots for input and co-immunoprecipitations of are shown, n=3. 
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Figure A5.7. TMT normalization and filtering of nsp4 interactors. 

(A) Normalized log10 TMT abundances of all proteins in the affinity purification samples 
expressing GFP control or nsp4 homologs as bait proteins. Pairing of individual samples into 
three separate mass spectrometry runs is indicated by the color bars. 
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(B-C) Volcano plot of SARS-CoV-1 (B) and OC43 nsp4 (C) interactors to identify medium- and 
high-confidence interactors. Plotted are log2 TMT intensity fold changes for proteins between 
nsp2 bait channels and GFP mock transfections versus -log10 adjusted p-values. Curves for 
the variable cutoffs used to define high-confidence (red) or medium confidence (blue) 

interactors are shown. 1 = 0.4 for (B), 1  = 0.40 for (C). 
(D) Venn diagram comparing medium-confidence interactors of nsp4 homologs. 
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Figure A5.8. Nsp4 interactome overlap with published dataset. 
 
Extended and overlapping interactors between our nsp4 dataset and previously published 
interactors of SARS-CoV-2 nsp415. Nsp4 proteins are shown as purple circles (our dataset) or pink 
circle (published dataset). Previously published primary interactors are shown as dark pink 
diamonds, novel primary interactors identified in this study are shown as yellow diamonds, 
overlapping primary interactors are shown as orange diamonds, and overlapping secondary 
interactors scraped from the STRING database are shown as blue ellipses. Previously identified 
primary interactions are shown with red edges, novel primary interactions identified in this study 
are shown with blue edges, and secondary interactions scraped from the STRING database are 
shown as grey edges between nodes. The extended overlapping interactome reveals each Nsp4 
protein uniquely plugs into clusters of proteins involved in the same pathway, which appear as 
circles of nodes such as the TIMM pathway involved in protein import into the mitochondria on 
the bottom left. 
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Figure A5.9. Gene ontology (GO) pathway analysis of nsp4 homolog interactors. 
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(A-B) GO terms associated with the individual interactors of nsp4. Terms were assigned in the 
Protein Annotation node in Proteome Discoverer 2.4. Proteins were grouped according to 
the hierarchical clustering in Fig. 4C to distinguish shared and distinct interactors of SARS- 
CoV-1, SARS-CoV-2, and OC43 nsp4. (A) GO terms for biological processes. (B) GO terms 
for cellular components. 

(C) Comparisons of pathways identified in gene set enrichment analysis of interactors of nsp4 
homologs. Gene set enrichment analysis of high-and medium-confidence interactors was 
performed in Enrichr. GO terms for biological processes with adjusted p-values < 0.1 were 
included in the analysis and filtered manually to remove redundant terms containing similar 
genes. Non-redundant pathways are shown and color scheme indicates confidence of 
enrichment as represented by adjusted p-values of the Enrichr analysis. 
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Figure A5.10. Comparative analysis of nsp4 homologs. 
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(A-C) Volcano plot comparing interactions between nsp4 homolog from SARS-CoV-1, SARS- 
CoV-2, and OC43. Only high- and medium confidence interactors of nsp4 are shown and 
high confidence interactors are highlighted in red. (A) Comparison of SARS-CoV-1 and 
SARS-CoV-2. (B) Comparison of SARS-CoV-2 and OC43. (C) Comparison of SARS-CoV-1 
and OC43. 

(D) Normalized TMT intensities comparing the abundances of SARS-CoV-2, SARS-CoV-1, and 
OC43 nsp4 homologs in the replicate affinity purification samples. 

(E) Heatmap of high- and medium-confidence nsp4 homolog interactors compared to GFP 
control. log2 fold change is color-coded and centered by row (blue low, yellow high 
enrichment). Hierarchical clustering using Ward’s method shown on the left was carried out 
on euclideanan distances of log2 fold changes scaled by row. 
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Figure A5.11. Network map of high- and medium-confidence nsp4 homolog interactors. 

PPI network map of high- and medium-confidence interactors of nsp4 homolog. Blue lines indicate 
viral-host PPIs, where line width corresponds to fold enrichment compared to the GFP control. 
Grey lines indicate annotated host-host PPIs in STRING (score > 0.75). 
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Figure A5.12. Subcellular localization of nsp4 homologs. 

Confocal immunofluorescence microscopy images of nsp4 homologs expressed in HEK293T 
cells, stained for PDIA4 (ER marker, green), FLAG-tag (red), and DAPI (blue). Scale bar is 10 
µm. 
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Figure A5.13. Functional genomic screens of interactors and global IP3R3 protein levels 
in SARS-CoV-2 infection.  
 
(A) Sorted enrichment of sgRNAs (lfc) in the genome-wide CRISPR screen of the GeCKO V2 

library in A549-Cas9-ACE2 lung cancer cells infected with SARS-CoV-2 published by 
Heaton et al.16 Interactors of nsp2 and nsp4 found in the dataset are highlighted in blue and 
red respectively. 

(B) Correlation of Z-scores from functional genomics screens in A549-ACE2 and Caco-2 cells 
infected with SARS-Cov-2 published by Gordon et al.17 The A549 cells were transduced 
with siRNA pools of prioritized SARS-CoV interactors and Caco2 cells contained CRISPR 
knockouts of the prioritized interactors. Z-score < 0 represents decreased infectivity upon 
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knockdown, while Z-score > 0 represents increased infectivity. Interactors of nsp2 and nsp4 
found in the dataset are highlighted in blue and red respectively. 

(C) Changes in the global proteome of Caco-2 cells during SARS-CoV-2 infection were 
measured via quantitative proteomics up to 24 hpi by Bojkova et al18. Mass spectrometry 
data was mined for log2-fold changes in global IP3R3 levels during infection. Significance 
was tested using unpaired two-sided students t-tests between infected and mock samples, 
*p<0.05. 
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Appendix 6 Supplementary figures and tables for chapter 6 
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Figure A6.1. Multiple-sequence alignment and domain organization of amino acid 
sequences for nsp3 truncations from different coronavirus strains. 
(A-C) Amino acid sequences of nsp3.1 (A), nsp3.2 (B), and nsp3.3 (C) homologs were aligned 

using Clustal Omega 19. Domain organization is noted by colored boxes. 
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C. 

 

Figure A6.2. Immunofluorescence confocal imaging of nsp3 fragments. 
(A-C) Colocalization of nsp3 fragment FLAG-tagged homologs (red) with the ER marker, 

PDIA4 (green), in HEK293T cells. Representative images shown. Scale bar is 20 µm. 

(A) nsp3.1 is predominantly localized diffusely cytosolic. (B) nsp3.2 and (C) nsp3.3 show 

greater co-localization with the ER maker PDIA4 confirming ER localization. 
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Figure A6.3. Nsp3 TMT intensity distribution. 
(A-F) Box-and-whisker plot of the log10 TMT intensity abundance of all 11 mass spectrometry 

runs used in this study. Nsp3 homologs are grouped by same color box-and-whiskers 

while the identity of the corresponding mass spectrometry run is denoted by colored 

blocks below. TMT abundances were normalized based on total peptide amounts (A-C). 

See supporting dataset S8 for the layout of samples across TMT channels. 

(A,D)  Normalized (A) and unnormalized (D) TMT abundance distribution for nsp3.1 dataset. 

Channels denoted “nsp3.3” were used for the nsp3.3 dataset within the corresponding 

mass spectrometry run. 

(B,E)  Normalized (B) and unnormalized (E) TMT abundance distribution for nsp3.2 dataset.  

(C,F)  Normalized (C) and unnormalized (F) TMT abundance distribution for nsp3.3 dataset. 

Channels denoted “nsp3.1” were used for the nsp3.1 dataset within the corresponding 

mass spectrometry run. 

(G-I.) Normalized TMT abundances of nsp3 bait proteins to compare the enrichment of 

fragments from the different strains. Box and whisker blots represent min. to max. 

values. (G) nsp3.1, (H) nsp3.2, (I) nsp3.3. 
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Figure A6.4. Volcano plots of nsp3.1 homolog high-confidence interactors enriched vs 
tdTomato control. 
Host interactors of nsp3.1 homologs were identified by quantitative proteomics and graphed by 

log2 fold change compared to tdTomato control and -log10 adjusted p-value (based on ANOVA). 

Interactors were filtered for medium (blue) and high (red) confidence interactors based on a 

hyperbolic curve using 1σ (medium-confidence) or 2σ (high-confidence) standard deviations of 

the histogram of log2 protein abundance fold changes (refer to “Data analysis” in Methods). 

Negative medium- and high-confidence (MC, HC) interactors were calculated in a similar manner. 

Total MC and HC interactors for positive and negative fold change are indicated respectively. 
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Figure A5.5. CRAPome overlap with nsp3.1, nsp3.2, and nsp3.3 homolog high-

confidence interactors. All high-confidence interactors of nsp3 fragments were queried 

in the CRAPome Homo sapiens single step epitope tag AP-MS dataset to identify 

common contaminant proteins. Interactors with a frequency of 25% or higher in 

CRAPome control experiments qualified as overlapping with the CRAPome 20. 

 

 

Figure A6.6. Comparative heatmap of nsp3.1 high-confidence interactors. 
Unbiased hierarchical clustering of log2 fold change for high-confidence interactors of nsp3.1 

homologs yields 7 unique clusters.  
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Figure A6.7. GO term analysis of nsp3.1 high-confidence interactors. 
Heatmap of gene ontology (GO) term analysis of nsp3.1 high-confidence interactors for enriched 

biological processes. Selected terms are displayed with corresponding -log10 adjusted p-value 

for each homolog. 
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Figure A6.8. Volcano plots of nsp3.2 homolog high-confidence interactors enriched vs 
tdTomato control. 
Host interactors of nsp3.2 homologs were identified by quantitative proteomics and graphed by 

log2 fold change compared to tdTomato control and -log10 adjusted p-value (based on  ANOVA). 

Interactors were filtered for medium (blue) and high (red) confidence interactors based on a 

hyperbolic curve using 1σ (medium-confidence) or 2σ (high-confidence) standard deviations of 

the histogram of log2 protein abundance fold changes (refer to “Data analysis” in Methods). 

Negative medium- and high-confidence (MC, HC) interactors were calculated in a similar manner. 

Total MC and HC interactors for positive and negative fold change are indicated respectively. 
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Figure A6.9. Comparative heatmap of nsp3.2 high-confidence interactors. 
Unbiased hierarchical clustering of log2 fold change for high-confidence interactors of nsp3.2 

homologs yields 5 unique clusters.  
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Figure A6.10. GO term analysis of nsp3.2 high-confidence interactors. 
Heatmap of gene ontology (GO) term analysis of nsp3.2 high-confidence or medium-confidence 

interactors for enriched biological processes. Selected terms are displayed with corresponding -

log10 adjusted p-value for each homolog. 
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Figure A6.11. Nsp3 fragment co-immunoprecipitations with nsp4.  
Samples were co-transfected with 2x-strep tagged SARS-CoV-2 nsp4 15 and individual SARS-

CoV-2 FLAG-tagged nsp3 fragments (nsp3.1, nsp3.2, nsp3.3) or tdTomato as a control, 

respectively. FLAG immunoprecipitations were performed to pull down on nsp3 constructs and 

immunoblotting was performed with an anti-FLAG antibody to confirm nsp3.3 expression and an 

FITC anti-Strep antibody to monitor nsp4 co-immunoprecipitation. 
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Figure A6.12. Volcano plots of nsp3.3 homolog high-confidence interactors enriched vs 
tdTomato control. 
Host interactors of nsp3.3 homologs were identified by quantitative proteomics and graphed by 

log2 fold change compared to tdTomato control and -log10 adjusted p-value (based on ANOVA). 

Interactors were filtered for medium (blue) and high (red) confidence interactors based on a 

hyperbolic curve using 1σ (medium-confidence) or 2σ (high-confidence) standard deviations of 

the histogram of log2 protein abundance fold changes (refer to “Data analysis” in Methods). 

Negative medium- and high-confidence (MC, HC) interactors were calculated in a similar manner. 

Total MC and HC interactors for positive and negative fold change are indicated respectively. 



282 
 

 

 

Figure A6.13. Comparative heatmap of nsp3.3 high-confidence interactors. 
Unbiased hierarchical clustering of log2 fold change for high-confidence interactors of nsp3.3 

homologs yields 6 unique clusters.  
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Figure A6.14. GO term analysis of nsp3.3 high-confidence interactors. 
Heatmap of gene ontology (GO) term analysis of nsp3.3 high-confidence or medium-confidence 

interactors for enriched biological processes. Selected terms are displayed with corresponding -

log10 adjusted p-value for each homolog. 
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Table A6.1 Key resources table for chapter 6 

Reagent 
type 

Designation Source or 
reference 

Sequence  Usage notes 

Chemical 147 2,7  10 µM 

Chemical  Tunicamycin 
(Tm) 

   

PCR 
primer 

Nsp3_N_ter
m_rem_F 

 atcaaggtgttcaccacagt
g  

Forward primer to remove 
N-terminus of Wuhan nsp3 
(nsp3.2, 3.3 generation) 

PCR 
primer 

Nsp3_N_ter
m_rem_R 

 catgctagccagcttggg  Reverse primer to remove 
N-terminus of Wuhan nsp3 
(nsp3.2 generation) 

PCR 
primer 

Nsp3_middle
_rem_F 

 tattgtacaggcagcatccc Forward primer to remove 
middle fragment of Wuhan 
nsp3 (nsp3.3 generation) 

PCR 
primer 

Nsp3_middle
_rem_R 

 ggttctcacctcccgcag  Reverse primer to remove 
middle fragment of Wuhan 
nsp3 (nsp3.1 generation) 

PCR 
primer 

Nsp3_C_ter
m_rem_F 

 ctcgagtctagagggccc Forward primer to remove 
C-terminus of Wuhan nsp3 
(nsp3.1, 3.2 generation) 

PCR 
primer 

Nsp3_C_ter
m_rem_R 

 ggtggcgattgtcacgttg Forward primer to remove 
C-terminus of Wuhan nsp3 
(nsp3.2 generation) 

PCR 
primer 

SARS2_nsp
3.1_xFT_F 

 atccgcagtttgaaaagtaa
acccgctgatcagcctcg 
 

Removal of FLAG tag from 
Wuhan nsp3.1 fragment  

PCR 
primer 

SARS2_nsp
3.1_xFT_R 

 catcccccgccgccttcga
gggttctcacctcccgcag 
 

Removal of FLAG tag from 
Wuhan nsp3.1 fragment 

PCR 
primer 

2xStrep_F  ctcgaaggcggcggggga 
 

Amplification of 2xStrep 
tag from pLVX vector 

PCR 
primer 

2xStrep_R  ttacttttcaaactgcggatgt
gaccatgatccac 
 

Amplification of 2xStrep 
tag from pLVX vector 

Antibody Anti-M2 
FLAG 

   

Antibody Anti-STREP 
FITC 
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Appendix 7 Supplemental figures and tables for chapter 7 

 

 

 

Figure A7.1. Spin filtration of DMEM-10 leads to BSA buildup in retentate.4 mL DMEM with 

10% FBS was added to a 100kDa spin filter, with an aliquot reserved for SDS-PAGE (“pre”). 

Filtrate was spun for 20 minutes at 4000xg. Retentate was washed with water and spin was 

repeated. Process was repeated for a total of 2 washes. Aliquots of filtrate and retentate were 

reserved for SDS-PAGE gel after each spin. Samples were frozen before running on SDS-PAGE; 

‘top’ fractions remained solid and did not thaw, thus were unable to be run on gel (2x ‘top’ sample 

liquified after extensive heating). Image is of stain-free gel; dark band assumed to be BSA. Little 

filtration of protein seen, much remains in retentate. Phenol red was also observed to be 

concentrated in gel samples (top left, in same order as SDS-PAGE gel samples), and formed a 

front line on the SDS-PAGE gel (pink line, bottom left). 
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Figure A7.2. Spin filtration of DMEM-10 (no phenol red) leads to BSA buildup in retentate.4 

mL DMEM with 10% FBS, without phenol red, was added to a 100kDa spin filter, with an aliquot 

reserved for SDS-PAGE (“pre”). Filtrate was spun for 20 minutes at 4000xg. Retentate was 

washed with water and spin was repeated. Process was repeated for a total of 2 washes. Aliquots 

of filtrate and retentate were reserved for SDS-PAGE gel after each spin. Samples were frozen 

before running on SDS-PAGE; ‘top’ fractions remained solid and did not thaw, thus were unable 

to be run on gel. Image is of stain-free gel; dark band assumed to be BSA. Little filtration of protein 

seen, much remains in retentate. Left panel shows apparent BSA buildup in filter based on color. 

 

 

 

 

 

  



287 
 

 

Figure A7.3. Spin filtration of DMEM-2 leads to BSA buildup in retentate.4 mL DMEM with 

10% FBS was added to a 100kDa spin filter, with an aliquot reserved for SDS-PAGE (“pre”). 

Filtrate was spun for 20 minutes at 4000xg. Retentate was washed with water and spin was 

repeated. Process was repeated for a total of 2 washes. Aliquots of filtrate and retentate were 

reserved for SDS-PAGE gel after each spin. Image is of stain-free gel; dark band assumed to be 

BSA. Little filtration of protein seen, much remains in retentate.  
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Figure A7.4 Spin filtration leads to enrichment of viral protein. Huh7 cells were infected with 

DENV2 strain 16681 at an MOI of 3 for 3 hours after pre-treatment with 147 for 16 hours (where 

indicated). After infection, DMEM-2 was added to cells, along with retreatment of 147 where 

appropriate. Infection proceeded for 24 hours, after which time media was collected and cleared 

for 10 minutes at 4000xg. Cleared media was divided into 2 spin filters and samples were spun 

at 1500xg for 5 minutes thrice, with the filter being replenished with 5mM HEPES. Samples were 

combined and protein levels in both the retentate and filtrate were measured. Stain-free gel (a) 

shows that BSA was retained in the filter, but western blot (b) shows the concentration of DENV 

E protein. 
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Figure A7.5 Labeling of GAPDH by PC-PEGmal reagent.   
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Figure A7.6. Significant labeling of intracellular DENV proteins not observed by western 

blot. Lysates were labeled at 0.5 mg/mL with photocleavable PEG-maleimide (mal) reagent for 4 

hours at 37°C. Samples were prepared for SDS-PAGE gel and run on a 15% gel at 175V for ~1 

hour. Gels were activated for 15 minutes using the ‘stain-free gel’ setting on a BioRad ChemiDoc 

imager to cleave the maleimide probe. Proteins were transferred to a PVDF membrane for 

western blot using mixed molecular weight settings on the Transblot Turbo. Primary antibodies 

for DENV E or prM were applied overnight, followed by a Starbright B520 secondary in milk for 

30 minutes at room temperature. Notably, only weak labeling of the structural proteins by the 

maleimide reagent was seen in both the 147 treated and untreated samples. Because the 147 

treated samples contain less viral protein, a quantitative comparison of the degree of labeling 

cannot be obtained without adjusting for this change. However, it appears that there are no 

significant changes in labeling between the two samples. 
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Figure A7.7. Labeling of purified virus not observed by western blot. Virus-containing 

supernatant (collected after 24 hours of infection with DENV2 16681) was purified by spinning at 

4000xg for 45 minutes, followed by a 3 hour spin over a 20% sucrose cushion at 113,000xg. 

Supernatant was removed, and the viral pellet was dried and resuspended in 5 mM HEPES pH 

7.9. Lowered titers were confirmed by FFA (not shown). Samples were treated as indicted with 

10mM TCEP (in 0.5M HEPES) to denature disulfide bonds, then treated with maleimide as 

indicated. Samples were prepared for SDS-PAGE and run on a 10% gel at 175V for ~1 hour. Gels 

were activated for 15 minutes using the ‘stain-free gel’ setting on a BioRad ChemiDoc imager to 

cleave the maleimide probe. Proteins were transferred to a PVDF membrane for western blot 

using mixed molecular weight settings on the Transblot Turbo. Primary anti-DENV E antibody 

was added overnight at 4°C, secondary Starbright B520 was added in milk for 30 minutes at room 

temperature. It was expected the samples treated with both TCEP and maleimide would show a 

gel shift; this did not occur. Further experiments could use a pre-treatment of purified virus with 

SDS to increase the availability of disulfide bonds for reduction. Additionally, it was unexpected 

that the 147 samples showed less viral protein than the untreated samples. 
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Figure A7.8. Western blot quantification of ATF6 markers after treatment with 263 or 147. 
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Figure A7.9. Thermal proteome profiling shows decreased protein abundance with 

increasing temperature. Protein samples were heated to the indicated temperatures for 3 

minutes in a PCR thermocycler. Soluble protein fractions were isolated and run on an SDS-PAGE 

gel. The decrease in total protein signal matches the increase in aggregation (and thus decrease 

in soluble protein) expected as the temperatures increased. There do not appear to be significant 

changes in response to 147 or 263 treatment, which is also expected as most proteins should not 

alter in thermal stability based on treatment. 
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Figure A7.10. TMT intensity profiles of thermal proteome profiling samples. The same 

samples from Figure A6.4 were subjected to MeOH/CHCl3 precipitation followed by 

resuspension in 1% Rapigest and reduction, alkylation, and digestion. Samples were labeled with 

TMTpro 16plex reagents and run on an Exploris 480 instrument. TMT intensities were plotted by 

Proteome Discoverer 2.4. From left to right in each sample set as indicated, the fractions were 

heated to increasing degrees, thus decreasing the soluble protein fraction. The drop in total 

protein intensity is thus expected. 
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Table A7.1 Key resources table for chapter 7 

Reagent type Designation Source/reference Sequence Notes 

Chemical 147 2,7   

Chemical 263 2   

Chemical Photocleavable 
PEG-maleimide 

Dojindo Molecular 
Technologies, Inc. 
(SB20) 

  

Antibody Anti-PDIA4 Proteintech  1:1000 

Antibody Anti-PDIA1 SantaCruz (SC-
74551) 

 1:1000 

Antibody Anti-PDIA6 Genetex 
(GTX121275) 

 1:1000 

Antibody Anti-DENV E Genetex 
(GTX127277) 

 1:1000 

Antibody DENV prM Genetex   

Antibody Anti-pan-
flavivirus 4G2 

Millipore-Sigma 
(MAB10216) 

 1:1000 

Antibody Anti-mouse HRP Promega (W4021)  1:1000 

Antibody Anti-mouse 
Starbright 700 

Bio-Rad 
(12004158) 

 1:10,000 

Antibody Anti-mouse 
Starbright B520 

Bio-Rad 
(12005866) 

 1:10,000 
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