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ABSTRACT OF THE DISSERTATION 

 
 

Structure-Function Investigation of SARS-CoV-2 Viral Proteins 
 

by 

Mahamaya Nimain Biswal 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular 
Biology  

 University of California, Riverside, June 2022 
Dr. Jikui Song, Chairperson 

 

 
 

March 2022 marks two years since the Covid-19 Pandemic began. Two 

years on, battle with the virus still continues. Officially the number of lives 

lost to the virus is reported to be around 6 Million but a recent study 

highlights that this number could be a huge undercount and the true 

estimate may account to three times that of the reported value. With the 

virus still circulating worldwide, it holds the opportunity to continue evolving 

and emerge as a variant capable of evading the human immune response. 

Therefore, new drugs will be needed apart from the approved ones to 

counter the looming threat of resistance. For doing so, deeper 

understanding of the mechanistic basis of how the different viral proteins 

function is needed. In this study, we unravel structural basis of NSP 7-8 

complex formation and investigate its dynamic assembly to form an active 

NSP 7-8-12 core replication complex. Structure-guided mutagenesis, 

combined with biochemical and enzymatic assays, further reveals a 

structural coupling between the two oligomer interfaces of NSP 7-8, as 
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well as the importance of these interfaces for the RdRP activity of the 

NSP7-NSP8-NSP12 complex. In another project, we investigated the 

pathogen-host interaction based on SARS-CoV-2 Nucleocapsid protein and 

human G3BP1 protein. This aspect of our study reveals the biochemical 

and structural basis of the SARS-CoV-2 N1-25-G3BP1NTF2 interaction, 

revealing a “ϕ-x-F” motif to be the primary and indispensable determinant of 

the interaction and flanking residues underpins diverse secondary 

interactions. Mutation of the key interaction residues   of   the SARS-

CoV-2 N1–25 -G3BP1NTF2 complex leads to disruption of the SARS-CoV-2 N-

G3BP1 interaction in vitro. In all, our results provide a molecular basis of 

the strain- specific interaction between SARSCoV-2 N and G3BP1, which 

has important implications for the development of novel therapeutic 

strategies against SARS-CoV-2 infection. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 

1.1 Covid-19 pandemic caused by SARS-CoV-2 has become global health 
concern. 

 
 

The causative agent of the Covid-19 outbreak is Severe Acute Respiratory 

Syndrome- Coronavirus- 2 (SARS-CoV-2). Coronaviruses consist of a 

diverse family of single- stranded RNA viruses and are known to cause 

respiratory and intestinal infections in animals and humans. They were not 

considered highly pathogenic to humans until the ‘SARS-CoV’ epidemic 

broke out in Guangdong Province, China in 2002-2003. Ten years later, in 

2012, another highly pathogenic coronavirus called ‘MERS-CoV’ emerged 

in Middle Eastern countries2, 3, 7. The SARS-CoV-2 pandemic which broke 

out in the year 2019 has brought unprecedented challenges to the world, in 

terms of both health and economic spectra. The official global death toll 

from the pandemic is around 6 million 

(https://coronavirus.jhu.edu/map.html), and recent articles say the actual 

number could be as high as three times to this number due to unreported 

cases1. In addition to available vaccines, effective treatments could pave 

the way for putting a gradual end to the pandemic. For this, deeper 

understanding and knowledge of viral life cycle and the different 

proteins that help in the functioning of the virus is essential. 
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1.2 Coronavirus diversity and origination 
 
 

Coronaviruses belong to the family of Coronaviridae, which consists of the 

subfamily Coronavirinae and the order Nidovirales (International Committee 

on Virus Taxonomy). This subfamily consists of four genera - 

Alphacoronavirus, Betacoronavirus, Gammacoronavirus and 

Deltacoronavirus - based on their phylogenetic relationship and genome 

structure. Members of the Alphacoronavirus and betacoronavirus are 

known to cause infection only in mammals. Gammacoronaviruses and 

deltacoronaviruses have broader host ranges which includes birds2. 

Once the causative agent of 2002-2003 epidemic was identified as SARS-

CoV, antibodies to SARS-CoV were found in commercially available civet 

cats (Paguma larvata) and in commercially available pet breeders. Further 

investigation revealed that the civet cats only acted as intermediate hosts, 

and that the SARS-CoV strain found in them had been transmitted to them 

from other animals. In 2005, two independent teams reported the 

discovery of a novel coronavirus related to human SARS-CoV, named it 

”SARS-CoV related viruses‟ in horshoe bats (genus Rhinolophus). This 

discovery suggested that bats could be the primary hosts of SARS CoV 

and civets acts as intermediate host2. 

1.3 CoV Life cycle 
 

CoV’s have one of the largest RNA viral genome ranging from 26 to 32 

kilobases in length. It contains a 5‘ terminal cap structure and its 3‘ end 
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is polyadenylated. Initial steps of the coronavirus infection involves specific 

binding of coronavirus spike protein to the cellular entry receptors that 

have been identified for several coronaviruses which  include human 

amino peptidase N (APN; HCoV-229E), dipeptidyl peptidase 4 (DPP4; 

MERS-CoV) and angiotensin-converting enzyme 2 (ACE2; HCoV-NL63, 

SARS-CoV and SARS-CoV-2) 3,4. CoV-2 virion binds to and makes 

specific interactions with cellular entry receptor called ACE2 via its Spike 

protein; this step is also mediated by some host factors such as the cell 

surface serine protease ”Transmembrane Serine Protease 2‟ (TMPRSS2), 

which promotes the viral uptake and fusion at the cellular or 

endosomal membrane. Following entry, the genomic RNA undergoes 

uncoating and release and is later subjected to immediate translation of the 

two large open reading frames (ORF’s), ORF1a and ORF1b2. The 

resulting polyprotein pp1a and pp1ab are co-translationally and post-

translationally processed into the individual non-structural proteins (NSP’s) 

that form the viral replication and transcription complex (RTC). Alongside 

the expression of NSP’s, there is biogenesis of viral replication 

organelles taking place that consists of characteristic perinuclear double-

membrane vesicles (DMV) and convoluted membranes (CM) that helps to 

create a protective microenvironment for viral genomic RNA replication 

and transcription of subgenomic mRNA (sg mRNA) made up of the 

characteristic nested set of coronavirus mRNA’s2. ORFs that encode 

structural proteins and interspersed ORFs that encode accessory proteins 

are transcribed from the 3′ one- third of the genome to form a nested set of 
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sg mRNAs. Coronavirus accessory proteins are highly variable sets of 

virus-specific proteins that display limited conservation even within 

individual species but they are principally thought to contribute to 

modulating host responses to infection and are determinants of viral 

pathogenicity2, 3. Nevertheless, the molecular functions of many accessory 

proteins remain largely unknown owing to the lack of homologies to 

accessory proteins of other coronaviruses or to other known proteins. The 

translated structural proteins then translocate into endoplasmic reticulum 

(ER) membranes and transit through the ER-to-Golgi intermediate 

compartment (ERGIC), where the encapsidated Nucleocapsid (N) protein 

interacts with the newly produced genomic RNA and results in budding into 

the lumen of secretory vesicular compartments. Finally, virions are secreted 

from the infected cell by exocytosis (Fig 1- 1)3, 4.
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Fig 1-1: SARS CoV-2 infection cycle3. 

 
 

1.4 RNA synthesis in Coronaviruses 

RNA synthesis in SARS-CoV-2 can be briefly divided into two phases: 

genome replication and sg mRNA transcription. gRNA translation and 

proteolytic maturation of replicase proteins is followed by initiation of a 

complex process of SARS- CoV-2 RNA synthesis and transcription. This 

depends on interplay between two teams: first, viral RNA and non-structural 

proteins and second, between host cell proteins and membrane3. Specific 

recognition of RNA template by CoV RTC complex for RNA synthesis 
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requires the presence of specific RNA sequences and structural elements 

on the terminal regions of the CoV genome3, 4. Replication results in full 

length viral positive stranded gRNA which can then be translated into 

replicase polyprotein and could serve as template for synthesis of 

additional negative stranded RNA or can be packaged into progeny virions. 

Both Replication and transcription require devoted minus stranded RNA. 

Full length negative strand RNA can serve as template to make gRNA 

during replication and nested set of minus strand sg RNA’s serve as 

template for transcription3,4

. 

 
1.5 Coronavirus functions using its arsenal of different proteins: Structural, 

Non- structural and accessory proteins. 

 

Once the ORF 1a and ORF 1b are translated, it gives rise to two 

polyprotein called pp1a and 1b. The synthesis of the latter polyprotein 

requires -1 ribosomal frameshifting near the 3’ end of ORF 1a. The two 

polyproteins are subsequently cleaved by combined effect of host and viral 

proteases which ultimately leads to the synthesis of sixteen NSP’s (NSP 1 

to NSP 16)3,4. Different NSP’s have different dedicated roles in the viral life 

cycle. NSP1 is used by the virus to inhibit the host gene expression and 

evade the host immune system and therefore a target for vaccine 

development. The exact role of NSP2 is not clear but it can interact with 

NSP3 and cleave ORF 1ab. NSP 3 and NSP 4 are known to interact with 

other cofactors in order to induce membrane rearrangement for the viral 

replication and the loss of NSP 3- NSP 4 complex has been shown to 
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eliminate viral replication. NSP 5 is a cystine like protease, 3CL-PRO 

which processes 11 cleavage sites between NSP 4 and 16 during 

replication and also has a conserved domain structure and catalytic 

residues. NSP 6 generates autophagosomes from the endoplasmic 

reticulum and is involved in autophagy4. 

NSP7-NSP8-NSP12 (NSP7-8-12) forms the holo RNA-dependent RNA 

polymerase (RdRp) complex, which is a central component of the 

replication and transcription machinery. NSP12 belongs to a family of 

primer-dependent polymerases that catalyze the addition of ribonucleoside 

triphosphate (rNTP’s) to the nascent product RNA as directed by the 

sequence of the template RNA11, 14, 15. NSP12 consists of three domains: a 

nidovirus RdRp-associated nucleotidyltransferase domain (NiRAN) domain 

(residues 1-250), an interface region between the NiRAN domain and the 

RdRp domain (residues 251-398) and the core RdRp domain (residues 

399-932)11, 14. The NiRAN domain is absent in viruses other than 

Nidovirales and is an important drug target due to its essential enzymatic 

activity. Replication and transcription in coronaviruses are thought to be 

carried out by distinct subcomplexes including holo-RdRP associated with 

different NSP’s as well as accessory proteins. To replicate the genome 

faithfully, other NSP‟s participate in the process. This proofreading activity 

is performed by NSP14 which is exclusive to Nidovirales'. In NSP 14, this 

proofreading activity is encoded in the N- terminal exonuclease (ExoN) 

domain of nsp14, which together with the cofactor nsp10 forms an RNA 

proofreading complex known to promote faithful replication of the fairly 
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large genome in the CoV’s38. The C-terminus of NSP14 has 

methyltransferase activity. The NSP14-10 complex is responsible for the 

addition of Cap 0, and the NSP 16-10 complex is responsible for the 

addition of Cap1 to the newly replicated positive strand RNA as a result of 

which, the innate immune response to the virus is suppressed. 

Components of the core replication machinery, especially NSP 12, and its 

important cofactor proteins NSP 7 and NSP 8, remain important drug 

targets for rational drug design. Biochemical experiments by different 

groups have shown that primer extension ability of SARS-CoV and SARS 

CoV-2 RdRp (nsp12) is greatly enhanced in the presence of nsp7 and 

nsp8, corroborating their role as essential cofactors of the RdRp. Recent 

advancements in cryo-electron microscopy led to the structures of the 

SARS CoV Apo-holo-RdRp complex and also RNA bound RdRp bound to 

expanded replication transcription machinery for e.g. NSP 9, NSP13 and 

NSP14. Crystal structures of the SARS –CoV NSP 7-817 and SARS- 

CoV-2 NSP 7-818 complexes have been solved which reports different 

assembly forms. The structures of SARS-CoV NSP 7-8-12 complex, FCoV 

NSP 7-8 complex 20 as well as the SARS- CoV-2 NSP 7-8-12 complex 

along with or without RNA 12-15 have also been solved. Varying 

arrangement of NSP 7 and NSP 8 proteins are seen in these 

structures.  In the structure representing the hexadecameric form of NSP 

7-8 complex, both NSP7 and NSP8 proteins carry a non- native GPLGS 

tag. The central channel of the hexadecameric structure of SARS CoV 

NSP 7-8 was proposed to serve an RNA binding site which may mediate 
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the potential primase activity of this complex17. Intriguingly, much recent 

biochemical and Mass spectrometry evidences pointed out that NSP 7-8 

complex exists as a tetramer instead of Hexadecamer18, 36. SARS CoV 

NSP 7-8 fusion protein (NSP7L8) failed to give rise to extended RNA 

replication product in a denovo RNA synthesis assay done by Subissi et al, 

posing question on primase activity of NSP 7-810. In Chapter 2, we 

present our investigation done on SARS-CoV-2 NSP 7-8 complex to 

verify its solution assembly state and further biochemical analysis to 

understand the dynamic assembly of SARS- CoV-2 NSP 7-8 complex and 

mechanistic basis of its dynamic transition to form NSP 7- 8-12 complex. 

 

1.6. Virus-Host interactions in SARS-CoV-2: Interaction between SARS- 

CoV-2        Nucleocapsid and human protein G3BP1 

 

 

Viruses are known to rely on the host cell machinery in order to replicate. 

Characterization of the factors and the mechanism involved in such 

pathogen-host interactions will inform our understanding to identify 

druggable host factors. Host mutation events are rare and aren’t selected 

for viral survival, targeting such host factors limits the ability of the virus to 

develop ‘escape mutations’, an event that can appear when viral proteins 

are targeted by a drug and the viral protein mutates under the drug’s 

selective pressure ultimately developing drug resistance. Also in many 

cases, a particular host protein is targeted by various different virus 

families. Therapies designed against such host factors could present as 
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broad-spectrum anti-virals. Different SARS- CoV-2 proteins are now known 

to make interactions with different host proteins 31. The SARS- CoV-2 

Nucleocapsid protein (N) is also known to be involved in interacting with 

different host proteins and exploit the host cell repertoire to provide for its 

own replication. The N protein has a multifaceted role in aiding the viral 

replication, virion assembly and also modulating the host cellular activities 

40-42. SARS-CoV-2 N consists of an N-terminal domain (NTD) responsible 

for RNA binding and a C terminal domain (CTD) that mediates both RNA 

binding and dimerization69- 71. Both the NTD and CTD domains are flanked 

by Intrinsic disordered regions (IDRs) to reinforce their RNA-binding 

activities, with a serine-arginine (SR) rich segment located within the 

second IDR (IDR2) subjected to posttranslational modification for 

modulation of RNA binding73, 74. 

Recently, multiple studies reported that SARS-CoV-2 Nucleocapsid (N) 

protein could interact with G3BP1 44 and play a role in disassembling the 

stress granules (SG‟s) 45. It does so by interacting with the Stress granule 

nucleating proteins: ras GTPase activating protein binding protein 1 and 2 

(G3BP1 and G3BP2), collectively referred to as G3BP44.Stress granules 

(SG’s) are dynamic entities and are membraneless organelles which are 

micron- sized and are transient. Driving factors of stress granule formation 

are a) Stress granule nucleating proteins- either due to their aggregation 

because of overexpression or in response to heat shock and osmotic 

stresses or viral infection b) RNA- due to sudden influx of non-polysomal 

mRNA as a result of stress induced stalling of pre-initiation complex58. 
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Overexpression of some SG proteins leads to nucleation of stress granules 

in spite of absence of stress or effect due to any drug. Presence of Prion-

like domain or intrinsically disordered regions (IDR) or Low complexity 

regions (LCR) in a protein mediate protein aggregation. Different SG 

nucleating proteins have different domains that are drivers of nucleation. 

For e.g. SG protein TIA1 requires both Prion-like domain as well as RNA 

binding domain which mediate formation of dynamic and reversible SG’s. 

However G3BP1 lacks a Prion-like domain and needs Oligomerization 

domain: Nuclear transport factor 2 (NTF2) and RNA binding domains 

(RRM/RGG) to mediate SG assembly58. G3BP interacts with many cellular 

proteins, some of which are SG nucleators: for e.g. Cell cycle-associated 

protein 1 (Caprin1). G3BP mediated SG assembly is regulated by mutually 

exclusive binding of Caprin1 and Ubiquitin Specific Peptidase (USP10). 

Caprin1 binding to G3BP1 promotes SG assembly whereas USP10 

binding to G3BP1 inhibits the SG assembly58, 67. 

Another high affinity binding protein to G3BP1 which is also an SG 

nucleator is Ubiquitin associated Protein 2-like (UBAP2L). UBAP2L acts 

upstream to G3BP1 during SG assembly. Although UBAP2L forms SG 

cores along with G3BP1, it does not always co- localize with G3BP1 

indicating that UBAP2L can form cores independent of G3BP cores. 

UBAP2L interacts with G3BP1 through its Domain of Unknown Function 

(DUF) domain68. Deletion of this DUF domain results in breaking the 

interaction between UBAP2L and G3BP1 and compromising SG 

formation88. Multiple studies have reported that it is this network of these 
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protein-protein and protein-RNA interactions that regulate the multiphase 

condensation by fine tuning the strength of interaction between nodes, 

bridges, caps which allows for substrate dependent “Phase switches‟ of SG 

nucleators48,52,56,57. 

Since stress granules pose as an obstacle for viral replication, viruses have 

evolved to come up with a strategy to attack these stress granules by 

having specific viral protein that interacts with G3BP1/2. In case of SARS 

CoV-2, numerous reports have proven the interaction between its 

Nucleocapsid (N) protein and G3BP1 and that this interaction leads to SG 

disassembly. The importance of G3BP1 NTF2 as an interaction hub is 

highlighted by studies showing that Non-structural protein 3 (nsP3) from old 

world alphavirus and Chikungunya virus binds to G3BP1 NTF2L 63, 64. The 

old-world alphaviruses target NTF2 in order to recruit G3BP and its 

associated ribosomal subunits to the viral cytopathic vacuoles (CPV’s). In 

order to do so, Semliki Forest virus and Chikungunya virus have a 

dedicated protein called nsP3 which is made up of a duplicated FGDF motif 

in order to outcompete USP10-G3BP1 NTF2 binding existing in cell in the 

absence of any stress. The nsP3 protein is a protein having multiple 

domains, the double FGDF motifs is part of a hyper variable domain which 

is largely disordered and makes multivalent protein interactions 63,64. The 

crystal structure of the G3BP1 NTF2 domain in complex with nsP3 peptide 

derived from Semliki Forest virus (SFV) nsP3 or Caprin1 has been 

reported64, 67. Common to these structures is an insertion of a 

phenylalanine residue from the G3BP1 NTF2-interacting peptide into a 
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hydrophobic pocket formed by the G3BP1 NTF2 domain. On the other hand, 

these structures show large divergence for the Phenylalanine-flanking 

regions of the peptide sequence 

 

 
Figure 1-2: Model depicting a SG protein interaction network: 

 
 
 

, suggesting a high diversity for the G3BP1 NTF2-mediated protein 

interactions. Recent biochemical and cellular evidence indicated that the 

interaction between SARS-CoV- 2 N protein and G3BP1 NTF2 critically 

depends on the N-terminal Intrinsic disordered region 1 (IDR1) of SARS-

CoV-2 N protein8,28,37,38. Deletion of the first 50 residues of SARS-CoV- 

2 N led to disruption of SG inhibition and reduced viral production, 

suggesting an important role of the IDR1 of SARS-CoV-2 N in viral 

infection. Consistently, introduction of an I15A/T16A/ F17A/G18A quadruple 

mutation to the IDR1 of SARS-CoV-2 N led to abolished G3BP1 binding in 

an in vitro binding assay, indicating an ITFG motif dependent interaction76. 

However, due to the lack of structural information, the molecular basis for 

the interaction between SARS-CoV-2 N and G3BP1 remains 

elusive. In Chapter 3, we show our investigation done to determine the 

molecular basis of the SARS-CoV-2 N - G3BP1 interaction using 
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crystallography and biochemical analysis. Our results may have important 

implications in development of therapeutic interventions against SARS-

CoV-2 infection. 

Finally in Chapter 4, we summarize the understanding we hold related to 

SARS-CoV-2 NSP 7-8 complex and SARS- CoV-2 N-G3BP1 interaction, up 

till now and discuss the future perspectives related to the same whose 

further investigation may help unravel new insights into the functioning of 

these proteins. 
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CHAPTER 2 

 
 

 
Structural and biochemical insights into SARS-CoV-2 NSP 7-8 

complex and its dynamic transition to interact with SARS-CoV-2 

RdRp 

 

 
Specific aim: To verify its solution assembly state and further 

biochemical analysis to understand the dynamic assembly of NSP 7-8 

complex and mechanistic basis of dynamic transition into the formation of 

NSP 7-8-12 complex from NSP 7-8 complex 

 
 

METHODS 

 

 
Cloning, expression and purification of SARS-CoV-2 proteins 

 
 

The DNA fragments encoding SARS-CoV-2 NSP7, NSP8, and NSP12 

were chemically synthesized by Integrated DNA Technologies, with codon 

optimized for bacterial expression. For structural study, the genes for full 

length NSP7and NSP8 were inserted in tandem into a modified pRSF 

Duet-1 vector, in which the NSP7 gene was preceded by an N-terminal 

His6-SUMO tag and ULP1 (ubiquitin like protease) cleavage site and the 

NSP8 gene was flanked by the NdeI and XhoI cleavage sites. Next, the 

plasmids were transformed into BL21 (DE3) RIL cell strain (Agilent 

Technologies). The transformed cells were first grown at 37 ◦C until OD600 

reached 0.8. The temperature was then shifted to 16 ◦C, followed by 
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addition of 0.1 mM isopropyl -D-galactoside for induction. After another 

18 h of cell growth, the cells were harvested and the His6- SUMO 

tagged NSP7 was co-purified with NSP8 using a Ni-NTA affinity column. 

The NSP7-NSP8 complex was then treated with ULP1 protease to remove 

the His6-SUMO tag and subjected to further purification by ion-exchange 

chromatography on a HiTrap Q HP Sepharose column and size exclusion 

chromatography on a HiLoad 16/600 Superdex 75 pg column (GE 

Healthcare) pre-equilibrated with 25 mM HEPES (pH 7.5), 150 mM NaCl, 

5% Glycerol, and 5 mM DTT. The purified NSP7-NSP8 complex was 

confirmed by SDS-PAGE, concentrated to ∼10 mg/ml, and stored at -80 ◦C 

for further use. For biochemical analysis, the genes for NSP7 and NSP8 

were also individually cloned into the pRSF Duet-1 vector, and the gene for 

NSP12 was cloned into a modified pVP13 vector, N terminally fused to a 

His6-MBP tag and a TEV cleavage site. The individual WT and mutant 

NSP7 and NSP8 proteins were purified in the same manner as described 

for the NSP7-NSP8 complex. For the RdRP assay, NSP12 protein was 

purified sequentially through Ni-NTA chromatography, ion-exchange 

chromatography on a Q HP column (GE Healthcare), tag removal via TEV 

cleavage, and size exclusion chromatography on a Hi Load 16/600 

Superdex 200 pg column (GE Healthcare) pre- equilibrated with 25 mM 

HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, and 5 mM DTT. For analytical 

gel filtration analysis of the NSP7–NSP8–NSP12 complex, His6-SUMO- 

NSP7, His6-SUMO-NSP8 and His6-MBP–NSP12 were co-expressed in 

BL21 (DE3) RIL cells, and co-purified using a Ni-NTA column, followed by 
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size-exclusion chromatography on a Superdex200 increase 10/300 gl 

column (GE Healthcare). The mutations of NSP7 and of NSP8 were 

introduced through site directed mutagenesis and purified in the same 

manner as the wild-type proteins. For enzymatic comparison of NSP12 

derived from codon-optimized and non-codon optimized gene 

sequences, the native NSP12-encoding DNA sequence (SARS-CoV-2 

isolate: Wuhan-Hu-1/2020, NC 045512) was also inserted into the in-house 

His6-MBP vector. Expression and purification of the NSP12 protein derived 

from the native gene sequence followed the same procedure as that for the 

NSP12 protein derived from the codon-optimized gene sequence, as 

described above. 

 

Crystallization and X-ray data collection 

 
 

The crystallization condition for the SARS-CoV-2 NSP7– NSP8 complex 

was initially identified through sparse matrix screens (Hampton Research 

Inc.). The crystals were thereafter reproduced by hanging drop vapor 

diffusion method at 4 ◦C by using 1 l of 5 mg/mL SARS-CoV-2 NSP7-NSP8 

complex and 1 L of precipitant solution (0.2 M MgCl2, 

0.1 M HEPES pH 7.5, 25% [w/v] Polyethylene glycol 3350). SDS-PAGE 

analysis of the crystals indicated that the NSP8 protein is dominated by a 

truncated form in crystals. For crystal harvesting, crystals were soaked in 

well solution supplemented with 25% glycerol before flash freezing in liquid 

nitrogen. The X-ray diffraction data for the SARS-CoV-2 NSP7–NSP8 
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complex were collected on the Beamline 5.0.2 at the Advanced Light 

Source, Lawrence Berkeley National Laboratory. The diffraction data were 

indexed, refined, and scaled using the HKL 3000 program22. The structure 

was solved by molecular replacement using the partial structure of SARS-

CoV NSP7–NSP8 complex (PDB: 2AHM) as a search model. The resulting 

electron density revealed two molecules each for NSP7 and NSP8 in the 

asymmetric unit cell. The structure was further improved by iterative 

rounds of model building and refinement using COOT23 and 

PHENIX24 software packages. The statistics for data processing and 

structure refinement are summarized in Table 1. 

 
 

Analytical size-exclusion chromatography 

 
 

The solution states of NSP7, NSP8 and NSP7–NSP8 complex were 

analyzed using size-exclusion chromatography. In essence, 100 uL of 

protein solution at a concentration of 0.5 mg/ml was loaded onto Superdex 

200 increase 10/300 gl column (GE Healthcare) and eluted using 25 mM 

HEPES (pH 7.5), 100 mM NaCl, 5% glycerol and 5 mM DTT. 

 

Crosslinking assay 

 
 

To prepare the NSP7-NSP8 mixture, NSP7 and NSP8 proteins were each 

diluted to 5 mg/mL in 25 mM HEPES (pH 7.5), 150 mM NaCl, 5% 

glycerol and 5 mM DTT, and mixed in a 1:1 molar ratio. Next, 50 mM 
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ethylene glycol bis(succinimidyl succinate) (EGS) dissolved in DMSO was 

added into 15uL of the NSP7-NSP8 mixture to reach a final concentration 

of 5 µM. The reaction mixtures were then incubated on ice for 2 h before 

being quenched by 50 mM Tris–HCl (pH 7.5). Subsequently, the samples 

were subjected to SDS-PAGE analysis. 

 
 

Thermal shift assay 

 
 

Thermal shift assay for NSP7 WT and mutants were conducted using a 

BioRad CFX Connect Real-Time PCR detection system. For each 

measurement, 20 uL of sample 

mixture contains 5.5 uM WT or mutant NSP7 dissolved in buffer containing 

20 mM HEPES (pH 7.5), 10% glycerol, 150 mM NaCl, and 1× GloMelt Dye. 

The sample plates were heated from 25 to 95◦C with heating increments of 

0.5◦C. Fluorescence intensity was recorded within the excitation/emission 

ranges of 470/510 nm. Each sample was prepared in triplicate for the 

measurement. 

 
 

RdRP polymerase assay 

 
 

A minimal hairpin RNA substrate was used as previously reported13. In 

essence, the RNA (/5’-

FAM/rUrUrUrUrCrArUrGrCrUrArCrGrCrGrUrArGrUrUrUrUrCrUrArCrGrCrG-
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3’) was purchased from Integrated DNA Technologies. The RNA was 

annealed by heating the solution to 75◦C and gradually cooling to 4◦C in 

the buffer containing 50 mM NaCl and 10 mM Na-HEPES (pH 7.5). The 

polymerase assay mixture contained 5 M RNA dissolved in 100 mM NaCl, 

20 mM Na-HEPES (pH 7.5), 5% (v/v) glycerol, 10 mM MgCl2 and 5 mM -

mercaptoethanol, in the presence of the indicated NSP12 (5 μM), NSP8 (15 

μM) and/or NSP7 (15 μM) proteins. The reaction was initiated by addition of 

NTPs(150 μM UTP, GTP, and CTP and 300 μM ATP), followed by 

incubation at 37◦C for 20, 40 and 60 min. 2× loading dye (7 M urea, 50 

mM EDTA pH 8.0, 89 mM Tris-base and 28 mM Taurine) were added to 

stop the reaction. The reaction samples were then separated on 7 M urea, 

20% acrylamide gels (8 cm × 8 cm × 1 mm) in 45 mM Tris-base, 14 mM 

Taurine, and 0.3 mM EDTA. 6-FAM-labeled RNA products were visualized 

by ChemiDoc Imager (Bio-Rad Laboratories, Inc.) 
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RESULTS 

 
 

Biochemical characterization of the SARS-CoV-2 NSP7– NSP8 assembly 

 

To examine the assembly state of NSP7 and NSP8 proteins in solution, we 

performed size-exclusion chromatography with NSP7, NSP8, or a mixture 

of NSP7–NSP8 (1:1 molar ratio). Notably, the NSP7 protein eluted at a 

volume close to what is expected for its monomeric form, whereas NSP8 

eluted at a volume corresponding to its dimeric form (Figure 2-1 B), in line 

with previous reports that NSP7 and NSP8 exist as a monomer and a dimer 

in solution, respectively20, 25. On the other hand, the NSP7-NSP8 mixture 

eluted at a volume corresponding to what is expected for a 2:2 tetrameric 

form (∼62 kDa) (Figure 2-1 B), far lower than what is expected for a 

hexadecameric NSP7-NSP8 complex (∼240 kDa).The caveat of protein 

size estimation by size-exclusion chromatography is that the elution volume 

of a protein can also be affected by its shape. Therefore, we also 

performed in vitro cross-linking assays on NSP7 and NSP8 using ethylene 

glycol bis(succinimidyl succinate) (EGS) to evaluate the assembly states of 

NSP7 and NSP8. SDS-PAGE analysis of EGS-treated NSP7 and NSP8 

products revealed dominant monomeric and dimeric forms, respectively 

(Figure 2-1 C, left and middle).Under the same reaction condition, 

crosslinking of the NSP7-NSP8 complex resulted in a strong SDS-PAGE 

band corresponding to the NSP7-NSP8 heterotetramer, but no appreciable 

fraction for the hexadecameric form of NSP7-NSP8 (Figure 2-1C, right). 
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These observations are consistent with the recent mass spectrometry-

based observation that NSP7-NSP8 is dominantly present as a tetrameric 

form in solution19, suggesting that the SARS-CoV-2 NSP7–NSP8 complex 

exists as a 2:2 heterotetramer in solution. 
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Crystal structure of the SARS-CoV-2 NSP7–NSP8 complex 

 
 

Next, we crystalized the NSP7–NSP8 complex and solved the crystal 

structure at 2.7 Å resolution (Table 1). The crystal structure of the NSP7-

NSP8 complex belongs to the space group P21, with each asymmetric unit 

containing two NSP7 and NSP8 molecules (Figure 2-2 A, B). Despite the 

fact that full-length NSP7 and NSP8 proteins were prepared for 

crystallization, we were only able to trace the electron density for the C- 

terminal domain of NSP8 spanning from residues E77 to S193, with the N-

terminal portion most likely proteolytically cleaved during crystallization. On 

the other hand, we were able to trace the entire NSP7 molecule except for 

residues L83-Q84 at its C terminus. Analysis of the structure of the NSP7–

NSP8 complex reveals a 2:2 NSP7– NSP8 tetrameric complex, formed by 

two closely-packed NSP7–NSP8 dimers (Figure 2- 2 A, B). As previously 

observed for the NSP7–NSP8–NSP12 complex11,13–17, NSP8 is comprised 

of an N-terminal domain, albeit with only two -helices traceable here, 

followed by a C terminal domain formed by a four-stranded antiparallel-

sheet packed against three intervening helices (Figure 2-2 A).NSP7 is 

comprised of four -helices, with the last one moving apart from the first 

three to cradle the two N-terminal helices of NSP8, resulting in a mixed six-

helix bundle (Figure 2-2 B). Furthermore, helix 1 of NSP8 and helices 1–2 

of NSP7 pack against the counterparts of the other NSP7–NSP8 complex 

to form the tetrameric structure (Figure 2-2 A, B). Analysis of the 

electrostatic surface of the NSP7–NSP8 complex failed to identify significant 
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basic patches for potential RNA binding sites, in line with the observation 

that the N-terminal helices, but not the C- terminal domain, of NSP8 is 

responsible for RNA binding during replication or transcription of the viral 

genome12,14,26.Structural comparison of the NSP8-bound NSP7 with the 

previously reported solution structure of SARS-CoV NSP7 (PDB 2KYS)25 

revealed that the C-terminal half of 1, along with 2 and 3, is well aligned 

between the two structures, with a root-mean-square deviation(RMSD)of 2.2 

Å over 51 aligned Cα atoms (Figure 2-7 A). The most pronounced 

structural deviation lies in 4, which is packed against 1–3 in Free State but 

breaks away in the NSP8-bound form (Figure 2-7 A). To test how this 

conformational transition of NSP7 affects its interaction with NSP8, we 

introduced an alanine mutation to NSP7 L71, located at the interface 

between 1 and 4 in the NSP7–NSP8 complex, and performed

 thermal shift assay. In comparison with WT NSP7, L71A-mutated NSP7 

(NSP7L71A) shows a reduction of thermal stability by ∼9◦C 

(Supplementary Figure 2-7 B) but slightly increased oligomerization with 

NSP8 (Supplementary Figure 2-7 C), in line with an effect of the dynamic 

conformational transition of NSP7 α4 on the complex formation of NSP7- 

NSP8. 

 
 

Structural basis for the NSP7-NSP8 interaction 

 
 
 

Formation of the NSP7-NSP8 tetramer is mediated by two separate 

interfaces, with one mediating the NSP7–NSP8 dimerization (denoted as 
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interface I in the expanded views in Figure 2-2 B) and the other mediating 

the tetramerization (denoted as interface II in the expanded view in Figure 

2-2 A, herein). Close inspection of the two interfaces revealed that both the 

dimeric and heterotetrameric association between NSP7 and NSP8 is 

dominated by non-polar contacts, involving all the four helices of NSP7 and 

helices 1 and 2 of NSP8 (Figure 2-2 A, B). At interface I, residues (R80, 

T84, M87, Q88, T89, L91, F92, R96, L98 and N100) from helix 1 of NSP8 

are clustered with residues (K2, D5, V6, T9, L13, S15, V16 and Q19) from 

helix 1 of NSP7 on one side and with residues   (V66,   I68,   L71,   E74    

and    M75)    from    helix    2    of    NSP7    on the other side (expanded 

view in Figure 2-2 B, bottom left). In addition, residues (Q31, F49, K51, 

V53, S57, L60 and S61) from helices 2 and 3 of NSP7 form another 

hydrophobic cluster with residues (L103, I106, P116, I119, I120, and L122) 

from helix 2 and its subsequent linker of NSP8 (expanded view in Figure 2-

2 B, bottom right). The formation of NSP7-NSP8 dimer results in a buried 

surface area of ∼1445A˚ 2. Formation of interface II is mediated by 

helices1 and 2 of NSP7 from one NSP7–NSP8 dimer and helix 1 of NSP8 

from the other NSP7–NSP8 dimer, which are orthogonally aligned to each 

other to create complimentary surfaces for side-chain interactions (Figure 

2-2A). Reciprocally, residues (S4, K7, C8, V11, V12, H36, N37 and L40) 

from NSP7 of one NSP7-NSP8 dimer make van der Waals contacts with 

residues (V83, M87, M90, T93 and M94) from NSP8 of the other NSP7-

NSP8 dimer, resulting in a buried surface area of ∼773 A˚2 (expanded view 

in Figure 2-2A). Structure-based sequence analysis of the NSP7 and NSP8 
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proteins among members of the coronavirus family revealed that SARS-

CoV-2 NSP7 and NSP8 are closely related to their counterparts in SARS-

CoV, with 99% and 98% sequence identity, respectively, whereas the more 

distant FCoV NSP7 and NSP8, have only 42% and 41% sequence identity, 

respectively (Figure 2-8 A,B). The residues located on the two oligomer 

interfaces of NSP7 and NSP8 fall into highly conserved sites

 (Figure 2-2 C, D), suggesting a conserved interaction mechanism for 

the NSP7–NSP8 complex formation across all coronaviruses. 

 

Coupling between heterodimerization and heterotetramerization  

of NSP7–NSP8 

 
 

To further understand the structural basis for the NSP7– NSP8 assembly, 

we selected a number of residues from both oligomer interfaces of NSP7 

and NSP8 for mutagenesis (Figure 2-3 A, B), and evaluated their impact on 

the assembly of the NSP7–NSP8 complex via crosslinking assay. In this 

assay, we mainly evaluated the formation of NSP8 dimer, which is the 

dominant form of free NSP8 (Figure 2-1 C), as opposed to NSP7–NSP8 

complex formation, given that the NPS7–NSP8 complex is spread over the 

heterodimeric and heterotetrameric forms of the complex. The relative 

population of the oligomeric states of the NSP7–NSP8 complex is likely 

influenced by multiple structural and dynamic factors. Inspection of the 

crosslinking products of the NSP7– NSP8 mixtures revealed that most of 

the mutations on the heterodimeric interface I of NSP7 (NSP7F49A and 



27  

NSP7L56A in Figure 2-3 C) and of NSP8 (NSP8F92A in Figure 2-3D) lead 

to an increased NSP8 dimerization, accompanied by reduction of the 

heterotetramerization of NSP7– NSP8, suggesting the impairment of 

NSP7–NSP8 association by these mutations. Furthermore, whereas the 

NSP7 M52A mutation (NSP7M52A) does not appreciably affect the 

population of NSP8 dimer, it leads to a substantial heterotetramer-to-

heterodimer shift of NSP7-NSP8 (Figure 2-3 C), supporting a notion that 

structural integrity of interface I also affect the heterotetrameric assembly of 

the NSP7–NSP8 complex. Compared with the interface I mutations of 

NSP7, the two interface II mutations of NSP7, C8G and V11A, lead to an 

even more pronounced increase of NSP8 homodimerization at the expense 

of NSP7-NSP8 heterotetramer (Figure 2-3 E). Note that the homotetramer 

band of NSP8 also appears more visible for these mutants, further 

supporting the notion that these interface I mutations severely disrupt the 

NSP7–NSP8 heterotetramer. Likewise, we observed that the NSP8 

interface II mutations, M90A (NSP8 M90A) and M94A (NSP8 M94A), lead to 

an increased NSP8 dimer formation at the expense of the NSP7–NSP8 

heterotetramer to an extent that is comparable or even more severe than 

the interface I mutation NSP8F92A (compare Figure 2-3F with 2-3C). 

Together, these observations suggest that interface II not only serves to 

maintain the heterotetrameric assembly of NSP7–NSP8, but also helps to 

stabilize the heterodimeric assembly of NSP7–NSP8, thereby uncovering a 

synergistic coupling between the heterodimerization and 

heterotetramerization of the NSP7–NSP8 complex. Further size-exclusion 
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chromatography analyses of the NSP7– NSP8 mixtures revealed that 

mutations on the interface II of NSP7 lead to even more severe loss of the 

tetrameric NSP7–NSP8 fraction than mutations on interface I (Figure 2-

9),which reinforces the notion of a structural coupling between the two 

oligomer interfaces of NSP7 and NSP8. 

 
 

Structural comparison of the coronavirus NSP7-NSP8 complexes 

 
 

Crystal or cryo-electron microscopic (cryo-EM) structures have been 

reported for coronavirus NSP7–NSP8 complexes under a variety of 

assembly forms, including the SARS-CoV NSP7–NSP817 and NSP7-

NSP8-NSP12 complexes11, the SARS-CoV-2 NSP7–NSP8–NSP12 

complexes in the absence or presence of RNA substrates 14–16,as well as 

the NSP7–NSP8 complex from FCoV20. These structures show diverse 

arrangements of the NSP7 and NSP8 proteins, including the 

hexadecameric arrangement of the SARS-CoV NSP7–NSP8 complex in 

which both NSP7 and NSP8 carry an N-terminal non-native GPLGS tag 

(Figure 2-10 A) 17, 1:2:1 heterotetrameric arrangement of the NSP7–

NSP8–NSP12 complexes in which each NSP12 molecule is associated 

with one NSP8 monomer and one NSP7–NSP8 heterodimer14-16, and the 

1:2 heterotrimeric arrangement of the FCoV NSP7–NSP8 complex20. 

Among these, the central channel of the hexadecameric complex of 

SARS-CoV NSP7–NSP8 (Figure 2-10 A) has been proposed to serve as 

an RNA binding site17, which might mediate the potential primase 



29  

activity of this complex 20, 27, 28. However, this observation was later 

challenged by the fact that a SARS-CoV NSP7–NSP8 fusion protein 

(N7L8) had no detectable de novo RNA synthesis activity10 and the 

biochemical evidence indicating that  SARS-CoV NSP7–NSP8 exists as a 

tetramer in solution 18, 19. Further analysis of the hexadecameric form of 

the SARS-CoV NSP7-NSP8 complex revealed that it harbors three 

alternative repeating units, with each adopting the form of an NSP7–

NSP8 heterotetramer (Figure 2-10 B–D, denoted as tetramers I, II and III, 

respectively). Among these, formation of SARS-CoV

 NSP7– NSP8 tetramer I is mediated by the C-terminal domains of 

NSP7 and NSP8 (Supplementary Figure 2-10 B), as is observed here for 

the SARS-CoV-2 NSP7–NSP8 complex (Figure 2-2 A, B). In contrast, the 

formation of tetramers II and III in the SARS- CoV hexadecameric NSP7–

NSP8 complex is mediated by the N-terminal helices of NSP8 proteins 

(Figure 2-10 C, D). To test the role of the N-terminal domain of NSP8 in 

the NSP7-NSP8 assembly, we performed size-exclusion chromatography 

analysis of SARS-CoV-2 NSP7 mixed with the N-terminally truncated 

SARS-CoV-2 NSP8 (∆73 NSP8), which showed that NSP7 and ∆73 

NSP8 remain co-migrating at an elution volume corresponding to their 

heterotetrameric form (Supplementary Figure 2-10 E). Consistently, 

crosslinking analysis of the NSP7–∆73 NSP8 mixture confirmed the 

predominance of the heterotetrameric form in solution (Supplementary 

Figure 2-10 F). These data suggest that in solution the complex of SARS-

CoV-2 NSP7–NSP8 is mainly mediated by the C-terminal domains of 
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NSP8, rather than the long helical domain at the N-terminus. Along these 

lines, structural superposition of the SARS-CoV-2 NSP7–NSP8 complex 

with that of SARS-CoV (PDB 2AHM) shows that the SARS-CoV-2 NSP7–

NSP8 tetramer is well aligned with tetramer I of the SARS-CoV NSP7–

NSP8 complex, resulting in an RMSD of 0.64 Å over 458 aligned Cα atoms 

(Figure 2-4 A), suggesting that the interactions mediating the 

heterotetrameric assembly of NSP7-NSP8 are shared by SARSCoV-2 and 

SARS-CoV. 

 
 

Oligomer interfaces I and II underpin various assembly states of NSP7, 

NSP8 and NSP12 

 
 

Next, we asked how the oligomer interfaces of NSP7 and NSP8 undergo 

the transition from the heterotetrameric NSP7–NSP8 complex to the 1:2:1 

heterotetrameric NSP7– NSP8-NSP12 RdRP complex. Structural 

superposition of the SARS-CoV-2 NSP7–NSP8 heterotetramer with the 

free or the RNA-bound SARS-CoV-2 RdRP reveals that the interface I-

mediated NSP7–NSP8 heterodimer is preserved in the full RdRP complex 

(Figure 2-4 B,C and Supplementary Figure 2-11 A–C). Intriguingly, some of 

the residues of the interface II of the NSP7–NSP8 tetrameric complex (i.e. 

NSP7 S4, C8, V11, V12, N37 and L40 and NSP8 T84, M87, M90 and 

M94) engage in intermolecular contacts with NSP12 in a fashion similar to 

that seen in the NSP7–NSP8 complex, which is dominated by surface 

complementarity and hydrophobic contacts (Figure 2-2A and Figure 2-11 
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C). Nevertheless, distinct interaction modalities are observed for the 

remaining residues of interface II in the RdRP complex (Figure 2-2A and 

Supplementary Figure 2-10 C). For instance, the side chain of NSP7 N37 

donates a hydrogen bond to the backbone carbonyl group of NSP12 A443 

in the RdRP complex (Figure 2-11 C) but interacts with NSP8 V83 side 

chain through a van der Waals contact in the NSP7-NSP8 heterotetrameric 

complex (Figure 2-2A). On the other side of the RdRP complex, association 

of   the   NSP8   monomer   with   NSP12   involves   both   interface   I   

and II of NSP8 (Figure 2-11D), in addition to the -pairing mediated by the C-

terminal domain of       NSP8       and       the       polymerase       domain       

of        NSP12        (Figure 2-11 E). These observations suggest that 

interface I and II of NSP7 and NSP8 mediate the assembly of both the 

NSP7- NSP8 and the NSP7-NSP8-NSP12 complexes. We further 

compared the structure of the SARS-CoV-2 NSP7-NSP8 heterotetramer 

with that of the FCoV 2:1 NSP7-NSP8 heterotrimer (Figure 2-4 D). Despite 

the different stoichiometry of NSP7 and NSP8, the two complexes show 

high conservation for the interface I and the resulting heterodimeric 

structure of NSP7-NSP8 (Figure 2-4 D). In fact, the interface II of SARS-

CoV-2 NSP7–NSP8 heterotetramer also resembles the heterotrimeric 

interface of the FCoV complex, but with subtle differences (Figure 2-4 E, F). 

For instance, NSP7 S4 and L40 interact with NSP8 M90 in the SARS-CoV-

2 NSP7- NSP8 heterotetramer. In contrast, the corresponding residues in 

FCoV NSP7-NSP8 heterotrimer, NSP7 T4 and N40 and NSP8 L90, interact 

with a different set of residues (i.e. NSP7 L53 and F76) (Figure 2-4 F). 
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These sequence divergences may explain why the SARS-CoV-2 NSP7–

NSP8 is dominated by a heterotetrameric arrangement in solution, while 

the FCoV NSP7–NSP8 adopts a heterotrimeric arrangement. 

 

Role of the NSP7-NSP8 interface residues in the activity of SARS-CoV-2 RdRP 

 
 
 

To understand how the dynamic NSP7–NSP8-NSP12 assembly affects the 

RNA replication activity of SARS-CoV-2 RdRP, we next performed the 

primer-dependent RNA replication assay using a 5’-FAM fluorescently 

labeled, single-stranded RNA substrate that was recently developed14. This 

29-nt RNA folds into a hairpin structure, containing a 5 base-pair (bp) stem 

and an 11-nucleotide 5‟ overhang, which serve as the template and as 

the primer for efficient detection of nucleotide extension (Figure 2-5 A). 

First, incubation of WT SARS-CoV-2 NSP7–NSP8–NSP12 with the RNA 

substrate leads to a time-dependent increase of the extended RNA product 

(Figure 2-5 B), confirming the primer-dependent replication activity of the 

recombinant RdRP complex. In contrast, NSP12 alone or any pairwise 

combination of NSP7, NSP8 and NSP12 fails to generate an appreciable 

level of RNA product (Figure 2-5 B), consistent with previous observations 

that the co-presence of NSP7 and NSP8 greatly boosts the RNA 

replication efficiency of NSP12-mediated RNA replication 10, 14. Second, 

introduction of the mutations on the interface I of NSP7 (F49A: NSP7F49A, 

M52A: NSP7M52A, L56A: NSP7L56A and F49A/M52A/L56A: TM) or NSP8 

(F92A) lead to a decrease of RdRP efficiency to various extents, with the 
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NSP7 F49A/M52A/L56A triple mutation giving rise to a stronger effect than 

individual mutations (Figure 2-5 C), in line with the impairments of the 

RdRP assembly by these mutations. Third, introduction of the mutations on 

the interfaceII of NSP7 (C8G: NSP7 C8G and V11A: NSP7 V11A) or 

NSP8 (M90A: NSP8 M90A and M94A:NSP8 M94A) lead to an even more 

severe reduction of RdRP efficiency (Figure 2-5 D). Of particular note, the 

NSP7C8G and NSP7V11A mutations, which concern the association of 

both the NSP7-NSP8 and NSP7-NSP8-NSP12 complexes    (Figure    

2-2    A    and    Figure    2-11    C),    lead     to     nearly completely 

abolished activity of the RdRP complex (Figure 2-5 D), thereby 

confirming the critical role of NSP7 in the RdRP activity. Together, these 

data reinforce the notion that the two oligomer interfaces of NSP7 and 

NSP8 critically mediate the assembly and RNA replication activity of the 

SARS-CoV-2 RdRP. In addition, we investigated the RdRP complex 

carrying mutations on the potential RNA binding sites of NSP8, including 

K58A (NSP8K58A), R75A (NSP8R75A) and K82A (NSP8K82A) located 

on the N-terminal domain. Structural studies of the SARS-CoV-2 NSP7–

NSP8–NSP12 complexes with RNA substrate bound 10,12,14,26 revealed that 

these residues are positioned in close proximity to the backbone of the 

exiting RNA duplex (Figure 2-12). Indeed, all three mutations lead to a 

significant reduction of the RdRP efficiency (Figure 2-5 E), confirming the 

important role of these residues in regulating the RdRP activity. 

 

NSP7      mutation       with       differential       effect       on       the 
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NSP7-NSP8 vs NSP7-NSP8-NSP12 assembly 

 
 

Finally, we seek to identify any NSP7 or NSP8 mutation that perturbs the 

transition between NSP7–NSP8 and In light of the fact that the side chain 

of NSP7 N37 serves as a hydrogen bond donor in the NSP7-NSP8-NSP12 

complex but not in the NSP7–NSP8 heterotetramer, we mutated this 

residue into valine and evaluated its effect on the two complexes. Indeed, 

crosslinking and size-exclusion chromatography analyses revealed that, 

although the NSP7N37V mutation does not affect the stability of the NSP7–

NSP8 heterotetramer appreciably (Figure 2-13 A, B), it leads to a modest, 

but notable, disruption of the NSP7-NSP8-NSP12 complex (compare 

Figure 2-13 C and D). Consistently, the NSP7 N37V mutation significantly 

compromises the replication efficiency of the NSP7–NSP8–NSP12 complex 

(Figure 2-5 D). The identification of the NSP7 N37V mutation causing 

differential effect on various assembly states of RdRP provides a new 

avenue for the development of allosteric inhibitors that specifically inhibit 

SARS-CoV-2 RdRP activity. It is worth noting that a recent study indicated 

that bacterial expression of the codon-optimized NSP12 affects its 

translational rate, thereby compromising its co-translational folding and 

consequently, the activity of the RdRP complex29. To ensure the proper 

folding of the recombinant NSP12 protein used in this study, which was 

codon-optimized for protein expression in E. Coli, we expressed the NSP12 

protein in the form of an MBP-fusion protein using a modified pVP13 

vector with a T5 promoter21. Our RdRP assays indicate that, in comparison 
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with the NSP12 protein sample encoded by a native NSP12-coding 

sequence (SARS-CoV-2 isolate: Wuhan-Hu- 1/2020, NC 045512), the 

NSP12 protein sample derived from the codon-optimized construct shows a 

similar activity, albeit with a slightly higher accumulation of reaction 

intermediates (Figure 2-14 A,B). This observation therefore validates the 

NSP12 sample used in our enzymatic assays. 
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DISCUSSION 

 
 

 
The recurrent outbreaks of viruses call for the development of highly 

efficient inhibitors targeting the fundamental machinery that underpins viral 

infections, such as RdRP30. Uniquely among RNA viruses, NSP7, NSP8, 

and NSP12 proteins constitute the core components of the coronavirus 

RdRP machinery that mediates viral replication. Through combined 

structural, biochemical, and enzymatic analyses, our study uncovers the 

molecular basis for the dynamic assembly of the NSP7-NSP8 complex and 

its relationship to RdRP activity, thereby providing insights into the 

functional regulation of viral replication. This study reveals that the SARS-

CoV-2 NSP7–NSP8 complex adopts a heterotetrameric structure in 

solution. Formation of the NSP7–NSP8 complex involves two related, yet 

separate, non-polar interfaces, which mediate the heterodimeric and 

heterotetrameric assembly of NSP7– NSP8 in a synergistic manner (Figure 

2-6). The heterotetrameric interface (interface II) is formed by the N-

terminal helices of NSP7 and NSP8, which contribute to relatively 

conserved yet distinct conformations in the different NSP7-NSP8 assembly 

states (Figure 2-4 and Supplementary Figure 2-10 A–D). The coupling 

between the heterodimerization and the heterotetramerization of SARS-

CoV-2 NSP7– NSP8 likely arises from the fact that the two oligomer 

interfaces are formed by a distinct, yet overlapping set of structural 

elements (i.e. NSP7 1 and NSP8 1): Formation of the SARS-CoV-2 NSP7–
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NSP8 heterotetramer presumably leads to reduced conformational entropy 

of NSP71 and NSP8 1, which in turn stabilizes the interface mediated 

heterodimeric interactions (Figure 2-6). Note that all three components of 

the SARS-CoV-2 RdRP complex have recently been shown to possess a 

RNA replication independent function31. In this context, this coupled 

dimerization-tetramerization of the NSP7-NSP8 complex may not only help 

to shield the NSP7–NSP8 from unwanted protein interactions, but also 

provide a mechanism for the dynamic transition between different functional 

states of NSP7 and NSP8. During the assembly of the RdRP complex, the 

residues on the interface II of NSP7 and NSP8 interact with NSP12 in a 

similar manner as that in the NSP7- NSP8 heterotetramer, leading to a shift 

from the NSP7- NSP8 tetramer to the NSP7–NSP8–NSP12 complex 

(Figure 2-6). The residues on both interfaces are highly 

conserved across different coronaviruses, in line with their important roles 

in mediating the assembly of the RdRP and NSP7- NSP8 complexes. This 

study therefore reveals an unprecedented NSP7–NSP8 interaction 

mechanism, with important implications in the functional regulation of the 

RdRP complex during the replication or other stage of the viral infection. 

SARS-CoV-2 has been mutating since its emergence, resulting in the 

appearance of several variants. These new SARS-CoV-2 variants also 

carry mutations in NSP7, NSP8 and NSP12, including the frequently 

detected NSP12 P323L, NSP7 S25L and NSP8 M129I and I156V 

mutations 32. Among these, NSP12 P323L has been identified as one of the 

hot-spot mutations associated with increased severity of COVID- 19 33, 34, 
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suggesting a link to an increased transmission capacity of the SARS-CoV-2 

variants carrying this mutation. Structural analyses of the NSP7–NSP8 and 

NSP7–NSP8–NSP12 complexes revealed that the P323L mutation is 

located next to one of the NSP8–NSP12 interfaces (Figure 2-15 A). 

Replacement of NSP12 P323 with a leucine likely results in enhanced van 

der Waals interaction between NSP8 and NSP12. Likewise, the NSP7 S25L 

mutation is located near to the NSP7-NSP8 interface in the NSP7–NSP8–

NSP12 complex (Figure 2-15 B); replacement of NSP7 S25 with a bulky 

phenylalanine therefore may lead to enhanced NSP7–NSP8 association 

within the RdRP complex. In addition, the NSP8 M129I mutation is mapped 

onto the interface between NSP12 and the second NSP8 molecule (Figure 

2-11 E). However, given the fact that this interface is mainly mediated by a 

-pairing between NSP8 and NSP12, the NSP8 M129I mutation may not 

generate any significant impact on the NSP8–NSP12 association. On the 

other hand, none of these frequent NSP7 or NSP8 mutations mentioned 

above are located at the oligomer interfaces of the NSP7–NSP8 tetramer 

(Figure 2-15 C,D), supporting      the      functional      relevance      of      

the      NSP7–NSP8       tetramer. Our study also demonstrates that the 

dynamic equilibrium between different assembly states of NSP7-NSP8 can 

be fine-tuned by the interface mutations. Note that the residues on the 

oligomer interfaces are highly conserved across coronaviruses, highlighting 

their functional importance. Introduction of the NSP7N37V mutation affects 

the stabilities of the NSP7–NSP8 and NSP7–NSP8–NSP12 differently, 

leading to a population shift from the NSP7–NSP8–NSP12 complex 
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toward the NSP7–NSP8 complex in solution, and consequent impairment 

of the RdRP activity. Conceivably, the NSP7 protein carrying the N37V-like 

mutations could be exogenously introduced into the infected cells to interact 

with NSP8 to form an NSP12 binding defective complex, thereby 

interfering with the assembly of an active viral RdRP complex. In this 

context, exogenous NSP7 with N37V-like mutations may serve to deplete 

the pool of NSP8 proteins available for RdRP formation in infected cells, 

leading to allosteric inhibition against    SARSCoV-2.    Whether    this    

allosteric    inhibition    scheme    can    serve as a novel therapeutic 

strategy to complement existing nucleoside analogue-based treatment (e.g. 

Remdesivir) 35 awaits future investigation. While this study was in process, 

two other groups reported the crystal structures of the SARS-CoV-2 NSP7- 

NSP8 complex (PDB 6YHU, 6M5I and 6WIQ) 35. All of these structures are 

consistent with our observed heterotetrameric assembly of NSP7–NSP8. 
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FIGURES 
 

 

 

Figure 2-1. Biochemical analysis of the SARS-CoV-2 NSP7-NSP8 complex. (A) 
Domain architecture of SARS-CoV-2 NSP7 and NSP8, with the region of NSP8 
missing in the crystal structure colored in grey. (B) Size-exclusion chromatography 
analysis of NSP7, NSP8 and NSP7- NSP8 complex. The elution volumes for 
standard proteins with known molecular weight are indicated by arrows. (C) SDS-
PAGE images of NSP8 protein, NSP7 protein, and NSP7-NSP8 mixture, treated 
with or without cross linker ethylene glycol bis(succinimidyl succinate) (EGS). The 
individual bands corresponding to distinct assembly states of NSP7 and NSP8 are 
marked. The position expected for a NSP7–NSP8 hexadecamer on the gel is 
indicated by arrow. 
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Figure 2-2: Crystal structure of the SARS-CoV-2 NSP7-NSP8 complex. (A, B) 
Orthogonal views of the SARS-CoV-2 NSP7-NSP8 complex, with the 
intermolecular interactions at the two oligomer interfaces shown in expanded views. 
The interacting residues are shown in stick representation. The hydrogen bond is 
shown as a red dashed line. The side chains of NSP7 K2 and Q19, which are 
untraceable in the crystal structure, are marked by asterisks. (C, D) Color-coded 
sequence conservation of SARS-CoV-2 NSP8 (C) and NSP7 (D), analyzed using 
the ConSurf server. 
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Figure 2-3: Mutational analysis of the SARS-CoV-2 NSP7–NSP8 interaction. (A) 
Residues mutated in NSP7. (B) Residues mutated in NSP8. (C, D) SDSPAGE 
images of the NSP7-NSP8 complex, WT or mutant on the interface I of NSP7 (C) 
or NSP8 (D), in the presence and absence of EGS crosslinker. (E, F) SDS-PAGE 
images of the NSP7–NSP8 complex, WT or mutant on the interface II of NSP7 (E) 
or NSP8 (F), in the presence and absence of EGS crosslinker. 
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Figure 2-4. Structural analysis of the dynamic assembly of the NSP7-NSP8 
complex (A) Structural overlay of the SARS-CoV-2 NSP7-NSP8 tetrameric 
complex with the tetramer I of the SARS-CoV NSP7-NSP8 tetrameric complex 
(PDB 2AHM). (B) Structural overlay of the SARS- CoV-2 NSP7–NSP8 tetrameric 
complex with the SARS-CoV-2 NSP7–NSP8 dimer in the RNA- bound state of 
SARS-CoV-2 RdRP (PDB 6YYT). For clarity, NSP12 and the RNA molecule are 
omitted. (C) Structural overlay of the SARS-CoV-2 NSP7-NSP8 tetrameric complex 
with the SARS-CoV-2 NSP7–NSP8 dimer in the RNA-free state of SARS-CoV-2 
RdRP (PDB 6M71). (D) Structural overlay of the SARS-CoV-2 NSP7–NSP8 
tetrameric complex with the FCoV NSP7– NSP8 dimer in the RNA-free state of 
FCoV RdRP (PDB 3UB0). (E) Close-up view of the intermolecular interactions at 
the interface II of the FCoV NSP7-NSP8 complex. (F) Expanded view of the 
interface II showing NSP7 and NSP8 residues that are divergent between SARS- 
COV-2 and FCoV in stick representation. 
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Figure 2-5. RdRP assay using a hairpin RNA substrate. (A) Schematic structure of 
the hairpin RNA. (B) Time-dependent incubation of NSP7, NSP8 and/or NSP12 
with RNA template. (C) Time-dependent incubation of NSP7, NSP8 and NSP12 
with RNA template, with NSP7 or NSP8 mutated at interface I. TM refers to NSP7 
F49A/M52A/L56A triple mutation. (D) Time-dependent incubation of NSP7, NSP8 
and NSP12 with RNA template, with NSP7 or NSP8 mutated at interface II. (E) 
Time dependent incubation of NSP7, NSP8 and NSP12 with RNA template, 
with NSP8 mutated at the N-terminal domain 
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Figure 2-6: A model for the dynamic assembly of the NSP7–NSP8 complex. The 
mixed populations of NSP7 monomer, NSP8 monomer, NSP8 dimer, NSP7–NSP8 
heterodimer, and NSP7–NSP8 heterotetramer co-exist in solution. The population 
of NSP7–NSP8 heterodimer is transient due to coupled intermolecular interactions 
between interface I and interface II. In the presence of NSP12 and RNA, NSP7–
NSP8 heterodimer and NSP8 monomer associate with NSP12 to form a functional 
RdRP complex. 
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Figure 2-7. Structural and biochemical analysis of the conformational dynamics of 
NSP7 
(A) Structural overlay of NSP8-bound NSP7 of SARS-CoV-2 with SARS-CoV 
NSP7 in free state (PDB 2KYS). (B) Thermal shift assay for the wild type 
(NSP7WT) and L71A-mutated NSP7 (NSP7L71A), with raw fluorescence data 
(top) and first derivative of the raw data (bottom) shown. The difference in melting 
temperature (ΔTm) between NSP7WT and NSP7L71A is indicated. (C)SDS-PAGE 
image showing WT and NSP7 L71A-mutated SARS-CoV-2 NSP7-NSP8 mixture 
in the presence and absence of ethylene glycol bis(succinimidyl succinate) (EGS) 
crosslinker. 
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Figure 2-8. Sequence alignment of SARS-CoV-2 NSP7 (A) and NSP8 (B) with 
homologues from other coronaviruses. Identical or similar residues are boxed 
and colored in red. 

Completely conserved residues are shaded in red. The secondary structures of 
SARS-CoV-2 NSP7 and NSP8 are marked above the aligned sequences and 
residues located on interfaces I and II are marked below the aligned sequences by 
black and blue asterisks, respectively. 
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Figure 2-9. Size-exclusion chromatography analyses of NSP7-NSP8 mixtures. 
(A-E) Gel filtration profile of the NSP7-NSP8 mixture harboring NSP7 C8G (A), NSP7 
V11A (B), NSP7 F49A (C)NSP7 M52A (D), or NSP7 L56A (E) mutations. (F-H) Gel 
filtration profile of the NSP7-NSP8 mixture harboring NSP8 M90A (F), NSP8 F92A 
(G), or NSP8 M94A (H) mutations. The SDS-PAGE images for selected fractions are 
shown below. 
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Figure 2-10. Structural and biochemical analysis of the oligomeric state of 
NSP7-NSP8.(A) Ribbon representation of the crystal structure of the SARS-CoV 
NSP7-NSP8 hexadecameric complex, with individual NSP7 and NSP8 subunits 
labeled (NSP7-1 to NSP7-8andNSP8-1to NSP8-8). The N-terminal GPLGS tag of 
NSP8 participated in the formation of hexadecameric complex, as shown in the 
expanded view, which may contribute to the stability of the hexadecameric form of 
the complex in the crystal structure. (B-D)Three alternative heterotetrameric 
assembly of SARS-CoV NSP7-NSP8 derived from the hexadecameric structure in 
(A). (E) Size-exclusion chromatography analysis of the complex formation of 
NSP8 with N terminal helix deletion (73Δ NSP8) with NSP7. Shown beneath the 
chromatogram is the SDSPAGE image of the peak fractions. (F) SDS-PAGE 
image shows the NSP7-73ΔNSP8 mixture treated with EGS. The individual 
bands corresponding to distinct assembly states of NSP7 and NSP8 are marked. 
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Figure 2-11. Structural analysis of SARS-COV-2 NSP7-NSP8 in the context of 
the RdRP complex. (A) Cryo-EM structure of NSP7-NSP8-NSP12 (PDB 6M71), 
with individual subunits color coded. (B) Cryo-EM structure of NSP7-NSP8-
NSP12-RNA (PDB 6YYT),with individual subunits color coded. (C) Expanded view 
of (B) showing the intermolecular interactions between NSP7-NSP8 and NSP12. 
(D-E) Expanded view of (B) showing the intermolecular interactions between NSP8 
monomer and NSP12 involving non-polar contacts (D) and  pairing (E). 
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Figure 2-12. Selected RNA-binding sites on NSP8   in the structure   of 
NSP7-NSP8-NSP12- RNA complex (PDB 6YYT). The side chains of NSP8 K58, 
R75 and K82 are shown in stick representation. 
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Figure 2-13. Biochemical analysis of NSP7 N37V mutant. (A) SDS-PAGE 
images of the NSP7- NSP8 mixture harboring WT or N37V mutant, in the 
presence and absence of EGS crosslinker. (B) Gel filtration profile of NSP7N37V-
NSP8 mixture, with the SDS-PAGE images of peak fractions shown below. (C, D) 
SDS-PAGE images showing gel filtration fractions of SUMO- NSP7WT mixed with 
SUMO-NSP8 and MBP-NSP12 (C) and SUMO-NSP7N37V mixed with SUMO-
NSP8 and MBPNSP12. 
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Figure 2-14. Enzymatic comparison of the NSP12 proteins derived from 
the gene sequence with different codon usage. (A) SDS-PAGE images of 
the NSP12 proteins derived from the gene sequences either native (Wuhan-
Hu-1/2020, NC_045512) or codon-optimized for bacterial expression. (B) Time-
dependent RdRP assay with the   NSP12 protein, derived   from either the 
native or codon-optimized gene sequence, co-incubated with NSP7 and NSP8 
proteins. 
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Figure 2-15. Structural analysis of the NSP7 and NSP8 mutation sites from new 
SARS-CoV- 2 variants. (A) Close-up view of NSP12 P323 and its surrounding protein 
residues in the NSP7- NSP8-NSP12-RNA complex (PDB 6YYT). NSP12 and NSP8 are 
colored in grey and lime green, respectively. (B) Close-up view of NSP7 S25 and its 
surrounding protein residues in the NSP7- NSP8-NSP12 complex (PDB 6YYT). NSP7 and 
NSP8 are colored in yellow and lime green, respectively. Note that the neighboring S26 of 
NSP7 forms a side-chain hydrogen bond with NSP8 D163. (C, D) Mapping of NSP7 S25 
(C) and NSP8 M129/I156 (D) onto the structure of the NSP7- NSP8 tetramer in this 
study (PDB 7JLT). 
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Table1. Data collection and refinement statistics of SARS-CoV-2 NSP 7-8 
complex. 

 

 

 SARS-CoV-2 NSP7-NSP8 
(PDB 7JLT) 

Data collection  

Space group P 21 

Cell dimensions  

a, b, c (Å) 42.8, 110.6, 42.9 
α,β,90 ,105.7 ,90 (0) ץ 

Resolution (Å) 41.3-2.7 (2.8-2.7)a 

 
Rmerge 0.129 (0.817) 

I/ σ (I) 8.3 (1.1) 
CC1/2 0.994 (0.628) 
Completeness (%) 98.6 (93.1) 

Redu dancy 4.0 (3.9) 

Refinement  

Resolution (Å) 41.3-2.7 (2.8-2.7) 
No. reflections  0405 (956) 
Rwork / Rfree 23.7/28.3 (30.4/37.5) 
No. atoms  

Protein 2935 
Water 50 

B factors (Å2)  

Protein 57.93 
Water 50.62 

R.m.s. deviations  

Bond lengths (Å) 0.008 

Bond angles (Å2) 1.481 

a Values in parentheses are for 
highest- resolution shell. 
The data were collected from a single crystal. 
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CHAPTER 3 

 
 

Structural basis of SARS-CoV-2 N1-25 interaction with human G3BP1 NTF2 

 

 
Specific aim: To determine the molecular basis of the SARS-CoV-2 N - 

G3BP1 interaction using crystallography and biochemical analysis. 

 
 

METHODS 

 

 
Cloning, expression and purification of proteins 

 
 

The DNA fragment encoding SARS-CoV-2 N, codon optimized for bacterial 

expression, was synthesized from Thermo Fisher Scientific. The cDNAs for 

full-length human G3BP1 and G3BP2 were purchased from DNASU 

plasmid repository (https://dnasu.org). The SARS-CoV-2 N1-25 peptide was 

cloned in a modified pRSF vector, in which N1-25 was preceded by an N-

terminal His6-SUMO tag and ULP1 (ubiquitin-like protease) cleavage site. 

Full-length SARS-CoV-2 N, full-length G3BP1, G3BP1NTF2 (residues 1-139) 

and G3BP2NTF2 (residues 1-139) were cloned into an in-house His6-MBP 

vector, preceded by a TEV cleavage site. The plasmids were transformed 

into BL21 RIL (DE3) cell strain (Agilent technologies) for protein 

expression. The transformed cells were first grown at 37 °C until cells 

attained an OD600 of 0.8. The temperature was then lowered to 16 °C, 
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after which the cells were induced by addition of 0.1 mM isopropyl β-D-

galactoside and continued to grow overnight. For His6-SUMO-tagged N1-

25, the fusion protein was purified using a Ni-NTA affinity column, followed 

by removal of the His6-SUMO tag with ULP1 protease and further 

purification by size-exclusion chromatography on a HiLoad 16/600 

Superdex 75 pg column (GE Healthcare) pre equilibrated with 25 mM 

Hepes (pH 7.5), 0.3 M NaCl and 2 mM DTT. His6-MBP-tagged full-length 

G3BP1, G3BP1NTF2 and G3BP2NTF2 proteins were purified sequentially 

through Ni-NTA chromatography, Q HP column (GE Healthcare) followed 

by TEV protease treatment. Samples were then subjected to a second 

round of Ni-NTA chromatography for tag removal. Finally, the proteins were 

purified by size-exclusion chromatography on a HiLoad 16/600 Superdex 

200 pg column (GE Healthcare) pre equilibrated with 25 mM Hepes (pH 

7.5), 300 mM NaCl, and 2 mM DTT. The purified proteins were confirmed 

by SDS-PAGE, concentrated to ~20 mg/mL and stored at -80 °C for 

further use. 

 
 
 

Crystallization, X-ray data collection and structure determination 

 
 

For crystallization, ~6 mg/mL G3BP1NTF2 protein dissolved in 25 mM 

Hepes (pH7.5), 300 mM NaCl and 2 mM DTT was mixed with the N1-25 

peptide in a 1:2 molar ratio. The crystallization condition for the SARS-CoV-

2 N1-25-G3BP1NTF2 complex was initially identified through sparse-matrix 
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screening (Hampton Research Inc.). The crystals were then reproduced by 

hanging-drop vapor diffusion method at 4 °C, from drops mixed from 1 μL 

of SARS-CoV-2 N1-25-G3BP1NTF2 complex and 1 μL of precipitant solution 

containing 20% propan-2-ol, 0.1 M MES monohydrate (pH 6.0), 20% PEG 

MME 20,000. Crystals were soaked for one minute in a cryoprotectant 

solution, comprised of crystallization buffer and 30% glycerol, before flash 

frozen in liquid nitrogen. The X-ray diffraction data for the SARS-CoV-2 

N1-25-G3BP1NTF2 complex were collected on the BL5.0.3 beamline at the 

Advanced Light Source, Lawrence Berkeley National Laboratory. The 

diffraction data were indexed, integrated and scaled using the HKL3000 

program22.The structure was solved using the molecular replacement 

method in PHASER87 with the structure of human G3BP1NTF2 in complex 

with SFV nsP3449-471 (PDB ID: 5FW5)as search model. The structure 

was improved by iterative model building and refinement with Coot23 and 

PHENIX24 software packages. The same R-free test set was used 

throughout the refinement. The statistics for data collection and structural 

refinement of the SARS-CoV-2 N1-25-G3BP1NTF2 complex is summarized in 

Table 2. 

 
 
 

Isothermal titration calorimetry. 

 
 

A MicroCal iTC200 system (GE Healthcare) was used to conduct the ITC 

measurements. All proteins and peptides were dialyzed against buffer 
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containing 25 mM Hepes (pH7.5) and 300 mM NaCl before titration. For 

titration of G3BP1NTF2 or G3BP2NTF2 with SARSCoV-2 N1-25, 0.1 mM 

human G3BP1NTF2 or G3BP2NTF2 and 1 mM SARS-CoV-2 N1-25 were used. 

For the rest of titrations, 0.03 mM full-length G3BP1 and 0.3mM SARS-

CoV-2 N, full-length or fragments, were used. A total of 20 injections with a 

spacing of 180s and a reference power of 5 μcal/s were performed at 25 

°C. The ITC curves were processed with ORIGIN (MicroCal) software by 

using a one-site fitting model. 
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RESULTS 

 
 

Biochemical characterization of the SARS-CoV-2 N-G3BP1/2 interaction 

 

To identify the interaction elements between SARS-CoV-2 N and G3BP1, 

we performed isothermal titration calorimetry (ITC) on full-length or 

truncated fragments of SARS-CoV-1N and G3BP1. Full-length SARS-CoV-

2 N and G3BP1 interact strongly, with a dissociation constant (Kd) of 1.0 

µM (Fig. 3-1 B and Fig. 3-6 A), and enthalpy and entropy changes of ΔH = 

-9.9 kcal/mol and ΔS = -5.9 cal/mol/deg, respectively (Table 3). Similar 

binding thermograms were observed when full-length G3BP1 was 

titrated with the C-terminal IDR3-truncated SARS-CoV-2 N (residues 1-364, 

N1-364), which gave a Kd of 1.7 µM (Fig. 3-1C and Fig. 3-6 B), and enthalpy 

and entropy changes of ΔH = -9.4 kcal/mol and ΔS = -5.4 cal/mol/deg, 

respectively (Table 3). Next, we titrated full-length G3BP1 with the SARS-

CoV-2 N fragment encompassing the IDR1 and NTD but not the CTD and 

IDR2 (residues 1-175, N1-175). We observed a Kd of 10.9 µM (Fig. 3-1 C 

and Fig. 3-6 C), which is ~11- and ~6-fold weaker than those of full-length 

N or N1-364, respectively. Interestingly, comparison of the titration 

parameters for full-length SARS- CoV-2 N, N1-364 and N1-175 reveals that 

removal of the IDR2 and CTD led to increased reductions for both enthalpy 

(ΔH = -18.2 kcal/mol) and entropy (ΔS = -38.2 cal/mol/deg) (Table 3), 

suggesting that, in the context of full-length N or N1-364, the CTD and/or 

IDR2 contribute to the G3BP1 binding by reducing the entropic cost of the 
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complex formation. Furthermore, we titrated full-length G3BP1, the 

G3BP1NTF2 domain and the G3BP2NTF2 domain with the peptide derived 

from the first 25 residues of the IDR1 of SARS-CoV-2 N protein (N1-25), 

which gave Kds of 7.9 µM, 8.5 µM and 10.9 µM, respectively (Fig. 3-1C and 

Fig. 3-6 D-F), consistent with the previous observations that the IDR1 of 

SARS- CoV-2 N protein is primarily responsible for its interaction with 

G3BP1/2 44,64,73,74. Notably, the enthalpy and entropy changes associated 

with the titrations by the N1-25 peptide are equivalent to those of SARS-

CoV-2 N1-175 within experimental error (Table 3), suggesting a minimal 

effect of the NTD of SARS-CoV-2 N in G3BP1 binding. Finally, titration of 

full-length G3BP1 with SARS-CoV-2 N26-419 showed no appreciable binding 

(Fig. 3-1 C and Fig. 3-6 G), indicating that the N1-25 is indispensable for the 

SARS-CoV-2 N-G3BP1 interaction. 

Together, these observations identified that the SARS-CoV-2 N1-25 and the 

G3BP1NTF2 domain as the major elements for the SARS-CoV-2 N protein-

G3BP1 interaction, whereas the CTD and/or IDR2 of SARS-CoV-2 N 

protein contribute to the interaction entropically. 

Crystal structure of the SARS-CoV-2 N1-25-G3BP1NTF2 complex 

 
We then solved the crystal structure of the G3BP1NTF2 domain bound to 

the SARS-CoV- 2 N1-25 peptide at 2.35 Å resolution (Fig. 3-2 A and Table 2). 

The SARS-CoV-2 N1-25- G3BP1NTF2 complex belongs to the P212121 space 

group, with each asymmetric unit containing a G3BP1NTF2 homodimer 

bound to the N1-25 peptide in a G3BP1NTF2:N1-25 ratio of 2:2. We were able to 
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trace nearly the entire G3BP1NTF2 domain, spanning residues V2-F138 

(except for S47) (Fig. 3-2A), as well as residues P13-D22 of the SARS-

CoV-2 N1-25 peptide (Fig. 3-7 A). Note that this segment of SARS-CoV-2 N 

is strictly conserved in SARS-CoV N, but not in the counterparts of related 

Middle East Respiratory Syndrome Coronavirus (MERS-CoV) or other 

coronaviruses (Fig. 3-7 B). 

As previously characterized 63, 66, 75, the G3BP1NTF2 domain is dominated by 

a five- stranded antiparallel β-sheet, preceded by three α-helices packed on 

one side of the β- sheet (Fig. 3-2 A). Two of the G3BP1NTF2 domains further 

undergo a face-to-face β-sheet stacking with each other to form a 

homodimer. On the outer face of the β-sheet of each G3BP1NTF2 monomer, 

the α1- and α2-helices join with the loop connecting β3 and β4 (lβ3β4) to 

form a long surface groove, cradling the extended SARS-CoV-2 N1-25 

peptide (Fig. 3-2 B). The association of SARS-CoV-2 N1-25 peptide with the 

G3BP1NTF2 is underpinned by their strong surface complementarity (Fig. 3-2 

B). Notably, the bulky side chains of N1-25 I15 and F17 are accommodated 

by a ~5.6 Å-wide groove, whereas the downstream residues G18 and G19 

snug into a ~3.5 Å-wide groove (Fig. 3-2 B). In fact, our structural modeling 

analysis indicated that replacement of N1-25 G18 with bigger- sized 

threonine would lead to a steric clash with G3BP1NTF2 K123 (Fig. 3-7 C). 

Together, the association of SARS-CoV-2 N1-25 with G3BP1NTF2 results in 

a buried surface area of ~571 Å2. Structural superposition of the SARS-

CoV-2 N1-25-bound G3BP1NTF2 with the previously reported apo form 75 

gives a root-mean-square deviation (RMSD) of 0.43 Å over 225 aligned Cα 
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atoms (Fig. 3-2 C), indicative of high similarity. The most divergent regions 

include the N-terminal tail and the loop connecting α2 and β2, both of which 

are involved in the interaction with the N1-25 peptide (Fig. 3-2 C). These 

observations highlight that the G3BP1NTF2 domain adopts a preconfigured 

conformation for the interaction with N1-25 peptide. 

Structural details of the SARS-CoV-2 N1-25-G3BP1NTF2 interaction 

 
The assembly of G3BP1NTF2 with SARS-CoV-2 N1-25 is mediated by a 

network of hydrogen-bonding and van der Waals contacts (Fig. 3-3 A,B). 

Of note, the aromatic ring of SARS-CoV-2 N1-25 F17 inserts into the 

hydrophobic cavity formed by the side chains of G3BP1NTF2 V11, F15, Q18, 

F33 and F124 (Fig. 3-3 A-D). The side chain of N1-25 I15 is positioned in 

parallel with that of N1-25 F17, engaging in nonpolar contacts with the side 

chains of G3BP1NTF2 P6, L10 and V11 (Fig. 3-3 B,D). The side chains of N1-

25 P13, R14 and T16 point away from G3BP1NTF2, with N1-25 P13 

surrounded by the side chains of G3BP1NTF2 A121 and N122, the 

guanidinium of N1-25 R14 positioned within a distance for an electrostatic 

contact with the side chain carboxylate of G3BP1NTF2 E14, and N1-25 T16 in 

proximity with the side chain of G3BP1NTF2 V120 (Fig. 3-3 A,B). Along one 

side of the groove, the N1-25 I15-G18 segment pairs in parallel with the C-

terminal end of G3BP1NTF2 β5 (residues A121-Y125), involving both direct 

and water-mediated main chain hydrogen bonds (Fig. 3-3 A,B). On the 

other side of the groove, G3BP1NTF2 Q18, R32 and K123 form water-

mediated or direct hydrogen bonds with the backbone of N1-25 F17, G18 
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and G19, respectively (Fig. 3-3 A,B). Additional intermolecular interactions 

involve the van der Waals contacts between the backbone of N1-25 G18-

S21 and the side chains of G3BP1NTF2 F33, Q58, E117 and Y125 (Fig. 3-3 

A,B). 

To test the structural observation, we selected several key SARS-CoV-2 

N1- 25-G3BP1NTF2 interacting residues for mutagenesis and performed ITC 

binding assays. Mutation of N1-25 I15 or T16 each to alanine reduced the 

binding by >10-fold and ~3-fold, respectively (Fig. 3-3 E and Fig. 3-8 A, B). 

Mutation of N1-25 F17 to alanine or asparagine abolished the interaction 

between SARS-CoV-2 N1-25 and G3BP1NTF2 (Fig. 3-3 E and Fig. 3-8 C,D), 

supporting the role of these residues in the G3BP1NTF2 interaction. 

Furthermore, we observed that introducing the N1-25 G18T mutation led to 

~6-fold reduction of the binding affinity (Fig. 3-8 E), supporting the notion 

that surface complementarity underpins the specific interaction between 

SARS-CoV-2 N1-25 and G3BP1NTF2. Conversely, we also observed 

impairment of the SARS-CoV-2 N1- 25-G3BP1NTF2 interaction by several 

G3BP1NTF2 mutations: Introducing G3BP1NTF2 V11A and F124A mutations 

reduced the binding by ~10- and ~20-fold, respectively, while introducing 

the G3BP1NTF2 F15A mutation abolished the binding. 

It is worth noting that introduction of the G3BP1NTF2 Q18A or F33A 

mutations led to no appreciable change in binding (for Q18A) or even 

slightly enhanced the binding affinity (for F33A). The G3BP1NTF2 Q18A 

mutation modestly reduced both the enthalpy (ΔH = -15.1 kcal/mol for 
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Q18A vs -17.6 kcal/mol for wild-type) and entropy (ΔS = -27.8 

cal/mol/degree for Q18A vs -35.0 cal/mol/degree for wild-type) effects , 

whereas the G3BP1NTF2 F33A mutation led to an increase of both enthalpy 

(ΔH = -21.3 kcal/mol for Q18A vs -17.6 kcal/mol for wild-type) and entropy 

(ΔS = -51.6 cal/mol/degree for F33A vs -35.0 cal/mol/degree for wild-type) 

effects. These enthalpy-entropy compensation effects, the origin of which is 

currently unclear, suggest a certain extent of structural plasticity of the N1-25 

F17-binding pocket of the G3BP1NTF2 domain. 

Distinct intermolecular interaction mechanisms among G3BP1 complexes 

 

Structural comparison of the G3BP1NTF2 domain bound to SARS-CoV-2 N1-

25 with that bound to a peptide derived from the SFV nsP3 protein (residues 

449-471, nsP3449-471) or a peptide derived from Caprin1 (residues 363-382, 

Caprin1363-382) reveals different binding stoichiometry: In the SFV nsP3449-

471-G3BP1NTF2 complex, two FGDF motifs of SFV nsP3 each bind to one 

G3BP1NTF2 homodimer, thereby tethering the G3BP1 molecules into a poly-

complex 63; in contrast, in the SARS-CoV-2 N1-25-G3BP1NTF2 and Caprin1363-

382-G3BP1NTF2 complexes, the G3BP1NTF2 domain binds to the N1-25 or 

Caprin1363-382 peptide in a 2:2 binding mode (Fig. 3-4 A,B). Nevertheless, 

residues I15- G18 of N1-25, L449-G452 of the nsP3449-471 peptide and Y370-

I373 of the Caprin1363-382 peptide are anchored to the surface groove of the 

G3BP1NTF2 domain in a similar fashion (Fig. 3-4 A-C and Fig. 3-9 A), with 

the aromatic rings of N1-25 F17, nsP13449-471 F451 and Caprin1363-382 F372 

embraced by the same aromatic cage of the G3BP1NTF2 domain (Fig. 3-4 
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A,B and Fig. 3-9 A,B). In addition, nsP3449-471 L449 and Caprin363-382 Y370 

insert their side chains into the groove similarly as the corresponding N1-25 

I15 (Fig. 3-4 C,D). Beyond this region, nsP3449-471 and Caprin1363-382 

interact with the G3BP1NTF2 domain in a distinct mode than that of N1-25 

(Fig. 3-4 A, B). Unlike the N1-25 peptide that occupies the entire groove, 

the nsP3449-471 peptide exits from the surface groove at the D453 site to 

engage in a secondary contact with the α1-helix of G3BP1NTF2 via helical 

packing (Fig. 3-4 A vs Fig. 3-2 B). Subsequently, the C-terminal segment of 

nsP3449-471 extends into another G3BP1NTF2 homodimer and presents 

residue F468 for a groove-insertion interaction like that of F452 (Fig. 3-4 

A). Similar to nsP3449-471, Caprin363-382 forms a helical turn at its N-terminal 

end to interact with the α1-helix of the G3BP1NTF2 domain (Fig. 3-4 B), 

albeit in an opposite direction (Fig. 3-4 D). 

Together, our structural and sequence analyses of the G3BP1NTF2-binding 

peptides reveal a ΦxF (Φ denotes a hydrophobic amino acid) consensus 

motif, in which an invariable phenylalanine (designated as P1 site) and a 

bulky hydrophobic amino acid at the P-2 site dominate the G3BP1NTF2 

binding via a groove-insertion mechanism (Fig. 3-4 C,D). In addition, the 

P2 site is populated with a small amino acid (e.g. glycine), except for that 

in the Caprin1363-382 peptide, which contains an isoleucine (I373), coinciding 

with its structural divergence from the SARS-CoV-2 N1-25 and nsP3449-471 

peptides (Fig. 3-4 B,D). The diverse sequence composition at the ΦxF-

flanking regions introduces secondary protein interactions underpinning 
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various binding outcomes of the G3BP1NTF2- interaction partners. Along the 

line, a recent study reported that residues K36, K50, K59 and K64 of 

G3BP1 are subjected to ubiquitination in response to heat shock in cells, 

leading to disassembly and autophagy-independent degradation of SG76. 

Structural inspection of the SARS-CoV-2 N1-25-G3BP1NTF2, SFV nsP3449-471-

G3BP1NTF2 and Caprin1363-382-G3BP1NTF2 complexes indicate that the 

potential ubiquitination sites of G3BP1 are largely exposed in these 

complexes (Fig. 3-9 C-E). One exception lies in G3BP1 K59 in the 

Caprin1363-382 complex, which becomes partially shielded from solvent by 

the Caprin1363-382 binding (Fig. 3-9 E). These observations imply that the 

Caprin1 binding may affect the ubiquitylation of G3BP1 differently than the 

SARS-CoV-2 N1-25 and SFV nsP3449-471 bindings. 

The SARS-CoV-2 N1-25-binding groove is recurrently present in NTF2 domains 

 

The NTF2 domain is present in a wide array of proteins from diverse 

species77. Sequence analysis of the G3BP1NTF2 domain from selected 

model species (Fig. 3-10 A) or using the ConSurf server37 reveals that the 

SARS-CoV-2 N1-25-binding groove evolves more slowly than the 

surrounding area, with the N1-25 F17-binding site falling into the most 

conserved region (Fig. 3-5 A). Furthermore, structural survey of the 19 

NTF2- containing proteins in the protein data bank reveals that the surface 

groove is evolutionarily preserved in the NTF2 domain of many other 

proteins. For instance, the NTF2 domain of nuclear transport factor 2-

related export protein 1 (NXT1NTF2) forms a surface groove in the 



68  

corresponding region to harbor the linker sequence connecting the leucine-

rich repeat (LRR) and NTF2 domains of nuclear RNA export factor 1 

(NXF1), resulting in formation of a heterodimer for mRNA export (Fig. 3-5 

B)78. Likewise, human NTF2 protein and its counterpart from C. parvum, 

the founding members of the NTF2 family, also form a surface groove in 

the corresponding region (Fig. 3-5 C,D)80,81. As with the G3BP1NTF2 domain, 

the NXT1 and NTF2 proteins form a hydrophobic cavity at the center of the 

groove, harboring NXF1 F362 and Ran L209, respectively (Fig. 3-5 B,C). 

These observations suggest groove insertion as a conserved interaction 

mechanism for the NTF2 domains. A similar surface groove is formed in the 

NTF2 domain of some other proteins, such as human NXF1, C. jejuni PgP2 

and S. cerevisiae Bre5 (Fig. 5E-G) 65,82,83. However, the electrostatic and 

steric properties of these grooves diverge substantially from that of the 

G3BP1NTF2 domain (Fig. 3-5 E-G), implying different interaction 

mechanisms associated with the groove. Indeed, it was shown that the 

NXF1NTF2 domain binds to the phenylalanine (F5) of an FG peptide derived 

from the nucleoporins (NUPs) repeat via a hydrophobic pocket distant to 

the surface groove corresponding to the N1-25-binding site of the G3BP1NTF2 

domain (Fig. 3-5 E)65.Taken together, these observations suggest that the 

SARS-CoV-2 N1-25-binding groove serves as a recurrent structural feature 

of the NTF2 domain, which is subjected to electrostatic and steric fine 

tuning for diverse protein interaction behaviors. 
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DISCUSSION 

 
 
 

SARS-CoV-2 N becomes an increasingly attractive drug target not only 

because it plays a multifaceted role in packing of viral genome, virion 

assembly and viral transcription 41,84, but also due to the fact that it helps 

break host defense through inhibition of the G3BP1/2-mediated SG 

formation in cells44. Development of an effective therapeutic strategy 

against this viral factor necessitates a detailed understanding of its 

molecular mechanism. Through combined structural and biochemical, this 

study establishes the structural basis for the interaction between SARS-

CoV-2 N and the G3BP1NTF2 domain, providing a framework for the 

development of novel therapeutic strategies against COVID-19 and related 

viral infection. 

 
 

Molecular basis for the inhibition of G3BP1-mediated SG formation by 

SARS-CoV- 2 N protein 

The G3BP1-mediated SG formation is underpinned by a heterologous 

network of interactions involving the protein contacts mediated by the 

G3BP1NTF2 domain and the RNA bindings mediated by the G3BP1RRM 

domain 47-52. As proposed in a network-based model55, the interaction of 

G3BP1NTF2 with the ‘bridge’ protein Caprin1, which possesses both protein 

and RNA binding-modules, creates multiple valences for the interaction 

network, thereby promoting the SG assembly56. In contrast, the interaction 
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with USP10, which is classified as ‘valence cap’ due to lack of multivalent 

interaction module, serves to halt the propagation of the interaction network 

inside the SG57. Surprisingly, the interaction of SARS-CoV-2 N with G3BP1 

leads to inhibition of G3BP1-mediated liquid-liquid phase separation in 

vitro and in cells 44,74, even though the former contains both protein and 

RNA interaction modules. 

Through fragment-based ITC binding assays, this study identified that the 

interaction between SARS-CoV-2 N and G3BP1 is primarily mediated by 

N1-25 and the G3BP1NTF2 domain. In addition, the C-terminal regions of 

SARS-CoV-2 N, including IDR2 and/or CTD, contribute to the interaction by 

reducing the entropic cost of the complex formation. The fact that both the 

N- and C-terminal regions of SARS-CoV-2 N contribute to the G3BP1 

binding suggests a multivalent engagement between SARS-CoV-2 N and 

G3BP1, by which the C-terminal region of SARS-CoV-2 N-mediated 

secondary interaction may interfere with the SG-nucleating activity of 

G3BP1. In support of this notion, a recent study showed that the SARS-

CoV-2 N1-175 fragment exhibits a reduced SG inhibition activity than full-

length SARS-CoV-2 N43. In addition, given the fact that the SARS-CoV-2 N 

and Caprin1 interact with G3BP1 in a mutually exclusive manner, it is 

conceivable that the interaction between SARS-CoV-2 N1-25 and G3BP1NTF2 

also serves to inhibit the association of G3BP1 with Caprin1, providing 

another mechanism in attenuating the SG formation. A detailed mechanism 

by which SARS-CoV-2 N protein inhibits G3BP1-mediated SG formation 
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remains to be investigated. 

A groove-insertion mechanism dictating the SARS-CoV-2 N1-

25 G3BP1NTF2 interaction 

The structure of the SARS-CoV-2 N1-25-G3BP1NTF2 complex reveals strong 

surface complementarity between residues 12-22 of SARS-CoV-2 N1-25 

and the surface groove of G3BP1NTF2. Most notably, the P1-F17 of SARS-

CoV-2 N1-25 inserts its aromatic ring into a hydrophobic pocket at the 

center of the surface groove, which is flanked by a parallel sidechain 

insertion of P-2-I15. This dual groove-insertion mode is reminiscent of what 

was previously observed for the complexes of G3BP1NTF2 with SFV nsP3 

and Caprin1, attesting the “ΦxF” motif as a primary determinant for the 

G3BP1NTF2-mediated protein interaction. In addition, the embedding of N1-25 

P2-G18 in a narrow region of the surface groove permits a parallel pairing 

between N1-25 I15-G18 and G3BP1NTF2 β5- strand, in line with the previous 

observation that a P2-glycine is favored by the G3BP1NTF2 domain 58,63. 

Unlike the Caprin1 and SFV nsP3 peptides that diverge their ΦxF-flanking 

regions out of the surface groove to engage helical packing with the α1-

helix of G3BP1NTF2, the ΦxF- flanking flanking regions of SARS-CoV-2 N1-25 

peptide remain bound to the groove. Through surface complementarity, 

residues P13-R14 and G19-S21 of N1-25 are anchored to the two ends of the 

groove, engaging van der Waals and/or hydrogen-bonding interactions with 

G3BP1NTF2, respectively. These secondary binding sites in the SARS- CoV-

2 N1-25-G3BP1NTF2 complex may serve as attractive targets for the 
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development of therapeutic agents that selectively inhibit the SARS-CoV-2 

N G3BP1 association. 

NTF2 domain, a platform for diverse protein-protein interactions 

 

The NTF2 domain represents an evolutionarily divergent protein interaction 

module involved in various cellular activities, such as SG formation44,47-52,74 

and mRNA transport79. This study, through structural survey of the NTF2 

domains from diverse proteins, uncovers that the surface groove of 

G3BP1NTF2 represents a recurrent feature of the NTF2 domains. Common 

to many of these NTF2 domains is the formation of a hydrophobic cavity at 

the center of the groove, which provides a primary docking site for a bulky, 

hydrophobic side chain from host or viral factors. On the other hand, the 

NTF2-interacting proteins, such as SARS-COV-2 N, Caprin1 and NXF1, 

often extend beyond the hydrophobic pocket for secondary contacts, which 

presumably contributes to their distinct binding affinity and specificity. In 

this context, the structure of the SARS-CoV-2 N1-25-G3BP1NTF2 complex not 

only provides a framework for understanding how SARS- CoV N and 

SARS-CoV-2 N have evolved to target the G3BP1/2, but also provides a 

basis for identification of other host factors that can potentially be targeted 

by the SARS- CoV-2 N. 
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FIGURES 
 

 

 

 
Figure 3-1. Biochemical characterization of the interaction between 
SARS-CoV-2 N and G3BP1. (A) Domain architecture of SARS-CoV-2 N and 

G3BP1, with individual domains color coded. The SR-rich region within the IDR2 of 
SRS-CoV-2 N, the acidic region within the IDR1 of G3BP1 and the RG-rich region 
(RGG) within the IDR2 of G3BP1 are labeled. The protein fragments (residues 1-
25 of SARS-CoV-2 N protein and 1-139 of G3BP1) used for crystallographic study 
are delimited by arrows. (B) ITC binding assays for full-length SARS-CoV-2 N and 
G3BP1. (C) ITC binding assays for the truncated fragments of SARS-CoV-2 N and 
G3BP1. FL, full length; NDB, no detectable binding. 
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Figure 3-2. Structural overview of the SARS-CoV-2 N1-25 G3BP1NTF2 
complex. (A) Orthogonal views of the SARS-CoV-2 N1-25 G3BP1NTF2 complex, 

with SARS-CoV-2 N1-25 colored in yellow orange and G3BP1NTF2 colored in green. 
The traceable N- and C-termini of SARS-CoV- 2 N1-25 or G3BP1NTF2 are labeled 
with ‘N’ and ‘C’, respectively. The region (residue S47) with untraceable electron 
density is shown in dashed line. (B) Electrostatic surface view of the G3BP1NTF2 
domain bound to the SARS-CoV-2 N1-25 peptide (stick representation). The widths 
of two distinct groove regions of G3BP1NTF2 are marked. For clarity, only one 
monomer of the G3BP1NTF2 homodimer is shown. (C) Structural overlay of the 
G3BP1NTF2 domain, free (grey) and in complex with SARS-CoV-2 N1-25 (green). 
The two structurally divergent regions are circled with dotted lines. 
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Figure 3-3. Structural and biochemical characterizations of the SARS-
CoV-2 N1- 25-G3BP1NTF2 interaction. (A) Close-up view of the SARS-CoV-2 N1-

25 G3BP1NTF2 interaction. The interacting residues are shown in stick 
representation. The hydrogen bonds are shown as dashed lines. The water 
molecules are shown as red spheres. (B) Schematic view of the SARS- CoV-2 N1-

25-G3BP1NTF2 interaction. Hydrogen bonds and electrostatic interactions are 
indicated by black and green dashed lines, respectively, and van der Waals 
contacts are indicated by yellow gears. (C) Close-up view of the hydrophobic 
pocket harboring residue F17 of SARS-CoV-2 N1-25. The van der Waals radii of the 
G3BP1NTF2 residues are shown in dots. (D) Close-up view of the electrostatic 
surface of G3BP1NTF2 harboring the side chains of I15 and F17 of SARS-CoV-2 N1-

25. (E) ITC binding assays for wild-type G3BP1NTF2 titrated with wild-type or 
mutant SARS-CoV-2 N1-25 peptide. (F) ITC binding assays for wild-type or mutant 
G3BP1NTF2 titrated with the wild-type SARS-CoV-2 N1-25 peptide. NDB, no 
detectable binding. 
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Figure 3-4. Structural comparison of SARS-CoV-2 N1-25 G3BP1NTF2 
with other G3BP1NTF2 complexes. (A) Structural overlay between the SARS-

CoV-2 N1-25 (yellow orange)-G3BP1NTF2 (green) and the SFV nsP3449-471 
(magenta)G3BP1NTF2 (wheat) complex. The phenylalanine residues inserting into the 
hydrophobic pocket of G3BP1NTF2 are labeled and shown in stick representation. 
(B) Structural overlay between the SARS-CoV-2 N1-25 (yellow orange)-G3BP1NTF2 
(green) and the Caprin1363-382 (slate) -G3BP1NTF2 (yellow) complex. The 
phenylalanine residues inserting into the hydrophobic pocket of G3BP1NTF2 are 
labeled and shown in stick representation. (C) Sequence alignment of the 
G3BP1NTF2-interacting peptides with the P-2, P1 and P2 sites colored in magenta, 
red and green, respectively. (D) Structural alignment of the G3BP1NTF2-interacting 
peptides, with the P-2 and P1 sites, as well as the N- and C-termini, labeled. 
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Figure 3-5. Structural evolution of the NTF2 domains. (A) Color-coded 
sequence conservation of the G3BP1NTF2 domain, analyzed using the ConSurf 
server (https://consurf.tau.ac.il). (B) Electrostatic surface of the NXT1NTF2 domain 
bound to the LRR (NXF1LRR)-NTF2 (NXF1NTF2) domain linker of the NXF1 protein 
(limon), with the side chain of NXF1 F362 shown in stick representation. (C) 
Electrostatic surface of human NTF2 domain bound to residues 197-212 of one 
Ran molecule (light pink), with the side chain of Ran L209 shown in stick 
representation. For clarity, the rest of Ran structure is not shown. (D-G) 
Electrostatic surface of C. parvum NTF2 (D), human NXF1NTF2 (E), C. jejuni 
Pgp2NTF2 (F) and S. cerevisiae Bre5NTF2 (G), with the individual surface grooves 
circled by dotting lines. Note that human NXF1NTF2 binds to the FG peptide 
through a hydrophobic pocket positioned separately from the groove. 

https://consurf.tau.ac.il/
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Figure 3-6. ITC binding assays for the interaction between SARS-CoV-2 N 
and G3BP1. (A) ITC binding assay for full-length G3BP1 titrated with full-length 
SARS-CoV-2 N. (B) ITC binding assay for full-length G3BP1 titrated with the 
SARS-CoV-2 N1-364 fragment. (C) ITC binding assay for full-length G3BP1 titrated 
with the SARS-CoV-2 N1-175 fragment. (D) ITC binding assay for full- length G3BP1 
titrated with the SARS-CoV-2 N1-25 peptide. (E) ITC binding assay for the 
G3BP1NTF2 domain titrated with the SARS-CoV-2 N1-25 peptide. (F) ITC binding 
assay for the G3BP2NTF2 domain titrated with the SARS-CoV-2 N1-25 peptide. (G) 
ITC binding assay for full- length G3BP1 titrated with the SARS-CoV-2 N26-419 
fragment. NDB, no detectable binding. 
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Figure 3-7. Structural and sequence analysis of the SARS-CoV-2 N1-25 
peptide. (A) Fo-Fc omit map (violet) of the SARS-CoV-2 N1-25 peptide bound to the 
G3BP1NTF2 domain at 2.0  contour level. The traceable residues of the SARS-CoV-
2 N1-25 peptide are labeled and shown in stick representation. (B) Sequence 
alignment of the N proteins from various coronaviruses. Strictly conserved 
residues are colored white in red background. Similar residues are colored in red. 
(C) Structural model of the G18T-substituted SARS-CoV-2 N1-25 bound to the 
G3BP1NTF2 domain. The van der Waals radii of N1-25 T18 and G3BP1NTF2 K123 are 
shown in spheres, which indicate a steric clash between the two residues. 
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Figure 3-8. ITC binding assays of SARS-CoV-2 N1-25 and G3BP1NTF2 mutants. 
(A-E) ITC binding assays of G3BP1NTF2 titrated with SARS-CoV-2 N1-25 mutants (A) 
I15A, (B) T16A, (C) F17A, (D) F17N, and (E) G18T. (F-J) ) ITC binding assays of 
G3BP1NTF2 mutants (F) V11A, (G) F124A, (H) F15A, (I) Q18A, and (J) F33A, 
titrated with the SARS-CoV-2 N1-25 peptide. NDB, no detectable binding. 
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Figure 3-9. Electrostatic surface views of two representative G3BP1NTF2 
complexes. (A) Electrostatic surface of G3BP1NTF2 bound to the nsP3449-471 
peptide (magenta). (B) Electrostatic surface of G3BP1NTF2 bound to the Caprin1363-

382 peptide (slate). (C-E) Four of the potential ubiquitination sites of G3BP1NTF2, 
K36, K50, K59 and K64, are shown in stick representation in the structure of 
SARS-CoV-2 N1-25-G3BP1NTF2 (C), Caprin1363-382-G3BP1NTF2 (D), and nsP3449- 471-
G3BP1NTF2 (E) complexes. Residue K59 of G3BP1 in the Caprin1363-382-
G3BP1NTF2, the solvent access of which is partially blocked by the Caprin1363-382 
peptide, is circled with dotted line. 
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Figure 3-10. Sequence analysis of the NTF2 domains. (A) Sequence alignment 
of G3BP1NTF2 domain from various species, with the corresponding secondary 
structures of the human G3BP1NTF2 domain indicated on top. The SARS-CoV-2 N1-

25 F17-binding pockets are marked by magenta asterisks, and the rest of the 
SARS-CoV-2 N1-25-interacting residues are marked by black asterisks. (B) 
Sequence alignment of the NTF2 domains form various proteins, related to Figure 
5. Strictly conserved residues are colored in white in red background. Similar 
residues are colored in red.
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Table 2. Data collection and refinement statistics of the SARS-CoV-2 N1-25-
G3BP1NTF2 complex 

 

 
 SARS-CoV-2 N1-25-

G3BP1NTF2 (PDB 7SUO) 

Data collection  

Space group P 212121 

Cell dimensions  

a, b, c (Å) 42.7, 51.2, 153.2 
α,β,90 ,90 ,90 (0) ץ 

Resolution (Å) 42.53-2.35 (2.43-2.35)a 
Rmerge 0.150 (0.660) 

I/ σ (I) 10.5 (2.0) 
CC1/2 0.99   (0.745) 
Completeness (%) 99.97 (100.00) 

Redundancy 7.9 (6.1) 

Refinement 
 

No. reflections 14,658 (1429) 
Rwork / Rfree 19.7/24.6 (26.0/32.5) 
No. atoms  

G3BP1 2206 
N Protein 143 
Water 87 

B factors (Å2)  

G3BP1 42.8 
N Protein 62.2 
Water 44.1 

R.m.s. deviations  

Bond lengths (Å) 0.004 

Bond angles (0) 0.699 

Ramachandran (%)  

Favored 95 
Allowed 5 
Outliers 0 

 
 
a Values in parentheses are for highest- 
resolution shell. The data were collected from 
a single crystal. 
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Table3. Summary of ITC binding parameters for SARS CoV-2 N1-25-G3BP1 NTF2 
complex 
 

G3BP1 
SARS-CoV- 
2 N protein 

Kd (µM) N value 
ΔH 
(kcal/mol) 

ΔS 
(cal/mol/degree) 

G3BP1, FL N, FL 1.0 ± 0.3 0.74 ± 0.02 -9.9 ± 0.2 -5.9 ± 0.1 
G3BP1, FL N1-25 7.9 ± 0.7 0.70 ± 0.01 -17.6 ± 0.3 -35.4 ± 1.2 
G3BP1, FL N26-419 NDB    

G3BP1, FL N1-175, WT 10.9 ± 0.1 0.62 ± 0.01 -18.2 ± 0.7 -38.2 ± 2.3 
G3BP1, FL N1-364, WT 1.9 ± 0.2 1.12 ± 0.01 -9.4 ± 0.1 -5.4 ± 0.2 
G3BP1NTF2, WT N1-25, WT 8.5 ± 3.3 0.74 ± 0.04 -17.4 ± 0.3 -35.0 ± 1.7 
G3BP2NTF2, WT N1-25, WT 10.9 ± 2.4 0.79 ± 0.16 -16.1 ± 2.5 -31.2± 8.6 
G3BP1NTF2, WT N1-25, I15A 106 ± 12 0.74 ± 0.01 -15.8 ± 1.5 -34.8 ± 5.3 
G3BP1NTF2, WT N1-25, T16A 31.6 ± 1.5 0.73 ± 0.03 -12.7 ± 0.5 -22.2 ± 1.4 
G3BP1NTF2, WT N1-25, F17A NDB    

G3BP1NTF2, WT N1-25, F17N NDB    

G3BP1NTF2, WT N1-25, G18T 61.2 ± 13.1 0.65 ± 0.08 -9.2 ± 0.4 -11.8 ± 1.7 

G3BP1NTF2, V11A# N1-25, WT 89.4 ± 12.3 0.47 ± 0.02 -15.8 ± 2.5 -34.4 ± 8.6 
G3BP1NTF2, F15A N1-25, WT NDB    

G3BP1NTF2, Q18A N1-25, WT 9.6 ± 0.4 0.79 ± 0.01 -15.1 ± 0.2 -27.8 ± 0.7 
G3BP1NTF2, F33A N1-25, WT 5.2 ± 1.1 0.69 ± 0.08 -21.3 ± 2.3 -51.6 ± 7.9 
G3BP1NTF2, F124A N1-25, WT 172 ± 76 1.00* -2.2 ± 0.4 9.9 ± 2.1 
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CHAPTER 4 
 
 

FUTURE PERSPECTIVES 

 

Although the outbreak of the Covid-19 pandemic has led to an increase in 

coronavirus- related research, emergence of new variants demands for 

continuous research in order to develop effective vaccines and novel 

therapeutic strategies that remain effective against upcoming variants. The 

global efforts put together to deduce the structures of various components 

of replication machinery, For e.g. SARS CoV-2 NSP 7-8, SARS- CoV-2 

Holo NSP 7-8-12 and SARS-CoV-2 RNA bound NSP 7-8-12 as well as the 

recent SARS-CoV-2 NSP 7-8-12-13-9-14-10 complex highlighted the roles 

of these proteins during replication and mechanism of how they may work 

in conjunction. It is poorly understood as to which different subcomplexes 

that may be formed during replication and transcription and if they are 

made up of similar or different set of proteins. The complete repertoire of 

the host cell factors that may assist in coronavirus replication cycle and 

participate in formation of RTC remains unknown. Spatial segregation of 

viral replication machinery in virus induced membranous organelles is an 

important requisite for successful propagation of virus, yet the exact spatial 

locations in the cell where the replication takes place during early phase of 

infection is not known. 

In the path downstream to replication organelle formation, key questions 

that still need answers is determination of possible roles for the 

intermediates that are released after polyprotein processing. A recent study 
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pointed out traces of specific polyprotein such as NSP 10-11, NSP 9-10, 

NSP 7-8-9 by Native Mass spectrometry18. The authors point out that even 

though cleavage sites may be accessible in certain cases yet there is slow 

processing and prolonged presence of these intermediates which was 

observed that provides hints that they may have functional implications in 

regulating the RTC machinery which needs further investigation. 

Another key question that needs to be explored is how RNA synthesis is 

primed on its templates, what is the primase enzyme, and how exactly the 

primer may be translocated to the RdRp active site to initiate 

polymerization. In the case of SARS CoV and SARS CoV-2, the NSP 7-8   

complexes, appear to assume a tetrameric former, rather than the 

hexadecamer as previously claimed17. This observation argues against the 

notion that SARS-CoV NSP8 serves as a primase for viral RNA synthesis.  

In the case of feline intestine peritonitis virus (FIPV) and transmissible-

gastroenteritis virus (TGEV), trimeric assembly of NSP 7-8 complex has 

been reported (FIPV: Heterotrimer:83% and heterodimer: 17%) and a third 

olimerization pattern is observed for NSP7-8 complex in HCoV- 229E and 

porcine epidemic diarrhea virus (PEDV), where co-presence of 

Heterodimer, Heterotrimer and Heterotetramer have been reported (HCoV-

229E: 20,12,69%; PEDV :52,6,40%)18. The possible reasons for the 

existence of different NSP 7-8 complexes warrants further investigation, 

whether they have any functional relevance in coronavirus replication or if 

they hold any regulatory functions. 

Viral-human interactome maps have revealed the different SARS CoV-2 
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accessory proteins,  including both non-structural and structural proteins, 

which interact with human proteins to either facilitate viral entry into host, 

hijack proteins that could help them evade innate immune response or 

could facilitate their replication and survival in the hosts. 

Although a large number of host proteins are now known that interact with 

the different SARS CoV-2 viral proteins, very little structural information is 

available of such complexes. Knowledge of structural basis of different host 

and viral protein interaction may help in design of drugs that target multiple 

or conserved sites of viral and host protein interaction so that it could offer 

advantage over drugs that target proteins at single site since they are 

vulnerable to the evolution of drug resistance as a result of viral mutations. 

So it may be more beneficial to develop drugs which may be crucial for viral 

lifecycle. It has been shown that co-expression of competitive peptide 

inhibitors designed specifically to disrupt the ITFG-G3BP1 interaction 

reduced viral proliferation75, indicating that the N-G3BP1 interaction is 

important for viral replication. Our study uncovered the biochemical and 

structural basis for SARS-CoV-2 N-G3BP1 interaction and revealed that N1-

25 may serve as a primary determinant of interaction with G3BP1 NTF2 and 

flanking amino acids my serve as secondary determinants for this 

interaction. Furthermore, our ITC results revealed that N protein CTD or 

IDR2 may also interact with G3BP1 pointing towards a multivalent 

interaction mode that might prevail between the full-length N and G3BP1 

proteins. Further experiments are needed to uncover the complete 

mechanism as to how Nucleocapsid protein interaction with G3BP1 
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disassembles stress granules and if interaction between N protein CTD and 

or IDR2 with G3BP1 may play a role in lowering the G3BP1’s SG-

nucleating activity or lowering of its valence. The network theory may have 

assigned macromolecules their roles in regulating the network of protein-

protein or protein-RNA interaction by serving as node, bridge, or cap 

depending on their valence, yet insights into the relative importance of 

these proteins and how they relate to one another to govern assembly has 

been lacking. It is rather intriguing that N protein has properties similar to 

Caprin-1 but still behaves as cap instead of a node as seen with Caprin-1, 

in the SG regulation network. 

Whether Caprin-1 causes a conformational shift on binding to GB3P that 

promotes LLPS through IDR’s of G3BP and whether USP10 binding to 

G3BP may have contrasting effects by promoting soluble conformation of 

G3BP which may induce SG disassembly needs future investigation. 

It has been postulated that G3BP1 mediated LLPS is regulated via a 

molecular switch involving interaction between its three IDR’s. Whether N 

protein mediated interaction with G3BP1 NTF2 locks G3BP1 in a closed 

conformation wherein IDR3 interacts with IDR1 and lowers the RNA binding 

capacity beyond a threshold concentration in order to keep the SG network 

intact warrants further investigation. 

Given the fact that the SARS-CoV-2 N and Caprin1 interact with G3BP1 in 

a mutually exclusive manner, it is conceivable that the interaction between 

SARS-CoV-2 N1–25 and G3BP1NTF2 also serves to inhibit the association of 

G3BP1 with Caprin1, which may provide a mechanism in attenuating the 
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SG formation. On the other hand, other studies point out how G3BP mutant 

incapable of binding to Caprin-1 or USP 10 remains fully SG competent57, 

58; in such a case, it is worth to assume that instead of Caprin-1 or USP 10, 

UBAP2L which is the high affinity binding partner of G3BP may play a 

critical role, as deletion of the (RNA- binding) RGG motif of UBAP2L 

abolishes SG formation upon arsenite stress. Notably, UBAP2L contains a 

self-associative IDR that is likely critical for SG formation. Future studies 

are needed to investigate if N mediated SG suppression could be 

modulated because of asymmetric dimethylation of a single arginine 

residue (R95) in the N-protein RNA binding domain due to G3BP1 binding. 

It has been shown that N protein interacts with RdRP, whether SG 

disassembly pathway is linked to the process of N protein recruiting the 

transcription machinery awaits further studies65. Reports also suggest that 

SARS-CoV-2 Membrane (M) protein interacts with N protein72; whether M- 

N-RdRp complex is tethered to the membrane during replication needs 

further experimentation. 

Indeed, a key gap in knowledge permitting us to understand the molecular 

basis of SG assembly and dynamics is lack of a conceptual framework 

built from biophysical principles. As there will be improvements in studying 

such biophysical principles combined with improved structural techniques, 

may make it easier to understand the stress granule physics and solve the 

structures of elusive proteins with their host interaction partners involved in 

LLPS. This could provide the foundation for development of new antiviral 

therapies and vaccines. 
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Figure   4-1:   The   central   node   G3BP   encodes   a   molecular   switch   
that regulates RNA-dependent LLPS. Interplay between 3 distinct IDRs in 
G3BP tunes the intrinsic propensity for LLPS 52. 
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