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1. Introduction 

 

1.1 Coronaviruses 

Coronaviruses are genera of positive-stranded RNA viruses belonging to the 

subfamily Coronavirinae within the family Coronaviridae, which are grouped 

together with Roniviridae, Mesoniviridae, and Arteriviridae to form the order 

Nidovirales (Fauquet et al., 2005; Lauber et al., 2012). Previously, coronaviruses 

were classified into 3 groups according to serological and antigenic cross reactivity. 

Alphacoronaviruses and betacoronaviruses are found in mammals, whereas 

gammacoronaviruses are primarily detected in birds. Recently, novel coronaviruses 

that are genetically distinct from alpha-, beta- and gamma-coronaviruses have been 

detected in mammals and terrestrial birds (Dong et al., 2007; Woo et al., 2009; Table 

1.1). Viruses of this novel lineage have been proposed to form a new group, 

provisionally named deltacoronavirus (Chu et al., 2011). 

 

Coronaviruses are believed to cause a significant percentage of all common colds in 

human adults, usually not life-threatening. But in 2003, the Severe Acute Respiratory 

Syndrome coronavirus (SARS-CoV) spread throughout China and 25 other countries, 

resulting in over 8000 infections with a fatality rate of about 10%. Ten years after the 

outbreak of SARS, a new coronavirus called Middle-East Respiratory Syndrome 

coronavirus (MERS-CoV) was identified. Even though limited human-to-human 

transmission has occurred within several clusters, the fatality rate is apparently higher 

than 50%. The emerging life-threatening coronaviruses emphasize the importance of 

understanding the biology, replication, and pathogenesis of these viruses, and there is 

an urgent need to develop new strategies to control coronavirus infections. 
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Table 1.1 Division of the four serological coronavirus groups with representatives 
 

Virus    Abbreviation            Host 

Alphacoronavirus 

Transmissible Gastroenteritis coronavirus 
Feline coronavirus 
Canine coronavirus 
Human coronavirus 229E 
Human coronavirus NL63  
Miniopterus bat coronavirus HKU8  
Porcine epidemic diarrhea virus 

TGEV 
FCoV    
CCoV     
HCoV-229E 
HCoV-NL63   
HKU8  
PEDV                                                

Pig 
Cat 
Dog 
Human 
Human 
Bat 
Pig 

Betacoronavirus 

A 

Human coronavirus HKU1 
Human coronavirus OC43 
Bovine coronavirus 
Murine coronavirus 

B 

Severe acute respiratory syndrome coronavirus 
SARS-like coronavirus HKU3 

C 

Tylonycteris bat coronavirus HKU4 
Pipistrellus bat coronavirus HKU5 
Middle-East respiratory syndrome coronavirus 

D 

Rousettus bat coronavirus HKU9 

 
HCoV-HKU1 
HCoV-OC43 
BCoV 
MHV 
 
SARS-CoV 
HKU3 
 
HKU4 
HKU5 
MERS-CoV 
 
HKU9 

 
Human 
Human 
Cow 
Mouse 
 
Human 
Bat 
 
Bat 
Bat 
Human 
 
Bat 

Gammacoronavirus 

Infectious bronchitis virus 
Turkey coronavirus 
Beluga whale coronavirus SW1 

IBV 
TCoV 
SW1 

Chicken 
Turkey 
Whale 

Deltacoronavirus 

Bulbul coronavirus HKU11 
Thrush coronavirus HKU12 
Munia coronavirus HKU13 

HKU11 
HKU12 
HKU13 

Bulbul 
Thrush 
Munia 

 

Coronaviruses also cause a range of diseases in avians, farm animals, and 

domesticated pets, resulting primarily in upper respiratory and gastrointestinal tracts 

diseases, and occasionally causing hepatitis, cardiovascular disease, or neurological 

illness. Some of these infections are associated with significant mortality and are a big 
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threat to the farming and pet industry. For instance, porcine Transmissible 

Gastroenteritis Virus (TGEV) infection results in diarrhea in young pigs with a fatality 

rate close to 100%; feline coronavirus (FCoV) infection can sometimes result in feline 

infectious peritonitis (FIP) in cats, which is rare (1%) but fatal. 

 

1.2 Coronavirus morphology and structural proteins 

The structure of coronavirions is shown in Fig. 1.1. The virions are spherical 

enveloped particles about 100-160 nm in diameter (Fig. 1.1 (a)). The “crown-like” 

appearance gave the virus family its name. Structural proteins that contribute to the 

overall structure of coronaviruses are the spike glycoprotein (S), the envelope protein 

(E), the membrane glycoprotein (M), and the nucleocapsid phosphoprotein (N). Some 

coronaviruses (specifically the members of betacoronavirus clade A, also the 

gammacoronavirus TCoV), have an additional shorter spike-like protein called 

hemagglutinin-esterase glycoprotein (HE) (de Haan & Rottier, 2005) (Fig. 1.1 (b)).  

 

The M glycoprotein is a lipid-envelope-anchoring protein which interacts with both N 

and S proteins; it plays an important role in virus assembly and viral RNA packaging 

into the nucleocapsid. The E protein is also associated with the virus envelope and 

required for budding; interestingly, it may also function as an ion channel. The N 

protein interacts with viral genomic RNA to form the nucleocapsid-RNA complex. 

The N protein contains an RNA-binding domain, which binds to the leader sequence 

of viral RNA, and it also interacts with M, thereby incorporating the 

nucleocapsid-RNA complex into the virion. Several studies have suggested that the N 

protein may play important roles in both viral RNA synthesis and virus assembly (for 

reviews see Surjit & Lal, 2008; Sawicki et al., 2007; Masters, 2006; Brian & Baric, 

2005). The S protein is a large, multifunctional protein which has several important 

functions. The S protein binds to specific cellular receptors, thereby determining the 

host-specificity of different coronaviruses. It also induces fusion between viral 

envelope and host-cell membranes, and occasionally even cell to cell fusion (for 
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reviews see Hilgenfeld et al., 2008; Masters, 2006).  

a                             b 

     
  

Fig. 1.1 Electron micrograph and systematic representation of coronavirus 

particles  

(a) Negative stain electron micrograph picture of a MERS-CoV particle 
(http://www.cdc.gov/coronavirus/mers/photos.html). (b) Structure representation of 
the MHV virion (http://www.nejm.org/doi/full/10.1056/NEJMp030078). The two 
figures were last accessed on July 14, 2013.  
 

1.3 Coronavirus genome organization  

The RNA genome of coronaviruses is extraordinarily large, with up to 32,000 

nucleotides. It is 5′-capped and 3′-polyadenylated. At the 5′ end of the genome, there 

is a leader sequence of about 65 - 98 nucleotides, which is followed by the 

untranslated region (5′-UTR) and the initiation codon for open reading frame (ORF) 1. 

At the 3′ end, there is the other untranslated region (3′-UTR) following the end of the 

last ORF and preceding the poly(A) tail. Several secondary structures such as stem 

loop and pseudoknot are predicted for both UTR regions, which are supposed to play 

essential functions in genome replication. Many components of the 

replication/transcription complex (RTC) of CoVs are encoded by ORF1, which covers 

the 5'-proximal two-thirds of the entire genome. ORF1 is composed of two large open 

reading frames, ORF1a and ORF1b; the 3′ end of ORF1a overlaps with the beginning 

of ORF1b (for reviews see Sawicki et al., 2007; Masters, 2006; Brian & Baric, 2005). 
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Secondary structures (stem loops and pseudoknot) and the “slippery” sequence of this 

overlap region cause a (-1) ribosome frame-shifting at the end of ORF1a; therefore, 

the ORF is translated into two unusually large polyproteins, pp1a and pp1ab (Namy et 

al., 2006). Following ORF1, there are another 7 - 14 ORFs, depending on the virus. 

All the structural and accessory proteins are encoded within the 3'-proximal one-third 

of the genome. The genes for the major structural proteins are arranged in the 

following order (5' to 3'): S, E, M, and N (Fig. 1.2). 

 

Fig. 1.2 Structure of the RNA genome of SARS-CoV 

Three-dimensional structures are depicted for those proteins for which they are 
available. This figure was used by Hilgenfeld & Peiris, (2013). 
 

1.4 Translation 

Coronaviruses do not encapsulate the necessary replicase and transcriptase 

components within the virus particles, so once the viral genomic RNA is released into 

the cytoplasm of the infected cell, the virus must first produce its own replicase and 

transcriptase. Since the viral genome is 5′-capped, translation of the 5′-most ORF 

(ORF1) is initiated by a cap-dependent ribosomal scanning mechanism. Through the 

proteolytic activities of cysteine proteases contained within Nsp3 and Nsp5, the 

primary translation products of ORF1 (pp1a and pp1ab) are processed into 

intermediate and mature non-structural proteins, ultimately generating up to 15 or 16 

Nsps, which form the replication/transcription complex (RTC) together with host-cell 

factors. The newly formed RTC will then transcribe subgenomic mRNAs, thereby 
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allowing the translation of the remaining viral proteins (for review see Masters, 2006). 

Generally, all the viral subgenomic mRNAs are translated into viral proteins, and only 

the 5′-most ORF of each mRNA can be translated, typically in a cap-dependent 

manner. But there are also exceptions, for instance, the E protein of MHV is translated 

from the second ORF of subgenomic mRNA5 (Thiel et al., 1994). Translation of this 

ORF is cap-independent and there is an internal ribosomal entry site (IRES) preceding 

the ORF. 

 

1.5 Transcription and replication 

Among the RNA viruses, the transcription of coronavirus RNA is unique. First, the 

large size of the genome requires unusual enzymatic activities, such as an 

exoribonuclease and an endoribonuclease activity (for reviews see Hilgenfeld et al., 

2008; Sawicki et al., 2007), in order to maintain genetic stability. Second, the 

synthesis of a nested set of subgenomic mRNAs by the discontinuous transcription 

strategy employed by coronaviruses demands a huge and complicated 

replication/transcription complex (RTC) (for review see Sawicki et al., 2007). 

 

The replication/transcription complex (RTC) contains multiple enzymatic functions, 

such as RNA polymerization, modification, and processing. Once the RTC is formed, 

it will synthesize negative-strand RNAs firstly, which in turn serve as the templates 

for the transcription of the genomic RNA and a series of subgenomic mRNAs. The 

coronavirus mRNAs share the same 3′ ends but extend differently toward the 5′ ends. 

Therefore, all the mRNAs, except for the smallest one, contain multiple ORFs (for 

reviews see Sawicki et al., 2007; Lai & Cavanagh, 1997). A common feature of the 5′ 

ends of the mRNAs is the presence of a leader sequence of about 65 to 98 nucleotides, 

which is derived from the 5′ end of the genomic RNA. Following the leader sequence 

and upstream of the initiating AUG, a short repeated and AU-rich sequence called the 

transcription-regulating sequence (TRS) is present. In the viral genome, TRS motifs 

are found at the 3′ end of the leader and in front of each ORF (for review see Sawicki 

et al., 2007). 
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Fig. 1.3 Mechanism of coronavirus replication and transcription 

This figure is adopted from Perlman & Netland, (2009). 

 

Two different models have been proposed for the transcription of coronavirus RNA. 

Both of them support the concept of discontinuous transcription, in spite of 

controversy over whether discontinuous transcription occurs during positive or 

negative RNA synthesis. Discontinuous transcription involves two separate 

transcription steps, one for body-sequence synthesis and the other for leader-sequence 

synthesis. Most of the existing evidence favors the negative-strand discontinuous 

transcription model (for a review see Sawicki et al., 2007). In this model, 

negative-strand RNA synthesis is initiated by the assembly of a functional RTC at the 

3′ end of a genomic RNA; the RTC will then elongate the nascent negative-strand 

RNA until the first TRS motif is encountered. A fixed proportion of RTCs will either 

neglect the TRS motif and continue to elongate the nascent strand, or pause and 

translocate to the 3′ end of the leader sequence, and complete the negative-strand 

RNA synthesis by copying the 5′ end of a genome. This transposition is guided by the 

annealing of complementary sequences between the nascent negative-strand 3′ end 

TRS motif and the leader TRS motif (for review see Sawicki et al., 2007). The 

completed negative-strand RNA would then serve as a template for mRNA synthesis 

(Fig. 1.3). 
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Replication of the viral genome is presumably achieved by continuous extension of 

the full-length RNA during both positive- and negative-strand synthesis. However, the 

“leader switching” experiment supports the idea that coronavirus genomic RNA may 

also replicate by discontinuous synthesis (Makino & Lai, 1989). The secondary 

structures in the 5′ and 3′ UTR regions are supposed to be important for viral RNA 

replication (Hsue & Masters, 1997; Liu et al., 2007; Züst et al., 2008). 

 

1.6 Nonstructural proteins (Nsps) involved in replication and transcription 

In several cases, possible functions of Nsps were derived from their three-dimensional 

structures as determined by X-ray crystallography or NMR spectroscopy. Many Nsps 

possess enzymatic activities and are of great importance in replication and 

transcription, and they are attractive targets for anticoronaviral drug design.  

 

Nsp1 

Nsp1 is highly divergent among alphacoronaviruses and betacoronaviruses, whereas it 

is not even present in gammacoronaviruses. The NMR structure of SARS-CoV Nsp1 

revealed a novel β-barrel fold flanked by disordered N- and C-terminal domains 

(Almeida et al., 2007). Although Nsp1 is not required for viral replication (Züst et al., 

2007; Wathelet et al., 2007), it has been suggested to play important role in 

counteracting cellular immune response through several signaling pathways (Züst et 

al., 2007; Wathelet et al., 2007; Narayanan et al., 2008; Pfefferle et al., 2011). 

Furthermore, Nsp1 was shown to bind to 40S ribosomes to inactivate their translation 

functions and induce host mRNA degradation (Kamitani et al., 2009; Huang et al., 

2011; Lokugamage et al., 2012). 

 

Nsp2 

Nsp2 is relatively nonconserved across coronaviruses. Deletion of the Nsp2 coding 

sequence from the SARS-CoV and MHV genomes only attenuates viral growth and 

RNA synthesis (Graham et al., 2005). Although dispensable for viral replication, 

Nsp2 of SARS-CoV was confirmed to interact with two host proteins, prohibitin 
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PHB1 and PHB2, which have been suggested to modulate transcriptional activity by 

interacting with various transcription factors. Therefore, Nsp2 might be involved in 

the disruption of intracellular host-signaling during infection (Cornillez-Ty et al., 

2009).  

 

Nsp3 

As the largest Nsp (180-210 kda) of coronaviruses, Nsp3 is membrane-anchored and 

contains multiple domains. In the N-terminal part of Nsp3, there is the acidic domain, 

which contains a large number of Asp and Glu residues. C-terminal to the acidic 

domain is the papain-like protease PL1pro. Interestingly, the PL1pro is missing in 

SARS-CoV and is catalytically inactive in IBV (Ziebuhr et al., 2001). This is 

followed by the X-domain with ADP-ribose-1"-phosphatase (ADRP) activity 

(Saikatendu et al., 2005; Wojdyla et al., 2009; Piotrowski et al., 2009). However, the 

X-domain of IBV (strain Beaudette) fails to bind ADP-ribose (Piotrowski et al., 2009). 

The fold of the X-domain is similar to the macroH2A-like fold, so it is also called 

macrodomain. Another papain-like protease, PL2pro, is present downstream of the 

X-domain; together with the PL1pro, it is responsible for cleaving three (IBV: two) 

Nsps (Nsp1, Nsp2, Nsp3) from the polyprotein (Ziebuhr et al., 2001). Unique for 

SARS-CoV, in between the X-domain and the PL2pro, there is a domain called 

“SARS-unique domain” (SUD) which is able to interact with G-quadruplexes (Tan et 

al., 2007 & 2009). A nucleic-acid binding (NAB) domain has been identified next to 

the PL2pro (Serrano et al., 2009). At the C-terminal is the highly hydrophobic Y 

domain anchoring Nsp3 to intracellular membranes. 

 

Nsp4 

The crystal structures of Nsp4 C-terminal cytoplasmic domain from MHV and FCoV 

have been determined, which revealed a novel α/β fold (Xu et al., 2009; Manolaridis 

et al., 2009). The N-terminal part of the Nsp4 subunit is hydrophobic and is predicted 

to be membrane embedded. Nsp4, together with Nsp3 and Nsp6, are critical for 
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double-membrane vesicles (DMVs) formation and modification, as well as replication 

complex function (Angelini et al., 2013; Gadlage et al., 2010). 

 

Nsp5 

Nsp5 is the viral main protease (Mpro); it cleaves at least 11 sites in the pp1a and 

pp1ab polyproteins. Because of its important role in viral polyprotein processing, the 

Mpro is considered the most attractive target for anticoronaviral drug design. Several 

crystal structures of coronavirus Mpros have been determined, revealing that Mpro 

forms a homodimer that is stabilized by interaction of the N-terminal 7 residues 

(N-finger) of one protomer with domain II and III of the other protomer. The Mpro 

monomer contains three domains: domains I and II are six-stranded antiparallel 

β-barrels together forming a chymotrypsin fold, with the substrate-binding pocket 

located in a cleft between these two domains, while domain III is a globular domain 

composed of five antiparallel α-helices (Anand et al., 2002 & 2003; Yang et al., 

2003).  

 

The Mpro employs a cysteine and a histidine residue as the catalytic dyad in its 

catalytic site, with the histidine acts as a general acid/base and the cysteine 

performing the nucleophilic attack onto the carbonyl carbon of the sassile bond. The 

substrate specificities of the coronavirus Mpro are well defined, with the proteolytic 

sites involving large hydrophobic residues (mainly leucine, methionine, and 

phenylalanine) at the P2 position, conserved glutamine at the P1 position, and small 

aliphatic residues at the P1’ position (Fan et al., 2004; Ziebuhr et al., 1995). 

 

Nsp7 and Nsp8 

The crystal structure of the Nsp7:Nsp8 complex of SARS-CoV revealed a hollow, 

cylindrical hexadecamer composed of eight copies of Nsp8 and eight copies of Nsp7. 

The channel with a diameter of about 30 Å at the center of this complex suggested 

that it could encircle double-stranded RNA (dsRNA), in agreement with the 

observation that it was lined by positively charged amino-acid residues (Zhai et al., 
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2005). In addition, a heterodimeric complex formed by the Nsp8 C-terminal half and 

Nsp7 of SARS-CoV was also reported recently. The authors postulated that the 

truncated complex might be incorporated into the Nsp7+8 supercomplex, thereby 

interfering with its activity (Li et al., 2008). Furthermore, Imbert et al. (2006) 

described a sequence-specific oligonucleotide-synthesizing activity for Nsp8 of 

SARS-CoV. In their study, the recombinant Nsp8 carrying an N-terminal His6-tag was 

capable of recognizing a specific short sequence (5'-(G/U)CC-3') in the ssRNA 

coronavirus genome as a template for the synthesis of short oligonucleotides (< 6 

residues) in a Mn2+-dependent manner, but with a relatively low fidelity. Consequently, 

Imbert et al. proposed that the oligonucleotides synthesized this way might be utilized 

as primers by the primer-dependent RdRp, Nsp12. According to this proposition, 

Nsp8 would be the primase of SARS-CoV and Nsp12 its main RNA-dependent RNA 

polymerase. 

 

Nsp9 

The crystal structures of Nsp9 from SARS-CoV and HCoV 229E have been 

determined and different homodimers were observed (Ponnusamy et al., 2008; Egloff 

et al., 2004; Sutton et al., 2004). The fold of the Nsp9 monomer is conserved; seven 

β-strands and one α-helix are arranged into a single compact domain and form an 

oligonucleotide/oligosaccharide-binding (OB) fold. EMSA and SPR experiments 

suggest that Nsp9 may function as an ssDNA/RNA-binding protein, and in-vivo 

studies show that dimerization of Nsp9 is essential for efficient viral growth and 

replication (Miknis et al., 2009; Chen et al., 2009). 

 

Nsp10 

Structures for Nsp10 from SARS-CoV have been determined by X-ray 

crystallography by two groups independently (Su et al., 2006; Joseph et al., 2006). In 

these two structures, Nsp10 exists in a novel fold either as monomer or dodecamer, 

but they both possess two different zinc fingers with C-(X)2-C-(X)5-H-(X)6-C and 

C-(X)2-C-(X)7-C-(X)-C motifs. Nsp10 has been proposed to play important roles in 
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viral RNA synthesis (Donaldson et al., 2007) and polyprotein processing through 

interaction with the main protease Nsp5 (Donaldson et al., 2007). Recent studies 

indicate that Nsp10 interacts with both Nsp14 and Nsp16, thereby enhancing their 

ExoN and RNA Cap 2'-O-methyltransferase activities, respectively (Bouvet et al., 

2012; Decroly et al., 2011; Chen et al., 2011).   

 

Nsp12 

In addition to the noncanonical primer-independent RdRp Nsp8, it is presumed that 

replication and transcription of the ~30-kb coronavirus RNA genome are mainly 

catalyzed by the RdRp activity of Nsp12. In spite of high sequence identity among 

Nsp12 from different coronaviruses (~ 62 - 73%), the enzyme shares <10% sequence 

identity with other viral RdRps and RTs. Due to low purification yields of the enzyme, 

biochemical and structural information on Nsp12 is only limited for SARS-CoV. 

SARS-CoV Nsp12 is a large protein containing 932 amino-acid residues. 

Bioinformatical analysis predicted this enzyme to comprise two large domains, the 

N-terminal domain (residues 1 - 375) and the C-terminal domain (residues 376 - 932). 

The N-terminal domain of SARS-CoV Nsp12 shares no counterpart with other 

positive-strand RNA-virus RdRps, therefore its function is still uncharacterized. One 

speculation could be that the N-terminal domain is involved in interaction with other 

components within the RTC, e.g. with Nsp8 or Nsp13. The C-terminal domain of 

Nsp12 can be confidently aligned with the conserved motifs of well-characterized 

RdRps, thus the RdRp activity is presumed to be located in this domain (Xu et al., 

2003). 

 

te Velthuis et al. (2010a) have shown that C-terminally hexahistidine-tagged 

full-length SARS-CoV Nsp12 exhibits both RdRp and DdDp activities in the presence 

of Mg2+ in vitro, and its enzymetic activity is primer-dependent for both homo- and 

heteropolymeric templates. In contrast, the RdRp activity of N-terminally 

hexahistidine-tagged full-length SARS-CoV Nsp12 used by Ahn et al. (2012) is 

Mn2+-dependent, and it can readily synthesize RNA in both primer-dependent and 
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primer-independent manners. Zn2+ was found to reduce template-binding and to 

inhibit the elongation step of SARS-CoV Nsp12 RdRp (te Velthuis et al., 2010b).   

 

Nsp13 

Nsp13 is a helicase that unwinds double-stranded RNA (dsRNA) or DNA (dsDNA) in 

a 5′→3′ direction, using the energy of nucleotide hydrolysis. The structure of Nsp13 

has not been determined yet, but it is predicted to contain two domains; the 

N-terminal region contains a zinc-binding domain and the C-terminal domain features 

the canonical sequence motifs of superfamily-1 helicases (Ivanov et al., 2004). Recent 

studies show that the helicase activity of Nsp13 is enhanced in the presence of Nsp12, 

suggesting that this protein is involved in formation of the functional replication 

complex and contributes to the efficiency of viral replication (Adedeji et al., 2012). 

 

Nsp14 

Nsp14 is a bifunctional protein. Its N-terminal domain possesses 3′→5′ 

exoribonuclease (ExoN) activity, whereas a (guanine-N7)-methyltransferase 

(N7-MTase) activity is embedded in the C-terminal domain. The Nsp14 could 

methylate GpppA-capped RNA at the N7 position of the capping guanosine in a 

sequence-independent manner. But the N7-MTase domain is not functionally 

separable from the ExoN domain, because deletions of its N-terminal domain impair 

the N7-MTase activity (Chen et al., 2009). Interestingly, interaction with Nsp10 

promotes around 35-fold larger exoribonuclease activity of Nsp14 while its 

N7-MTase activity remains the same (Bouvet et al., 2012). The ExoN domain of 

Nsp14 contains an Asp-Glu-Asp-Asp motif (DEDD), which is conserved in the ExoN 

superfamily and is capable of hydrolyzing ssRNA and dsRNA. Nsp14-mutated 

SARS-CoV exhibits an overall 12- to 20- fold increase in mutation frequency 

compared to the wild-type (Eckerle et al., 2010). Therefore, Nsp14 is proposed to be 

involved in proofreading, repair, and recombination, which might be important for 

maintaining the integrity of the large CoV genome (Bouvet et al., 2012). 
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Nsp15 

Nsp15 (NendoU) is a Mn2+-dependent, uridylate-specific endoribonuclease, which 

generates 2′–3′-cyclic phosphates upon cleavage (Ricagno et al., 2006). The protein is 

conserved among nidoviruses but not other RNA viruses. Nsp15 has been reported to 

form monomers, trimers, and hexamers in solution. Both monomeric and hexameric 

structures of the SARS-CoV Nsp15 have been determined by X-ray crystallography 

(Ricagno et al., 2006; Joseph et al., 2007). The monomer of Nsp15 consists of three 

domains and exhibits a unique fold. Furthermore, this protein is only active when it 

assembles into a toric hexamer with six potentially active, peripheric catalytic sites, 

suggesting a role for hexamerization as an allosteric switch (Guarino et al., 2005).  

 

Nsp16 

Feline coronavirus (FCoV) Nsp16 alone possesses an S-adenosylmethionine 

(SAM)-dependent (nucleoside-2'O)-methyltransferase (2'O-MTase) activity that is 

capable of cap-1 formation (Decroly et al., 2008). In contrast, SARS-CoV Nsp16 

requires Nsp10 as an activating partner to execute its 2′-O-MTase activity. The crystal 

structure of the Nsp10+16 complex reveals that SARS-CoV Nsp16 possesses the 

canonical scaffold of an MTase and interacts with Nsp10 at an 1:1 ratio. Biochemical 

assays show that in case of SARS-CoV, Nsp10 is required for Nsp16 to bind both 

SAM and RNA substrate, and the crystal structure demonstrates that Nsp10 may 

stabilize the SAM-binding pocket and extend the RNA-binding groove of Nsp16. 

Remarkably, an N7-methyl guanosine cap (m7GpppA-RNA, but not m7GpppG-RNA) 

is a prerequisite for the activity of Nsp16 (Chen et al., 2011; Decroly et al., 2011). 

 

1.7 Objective and achievement of this thesis 

Life-threatening RNA viruses often emerge in an unpredictable manner. An example 

of an epidemic caused by an emerging virus was the outbreak of SARS-CoV in 2003. 

The high case/fatality ratio and the devastating economic impact of this virus 

highlight the importance of research on coronaviruses. In the past ten years, 

surveillance in wild animals and humans has lead to the discovery of many novel 
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viruses, including coronaviruses. Evidence presented in these studies suggests that 

exotic wildlife, especially bats, are natural reservoirs of coronaviruses and can be the 

source of new emerging diseases through interspecies transmission (Smith & Wang, 

2013). In addition, many human coronaviruses are supposed to have originated from 

animal coronaviruses, especially bat coronaviruses. For example, SARS-CoV very 

likely originated from a bat reservoir and was transmitted to humans via the civet as 

intermediate (Li et al., 2005). An alphacoronavirus isolated from the North American 

tricolored bat has been proposed to share common ancestry with HCoV-NL63 (Huynh 

et al., 2012). 

As bats constitute a large reservoir for CoVs with zoonotic potential, our group 

initiated an antiviral-drug discovery program based on the crystal structures of bat 

CoV (HKU4, HKU8 and HKU9) main protease. Crystal structures determined by the 

group were used to design and synthesize broad-spectrum inhibitors that would be 

available for further development in case of zoonotic transmission of such a virus into 

the human population. Remarkably, after determination of the crystal structure of bat 

coronavirus HKU4 Mpro, both as the free enzyme and in complex with the 

broad-spectrum inhibitor SG85 (see chapter 3.4), the new human coronavirus 

MERS-CoV emerged in the Middle East. This novel human coronavirus exhibits 

around 80% sequence identity to the bat coronavirus HKU4 (van Boheemen et al., 

2012), and its Mpro has 81% identity (90% similarity) to its homologue from HKU4. 

Thus, we can readily use the Mpro structure of HKU4 for the design of MERS-CoV 

Mpro inhibitors. 

Another goal of this thesis is to elucidate the structure and function of coronavirus 

Nsp7 and Nsp8, which are key components of the RTC. As mentioned above, the 

SARS-CoV Nsp7+8 complex formes a hollow, cylindrical hexadecamer composed of 

eight copies of Nsp8 and eight copies of Nsp7 (Zhai et al., 2005), which is able to 

synthesize short oligonucleotides (< 6 residues) in a Mn2+-dependent manner (Imbert 

et al., 2006). However, many questions regarding the roles of Nsp7 and Nsp8 in 
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coronavirus RNA synthesis remain. First, the function of Nsp7 in the primase activity 

is poorly characterized so far. At present, Nsp7 is only regarded as "mortar" 

stabilizing the hexadecameric Nsp7+8 complex structure (Zhai et al., 2005), without 

having significant influence on the synthesis of RNA primers (Imbert et al., 2006). 

Second, since Nsp8 alone and the Nsp7+8 complex showed equal primase activity in 

the study by Imbert et al., we still do not know the stoichiometry between the two 

components in vivo, or whether varying stoichiometries may exist at different 

transcriptional stages. Third, even though the observed Nsp7+8 hexadecamer presents 

a positive electrostatic channel suitable for dsRNA binding, the mode of action at the 

molecular level of this non-canonical primase is not understood. Therefore, it is 

important to investigate Nsp7+8 of coronaviruses other than SARS-CoV, to see 

whether the hexadecamer occurs universally in all coronaviruses and to hopefully 

shed light on the molecular mechanism of RNA synthesis by Nsp8 and its complex 

with Nsp7.   

 

In this thesis, I found that in other coronaviruses, the Nsp7+8 complex possesses 

different stoichiometries and oligomerization states, and functions as RdRp rather 

than only primase. I have determined the crystal structure of the feline coronavirus 

(FCoV) Nsp7+Nsp8 complex, which is a 2:1 heterotrimer containing two copies of 

the α-helical Nsp7 with conformational differences between them, and one copy of 

Nsp8 that consists of an α/β domain and a long-α-helix domain. Compared with the 

Nsp8 of SARS-CoV, the FCoV Nsp8 exhibits primer-independent RdRp activity with 

much higher processivity. Upon binding with Nsp7, the orientation of the FCoV Nsp8 

long-α-helix domain is fixed, potentially leading to higher RdRp activity, and RNA up 

to template-length can be synthesized. In addition to the FCoV Nsp7+8 complex, I 

have also determined the crystal structure of the human coronavirus 229E 

(HCoV-229E) Nsp7+8 complex. Interestingly, this structure reveals a 2:2 

heterotetramer. In the heterotetramer, two Nsp8 molecules dimerize with each other 

through swapping of the C-terminal domain. I further proved that the unprocessed 

HCoV-229E Nsp7-10 polyprotein is only able to synthesize short oligonucleotides, 
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while the Nsp7-8 polyprotein or the Nsp7+8 complex are fully processive.     
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2. Materials and Methods 

 

2.1. Materials 

2.1.1 Equipment  

Equipment or instruments used for work described in the thesis are listed in Table 2.1.  

 

Table 2.1: Equipments or Instruments and their manufactures 

Equipment or Instruments Manufacturer 

- 80 °C Refrigerator storage unit REVCO – Kendro 

- 20 °C/ 4 °C Refrigerator storage unit LIEBHERR/Siemens 

4 °C Cold-room cabin eco – Coils & Coolers  

12 °C Cold-room cabin  VIESSMANN 

AF20 Ice-machine Scotsman 

Äkta prime FPLC  Amersham Biosciences 

Analytical balance - Sartorius BP 210 D Sartorius 

Satorius Universal balance Sartorius 

Avanti J-26xP centrifuge Beckman Coulter 

RC-5B plus centrifuge DuPont Sorvall 

Table-top centrifuge Heraeus Instruments 

Concentrator 5301 Eppendorf 

Cryostream Cooler Oxford Cryosystems 

Excella E10 Platform Shaker New Brunswick Scientific 

French Pressure Cell Press SLM Instruments 

GeneAmp PCR System 9700 PE Applied Biosystems 

Gene Pulser Biorad 

Ice-box neoLab 

Innova 4230 Refrigerated Incubator Shaker New Brunswick Scientific 

Laminar-flow chamber Heraeus/GELAIRE 

Dynamic light-scattering RiNA 
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Membrane-vacuum pump Vacuubrand 

Mighty Small SE 245 Dual Gel Caster Hoefer 

Mighty Small II SE 250 Elektrophoresis - chamber Hoefer 

Microscope SZX 12 Olympus 

Micowave oven Siemens 

Mini-Sub Cell for agarose gel elektrophoresis Biorad 

MR-2002 magnetic stirrer Heidolph 

Petri dishes Greiner bio-one 

pH-meter/titrator TR156 Schott 

Phoenix crystallization robot Art-Robbins Instruments 

Pipettes Eppendorf 

Power PAC 300 Voltage adaptor Biorad 

Power pack EPS 3501 XL Amersham Biosciences 

Sonificator Branson 

Spectrophotometer - Cary 50 UV/Vis Varian 

Systec V 150 Autoclave  Systec 

Thermomixer comfort Eppendorf 

Hot air oven Thermo Scientific 

Xcalibur PX Ultra X-radiation diffractometer Oxford Diffraction 

Cryo-tools and crystallization materials Manufacturer 

Intelli-Plate-96-well Art Robbins Instruments 

Magnetic basic crystal caps Hampton Research 

Nylon cryo-loops Hampton Research 

22-mm siliconized coverslips Hampton Research 

Vaseline Hampton Research 

crystal storage vials Hampton Research 

cryo-canes Hampton Research 

magnetic crystal wand Hampton Research 

microtools Hampton Research 

Cryschem Plates Hampton Research 
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Crystal Clear Sealing Tape Henkel 

Cryoloops (litho) MiTeGen 

 

2.1.2 Consumables  

Consumables used for work described in this thesis are listed in Table 2.2.  

 

Table 2.2: Consumables and their manufactures 

Material Manufacturer 

Amicon-Ultra centrifuge filter Millipore 

Dialysis tubes Spectra/Por Specrum Laboratories 

DNA mini kit Qiagen 

Electroporation cuvettes Biorad 

Erlenmeyer flasks Schott Duran 

Filter membranes (0.45 µm/0.22µm) Millipore 

GST trap High Performance GE-Healthcare 

Screw-capped glass bottles Schott Duran 

HisTrap High Performance/Fast Flow GE-Healthcare 

Hi Load Superdex 75 pg GE-Healthcare 

Hi Load Superdex 200 pg GE-Healthcare 

Tips and tubes Sarstedt 

UV cuvettes (plastic/quartz) Sarstedt 

 

2.1.3 Media, chemicals, and enzymes 

All chemicals and reagents were purchased from Fluka, Merck, Roth, Roche, or 

Sigma–Aldrich Ltd. Bacterial cultures were grown in 2x YT medium or M9 medium 

(for the selenomethionyl (SeMet) derivative of FCoV Nsp8), supplemented with 0.1 

mg/ml ampicillin. All Tris-HCl buffers were prepared at 4°C. All restriction enzymes 

were purchased from Fermentas. All PCR enzymes and other necessary DNA isolation 

and PCR purification kits were purchased from Invitrogen, Roche, Fermentas, or 

Promega. 
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2.2. Methods 

2.2.1 Cloning 

DNA sequences encoding target genes were amplified by PCR using Pfu DNA 

polymerase (Invitrogen) and primers encoding the 5’ and 3’ ends. To produce HKU4 

Mpro with a C-terminal hexahistidine tag, a sequence of six histidines was added onto 

the reverse primer of HKU4 Mpro. The PCR products were then cloned into the 

expression vector pGEX-6p-1 (GE-Healthcare) using BamHI and XhoI sites. All the 

mutants were prepared using single-site mutagenesis. The Escherichia coli strain 

DH5α (Invitrogen) was used for plasmid amplification. The primers used for cloning 

are listed in Table 2.3; information on genes is listed in Table 2.4.  

 

Table 2.3: Oligonucleotide primers 

Name Sequence Restriction enzyme 

FCoVNsp8-S 

FCoVNsp8-R 

FCoVNsp7-S 

FCoVNsp7-R 

229ENsp8-S 

229ENsp8-R 

229ENsp7-S 

 

229ENsp7-R 

229ENsp8T123C-S 

229ENsp8T123C-R 

229ENsp8G113C-S 

229ENsp8G113C-R 

229ENsp8P133C-S 

229ENsp8P133C-R 

229ENsp8insert-S 

 

229ENsp8insert-R 

 

229ENsp8delet-S 

229ENsp8delet-R 

HKU4Nsp5-S 

 

HKU4Nsp5-R 

 

CGCGGATCCGTAGCATCTGCTTATGCTGCTT 

CCGCTCGAGTTACTGCAACTTTGTGGTTCTC 

CGCGGATCCAAACTTACAGAGATGAAGTGT 

CCGCTCGAGTTACTGTAAAATAGTGGTGTTCTCA   

CGCGGATCCAACGACTCCATTTTGCAA 

CCGCTCGAGTTACTGCAATTTAACGACAC 

CGCGGATCCGTTTCTACTGTACAGTCTAAATTGACTGA

TCTT 

CCGCTCGAGTTATTGCAAAATGGAGTCG 

TCCGTTATCCCTGCTTGTTCTGCAGCCAGGCTC 

GAGCCTGGCTGCAGAACAAGCAGGGATAACGGA 

AATATGGCACGTAATTGTGTTGTCCCTCTTTCC 

GGAAAGAGGGACAACACAATTACGTGCCATATT 

AGGCTCGTCGTCGTAGTATGCGATCATGATTCATTT 

AAATGAATCATGATCGCATACTACGACGACGAGCCT 

ATCCCTGCTACTTCTGCAACTTCTGCAGCCAGGCTCGT

CGTCGTA 

TACGACGACGAGCCTGGCTGCAGAAGTTGCAGAAGTA

GCAGGGAT 

CTTTCCGTTATCCCTGCTGCCAGGCTCGTCGTCGTA 

TACGACGACGAGCCTGGCAGCAGGGATAACGGAAAG 

CGCGGATCCAGTGTGCTGCAATCAGGTCTGGTCAAGA

TGTC 

CCGCTCGAGTTAATGATGATGATGATGTTGCATGACG

ACACCCATTA 

BamHI 

XhoI 

BamHI 

XhoI 

BamHI 

XhoI 

BamHI 

 

XhoI 

 

 

 

 

 

 

 

 

 

 

 

 

BamHI 

   

XhoI 
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Table 2.4: Genes and expression constructs 

Name Provider Notes 

pET11d-229E710 Prof. John Ziebuhr (Queen's University, 

Belfast, UK) 

C-terminally His6-tagged 

HCoV-229E Nsp7-10 polyprotein 

FCoV-Nsp7 

(Vector unkown) 

C-terminally His6-tagged FCoV 

strain FIPV WSU-79/1146 

FCoV-Nsp8 

(Vector unkown) 

Dr. Bruno Coutard (AFMB, Univ. de la 

Méditerranée, Marseille, France) 

N-terminally His6-tagged FCoV 

strain FIPV WSU-79/1146 

HKU4-Mpro MWG-Biotech cDNA, codon-optimized and 

chemically synthesized 

 

2.2.2 Expression 

Proteins used in this thesis were produced in a similar way. A sequence-verified clone 

was transformed into the Escherichia coli strain BL21-Gold (DE3). The culture was 

grown at 37°C in 2x YT medium with vigorous shaking until the OD600 reached 0.8 

(FCoV Nsp7, 1.3). Expression was induced by adding 0.5 mM IPTG and incubation at 

25°C for 16 h. The selenomethionyl (SeMet) derivative of FCoV-Nsp8 was produced 

by using the method of methionine-biosynthesis pathway inhibition (Doublié, 1997). 

Cells were harvested by centrifugation at 5000 rpm for 20 min at 4°C. 

 

2.2.3 Protein purification 

Purification of GST-tagged protein 

Cells were lysed by sonication in buffer containing 50 mM Tris-HCl pH 7.5, 300 mM 

NaCl, 5 mM DTT, and EDTA-free cocktail protease inhibitor (Roche; one tablet per 50 

ml buffer). The lysate was cleared by ultracentrifugation at 30,000 rpm for 90 min at 

4°C, and the soluble fraction was applied onto a pre-equilibrated 5-ml GSTrap FF 

column (GE Healthcare). The column was washed with 20 column volumes of lysis 

buffer and 10 column volumes of PreScission cleavage buffer (50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1 mM EDTA, and 1 mM DTT), followed by loading the PreScission 

protease (GE Healthcare) onto the column. Cleavage was performed at 4°C overnight, 

and the eluted samples were further purified by size-exclusion chromatography 
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(HiLoad 16/60 Superdex 75/200; GE Healthcare) equilibrated with buffer C (10 mM 

Tris-HCl pH 7.5, 200 mM NaCl).  

 

Purification of His-tagged protein 

Cells were lysed by sonication in buffer A containing 50 mM Tris-HCl pH 8.0 and 300 

mM NaCl. After ultracentrifugation at 30,000 rpm for 90 min at 4°C, the supernatant 

was applied onto a pre-equilibrated 5-ml HisTrap HP column (GE Healthcare). After 

washing with buffer A, the protein was eluted with buffer B (50 mM Tris-HCl pH 7.5, 

300 mM NaCl, and 500 mM imidazole). The eluted samples were further purified by 

size-exclusion chromatography using the same procedure as described above. 

 

Nsp7+8 complex formation and purification 

The FCoV Nsp7+8 complex was formed by mixing Nsp8 with a 2-fold molar excess 

of Nsp7 and passed through the Superdex 75 column in buffer C. Fractions of the 

FCoV Nsp7+8 complex were concentrated to 15 mg/ml. The HCoV-229E Nsp7+8 

complex was produced by adding SARS-CoV Mpro to the HCoV-229E Nsp7-8 

oligoprotein and cleavage at 12°C overnight. The HCoV-229E Nsp7+8 complex was 

further purified via the Superdex 200 column in buffer C. Fractions of the HCoV-229E 

Nsp7+8 complex were concentrated to 25 mg/ml. 

 

2.2.4 Dynamic light-scattering 

Measurements were performed by using a Spectroscatter 201 (RiNA GmbH, 

Germany) using 25 µL of protein solution in its storage buffer. The concentration 

used for all the proteins was around 15 mg/ml. Results were interpreted using the 

software provided by the manufacturer. Experimental errors were estimated as 

standard deviations calculated from 10 measurements for each sample.  

 

2.2.5 Crystallization  

Crystallization screening was performed using a Phoenix robot (Art Robbins 

Instruments) with the sitting-drop, vapor-diffusion method at 12°C and drops 
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containing 0.3 µL of protein solution plus 0.3 µL of reservoir solution. The following 

commercial screens were used: SaltRxTM, PEG/IonTM, IndexTM, Crystal ScreenTM, 

and PEGRxTM (all from Hampton Research). 

 

FCoV Nsp7+8 complex 

Tiny crystals appeared in a drop containing 2.4 M (NH4)2HPO4, 0.1 M Tris-HCl pH 8.5. 

Optimized crystals suitable for diffraction were grown in drops containing 1.5 µL of 

protein solution and 1.5 µL of reservoir solution (2.24 M (NH4)2HPO4, 2 mM 

tris(2-carboxyethyl)phosphine (TCEP), 0.1 M Tris-HCl pH 8.7) at 4°C. Prior to being 

cryo-cooled in liquid nitrogen, crystals were soaked in reservoir solution supplemented 

with 20% glycerol. 

 

HCoV-229E Nsp7+8 complex 

Crystals appeared in a drop containing 0.2 M calcium chloride, 28% v/v polyethylene 

glycol 400, 0.1 M HEPES-NaOH pH 7.5. Optimized crystals were grown on 

hanging-drop plates, drops containing 2 µL of protein solution and 2 µL of precipitant 

solution (0.2 M calcium chloride, 21% v/v polyethylene glycol 600, 0.1 M Tris-HCl pH 

7.8) at 20°C, 1.4 M sodium chloride was used as reservoir solution. Macroseeding was 

used to optimize crystals suitable for diffraction. Crystals were cryo-cooled in liquid 

nitrogen; precipitant solution supplemented with 15% glycerol was used as 

cryoprotectant. 

 

HKU4 M
pro

 

Optimized crystals suitable for diffraction were grown in drops containing 2 µL of 

protein solution and 2 µL of reservoir solution (6% w/v polyethylene glycol 3350, 2% 

v/v Tacsimate, 5% v/v 2-propanol, 0.1 M imidazole pH 6.9) at 20°C. Compound SG85 

was dissolved in DMSO firstly and then diluted with reservoir solution to 2 mM, 

SG85-HKU4 Mpro-complex crystals were prepared by soaking the crystals in this 

solution for 48 h. Before cryo-cooling in liquid nitrogen, crystals were soaked in 

reservoir solution supplemented with 15% glycerol. 
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2.2.6 Diffraction-data collection 

Diffraction-data were collected at 100 K using beamline BL14.2, BESSY (Berlin, 

Germany), which is equipped with an MX225 CCD detector (Rayonics).  

 

2.2.7 Structure solution, refinement, analysis, and presentation  

FCoV Nsp7+8 complex 

Indexing, integration, and scaling of data of were carried out with XDS (via the 

interface program ixds, developed at BESSY) (Kabsch, 2010). The program XPREP 

(Bruker) was used to further analyze and prepare datasets for structure solution and 

refinement. The selenium substructure was determined using SHELXD (Sheldrick, 

2010). Initially, the electron density was interpreted automatically using SHELXE 

(Sheldrick, 2010) and ARP/wARP (Hattne et al., 2008). Thereafter, model refinement 

and manual rebuilding were performed alternately. For refinement, Refmac5 

(Murshudov et al., 1997) was used initially and autoBUSTER (Bricogne et al., 2010) 

subsequently, whereas model building was carried out employing Coot (Emsley et al., 

2010). Molecular figures were prepared using PyMol (Schrödinger). 

 

HCoV-229E Nsp7+8 complex 

Diffraction-data were processed using the MOSFLM software (Leslie et al., 2007). For 

refinement and model rebuilding, autoBUSTER (Global Phasing) and COOT (Emsley 

et al., 2010) were performed alternatively. The interface analysis was done by using the 

PISA webserver (http://www.ebi.ac.uk/msd-srv/prot_int/). Other crystallographic 

analyses were carried out using the CCP4 package (Winn et al., 2011). Molecular 

figures were prepared using PyMol (Schrödinger). 

 

HKU4 M
pro

 

Diffraction-data were processed using the autoProc software (Vonrhein et al., 2011). A 

preliminary model was built using ARP/wARP (Hattne et al., 2008) and refined using 

Refmac5 (Murshudov et al., 1997). Structure refinement with autoBUSTER (Global 

Phasing) and model rebuilding with COOT (Emsley et al., 2010) were performed 



26 

 

alternatively. Restraints for the inhibitor were generated by the Grade webserver 

(Global Phasing). Interactions between the protein and the inhibitor were analyzed 

using Ligplot (Wallace et al., 1995). The dimerization interface of the HKU4 Mpro was 

analyzed using the PISA webserver (http://www.ebi.ac.uk/msd-srv/prot_int/). Other 

crystallographic analyses were carried out using the CCP4 package (Winn et al., 2011). 

Molecular figures were prepared using PyMol (Schrödinger). 

 

2.2.8 Glutaraldehyde cross-linking  

Chemical cross-linking was performed for Nsp7, Nsp8, and the Nsp7+8 complex of 

FCoV. All samples were diluted to 2 mg/ml in 10 mM HEPES pH 7.5, 200 mM NaCl, 5 

mM DTT. An aliquot of 25% (v/v) glutaraldehyde was diluted and added to the protein 

samples to give a final concentration of 0.01% (for Nsp7 and Nsp8) or 0.05% (for the 

Nsp7+8 complex). The reaction was performed at 4°C for 10 min followed by 

quenching through the addition of 1.0 M Tris-HCl pH 8.0 (0.5% v/v). Subsequently, an 

equal volume of loading buffer was added to the reaction mix and the samples were 

heated at 95°C for 10 min, followed by SDS-PAGE (15% acrylamide gels). 

 

2.2.9 Size-exclusion chromatography 

Solution states of Nsp7, Nsp8, Nsp7-8 and the Nsp7+8 complex were analyzed by 

size-exclusion chromatography (SEC). For FCoV proteins, 1 ml of each protein 

solution with a concentration of 15 mg/ml was loaded onto a HiLoad 16/60 Superdex 

75 column (GE Healthcare). The linear relationship between the gel-phase 

distribution coefficient (Kav) and the average molecular mass (MW) was fitted by Kav 

= -0.49265 log MW + 2.51301. For HCoV-229E proteins, 0.5 ml protein with 

different concentrations was loaded onto a Superdex 200 10/300 GL column (GE 

Healthcare). The linear relationship between the gel-phase distribution coefficient 

(Kav) and the average molecular mass (MW) was fitted by Kav = -0.380131 log MW + 

1.01481. All these experiments were performed in buffer containing 10 mM Tris-HCl 

pH 7.5, 200 mM NaCl, 5 mM DTT, and with the detection of absorbance at 280 nm.  
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2.2.10 Small-Angle X-ray Scattering (SAXS)  

SAXS measurements for FCoV Nsp7 and the Nsp7+8 complex were carried out using 

the EMBL BioSAXS beamline X33 (Roessle et al., 2007; Round et al., 2008) at the 

DORIS storage ring, DESY (Hamburg, Germany). A photon-counting PILATUS 

detector with 1 million pixels was used to record the scattered X-rays at a wavelength of 

1.54 Å. The sample-to-detector distance was 2.7 m, yielding a maximum recordable 

momentum transfer (s = 4π sinθ/λ) of 0.6 Å-1. A concentration series was analyzed for 

each sample at 20°C (1.0, 2.0, 4.0, 8.0, and 16.0 mg/ml for Nsp7+8 and 1.2, 2.4, 4.7, 

and 9.4 mg/ml for Nsp7). The data processing steps were carried out with the help of 

W. Shang and D. Svergun, EMBL Hamburg Outstation. For either sample, no 

concentration-dependence of the scattering profile was observed and the SAXS data 

from the most-concentrated sample were used for further analysis. Standard SAXS data 

reduction and analysis were carried out using PRIMUS (Kabsch, 2010). The forward 

scattering I(0) and radius of gyration Rg were evaluated using the Guinier 

approximation (Guinier, 1939) assuming that at very small angles (s < 1.3/Rg), the 

intensity is represented as I(s) = I(0) exp(-(sRg)
2/3); the Guinier plots were linear 

suggesting monodisperse solutions. The molecular mass of the solutes was evaluated 

by comparison of the forward scattering I(0) with that from a reference solution of 

bovine serum albumin (molecular mass 66 kDa; 4.5 mg/ml in 50 mM HEPES, pH 7.5). 

The maximum size of the protein molecule, Dmax, and the pair distance distribution 

function p(r) were calculated with the program GNOM (Svergun, 1992). The program 

CRYSOL (Svergun, 1995) was used to calculate the X-ray-scattering profiles with the 

high-resolution model from the crystal structure (for Nsp7 alone, the corresponding 

part of the crystal structure of Nsp7+8 was used).  

 

2.2.11 Circular dichroism 

CD spectra were measured using a Jasco J-175 spectropolarimeter equipped with a 

temperature-controlled quartz cell of 0.2 cm length path. Spectra were measured 

between 190 and 300 nm at 25°C. The molar ellipticity was calculated by using the 

software K2D3 based on the mean residue mass (Louis-Jeune et al., 2012). 
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HCoV-229E Nsp7-8 oligoprotein and Nsp7+8 complex were measured at a final 

concentration of 50 µg/ml in water.    

 

2.2.12 RdRp activity assay  

An RNA oligonucleotide representing stem-loop 1 of the 3’-UTR of the FCoV strain 

FIPV WSU-79/1146 genome (5’-GGCAACCCGAUGUCUAAAACUUGUCUUUCC 

GAGGAAUUACGGGUCAUCGCGCUGCCUACUCUUGUAC-3’, 67 nt) (Riboxx) 

was used as template in the de-novo polymerase reaction. The standard reaction 

mixture (20 µl) contained 25 mM Tris-HCl pH 8.0, 10 mM KCl, 4 mM MgCl2, 10 mM 

DDT, 1 µCi of [α-32P] GTP, 20 µM each of ATP, CTP, and UTP, 2 µM RNA templates, 

along with 5 µM of purified protein. The reaction was carried out by incubation at 30°C 

for 1 h and terminated by addition of EDTA. The products were separated by using 

denaturing polyacrylamide gel electrophoresis (17.5% acrylamide, 7 M urea in TBE 

buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0)). Dried gels were 

exposed to phosphorimaging screens and scanned with a PhosphorImager (Typhoon, 

GE Healthcare). 

 

2.2.13 Enzyme kinetic and inhibition assay for HKU4 M
pro 

The substrate Dabcyl-KTSAVLQ↓SGFRKME-(Edans)-amide (95% purity; Biosyntan 

GmbH, Berlin, Germany), was used in the fluorescence resonance energy transfer 

(FRET)-based cleavage assay. The dequenching of the Dabcyl fluorescence due to the 

cleavage of the substrate was monitored at 490 nm with excitation at 340 nm, using a 

Cary Eclipse fluorescence spectrophotometer. The experiments were performed in the 

reaction buffer consisting of 20 mM Tris-HCl pH 7.3, 100 mM NaCl, and 1 mM EDTA. 

The reaction was initiated by adding different final concentrations of the FRET peptide 

(10 - 60 µM) to a solution containing Mpro (final concentration 0.25 µM). The 

equilibrium constant Km was derived by fitting the data to the Michaelis–Menten 

equation, V = Vmax×[S]/(Km+ [S]).   
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Being a Michael acceptor compound, SG85 forms a covalent bond with the Cys148-Sγ 

of the HKU4 Mpro. The binding of this compound is irreversible and it was treated as 

time-dependent inhibition. Time-dependent inhibition progress curves were fit to a first 

order exponential (Equation 1) to yield an observed first-order inhibition rate constant 

(kobs).  

 

P = (υ 0 / kobs)(1-exp(-kobs t))+D       (1) 

obsk

1
=

3

1

k
+

3k

K i (1+[S]/Km)
][

1

I
          (2) 

 

P is the product fluorescence, v0 is the initial velocity, t is the time, D is a displacement 

term to account for the fact that the emission is nonzero at the start of data collection. 

Values of Ki and k3 were calculated from plots of 1/kobs versus 1/[I] according to 

Equation 2. 

 

The FRET-based assay was also used for the determination of the inhibition constants 

of the irreversible inhibitor SG85. The Ki and k3 values were obtained by addition of the 

enzyme (final concentration 0.25 µM) to reaction buffer plus 10 µM FRET substrate 

and SG85 (five different concentrations ranging from 2.5 µM to 10 µM). The program 

Origin (OriginLab) was used to analyze the data. 
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3. Results and Discussion 

 

3.1 The FCoV Nsp7+8 complex 

Results presented here were published in Y. Xiao et al. (Nonstructural proteins 7 and 8 

of feline coronavirus form a 2:1 heterotrimer that exhibits primer-independent RNA 

polymerase activity). J. Virol. 86, 4444-4454. (2012). 

 

3.1.1 Protein production 

The quality of FCoV proteins was analyzed by SDS-PAGE under denaturing 

conditions after size-exclusion chromatography (SEC). As indicated in Fig. 3.1, Nsp8 

containing four additional residues (Gly-Pro-Leu-Gly) (GPLG-Nsp8) (Fig. 3.1 (a)) or 

hexahistidine tag (His6-Nsp8) (Fig. 3.1 (b)) at the N-terminus exhibited an apparent 

molecular mass of about 21.5 kDa, while GPLG-Nsp7 (Fig. 3.1 (c)) showed a 

molecular mass of about 9 kDa. The SDS-PAGE analysis for the Nsp7+8 complex 

(GPLG-Nsp8 in complex with GPLG-Nsp7) is shown in Fig. 3.1 (d). The purity of all 

proteins was larger than 90%.  

           

Fig. 3.1 Purification of FCoV Nsp7, Nsp8, and their complex 

SDS-PAGE analyses of FCoV Nsp7, Nsp8, and their complex after size-exclusion 
chromatography (SEC). (a) GPLG-Nsp8. (b) His6-Nsp8. (c) GPLG-Nsp7. (d) Nsp7+8 
complex.  
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3.1.2 Crystallization of the FCoV Nsp7+8 complex 

Tiny crystals appeared in a drop containing 2.4 M (NH4)2HPO4, 0.1 M Tris-HCl pH 

8.5 (Fig. 3.2 (a)). During crystal optimization, it was noticed that the protein was 

relatively unstable at room temperature, and the crystals always stopped growing after 

nucleation. Therefore, lower temperature and different additives were tried for 

optimization. Optimized crystals suitable for diffraction were grown in drops 

containing 1.5 µL of protein solution and 1.5 µL of reservoir solution (2.24 M 

(NH4)2HPO4, 2 mM tris(2-carboxyethyl)phosphine (TCEP), 0.1 M Tris-HCl pH 8.7) 

at 4°C (Fig. 3.2 (b)). 

 

         

          a                            b 

Fig. 3.2 Crystals of the FCoV Nsp7+8 complex 

Three-dimensional crystals were obtained after three days. (a) Crystals obtained from 
initial screening, (b) crystal optimized for diffraction-data collection.  

 

3.1.3 Structure solution and quality of the structural models  

The crystal structure of the FCoV Nsp7+8 complex was determined by using the 

multi-wavelength anomalous diffraction (MAD) method. Phases were initially 

calculated to 3.5 Å, and then extended to 2.6 Å and improved via density modification. 

Statistics of the datasets are summarized in Table 3.1. 
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Table 3.1 Diffraction-data collection and refinement statistics 

 

Nsp7/SeMet-Nsp8 crystal 1 Nsp7/SeMet-Nsp8 crystal 2  

 Peak Inflection 

Data collection statistics 

X-ray source BL14.2, BESSY, Berlin  

Wavelength (Å) 0.9809 0.97974 0.97990 

Space group C2221  

Unit-cell dimensions (Å) a = 121.45, b = 160.30, 

c = 102.66 

a = 120.78, b = 161.43, 

c = 103.25 

Resolution range (Å) 33.45-2.60 (2.70-2.60) 33.55-3.24 (3.34-3.24) 

Number of unique reflections 31155 16370 16291 

Completeness (%) 99.8 (100) 99.8 (99.9) 99.7 (99.3) 

Mean I/sigma(I) 20.38 (3.33) 24.74 (4.92) 23.52 (3.62) 

Multiplicity 7.23 (7.41) 14.48 (14.99) 14.60 (14.90) 

Rint(%) 5.77 (62.0) 7.81 (48.4) 8.42 (84.1) 

Rsigma(%) 3.1 (30.0) 2.84 (19.9) 2.81 (27.08) 

Solvent content (%) 61.42  

Vm (Å3/Da) 3.19  

   

Refinement statistics  

Resolution range 33.45-2.60 

 

Rwork (%) 20.51  

Rfree (%) 22.74 

Modeled residues A: -2-73, 79-192; B: 2-83; 

C: 0-81; D: -2-191; E: 2-82 

F: 0-77 

 

Protein atoms 5498  

Water molecules 77  

r.m.s. deviation in bond lengths (Å) 0.010  

r.m.s. deviation in bond angles (°) 1.29  

   

Ramachandran plot (%)   

Most favored 97.3  

Additionally allowed 2.4  

Outliers 0.3  

   

Values in parentheses represent the highest resolution shell.  
Rint = Σ||Fo|2 − <|Fo|2>| |/Σ|Fo|2. |Fo|2 are intensities of the reflections in the unmerged 
data. <|Fo|2> is the mean intensity for symmetry-equivalents, including Friedel pairs.  
Rsigma = Σ[σ (|Fo|2)]/Σ[|Fo|2]. |Fo|2 are intensities of the reflections in the unique data.  
R = Σ||Fo| − |Fc||/Σ|Fo|. |Fo| are amplitudes of the structure factors. Rwork is the R value 
for reflections used in refinement, whereas Rfree is the R value for 5% of the reflections 
that are selected in thin shells and are not included in the refinement. 
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3.1.4 Overall architecture of the Nsp7+8 complex  

The 2.6-Å FCoV Nsp7+8 complex structure reveals a heterotrimer consisting of two 

copies of Nsp7 and one copy of Nsp8 (Fig. 3.3 (a)). The shape of the complex 

resembles a pistol (Nsp8) equipped with a magazine (2 x Nsp7). In the asymmetric 

unit, two copies of this heterotrimer dock onto each other through interaction between 

the two Nsp8 molecules, forming a dimer of the 2:1 Nsp7+8 trimer, i.e., a 

heterohexamer (Fig. 3.3 (b)).  

 

 

 

Fig. 3.3 Three-dimensional structure of the FCoV Nsp7+8 complex 

(a-b) Overall structure of the Nsp7+8 heterotrimeric (a) and heterohexameric (b) 
complex: Nsp8, Nsp7I, and Nsp7II are coloured in sky blue, red, and green, 
respectively. 

 

Nsp8 

Nsp7II 

Nsp7I 

a 

b 
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3.1.4.1 Structure of Nsp7 in the complex 

Two different conformations of the Nsp7 monomer are observed within the 

heterotrimer (Fig. 3.4 (a) and (b)). Both of the two Nsp7 molecules are composed of 

four α-helices forming an antiparallel helix bundle. Helix H2 (residues 26-41) and 

helix H3 (residues 45-62) as well as the loops preceeding and following them are 

structurally conserved between the two molecules, with an RMSD (root- mean-square 

difference) of 2.0 Å (for the 44 Cα atoms of segment 21 - 64). In contrast, helix H1 

(residues 3-20 for Nsp7I, residues 11-20 for Nsp7II) and helix H4 (residues 65-77 for 

Nsp7I, residues 69-78 for Nsp7II) are quite different in length (H1 and H4) and in 

orientation (H4). As seen in Fig. 3.4 (c) and Fig. 3.7, helix H1 of Nsp7I comprises 18 

residues while helix H1 of Nsp7II contains only 10 residues. Besides, in Nsp7I, helix 

H4 is far apart from helix H1 (distance between Val12 (Cγ1) and Leu71 (Cδ2): 12.31 

Å), but in Nsp7II, these two helices are much closer to one another (the distance 

between the two atoms indicated above is only 4.33 Å). The reason for this 

conformational difference is the insertion of Nsp8 helix Nα3 in between Nsp7 H1 and 

H4 in molecule Nsp7I but not in Nsp7II (see below). This difference between the two 

Nsp7 conformations is found identically in both copies of the Nsp7+8 heterotrimer in 

the asymmetric unit. The RMSD values between the two Nsp7I (for 78 Cα atoms) and 

the two Nsp7II (for 81 Cα atoms) are 0.37 Å and 0.34 Å, respectively. 
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Fig. 3.4 Three-dimensional structure of the FCoV Nsp7I and Nsp7II and their 

structural comparison 

Cartoon illustration of FCoV Nsp7I (a) and Nsp7II (b); (C) Superimposition of FCoV 
Nsp7I (red) with FCoV Nsp7II (green), with RMSD values (for 44 Cα atoms) of 2.0 
Å. 

 

Interestingly, when comparing the structures for Nsp7 within the heterotrimeric 

complex with the three structures of SARS-CoV Nsp7 with coordinates available in 

the PDB (2AHM, 2KYS, 1YSY), I noticed that the structure of FCoV Nsp7I is almost 

the same as that of SARS-CoV Nsp7 in complex with Nsp8 (Zhai et al., 2005) (Fig. 

3.5 (a)). The RMSD for 74 Cα atoms between the two molecules is 0.97 Å. On the 

other hand, FCoV Nsp7II is structurally similar to the isolated SARS-CoV Nsp7 in 

solution, as determined by NMR spectroscopy at pH 6.5 (Johnson et al., 2010) (Fig. 

3.5 (b)), with an RMSD (for 73 Cα atoms) of 2.38 Å. In contrast, the RMSD for 73 

Cα atoms between FCoV Nsp7II and that of SARS-CoV determined by NMR 
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spectroscopy at pH 7.5 (Peti et al., 2005) is 3.9 Å. 

       
Fig. 3.5 Structural comparison of FCoV Nsp7I and Nsp7II with the 

corresponding proteins of SARS-CoV 
(a) Superimposition of FCoV Nsp7I (red) with SARS-CoV Nsp7 (yellow) in complex 
with Nsp8, the RMSD (for 74 Cα positions) is 0.97 Å. (b) Superimposition of FCoV 
Nsp7II (green) with the SARS-CoV Nsp7 (yellow) solution structure at pH 6.5; the 
RMSD (for 73 Cα positions) is 2.38 Å. 

 

3.1.4.2 Structure of Nsp8 in the complex 

SARS-CoV Nsp8 possesses two different conformations in the hexadecameric 

complex with Nsp7 (Zhai et al., 2005). In the FCoV Nsp7+8 complex, only one 

conformation of Nsp8 is observed in the two crystallographically independent copies 

of the heterotrimer (Fig. 3.6 (a)). Similar to the "golf club" structure of SARS-CoV 

Nsp8 (Zhai et al., 2005), the Nsp8 of FCoV has a pistol-like structure composed of an 

N-terminal shaft domain and a C-terminal 'grip' domain (residues 5-112 and 113-191, 

respectively). The N-terminal shaft domain contains four helices (Nα1, residues 5-28; 

Nα2, residues 32-76; Nα3, residues 80-98; and Nα4, residues 101-112). Another three 

α-helices (Cα1, 134-140; Cα2, 168-172; Cα3, 174-179) pack against a five-stranded 

antiparallel β-sheet (β1, residues 115-118; β2, residues 127-132; β3, residues 146-149; 

β4, residues 152-160; and β5, residues 184-190) form the C-terminal 'grip' domain, 

which has an α/β fold.  

 

 

 

N 

c 

 

H1 

b a 

N 

C 



37 

 

 

 

 

Fig. 3.6 Three-dimensional structure of the FCoV Nsp8 and structural 

comparison with the corresponding proteins of SARS-CoV 

(a) Cartoon illustration of FCoV Nsp8. (b) C-terminal domain superimposition of 
FCoV Nsp8 (sky blue) with SARS-CoV Nsp8I (magenta) and Nsp8II (yellow), with 
RMSD values (for 79 Cα atoms, residues 113-191) of 1.9 Å and 1.1 Å, respectively. 

 

Superimposition of the FCoV Nsp8 C-terminal 'grip' domain onto the same regions of 

SARS-CoV Nsp8I and Nsp8II indicates that the C-terminal 'grip' domains are quite 

conserved (Fig. 3.6 (b)), with RMSD values (for 79 Cα atoms) of 1.9 Å and 1.1 Å, 
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respectively. But the Nsp8 N-terminal shaft domains of the three molecules 

(SARS-CoV Nsp8I and II, and FCoV Nsp8) display totally different orientations (Fig. 

3.6 (b)). Similar to the situation seen for half of the Nsp8 molecules (Nsp8II or 

"kinked golf club") in the hexadecameric SARS-CoV Nsp7+8 complex (Zhai et al., 

2005), the Nsp8 molecules in both copies of our heterotrimeric FCoV Nsp7+8 

complex possess a bend (displaying poorly defined electron density) between helices 

Nα2 and Nα3, hinting at the flexibility of this region. It is likely that the bend 

provides rotational freedom for the N-terminal shaft domain to swing around the 

C-terminal 'grip' domain, thereby resulting in the change of the orientation of the 

N-terminal shaft domain. 

 

3.1.4.3 Interactions between components of the heterotrimer 

In the FCoV Nsp7+8 heterotrimeric complex, Nsp8, Nsp7I, and Nsp7II interact 

predominantly via hydrophobic interactions, which are augmented by a few 

intermolecular hydrogen bonds and salt bridges. The interaction interfaces between 

Nsp8 and Nsp7I, Nsp8 and Nsp7II, and Nsp7I and Nsp7II feature a total buried 

surface area of 3,500 Å2, 1,250 Å2, and 1,310 Å2, respectively. Most of the residues 

involved in the interactions are quite conserved among coronaviruses (Fig. 3.7).  

 

The interaction between Nsp8 and Nsp7I involves two parts. The first interface is 

located at Nα3 of the Nsp8 N-terminal shaft domain. Residues of Nsp7I helices H1 

(Met6, Val12, Leu16) and H4 (Leu71, Tyr75, Phe76) form a hydrophobic core with 

residues of Nsp8 helix Nα3 (Met87, Leu91, Phe92, Met94, Leu98); a 3.16-Å 

hydrogen bond is observed between Nsp7I Lys2 Nζ and Nsp8 Leu98 O. The second 

hydrophobic interface is mainly composed of residues on H3 (Leu49, Leu53, Ile56, 

Ala57, Leu60) as well as H4 (Ile72) of Nsp7I and residues on Nα4 (Ile 106, Ile107) as 

well as β1 (Leu115, Phe116) of Nsp8. The side-chain of Nsp8 Arg111 (Nε) forms 

hydrogen bonds and salt bridges with the side-chains of both Nsp7I Glu73 (Oε2, 3.14 

Å) and Glu77 (Oε1, 3.25 Å). The two interfaces are also observed in the 

hexadecameric complex of SARS-CoV Nsp7+8 (Zhai et al., 2005) and its truncated 
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heterodimeric form (Li et al., 2010). 

 
Fig. 3.7 Sequence alignment of FCoV Nsp7 (a) and Nsp8 (b) with homologues 

from other coronaviruses  
The alignments were achieved by using ClustalW2 and the colored figures were 
generated by ESPript2.2. Residues labeled in red are conserved to more than 70% of 
the sequences and residues boxed in red are completely identical. Secondary 
structures of FCoV Nsp7 (above, Nsp7II; below, Nsp7I) and Nsp8 are indicated on 
top of the alignments. All the sequences aligned here are from the National Center for 
Biotechnology Information (NCBI) database: Feline infectious peritonitis virus 
(FCoV), DQ010921.1; SARS-CoV, NP_828865 (Nsp7) and NP_828866 (Nsp8); 
Transmissible Gastroenteritis coronavirus (TGEV), NP_840005.1 (Nsp7) and 
NP_840006.1 (Nsp8); Human coronavirus 229E (229E), NP_835348.1 (Nsp7) and 
NP_835349.1 (Nsp8); Mouse Hepatitis virus strain A59 (MHV-A59), NP_740612.1 
(Nsp7) and NP_740613.1 (Nsp8); Infectious Bronchitis Virus (IBV), NP_740625.1 
(Nsp7) and NP_740626.1 (Nsp7); Bat coronavirus HKU8, YP_001718610.1; Human 
coronavirus OC43 (OC43), NP_937947 
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The hydrophobic interface between Nsp7II and Nsp8 is mainly formed between helix 

H1 of Nsp7II (Val11, Leu14) and helix Nα2 (Leu59, Met62, Ala66) of the Nsp8 

N-terminal shaft domain, indicating that the binding of Nsp7II has influence on the 

orientation of this domain. Besides, Phe76 on H4 of Nsp7II and Ile83, Met87 on Nα3 

of Nsp8 also contribute to the hydrophobic interactions between these two 

polypeptides.  

 

The Nsp7I–Nsp7II interface is formed mostly by hydrophobic interactions between 

residues on helices H1, H2 of Nsp7I (Cys8, Val11, Val12, Leu14, Leu41) and residues 

on helices H3, H4 of Nsp7II (Leu49, Leu53, Ile56, Leu60, Ile72). In addition, Ser18 

(Oγ), Trp29 (Nε1), Asn37 (Nδ2) of Nsp7I form hydrogen bonds with Glu73 (Oε1, 

2.46 Å), Asp67 (Oδ1, 2.70 Å), and Cys66 (O, 2.82 Å) of Nsp7II, respectively.  

 

The two copies of the Nsp7+8 heterotrimer present in the asymmetric unit of the 

crystal form a heterohexamer through interaction between the N-terminal shaft 

domains of the Nsp8 molecules. To investigate whether the heterohexamer is formed 

by crystal packing or does also exist in solution, a series of biochemical and 

biophysical experiments were performed.   

 

3.1.5 The solution state of Nsp7, Nsp8, and the Nsp7+8 complex.  

In addition to the question, which quarternary structure of FCoV Nsp7+8 exists in 

solution (heterotrimer or heterohexamer), the multimeric states of isolated coronavirus 

Nsp7 and Nsp8 are also poorly described and remain controversial (Johnson et al., 

2010; Sutton et al., 2004; Zhai et al., 2005). To study the quarternary structures of 

Nsp7, Nsp8, and the Nsp7+8 complex in solution, a chemical cross-linking analysis 

was performed first.  

 

3.1.5.1 Glutaraldehyde cross-linking 

After treatment with 0.01% glutaraldehyde, both isolated Nsp7 and Nsp8 displayed 

cross-linked homodimers (18 kDa for Nsp7, 43 kDa for Nsp8) in addition to their 
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monomers (Fig. 3.8 (a) and (b)). When the Nsp7+8 complex was cross-linked by 

0.05% glutaraldehyde, the following species were detected: Nsp7 monomer (9 kDa), 

Nsp7 dimer (18 kDa), Nsp8 monomer (21.5 kDa), Nsp7/Nsp8 heterodimer (30.5 kDa), 

and the Nsp7+8 2:1 heterotrimer (39.5 kDa). Higher-order multimers were not 

detected (Fig. 3.8 (c)).  

 

Fig. 3.8 SDS-PAGE analyses of chemically cross-linked Nsp7, Nsp8, and the 

Nsp7+8 complex 

(a) Nsp7: lane 1, MW marker proteins; lane 2, untreated Nsp7; lane 3, Nsp7 
cross-linked by 0.01% glutaraldehyde; the monomer (9 kDa) and the dimer (18 kDa) 
are detected; the weak band around 25 kDa is possibly due to a  non-specifically 
cross-linked Nsp7 trimer. (b) Nsp8: lane 1, Nsp8 cross-linked by 0.01% 
glutaraldehyde; the monomer (21.5 kDa) and the dimer (43 kDa) are detected; lane 2, 
untreated Nsp8; lane 3, MW marker proteins. (c) Nsp7+8 complex: lane 1, MW 
marker proteins; lane 2, Nsp7+8 complex cross-linked by 0.05% glutaraldehyde; lane 
3, untreated Nsp7+8 complex. The Nsp7 monomer (9 kDa), Nsp7 dimer (18 kDa), 
Nsp8 monomer (21.5 kDa), heterodimer (30.5 kDa), and heterotrimer (39.5 kDa) are 
all observed.  

 

3.1.5.2 Size-exclusion chromatography 

Subsequently, size-exclusion chromatography (SEC) was used to determine the 

solution states of Nsp7, Nsp8, and the Nsp7+8 complex. As shown in Fig. 3.9, the 

Nsp7+8 complex eluted with a retention volume of 58.23 ml, representing an 

estimated MW of 43.5 kDa, which corresponds reasonably well to the MW indicated 

by cross-linking (39.5 kDa). Nsp7 and Nsp8 had a retention volume of 67.86 ml and 

56.64 ml, respectively. The estimated MW (24.9 kDa for Nsp7, 47.7 kDa for Nsp8) 

calculated from the retention volumes also agrees well with the MW of their 
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cross-linked dimers.  

 

 

Fig. 3.9 Size-exclusion chromatography (SEC) of Nsp7, Nsp8, and the Nsp7+8 

complex  
Estimation of protein solution state based on SEC data is shown in the table. Ve is the 
elution volume and Kav is the gel-phase distribution coefficient. Calibration of the 
column determined the relationship between Kav and MW as Kav = -0.49265 log MW 
+ 2.51301. Estimated Mr values from the SEC analyses also indicate that Nsp7 and 
Nsp8 alone are homodimers in solution, but that their complex is a 2:1 heterotrimer. 

 

3.1.5.3 Small-angle X-ray scattering 

In order to investigate the quarternary structures of the FCoV Nsp7+8 complex and of 

isolated Nsp7 further, small-angle X-ray scattering (SAXS) using synchrotron 

radiation was applied in collaboration with Dr. Dmitri Svergun, EMBL. The linear 

Guinier plot of the SAXS profile for the Nsp7+8 complex yielded a radius of gyration 

(Rg) of 30.0±0.5 Å, which agrees well with the Rg of 30.3 Å derived from the atomic 

structure of the heterotrimer. In contrast, the calculated Rg for the heterohexamer 

(dimer of heterotrimers) found in the asymmetric unit of the crystal is 35.0 Å. The 
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maximum particle size Dmax derived from the experimental data is 105±5 Å, which 

agrees well with the value of 115 Å for the heterotrimer, whereas the Dmax for the 

asymmetric heterohexamer is about 130 Å. As shown in Fig. 3.10, a direct 

comparison of the experimental scattering profile with that calculated from the atomic 

structure for the trimer yields a good fit with discrepancy χ=1.3 in contrast to the 

much worse fit with χ=6.0 for the hexamer (the discrepancy χ should be equal to 1.0 

for a perfect fit).  

 

Fig. 3.10 SAXS investigations of the FCoV Nsp7+8 complex and Nsp7 in solution  
Comparison of the experimental SAXS profile (empty circles) with a 
CRYSOL-calculated scattering curve (red) of the heterotrimer model consisting of 
Nsp7I, Nsp7II, and Nsp8 derived from the crystal structure and comparison of the 
SAXS data (filled circles) with the calculated scattering curve (blue) of the dimer 
model consisting of Nsp7I and Nsp7II as found in the crystal structure of the 
heterotrimer. 
 

The molecular mass of Nsp7 estimated from the Guinier analysis of the SAXS data 
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was 19 kDa. This value is twice the molecular mass (9 kDa) calculated from the 

sequence of a monomer, suggesting that the protein forms dimers in solution. There is 

a good agreement between the experimental SAXS curve and the theoretical curve 

calculated by CRYSOL from a dimeric model containing the two conformations, 

Nsp7I and Nsp7II, observed in the crystal structure of the Nsp7+8 heterotrimer 

(discrepancy χ=1.3; Fig. 3.10).  

 

Taking into account all the evidence from chemical crosslinking, size-exclusion 

chromatography, and small-angle X-ray scattering, it is clear that the Nsp7+8 complex 

is heterotrimeric in solution, while the isolated Nsp7 and Nsp8 form homodimers.  

 

3.1.6 RdRp activity of Nsp8 

Imbert et al. (Imbert et al., 2006) reported that the N-terminally His6-tagged Nsp8 of 

SARS-CoV is a non-canonical RNA-dependent RNA polymerase capable of 

synthesizing short oligoribonucleotides (< 6 residues), which might be used as 

primers by the canonical RdRp, Nsp12. In the study, initially, a similar activity was 

detected for N-terminally His6-tagged Nsp8 of FCoV (Fig. 3.11 (a)); this protein was 

able to mainly synthesize short RNA strands of approximately 6 nucleotides. The 

polymerase activity of FCoV Nsp8 also required the presence of magnesium ions, as 

activity was non-detectable without Mg2+. Surprisingly, however, upon increasing the 

Mg2+ concentration, limited amounts of longer RNA products could also be observed 

in case of N-terminally His6-tagged Nsp8 (Fig. 3.11 (a)).  

 

Subsequently, the RNA synthesis activity of the FCoV Nsp8 construct lacking the 

His6-tag while carrying 4 additional residues (GPLG) at its N-terminus was tested; 

this protein was the one used for cocrystallization with Nsp7. Interestingly, compared 

to His6-tagged Nsp8, GPLG-Nsp8 showed a much more pronounced ability to 

synthesize longer RNA, although it still could hardly synthesize RNA of 

template-length (Fig. 3.11 (b)).  
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Fig. 3.11 De-novo RdRp activities of FCoV Nsp8-containing variants  
(a) Mg2+ concentration influence on the RdRp processivity of His-Nsp8 (N-terminally 
His6-tagged). (b) Side-by-side comparison of the polymerase activities of the Nsp8, 
Nsp8 + Nsp7 complex, His6-Nsp8, and His6-Nsp8 + Nsp7 complex; Nsp7 was used as 
negative control, Nsp8 with 4 mM Mn2+ was also tested. (c) The influence of pH on 
the Nsp7+8 complex polymerase activity. RNA oligonucleotide representing 
stem-loop 1 of the 3′-UTR of the FCoV strain FIPV WSU-79/1146 genome was used 
as template in all RdRp assays.  

 

Next, these two Nsp8 variants in complex with Nsp7 were tested. Compared to the 

two Nsp8 variants alone, both of the two complexes exhibited much higher 

processivity and were able to synthesize template-length RNA (67 nt; Fig. 3.11 (b)). 

This observation provides clear evidence for an important role of Nsp7 in the RNA 

polymerase activity; apparently, it helps Nsp8 reduce abortion during replication and 

transcription and thus significantly increases its processivity. The influence of pH on 

the activity of the Nsp7+8 complex was also studied, optimum activity was found at 

neutral pH, while at pH 8.5, the polymerase activity was almost abolished (Fig. 3.11 

(c)). Different from the report on SARS-CoV Nsp8 (Imbert et al., 2006), manganese 

ions did not enhance the polymerase activity of the FCoV Nsp7+8 complex (data not 
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shown). On the contrary, the addition of 4 mM Mn2+ even had a negative effect on the 

polymerase activity (Fig. 3.11 (b)). Possibly, Mn2+ competes with Mg2+ for binding to 

the coordinating residues.  

 

Oligoribonucleotides representing stem-loop 1 (SL1) and the complete 3′-UTR of 

SARS-CoV were also used as templates for testing the polymerase activities of the 

N-terminally His6-tagged FCoV Nsp8 and the Nsp7+8 complex (data not shown). The 

identity between the SL1 sequences of SARS-CoV and FCoV is about 50%. 

Significant changes in the processivity compared to using FCoV SL1 as a template 

were not observed, implying that Nsp8 does not exhibit strong (if any) preference for 

template sequences.  

 

3.1.7 Interaction screening between hexanucleotides and the FCoV Nsp7+8 

complex  

Interactions between the FCoV Nsp7+8 complex and hexadeoxynucleotides were 

probed using an array that contains all possible hexadeoxynucleotide sequences space 

(Mescalchin et al., 2011). In this array, 4096 different hexadeoxynucleotides are 

attached to the chip surface via a non-nucleic acid linker linked to the 3′ terminus of 

the DNA. In the case of the FCoV Nsp7+8 complex, array-binding studies revealed a 

number of binding oligonucleotides which showed a relatively strong signal on the 

array (Fig. 3.12). Statistical analysis of these 60 oligonucleotide sequences indicates 

that at the 5′ end of the hexanucleotide, deoxyadenosine and deoxycytidine are 

preferred, while at the 3′ end, deoxyadenosine and deoxyguanosine are preferred. In 

the positive-strand 3′-UTR sequence of FCoV, sequence homology corresponding to 

these hexamer sequences can be found. Remarkably, an octamer sequence at the 5′ of 

the poly(A) tail (CACAAAAA) was identified, implying that the FCoV Nsp7+8 

complex might interact with this region with the highest binding affinity.   
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Fig. 3.12 Sequences of array-bound hexadeoxynucleotides with strongest binding 

to the FCoV Nsp7+8 complex  

The 60 of a total of 4096 hexamers (1.5%) that showed the highest signal on the array, 
are listed here. On top of the listed sequences is the consensus sequence. Hexamer 
sequences corresponding to sequences in the positive-strand 3′-UTR of FCoV are 
colored in red.    
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3.2 The HCoV-229E Nsp7+8 complex 

3.2.1 Protein production 

The quality of HCoV-229E proteins was analyzed by SDS-PAGE under denaturing 

conditions after size-exclusion chromatography (SEC). As seen from Fig. 3.13, the 

apparent molecular mass of the Nsp7-10 polyprotein is around 57.0 kDa (Fig. 3.13 

(a)); while the Nsp7-8 oligoprotein exhibited an apparent molecular mass of about 

31.0 kDa (Fig. 3.13 (b)). After cleavage of Nsp7-8 oligoprotein by SARS-CoV Mpro, 

Nsp7 and Nsp8 showed a molecular mass of about 9.0 kDa and 22.0 kDa, respectively 

(Fig. 3.13 (c)). Nsp7 is also purified separately (Fig. 3.13 (d)), while GST-tagged 

Nsp8 itself is not soluble. The purity of all proteins was higher than 90%.  

 

Fig. 3.13 Purification of the HCoV-229E Nsp7-8 oligoprotein and the Nsp7+8 

complex. 
SDS-PAGE analyses of the HCoV-229E Nsp7-10 polyprotein (a), the Nsp7-8 
oligoprotein (b), the Nsp7+8 complex (c), and Nsp7 (d). 
 

3.2.2 Crystallization of the HCoV-229E Nsp7+8 complex 

Enormous effort was spent on optimization of the HCoV-229E Nsp7+8 complex 

crystals for good diffraction. Crystals were first obtained, but could never be repeated 

in a condition containing 0.2 M calcium chloride, 28% v/v polyethylene glycol 400, 

0.1 M HEPES sodium pH 7.5. Crystals were only successfully repeated after 

replacing HEPES sodium by Tris-HCl, indicating that ionic strength might be crucial 

for nucleation. The major problem during crystallization trials was controlling crystal 

nucleation. As seen in Fig. 3.14 (a), normally thousands of small crystals were formed 

in the drop. This problem was solved by macroseeding in drops containing 2 µL of 

protein solution and 2 µL of precipitant solution (0.2 M calcium chloride, 21% v/v 
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polyethylene glycol 600, 0.1 M Tris-HCl pH 7.8) at 20°C, 1.4 M sodium chloride was 

used as reservoir solution. Since big crystals tend to stick tightly to the sitting-drop 

plates, hanging-drop plates were used instead for the final optimization (Fig. 3.14 (b)).  

a                       b 

          

          

Fig. 3.14 Crystals of the HCoV-229E Nsp7+8 complex 
Three-dimensional crystals were obtained after one week. (a) Crystals obtained from 
initial screening, (b) crystal optimized after several trials.  

 

3.2.3 Structure solution and quality of the structural models 

The crystal structure of the HCoV-229E Nsp7+8 complex was determined by 

molecular replacement. The structure of the SARS-CoV Nsp7+8 complex, truncated 

to one copy of Nsp7 and one copy of the Nsp8 C-terminal domain (aa 76-191), was 

used as the initial search model. The crystal of HCoV-229E Nsp7+8 complex 

displayed space group P6522 with a large unit cell (a = b =151.18 Å, c =225.36 Å). 

Assuming that the crystal has a solvent content around 50%, five copies of the 

Nsp7+8 complex would be expected per asymmetric unit according to 

Matthews coefficient. However, at the beginning, only three copies of the Nsp7+8 

complex could be found. At a later stage of refinement, a fourth copy was defined by 

fixing the three copies of the Nsp7+8 complex, and performing molecular 

replacement using a refined HCoV-229E Nsp7+8 complex harbouring one copy of 

Nsp7 and one copy of the Nsp8 C-terminal domain (aa 126-191) as the search model. 

Finally, a fifth copy of the Nsp7+8 complex was defined by superimposing a refined 

HCoV-229E Nsp7+8 heterotetramer complex onto the fourth copy of the Nsp7+8 

complex. Statistics of the datasets are summarized in Table 3.2.  
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Table 3.2 Diffraction-data collection and refinement statistics 

 HCoV-229E Nsp7+8 complex  

Data collection statistics 

X-ray source BL14.2, BESSY, Berlin 

Wavelength (Å) 0.9184 

Space group P6522 

Unit-cell dimensions (Å) a = b=151.18, c =225.36 

Resolution range (Å) 56.60-2.80 (2.95-2.80) 

Number of unique reflections 38146 (5451) 

Completeness (%) 100 (100) 

Mean I/sigma(I) 19.8 (3.0) 

Multiplicity 17.9 (17.8) 

Rmerge(%)a 10.5 (109.0) 

Rmeasure(%)b 10.8 (112.1) 

Rpim(%)b 2.5 (26.2) 

Solvent content (%) 55.58 

Vm (Å3/Da) 2.77 

Wilson B-value (Å2) 85.80 
 

Refinement statistics  

Resolution range (Å)         26.74-2.81 

Rwork / Rfree (%)c 24.12/26.13 

Modeled residues          A: 1-77; B: 50-194; C: 1-77; D: 7-193; 

         E: 1-76; F: 44-191; G: 1-64;  

          H: 71-169, 186-194; I: 1-75; J: 78-153 

Protein atoms 7240 

r.m.s. d in bond lengths (Å) 0.010 

r.m.s. d in bond angles (°) 1.25 
Mean B-value (Å2) 94.46 
Mean B-value of each chain (Å2)  A: 66.36; B: 80.68; C: 76.47; D: 73.44; E: 74.24 

F: 87.99; G: 128.43; H: 138.73; I: 127.76; J: 133.69  

  

Ramachandran plot (%)  

Mostly favored 96.2 

Additional allowed 3.0 

Outliers 0.8 

  

 

Values in parentheses represent the highest resolution shell.  

a
Rmerge = ΣhklΣi|I(hkl)i-<I(hkl)>|/ΣhklΣiI(hkl)i where I(hkl) is the intensity of reflection hkl and its 

symmetry-equivalents and <I(hkl)> is the average intensity over all equivalent reflections. 

b
 Rmeasure: multiplicity-weighted Rmerge; Rpim: precision-indicating Rmerge. 

 

c
R = Σ||Fo| − |Fc||/Σ|Fo|. |Fo| and |Fc| are amplitudes of the observed and calculated structure 

factors, respectively. Rwork is the R value for reflections used in refinement, whereas Rfree is the R 

value for 5% of the reflections which are selected randomly and are not included in the refinement. 
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3.2.4 Overall architecture of the asymmetric unit 

In total, five copies of the Nsp7+8 heterodimer (Nsp7: chains A, C, E, G, and I; Nsp8: 

chains B, D, F, H, and J) were observed in the asymmetric unit of the crystal. Two 

copies of the Nsp7+8 heterodimer within one asymmetric unit (chains A - D) dimerize 

with each other through swapping of the Nsp8 C-terminal globular domain (Fig. 3.15 

(a)). Another Nsp7+8 heterodimer (copy 3; chains E and F) dimerizes with its 

symmetry-related copy, also via swapping of the Nsp8 C-terminal globular domain 

(Fig. 3.15 (b)). The third copy of the Nsp7+8 heterotetramer (chains G - J) is also 

domain-swapped (Fig. 3.15 (c)). Compared with the other two heterotetramers, the 

electron density for the third Nsp7+8 heterotetramer is much weaker and the B factors 

are significantly higher, implying high mobility of this complex molecule. In addition, 

an area of discontinuous positive Fo-Fc difference density with a maximum sigma 

value of 4.0 is observed, but I was unable to interpret it in terms of a molecular model. 

Most probably, this density has to be largely attributed to the flexible N-terminal 

long-helix domain of the fourth and fifth copies of Nsp8 (chain H and J). Thus, a 

model of the fourth and fifth copies of the Nsp7+8 heterodimer can be only partially 

built: residues 65-83 of chain G, residues 1-70 and 159-185 of chain H, redisues 1-77 

and 155-195 of chain J, are missing in the model. Molecules of the first three copies 

of the Nsp7+8 heterodimer will be mainly discussed below.  
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3.2.4.1 Structure of Nsp7 in the complex 

Similar to Nsp7 observed in the SARS-CoV Nsp7+8 complex and Nsp7I of the FCoV 

Nsp7+8 complex, the structure of the HCoV-229E Nsp7 represents a four-helix 

bundle, which consists of α-helices H1, residues 2-20; H2, residues 26-41; H3, 

residues 45-62 and H4, residues 69-77 packed in an antiparallel coiled-coil 

arrangement with a compact hydrophobic core (H1, H2 and H3) in the center (Fig. 

3.16 (a)). The three helices of the hydrophobic core stabilize each other through 

hydrophobic interactions, whereas helix H4 is apart from this core. Superimposition 

of the first three Nsp7 molecules in the asymmetric unit also indicates a conserved 

hydrophobic core and some variability in the structure of helix H4 (Fig. 3.16 (b)). 

 

a                                    b 

            

Fig. 3.16 Three-dimensional structure of the HCoV-229E Nsp7 
(a) Cartoon illustration of HCoV-229E Nsp7 (chain A). (b) Superimposition of the 
first three Nsp7 molecules in the asymmetric unit. Chain A, chain C, and chain E are 
colored in red, green, and blue, respectively.  

 

3.2.4.2 Structure of Nsp8 in the complex 

The most striking feature of the HCoV-229E Nsp7+8 complex is that two Nsp8 

molecules dimerize with each other through swapping of their C-terminal globular 

domains. The overall fold of the C-terminal globular domain (residues 126–191) of 

domain-swapped HCoV-229E Nsp8 (Fig. 3.17 (a)) is similar to that of 

H1 

H2 

H3 H4 

N 

C 

N 

C 
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non-domain-swapped FCoV Nsp8 (Fig. 3.17 (b)), in which three α-helices are packed 

against a four-stranded antiparallel β-sheet and thus form an α/β fold.  

 

Fig. 3.17 Three-dimensional structure of the HCoV-229E Nsp8 
(a) Cartoon illustration of the domain-swapped HCoV-229E Nsp8. (b) Cartoon 
illustration of the non-domain-swapped FCoV Nsp8. (c) Superimposition of first three 
Nsp8 molecules in the asymmetric unit. Chain B, chain D, and chain F are colored red, 
green, and blue, respectively.  
 

The domain swapping occurs via the exchange of the second β strands, resulting in 

the bulk of the C-terminal domain (from residues 123 to the C-terminus) being 

swapped between the two subunits. Thus the first and the second β strands are 

integrated into one extended β strand. The newly formed β-strand links the two Nsp8 

molecules into a 2-fold symmetric dimer and contributes to the stability of the dimer, 

with a total buried surface area of approximately 2500 Å2. This dimer interface is 

stabilized by extensive hydrogen bonding between the main-chain oxygen and amide 

of the two extended β strands. The electron density corresponding to the hinge loop of 

the domain-swapped dimer is quite clear, as can be seen from the omit maps (Fig. 

3.18).  

 

 

Asn78 
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Fig. 3.18 Omit difference map (Fo-Fc) for the domain-swapped region 

120IPATSAAR127  
The map is contoured at a level of 3σ and colored magenta; residues (chain B and 
chain D) of the domain-swapped region 120IPATSAAR127 are shown as sticks and 
labeled. 

 

Superimposition of the C-terminal globular domain of domain-swapped molecule B 

onto the same regions of molecules D and F indicates that the C-terminal globular 

domains are quite conserved (Fig. 3.17 (c)), with RMSD values (for 79 Cα atoms) of 

1.9 Å and 1.2 Å, respectively. However, similar to the SARS-CoV Nsp8 which 

displays two different conformations in the hexadecameric complex with Nsp7, and 

different from the FCoV Nsp7+8 complex in which only one conformation of Nsp8 is 

observed, the HCoV-229E Nsp8 N-terminal shaft domains of the first three molecules 

display some differences both in length and orientation (Fig. 3.17 (c)). The N-terminal 

first 49 residues of chain B could not be traced from the electron density map; while 

those of chain F were modeled as Ala due to high B factors and invisibility of 

side-chains. In contrast, chain D can be well modeled and only the first 6 residues are 

missing from the electron density map. Circular dichroism (CD) spectra 

measurements indicated that the Nsp7+8 complex contains more than 80% α-helix. 

Presumably, the Nsp8 N-terminal shaft domain is quite flexible and it can only be 

fixed when in contact with other molecules.  

 

In addition, similar to the situation seen for the Nsp8II molecules ("kinked golf club") 
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in the hexadecameric SARS-CoV Nsp7+8 complex (Zhai et al., 2005), and the Nsp8 

molecule in the heterotrimeric FCoV Nsp7+8 complex, the HCoV-229E Nsp8 features 

a bend (electron density of this region is poorly defined) at a position around Asn78. 

As seen from Fig. 3.17 (c), the N-terminal shaft domains of the three domain-swapped 

Nsp8 molecules are swinging around Asn78, hinting at the flexibility of this region. 

 

3.2.4.3 Interactions between Nsp7 and Nsp8 

The HCoV-229E Nsp7 interacts with Nsp8 mainly through two hydrophobic 

interfaces, which are also observed in the SARS-CoV Nsp7+8 complex and the FCoV 

Nsp7+8 complex (Nsp7I+Nsp8). The first hydrophobic interface is situated at the 

C-terminal part of the Nsp8 N-terminal shaft domain. The hydrophobic core involves 

residues on the Nsp8 N-terminal shaft domain (Met87, Leu91, Met94, Leu95, Leu98, 

Met100) and residues of the Nsp7 helix H1 (Leu6, Thr9, Val12, and Ile16). The 

second interface is composed of residues of Nsp7 helix H3 (Leu52, Leu53, Leu56, 

Phe59, Leu60), Nsp7 helix H4 (Leu71, Val72, Tyr75) and residues on Nsp8 (Ile106, 

Leu107, Val115, and Pro116).  

 

3.2.5 The solution state of the Nsp7-8 oligoprotein and the Nsp7+8 complex  

3.2.5.1 Concentration dependence of the oligomerization states of the Nsp7-8 

oligoprotein and the Nsp7+8 complex  

Size-exclusion chromatography (SEC) was employed to determine the 

oligomerization states of the Nsp7-8 oligoprotein and the Nsp7+8 complex, in a 

concentration dependent manner. As shown in Fig. 3.19 (a), the retention volume (Vr) 

of the Nsp7-8 oligoprotein increased as the protein concentration decreased. At the 

concentration of 13 mg/ml, the Nsp7-8 oligoprotein eluted with a retention volume of 

14.21 ml, corresponding to an estimated MW of 63.5 kDa, indicating that the Nsp7-8 

oligoprotein exists mainly as dimer at this concentration. In contrast, at the 

concentrations of 2.6 mg/ml and 0.52 mg/ml, the retention volume decreased 

dramatically to 15.26 and 15.66 ml, corresponding to an estimated MW of 41.1 kDa 

and 34.8 kDa, respectively, clearly suggesting that the monomeric state is dominant at 
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these concentrations.  

 

Similar size-exclusion chromatography profiles were also observed for the Nsp7+8 

complex; the retention volume shifted as the protein concentration changed (Fig. 3.19 

(b)). At the highest concentration of 13 mg/ml, the Nsp7+8 complex eluted as a single 

peak with a retention volume of 13.6 ml, representing an estimated MW of 81.85 kDa, 

implying that at this concentration, the complex exists almost exclusively as a 

heterotetramer. As the protein concentration got lower, the retention volumes shifted 

to 14.09 ml (5 mg/ml) and 14.34 ml (2.6 mg/ml), suggesting a mixture of 

heterotetramer and heterodimer, with the heterotetramer still being the predominant 

species. At the lowest concentration (0.52 mg/ml), both heterotetramer (Vr 13.9 ml, 

MW 72.2 kDa) and heterodimer (Vr 15.11 ml, MW 43.7 kDa) co-exist.  

 

Interestingly, despite of the amino acid sequences being identical, the retention 

volumes of both the heterotetrameric and the heterodimeric Nsp7+8 complexes are 

lower than those of the corresponding dimeric and monomeric forms of the Nsp7-8 

oligoproteins. Since the retention volume of a protein is directly influenced by its 

shape, this is indicative of a significant conformational difference between the Nsp7-8 

oligoprotein and the Nsp7+8 complex. The estimated MWs of the Nsp7+8 complex 

heterotetramer (72.2 kDa) and heterodimer (43.7 kDa) are slightly larger than the 

theoretical MWs (heterotetramer 61 kDa, heterodimer 30.5 kDa). This can be 

explained on the basis of the structure by the elongated and flexible N-terminal helix 

of Nsp8. Taken together, these results show that the Nsp7-8 oligoprotein exists in a 

monomer-dimer equilibrium in solution, and the Nsp7+8 complex exists in a 

heterodimer-heterotetramer equilibrium in solution.  
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a                         b  

          

Fig. 3.19 Size-exclusion chromatography (SEC) of the Nsp7-8 oligoprotein and 

the Nsp7+8 complex  
(a) Size-exclusion chromatography profile of the Nsp7-8 oligoprotein; the curves 
observed at three different protein concentrations (13 mg/ml, 2.6 mg/ml, and 0.52 
mg/ml) are colored in black, red, and blue, respectively. (b) Size-exclusion 
chromatography profile of the Nsp7+8 complex; the curves observed at four different 
protein concentrations (13 mg/ml, 5mg/ml, 2.6 mg/ml and 0.52 mg/ml) are colored in 
black, red, blue, and green, respectively.   

 

3.2.5.2 The length of the hinge loop influences the oligomerization states of the 

Nsp7-8 oligoprotein and the Nsp7+8 complex 

Protein domain swapping can be modulated by manipulating the length of the hinge 

loop in many cases, even though the mechanism is not clear and the influence appears 

to be unique to each protein (Gronenborn, 2009). In order to investigate the influence 

of hinge loop length on the oligomerization states of Nsp7-8 oligoprotein and Nsp7+8 

complex, I either deleted the 122-124 Ala-Thr-Ser loop or inserted another 

Ala-Thr-Ser between 124Ser and 125Ala, at the hinge loop of Nsp8. The 

size-exclusion chromatography profiles of the Nsp7-8 oligoprotein with hinge-loop 

deletion or insertion, as well as of the Nsp7+8 complex with hinge-loop deletion or 

insertion, were compared to that of corresponding wild-type, at a protein 

concentration of 13 mg/ml. As can be seen from Fig. 3.20 (a), for the Nsp7-8 

oligoprotein, the elution volumes of both hinge loop deletion (15.00 ml) and insertion 

(14.91 ml) were higher than that of the wild-type (14.21 ml). Similarly, the elution 

volumes of the Nsp7+8 complex hinge-loop deletion (14.06 ml) and insertion (14.17 
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ml) were also higher than that of the wild-type (13.60 ml, (Fig. 3.20 (b)). Thus, the 

results suggest that dimer formation of Nsp8 containing variants is influenced by the 

length of the hinge loop; lengthening or shortening the hinge loop can decrease the 

protein’s propensity of dimerization caused by domain swapping. 

 

   a                        b 

 

Fig. 3.20 Influence of hinge-loop length on the oligomerization states of the 

Nsp7-8 oligoprotein and the Nsp7+8 complex by size-exclusion chromatography 

(a) Size-exclusion chromatography profile of the Nsp7-8 oligoprotein wild-type 
(black), hinge-loop deletion (blue) and insertion (red). (b) Size-exclusion 
chromatography profile of the Nsp7+8 complex wild-type (black), hinge-loop 
deletion (blue) and insertion (red). 
                                          

3.2.5.3 SDS-PAGE analyses of the glutaraldehyde-crosslinked and the 

disulfide-linked Nsp7+8 complex  

Next, a chemical cross-linking analysis was carried out. After treatment with 0.1% 

glutaraldehyde, 5 µg of protein was loaded into each lane for analysis. Bands 

corresponding to Nsp7 monomer (9 kDa), Nsp8 monomer (22 kDa), the Nsp7+8 

heterodimer (31 kDa), and the Nsp8 homodimer (44 kDa) were detected clearly in the 

SDS-PAGE (Fig. 3.21 (a)). With increasing protein concentration, the bands 

corresponding to the Nsp7+8 heterodimer and the Nsp8 homodimer increased in 

intensity. Interestingly, the ratio between the Nsp8 homodimer and Nsp7+8 

heterodimer also increased, implying that higher protein concentration increase in the 

amount of dimerized Nsp8, well in agreement with the conclusion that the 

oligomerization state of the Nsp7+8 complex is protein concentration-dependent.  
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In solution, intermolecular disulfide bond is unlikely to form if the cysteine is not 

located at or near the interaction interface. By investigating the structure of the 

domain-swapped Nsp7+8 complex, I found that the G113 and P133 residues on the 

two Nsp8 monomers in the heterotetrameric complex are very close across its dimer 

interface (the distance between the two Cα atoms is 5.99 Å). This dimer interface 

exists only if the Nsp8 C-terminal domain is swapped (Fig. 3.21 (b)). Thus, in 

principle, a mixture of the G113C-mutated Nsp7+8 complex and the P133C-mutated 

Nsp7+8 complex would have the potential to form an intermolecular disulfide bond, if 

the domain swapping also occurs in solution.  

 

 
Fig. 3.21 SDS-PAGE analyses of the glutaraldehyde cross-linked, and the 

disulfide-bond linked Nsp7+8 complex.  
(a) Glutaraldehyde cross-linking of the Nsp7+8 complex. Different protein 
concentrations are indicated below each lane. (b) Above: positions of G113C and 
P133C are indicated in the domain-swapped Nsp7+8 complex; the two Nsp8 
molecules are colored in yellow and cyan respectively; below: comparison of the 
G113C-mutated Nsp7+8 complex, the P133C-mutated Nsp7+8 complex, and their 
mixture under non-reducing conditions in 15% SDS-PAGE.  

 

Thus, the Nsp7+8 complex with the G113C or the P133C mutation was purified 

separately. The G113C- and P133C- mixed Nsp7+8 complex was prepared by mixing 

the same molar ratio of these two mutated complexes. Since observed from the 
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size-exclusion chromatography that the heterodimer-heterotetramer equilibrium of 

this complex is protein concentration-dependent, concentrating and diluting were 

performed several times to maximize the amount of G113C- and P133C- mixed 

Nsp7+8 complex. The disulfide-bond formation of the G113C-mutated Nsp7+8 

complex, the P133C-mutated Nsp7+8 complex, and their mixture were evaluated 

under non-reducing conditions by SDS-PAGE (Fig. 3.21 (b)). In both the 

G113C-mutated Nsp7+8 complex and the P133C-mutated Nsp7+8 complex, Nsp8 

migrated as a monomer of 21.5 kDa. However, in the mixture, Nsp8 formed a dimer 

band corresponding to a MW of about 43 kDa. This dimer is supposed to be 

disulfide-linked via the 113C and 133C residues of the two Nsp8 molecules. In the 

wild-type Nsp8, the only cysteine residue is located at position 188, deeply buried 

inside the C-terminal global-domain and far away from the two mutation sites. This 

result strongly suggests that the Nsp8 C-terminal global-domain swapping is not an 

artifact of crystal packing, but does exist in solution as well.  

 

3.2.5.4 Dynamic Light-Scattering 

To compare the oligomerization states of the FCoV and HCoV-229E Nsp7+8 

complexes, the hydrodynamic radii of these two complexes were measured by 

Dynamic Light-Scattering in buffer containing 10 mM Tris-HCl pH 7.5 and 200 mM 

NaCl, at the concentration of 15 mg/ml. As evident from Fig. 3.22 (a), the Nsp7+8 

complex of FCoV exhibited a quite monodisperse band with a hydrodynamic radius 

of about 3.46 ± 0.14 nm. In the case of the HCoV-229E Nsp7+8 complex (Fig. 3.22 

(b)), the monodisperse hydrodynamic radius was centered at around 7.90 ± 1.39 nm. 

Comparison of the hydrodynamic radii of the two Nsp7+8 complexes indicates that 

the HCoV-229E Nsp7+8 complex is almost double the size of the FCoV Nsp7+8 

complex. Again, the result presented here is consistent with what is observed in the 

crystal structures. The size of the heterotetrameric HCoV-229E Nsp7+8 complex is 

double the size of the heterotrimeric FCoV Nsp7+8 complex.  
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a                          b 

                

Fig. 3.22 Dynamic Light-Scattering of the FCoV (a) and the HCoV-229E (b) 

Nsp7+8 complex  

The results were interpreted using the software provided by the manufacturer. 
Experimental errors were estimated as standard deviations calculated from 10 
measurements for each sample. The hydrodynamic radius is depicted on the x-axis, 
the time on the y-axis. 

 

3.2.6 RdRp activity of the HCoV-229E Nsp8-containing variants 

In the FCoV study, I have found that N-terminally His6-tagged Nsp8 of FCoV was 

able to mainly synthesize short RNA strands of approximately 6 nucleotides. A similar 

activity for the HCoV-229E Nsp7-10 polyprotein was also observed (Fig. 3.23 (a)). 

But different from the report on SARS-CoV Nsp8 (Imbert et al., 2006), manganese 

ions did not enhance the polymerase activity of the HCoV-229E Nsp7-10 polyprotein 

(Fig. 3.23 (a)).  

 

I also tested the RdRp activities of the Nsp7-8 oligoprotein and Nsp7+8 complex of 

HCoV 229E. These two variants exhibited very similar activities and were able to 

synthesize template-length RNA (67 nt; Fig. 3.23 (b)). This observation is not beyond 

my expectation. First, these two proteins were of the same composition and exhibited 

quite similar profiles in size-exclusion chromatography. Second, the Nsp7-8 

oligoprotein and the Nsp7+8 complex of SARS-CoV showed comparable primer 

extension activities (te Velthuis et al., 2012). In addition, I also tested the 

hinge-loop-inserted and -deleted Nsp7+8 complex. Surprisingly, in spite of similar 
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size-exclusion chromatography profiles, the RdRp activity of the hinge-loop-deleted 

Nsp7+8 complex was almost abolished, while that of the hinge-loop-inserted Nsp7+8 

complex remained (Fig. 3.23 (c)). Even though the hinge-loop-inserted and -deleted 

Nsp7+8 complexes share very similar size-exclusion chromatography profiles, the 

result presented here implied that the hinge-loop (122-124 Ala-Thr-Ser) deletion may 

have destroyed its structure. 

 

 

                   a            b           c 

 

Fig. 3.23 De-novo RdRp activities of the HCoV-229E Nsp8-containing variants  
(a) Influence of Mn2+ on the RdRp processivity of the HCoV-229E Nsp7-10 
polyprotein. (b) Side-by-side comparison of the polymerase activities of the 
HCoV-229E Nsp7-8 oligoprotein and Nsp7+8 complex. (c) Side-by-side comparison 
of the polymerase activities of the HCoV-229E Nsp7+8 complex hinge-loop insertion 
and deletion. An RNA oligonucleotide representing stem-loop 1 of the 3’-UTR of the 
FCoV strain FIPV WSU-79/1146 genome was used as template in all RdRp assays.  
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3.3 Discussion of the Nsp7+8 complex 

The coronavirus replicase-transcriptase complex (RTC) is involved in different steps 

of viral RNA synthesis, but its detailed composition and structure is not clear, and 

how the replicase-transcriptase complex accomplishes these various activities is not 

understood in any detail. For instance, it is still unclear whether the same 

replicase-transcriptase complex is engaged in full-length and subgenomic mRNA 

synthesis or how the switch of RNA synthesis from negative to positive strand is 

regulated (Sawicki et al., 2005). Biochemical studies have proved that many 

coronavirus replicase proteins are associated with enzymatic activities. Nsp8 of 

SARS-CoV has been identified as noncanonical primer-independent RNA polymerase 

(te Velthuis et al., 2012; Imbert et al., 2006). In addition, Nsp8 is able to interact with 

many replicase proteins such as Nsp2, Nsp5, Nsp6, Nsp7, Nsp8, Nsp9, Nsp12, Nsp13, 

and Nsp14, suggesting it is a major component within the replicase-transcriptase 

complex (von Brunn et al., 2007).  

 

Despite high sequence similarity (higher than 40%), I have found that Nsp7+8 

complexes of different coronaviruses display great structural diversity. Unlike the 

SARS-CoV (betacoronavirus) Nsp7+8 hexadecamer complex, in which eight Nsp8 

interact with eight Nsp7 (Zhai et al., 2005), the Nsp7+8 complex of FCoV 

(alphacoronavirus) is a heterotrimer formed by two Nsp7 molecules and one Nsp8. In 

my study, the Nsp7 and the Nsp8 of FCoV have been mixed at different ratios, but the 

resulting complex always eluted with a retention volume of around 58.2 ml from the 

size-exclusion column, corresponding to the heterotrimer. Chemical cross-linking and 

small-angle X-ray scattering (SAXS) also indicate that the 2:1 stoichiometry of 

Nsp7:Nsp8 observed in my crystal structure exists in solution as well. In addition, the 

HCoV-229E (alphacoronavirus) Nsp7+8 complex, which was produced by Mpro 

cleavage of Nsp7-8 oligoprotein, reveals a equlibrium between 1:1 heterodimer and 

2:2 heterotetramer. In the 2:2 heterotetrameric complex, two Nsp8 copies form a tight 

dimer through domain swapping involving the C-terminal globular domains. Mixing 

the HCoV-229E Nsp7+8 complex with a two-fold excess of Nsp7 did not result in a 
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2:1 heterotrimer or a 4:2 heterohexamer. Even though these different Nsp7+8 complex 

structures are only observed from different coronaviruses up to now, I assume that 

they might exist among all the Nsp7+8 complexes, because most of the residues 

involved in the complex assembly are conserved. Thereby the structural and 

stoichiometrical diversity of the Nsp7+8 complex would endow it with 

multifunctional property in transcription and replication.   

 

3.3.1 Domain swapping of the HCoV-229E Nsp7+8 complex 

Domain swapping has been proposed as a possible mechanism for protein 

oligomerization, misfolding, and functional regulation. When domain swapping 

occurs, noncovalent interactions of the swapping region are interrupted and replaced 

by almost identical interactions with the other monomer to form a dimer or oligomer 

(Liu & Eisenberg, 2002). In the structure, the HCoV-229E Nsp7+8 complex reveals a 

2:2 heterotetramer, in which two Nsp8 copies form a tight dimer through domain 

swapping involving the C-terminal globular domains. Even though the domain 

swapping does not provide a mechanism for the evolution of functional site(s), I 

assume it maybe a mechanism of functional regulation. As presented above, Nsp8 is a 

key component of the RTC and able to interact with many other replicase proteins. In 

spite of conserved secondary structure, the Nsp7+8 heterotetramer and the Nsp7+8 

heterodimer are distinct in oligomerization state. Therefore, the interaction patterns of 

Nsp8 with other components of the RTC will change upon domain swapping; as a 

consequence, RTC formation will be modified or totally disrupted.  

 

In domain-swapped structures, the closed monomer and domain-swapped oligomer 

share the same structures except the hinge loop. Therefore, between the closed 

monomer and the domain-swapped oligomer, the free energy difference is small but 

the transition energy barrier is high. However, this energy barrier can be reduced 

under certain circumstances, such as change of pH, change of temperature, presence 

of denaturants, and binding of a ligand (Liu & Eisenberg, 2002). Thus, the possibility 

that Nsp8 of other coronaviruses also posses the domain swapping ability cannot be 
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excluded, even though they have not been observed so far. Interestingly, the domain 

swapping of HCoV-229E Nsp7+8 complex is protein concentration-dependent in 

solution, where a dynamical heterodimer-heterotetramer equilibrium exists. This 

phenomenon has also been observed in many domain-swapped structures (Rousseau 

et al., 2001; O'Neill et al., 2001; Liu & Eisenberg, 2002). It has been proposed that 

under physiological conditions, macromolecular crowding increases local protein 

concentration and may facilitate 3D domain swapping in vivo (Minton 2001; Liu & 

Eisenberg, 2002). In coronaviruses, RNA synthesis takes place in double-membrane 

vesicles (DMVs), which provide a membrane-anchored structural framework and may 

increase the viral RTC component concentration (Knoops et al., 2008). Therefore, a 

high concentration of Nsp8 in double-membrane vesicles may facilitate 3D domain 

swapping in vivo. 

 

In many cases, modification (mutation, deletion, or insertion) at the hinge loop may 

have significant effect on domain swapping (Rousseau et al., 2001, Picone et al., 2005, 

Chen et al., 1999, Bandukwala et al., 2011). Either shortening or elongating the hinge 

loop of Nsp8 by three amino acids decrease its propensity of dimerization caused by 

domain swapping. However, these modifications cannot totally disrupt or promote 

Nsp8 domain swapping, indicating the hinge loop might not be the only determinants 

for domain swapping. It has been reported recently that the domain swapping of 

SARS-CoV Mpro C-terminal helix α1 is activated by its C-terminal helix α5, 

emphasizing the importance of non-swapped elements in mediating domain swapping 

(Kang et al., 2012). It is still not clear how the 3D domain swapping of HCoV-229E 

Nsp8 is achieved, and further studies are needed to reveal Nsp8 domain swapping 

mechanism and roles in replicase-transcriptase complex modification. 

 

3.3.2 Structure of the HCoV-229E Nsp7-8 oligoprotein 

Rearrangement of the Nsp7 and Nsp8 coding sequences or disruption of the Nsp7-8 

cleavage site in MHV-A59 were not permissive for virus replication (Deming et al., 

2007), implying the Nsp7-8 oligoprotein and Nsp7+8 complex are both important for 
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virus replication. Similar to the Nsp7+8 complex, the Nsp7-8 oligoprotein also exists 

in monomer-dimer equilibrium in solution. Additional Nsp7 cannot form a complex 

with the Nsp7-8 oligoprotein (data not shown), suggesting that Nsp8 within the 

Nsp7-8 oligoprotein might already interact with its Nsp7. In addition, it is unlikely 

that the Nsp7 of one oligoprotein can interact with the Nsp8 of another oligoprotein, 

otherwise higher-order oligomerization states of the Nsp7-8 oligoprotein would be 

observed. So most probably, the Nsp7 and Nsp8 within one oligoprotein interact with 

each other through intramolecular interaction. As indicated in “Results”, the retention 

volumes of both the heterotetrameric and heterodimeric Nsp7+8 complexes are lower 

than those of the corresponding dimeric and monomeric states of the Nsp7-8 

oligoprotein, suggesting that the overall shape of Nsp7-8 oligoprotein is more 

compact than that of the Nsp7+8 complex. The SAXS measurements carried out by 

our collaborators (Falke, Ph.D. thesis, University of Hamburg, 2013) also suggest that 

both the Nsp7+8 complex and Nsp7-8 oligoprotein are dimerized through the 

C-terminal part of Nsp8. Interestingly, the overall shape of the Nsp7+8 complex is a 

bit longer than that of the Nsp7-8 oligoprotein, very likely due to the elongated Nsp8 

N-terminal domain of the Nsp7+8 complex. Considering all the evidence presented 

above, I propose that in one Nsp7-8 oligoprotein, Nsp7 and Nsp8 interact with each 

other in an intramolecular arrangement. Therefore, the N-terminal long-helix domain 

of Nsp8 is bent over to its C-terminal domain. Once the linker is cleaved by the Mpro, 

the N-terminal long helix of Nsp8 is released and the Nsp7+8 complex would present 

a more elongated structure compared with the Nsp7-8 oligoprotein.   

 

3.3.3 Function of the Nsp7+8 complex 

I show here that like SARS-CoV, FCoV and HCoV-229E possess a 

primer-independent RNA polymerase, Nsp8, in addition to the canonical, 

primer-dependent RNA polymerase Nsp12. Since Nsp8 of SARS-CoV was reported 

to produce oligoribonucleotides with less than 6 residues, it was postulated that the 

protein acts as primase and the primers synthesized by Nsp8 would be subsequently 

utilized by the primer-dependent polymerase Nsp12 for further elongation (Imbert et 
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al., 2006). Distinct from previous observations with SARS-CoV, results presented 

here demonstrate that both the Nsp8 and the Nsp7+8 complex of FCoV, as well as the 

Nsp7-8 oligoprotein and Nsp7+8 complex of HCoV 229E are able to synthesize much 

longer transcripts (up to template-length). Interestingly, quite recently, te Velthuis et al. 

(2012) showed that Nsp8 of SARS-CoV with authentic N-terminus is capable of 

extending primed RNA templates, implying the possibility that Nsp8 and the Nsp7+8 

complex of SARS-CoV may also synthesize longer products. I conclude that Nsp8 is 

not simply a primase which merely provides primers for Nsp12, but also executes its 

own polymerase function and associated roles in coronavirus replication and 

transcription. In addition, considering the fact that the FCoV Nsp7+8 complex 

exhibits much higher processivity than does Nsp8 alone in de-novo RNA synthesis, I 

consider Nsp7's role to be more than just mortar to stabilize the FCoV Nsp7+8 

complex structure. I postulate that Nsp7 could enhance the RNA-binding affinity of 

the Nsp8 N-terminal shaft domain by stabilizing its orientation and folding, and 

thereby increasing the polymerase processivity of Nsp8.  

  

In this study, I have also tested the RNA synthesis function of the precursor 

polyprotein Nsp7-10 of HCoV 229E. Sawicki et al. (2005) had proposed that the 

MHV-A59 precursor polyprotein Nsp4-10 might possess independent functions 

before being proteolytically processed. Deming et al. (2007) further supported this 

idea by demonstrating that rearrangement of the Nsp7 and Nsp8 coding sequences in 

MHV-A59 was not permissive for virus replication. Here I demonstrate that the 

purified Nsp7-10 polyprotein of HCoV 229E, a presumable replicase precursor, can 

function as RdRp in vitro, even though it is only able to produce short RNA 

oligonucleotides. In comparison, the HCoV-229E Nsp7-8 oligoprotein and Nsp7+8 

complex, as well as the mature FCoV Nsp8 and its Nsp7+8 complex, exhibit much 

stronger polymerase processivity, suggesting that polyprotein processing and 

replication/transcription complex formation are crucial for the polymerase activity of 

Nsp8. In addition, the distinct polymerase processivity of different Nsp8 variants 

implies that at different stages of replication and transcription, different 
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Nsp8-containing variants may be required as de-novo RdRps. The proteolytic 

processing of the replicase polyproteins and the assembly of the replication complex 

might be critical for regulating RNA replication and transcription, for instance, 

switching from negative-strand RNA synthesis to positive-strand RNA synthesis 

(Brayton et al., 1982). Nsp8 or Nsp8-containing polyprotein might act as primase at 

the initial step of coronavirus RNA synthesis, but after being cleaved and assembled 

into the Nsp7+8 complex, the latter might be responsible for further elongation of the 

primers.  

 

As mentioned above, I noticed that FCoV GPLG-Nsp8 showed much higher 

polymerase processivity than the N-terminally His6-tagged Nsp8, indicating that 

additional residues at the Nsp8 N-terminus might have significant influence on the 

elongation step during RNA synthesis. It might be argued that the increased 

processivity is due to the four extra residues (GPLG) remaining at the N-terminus of 

FCoV Nsp8 from the cloning procedure, although such a gain of function would be 

extremely unlikely for these four amino-acid residues devoid of functional groups in 

their side-chains. This has further been clarified by proving that the HCoV-229E 

Nsp7+8 complex with authentic N-terminus also possesses high polymerase 

processivity. In addition, the recent report by te Velthuis et al. (2012) on a 

primer-extension activity of SARS-CoV Nsp8 with authentic N-terminus supports my 

view that the primer-independent polymerase activities of FCoV Nsp8 and the 

Nsp7+8 complex are not due to a gain of function caused by these four extra residues. 

Rather, the HCoV-229E Nsp7-10 seems to cause a loss of function in terms of 

polymerase processivity. However, the HCoV-229E Nsp7-8 oligoprotein, which 

possesses many additional residues (Nsp7) is fully processive, implying that an 

authentic N-terminus might not be the only determinant for polymerase processivity. I 

do not have a good explanation for the apparent influence of residues at the 

N-terminus of Nsp8, as a structure of free Nsp8 is not available. More structural and 

functional studies should be performed to address this issue.   
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The fact that the Nsp7-10 polyprotein of HCoV 229E, which is very unlikely to form 

the same quarternary structure as the SARS-CoV, the HCoV-229E, or the FCoV 

Nsp7+8 complex, shows polymerase activity, suggests that the Nsp8 de-novo RNA 

synthesis activity probably does not depend on its multimeric state. This is supported 

by the observation of polymerase activity for all the Nsp8-containing variants 

discussed in this thesis (except hinge-loop deleted Nsp7-8 oligoprotein), which 

showed distinct multimeric states. 

 

3.3.4 Active-site(s) within Nsp8  

The crystal structure shows that the N-terminal shaft domain of FCoV Nsp8 is rich in 

positively charged amino-acid residues on one side (Fig. 3.24 (a)), which could be 

responsible for RNA binding. A similar charge distribution is also observed in the 

same region of HCoV-229E Nsp8 (chain D, Fig. 3.24 (b)). In the SARS-CoV Nsp7+8 

complex (Zhai et al., 2005), replacing Arg and Lys residues in this region by Ala 

significantly decreased its nucleic-acid-binding affinity. Previous studies in our group, 

using 1D-NMR and circular dichroism (CD) spectroscopy, showed that the 

N-terminal shaft domain of isolated Nsp8 of SARS-CoV is partially disordered in 

solution (Ponnusamy, 2010), in agreement with the conclusions of Rao and coworkers 

(Li et al., 2010, Zhai et al., 2005). In the crystal structure of the HCoV-229E Nsp7+8 

complex, part of the Nsp8 N-terminal shaft domains cannot be traced from the 

electron density map. However, the same domain of FCoV Nsp8 is well-defined in the 

complex structure, with the exception of the bend between helices Nα2 and Nα3. 

Interestingly, the orientation of the FCoV Nsp8 shaft domain is distinct from that of 

its counterpart in SARS-CoV. The latter makes the same interactions with Nsp7 as 

FCoV Nsp8 does with Nsp7I, but the second Nsp7 molecule (with its distinct 

conformation) is missing in the hexadecameric SARS-CoV complex. It is quite 

possible that the interaction with two Nsp7 molecules, especially the binding of 

Nsp7II, not only improves folding of the Nsp8 N-terminal shaft domain, but also has 

an influence on its orientation. 

 



71 

 

 

 

Fig. 3.24 Electrostatic-potential surface of FCoV Nsp8 (a) and HCoV-229E Nsp8 

(b)  

Red and blue surfaces represent negative and positive potentials (–10 kBT to +10 kBT), 

respectively. The electrostatic surface potentials were calculated using the Adaptive 

Poisson-Boltzmann Solver (APBS) within the PyMOL APBS tools.  

 

However, the molecular mechanism of the RNA polymerase activity of Nsp8 still 

cannot be derived from the available Nsp7+8 complex structures, as these do not 

allow the localization of the active site(s), in spite of a large body of mutational data 

(Imbert et al., 2006, Zhai et al., 2005, te Velthuis et al., 2012). Canonical primases 

and RNA polymerases usually feature an (Asp/Glu)-X-(Asp/Glu) motif at their active 

site, which binds to Mg2+ or Mn2+ (Castro et al., 2007). FCoV Nsp8 comprises a 

Glu-X-Glu sequence within its helix Nα3, while HCoV-229E possesses Asp-X-Glu at 

the same place. te Velthuis et al. (2012) showed that replacing the Asp residue of this 

motif by Ala in SARS-CoV Nsp8 abolished its primer-extension activity. But in all 

the three crystal structures, the two acidic side-chains are oriented towards different 

sides of the helix. However, I cannot exclude the possibility that the active 

conformation of Nsp8 could be quite different when in complex with RNA. Indeed, 

preliminary results from Fluorescence-Resonance-Energy-Transfer measurements of 

a 

b 

N-terminal domain 

N-terminal domain 
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our collaborators demonstrate that fluorophor-labeled Nsp8 of FCoV undergoes 

significant conformational changes upon addition of RNA (Seidel, unpublished data). 

Ralph Baric’s group has shown that in MHV, Lys58Ala mutation of Nsp8 

(corresponding to Lys58 in FCoV and HCoV-229E) is not viable for virus replication 

(unpublished data). Considering the fact that a hexahistidine tag at the N-terminal 

seems to cause a loss of function in terms of polymerase processivity, I postulate that 

the active-site(s) of Nsp8 might be located at its N-terminal region depicted in Fig. 

3.25. Nevertheless, it is important to perform more biochemical and structural studies 

on the Nsp8-RNA complex in order to reveal the mechanism of this non-canonical 

RNA-dependent RNA polymerase. 

 

 

Fig. 3.25 Residues important for RNA polymerase activity of Nsp8 

 

 

 

 

 

 

 

 

 

N-terminal 

 

50D/E X 52D/E motif 

Lys58, RNA binding 
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3.4 HKU4 M
pro

 

3.4.1 Protein production 

The purity of HKU4 Mpro was analyzed by SDS-PAGE under denaturing conditions 

after size-exclusion chromatography (SEC). The protein exhibited an apparent 

molecular mass of about 34.0 kDa (Fig. 3.26), and its purity was higher than 95%.  

 

 
                    

Fig. 3.26 SDS-PAGE analysis of HKU4 M
pro

 

 

3.4.2 Crystallization of HKU4 M
pro

 

Optimized crystals suitable for diffraction were grown in drops containing 2 µL of 

protein solution and 2 µL of reservoir solution (6% w/v polyethylene glycol 3350, 2% 

v/v Tacsimate, 5% v/v 2-propanol, 0.1 M imidazole pH 6.9) at 20°C (Fig. 3.27). 

Compound SG85 was initially dissolved in DMSO and then diluted with reservoir 

solution to 2 mM. The SG85-HKU4 Mpro complex crystals were prepared by soaking 

crystals of the free enzyme in this solution for 48 h.  
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Fig. 3.27 Crystals of HKU4 M
pro

.
 

 

3.4.3 Structure solution and quality of the structural models 

The crystal structure of the free HKU4 Mpro was determined by molecular 

replacement, using the structure of its homologue from SARS-CoV (PDB code: 3TNT; 

Zhu et al., unpublished) as search model. Crystals displayed space group P3121 with 

unit-cell dimensions a = b = 79.62 Å, c = 178.37 Å, and two monomers in the 

asymmetric unit. The crystal structure of HKU4 Mpro in complex with SG85 was 

initially refined with the model for the free enzyme. At a later stage, SG85 was 

modelled into difference density. Statistics of the datasets are summarized in Table 

3.3. 
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Table 3.3. Diffraction-data collection and refinement statistics 

 

 HKU4 M
pro

 HKU4 M
pro

 + SG85 

Data collection statistics 

X-ray source BL14.2, BESSY, Berlin 
Wavelength (Å) 0.9184 
Space group P3121 
Unit-cell dimensions (Å) a = 79.62, c = 178.37 a = 79.35, c = 178.67 
Resolution range (Å) 178.37-1.50 (1.52-1.50) 178.67-1.96 (2.00-1.96) 
Number of unique reflections 105128 (3283) 47447 (2363) 

Completeness (%) 99.6 (95.4) 100.0 (99.9) 
Mean I/sigma(I) 32.4 (4.3) 29.9 (4.9) 
Multiplicity 11.0 (8.8) 11.1 (11.3) 
Rmerge(%)a 5.0 (58.3) 5.9 (59.2) 
Rmeasure(%)b 5.2 (61.9) 6.2 (61.9) 
Rpim(%)b

 1.6 (20.2) 1.8 (18.2) 
Solvent content (%) 48 48 
Vm (Å3/Da) 2.37 2.37 
 

Refinement statistics  
Resolution range (Å) 68.96-1.50 68.72-1.96 
Rwork / Rfree (%)c 15.7/17.5 17.1/19.8 
Modeled residues A: 1-306; B: 1-302 A: 1-306; B: 1-302 
Protein atoms 9233 9242 
Water and other solvent atoms 858 483 
Ligand atoms none 47 
r.m.s.d in bond lengths (Å) 0.010 0.010 
r.m.s.d in bond angles (°) 1.11 1.09 
   
Ramachandran plot (%)   
Mostly favored 98.5 97.8 
Additional allowed 1.5 2.2 
Outliers 0 0 

   

   
Values in parentheses represent the highest resolution shell.  
a
Rmerge = ΣhklΣi|I(hkl)i-<I(hkl)>|/ΣhklΣiI(hkl)i where I(hkl) is the intensity of reflection 

hkl and its symmetry equivalents and <I(hkl)> is the average intensity over all 
equivalent reflections. 
b
 Rmeasure: multiplicity-weighted Rmerge; Rpim: precision-indicating Rmerge.  

c
R = Σ||Fo| − |Fc||/Σ|Fo|. |Fo| and |Fc| are amplitudes of the observed and calculated 

structure factors, respectively. Rwork is the R value for reflections used in refinement, 
whereas Rfree is the R value for 5% of the reflections which are selected randomly and 
are not included in the refinement. 
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3.4.4 Crystal structures of HKU4 M
pro 

and its complex with inhibitor 

3.4.4.1 Overall structure of HKU4 M
pro

 

Crystals of the free HKU4 Mpro and its complex with SG85 were isomorphous. The 

crystal structures were determined at 1.50 Å and 1.96 Å resolution, respectively (see 

Table 3.3 for diffraction data and crystallographic refinement statistics). One 

asymmetric unit contains two protease molecules (designated A and B), which form a 

homodimer with a buried intermolecular surface of ~1300 Å2, corresponding to about 

9% of the total surface area of the monomer (Fig. 3.28 (a)). The overall r.m.s. 

difference between the Cα positions of the two monomers is 0.6 Å. Residues 70-78, 

located in a loop region, exhibit a relatively large r.m.s. difference (2.1 Å) for the Cα 

positions, probably due to either the intrinsic flexibility of this region or their 

locations in different crystallographic environments (Fig. 3.28 (b)). The overall fold 

of the HKU4 Mpro monomer is similar to that of the corresponding enzymes of other 

coronaviruses. The HKU4 Mpro monomer consists of three domains; the first two 

domains are β-barrels harboring the catalytic dyad (Cys148...His41) and the 

substrate-binding pocket between them, while the third domain is α-helical (Fig. 3.28 

(b)). The dimerization interface includes the most important interactions between the 

amino-terminus ("N-finger", residues 1-7) of one monomer and residues lining the S1 

substrate-binding pocket of the other (Glu169, Phe143). These interactions keep the 

S1 pocket of the other monomer in an open, catalytically competent shape capable of 

accommodating the P1-Gln residue of the substrate; hence, dimer formation is 

essential for the proteolytic activity of the mature protease.  
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a                           b 

    

 

Fig. 3.28 Three-dimensional structure of the HKU4 M
pro

  

(a) Overall structure of the HKU4 Mpro dimer, the catalytic cysteine and histidine 
residues are highlighted. (b) Superimposition of monomer A and B; the three domains 
are indicated. Monomer A and B are colored in blue and orange, respectively.  

 

3.4.4.2 The substrate-binding site of HKU4 M
pro

 

In the crystal of free HKU4 Mpro, the substrate-binding pocket of one monomer (chain 

B) is exposed to the solvent and thus represents a “free” state; while that of the other 

(chain A) is occupied by the C-terminal 302GVVMQ306 peptide from a 

symmetry-related copy (designated here as A’), resembling a product-bound form 

(Fig. 3.29). Although a His5 tag had been attached to the C-terminus of the protease, 

the electron-density maps clearly shows that this tag has been cleaved off after 

Gln306; thus the C-terminus of the Mpro is authentic. Even though the Mpro normally 

prefers small aliphatic residues such as serine or alanine at the S1’ position, there is 

also exception, e. g. the P1’ residue of the Nsp8/Nsp9 cleavage site is a conserved 

asparagine. Therefore, the observed unusual Gln-His cleavage may conceivably occur 

at a slow rate during crystallization. 

Domain I Domain II Domain III 

Residues 70-78 
N C 
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Fig. 3.29 The substrate-binding pocket of HKU4 M

pro
 monomer A is occupied by 

the C-terminus of a symmetry-related molecule  

The C-terminal 302GVVMQ306 peptide of symmetry-related monomer A’ inserts into 
the substrate-binding pocket of monomer A. C-terminal residues of monomer A’ are 
shown in sticks (C: cyan; N; blue; O: red) and labeled. The 2Fo-Fc electron-density 
map is shown for the 302GVVMQ306 peptide and around the presumably Ni2+ ion; the 
map is contoured at a level of 1σ. 

 

In addition, there exists a strong, spherical peak (about 30σ) in the difference 

electron-density map, which is close to the active site of monomer A (Fig. 3.29). 

Because cysteine and histidine are good ligands for divalent metal ions, I interpreted 

this peak as a nickel ion, which originated most likely from the purification step using 

a Ni-NTA column. The HKU4 Mpro is inactive in reaction buffer without EDTA, 

further supporting that there are divalent metal ions in the protein solution. Even 

though the interactions of this Ni2+ with Cys148-A, His45-A, and the carboxyl group 

of the C-terminal Gln306-A’ might distort the geometry of these residues from their 

native state, they only have a negligible effect on other residues outside this region. 

On the other hand, the nickel is important for crystal formation; removal by adding 1 

mM EDTA to the crystallization buffer resulted in no crystals at all. A nickel ion has 

also been placed into a rather weak electron-density peak close to the free active site 

of monomer B.  
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The C-terminal 303VVMQ306 peptide of the neighbouring monomer A’ binds to the S4, 

S2, and S1 subsites of monomer A, hence representing the P4 - P1 residues of an Mpro 

cleavage sequence, and thereby illustrating the product-binding mode.  

 

The S1 subsite, formed by atoms of Phe143mc+sc, Leu144mc, Cys145mc, Ser147sc, 

Tyr164sc, His166sc, Met168sc, Glu169mc+sc, and His175sc (mc, main chain; sc, 

side-chain) is a compact space tailor-made to specifically harbour a glutamine residue. 

P1-Gln306 fills the S1 subsite; its Oε1 atom accepts a hydrogen bond (2.78 Å) from 

the Nε2 atom of conserved His166, and its Nε2 atom donates two hydrogen bonds to 

Oε1 of Glu169 (3.19 Å) and the main-chain oxygen of Phe143 (3.05 Å). One of the 

oxygen atoms of the C-terminal carboxylate of the symmetry-related molecule 

(residue Gln306) occupies the oxyanion hole, making hydrogen bonds with the 

peptide NH groups of Cys148 (3.05 Å) and Gly146 (2.85 Å) (Fig. 3.30). 

 

The S2 subsite, constituted by Leu49sc, His41sc, Asp190sc, Gln192sc, Tyr54sc, 

Met184sc, and Met168sc, is large and capable of accommodating various residue 

types, such as leucine, phenylalanine, methionine, and valine, all of which occur at the 

P2 position of Mpro cleavage sites. The P2-Met305A’ makes close contacts with 

Met168sc, His41sc, Gln192sc, and Asp190sc, mainly via hydrophobic and van der 

Waals interactions. Its main-chain oxygen accepts a hydrogen bond from the Nε atom 

of Gln192 (2.96 Å). While the side chain of P3-Val304A’ is oriented towards the 

solvent, its main-chain amide and oxygen form hydrogen bonds with the main-chain 

oxygen (2.88 Å) and amide (2.88 Å) of Glu169, respectively (Fig. 3.30).  
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Fig. 3.30 Interactions of monomer A’ C-terminal 302GVVMQ306 residues with the 

S4-S1 subsites of monomer A.  
Residues involved in the interactions are shown in sticks (C-monomer A’: cyan; 
C-monomer A: green; N; blue; O: red) and labeled. These hydrogen bonds are 
represented by dashed lines. Distances between atoms are shown in Å.  

 

The S4 subsite, formed by Gln195sc, Glu189mc, Leu170sc, and Met168sc, is rather 

shallow and connected to the S2 pocket. P4-Val303A’ is located at the rim of this 

pocket, interacting hydrophobically with Met168, Leu170, and the aliphatic part of 

Gln195. 

 

Compared to the “free” substrate-binding pocket, the S2 site in the product-bound 

form does not demonstrate significant conformational differences, except that the 

side-chain of Gln192 moves towards the pocket and forms a hydrogen bond with the 

main-chain oxygen of the peptide. 
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3.4.4.3 Crystal structure of HKU4 M
pro

 in complex with the inhibitor SG85  

SG85 is a Michael acceptor compound of the formula Cbz-Ser(O-tBu)-Phe- 

GlnLactam-CH=CH-CO-OEt (Tan et al., 2013). The β-carbon atom of its vinylogous 

ethyl ester moiety will form a covalent bond with the nucleophilic cysteine of the 

protease (Fig. 3.31). It is non-toxic (CC50 of 190 µM in Vero cells, and 265 µM in 

HuhT7 cells; Tan et al., 2013). The compound irreversibly inhibits HKU4 Mpro with 

inhibition parametes Ki = 6.78 ± 0.15 µM, k3 = 0.049 ± 0.002 s-1, as determined by 

using a FRET-based assay. 

 

      

Fig. 3.31 Structural formula of inhibitor SG85 

 

In the crystal structure of HKU4 Mpro in complex with SG85, the inhibitor occupies 

subsites S4 to S1’ of molecule B (Fig. 3.32). Molecule A again harbours the 

C-terminal residues of a symmetry-related A’ molecule in its substrate-binding pocket; 

the conformation of A’ residues 303 – 306 is basically the same as in the structure of 

the “free” HKU4 Mpro. No major conformational changes were observed in the SG85 

complex structure compared to the free state of the enzyme. However, local 

conformational changes did occur, such as a movement of the side-chain of Gln192 

towards the S2 pocket, enabling its Oε1 to form a hydrogen bond to the main-chain 

amide of the P2-phenylalanine of SG85, which is also observed in the 

product-binding mode. 
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Fig. 3.32 The substrate-binding pocket of HKU4 M
pro

 is occupied by the 

inhibitor SG85 

SG85 binds to the substrate-binding pocket of HKU4 Mpro monomer B. SG85 is 
shown in sticks (C: cyan; N; blue; O: red) and its P1’ - P4 residues are labeled. The 
2Fo-Fc electron-density map is shown for SG85 and contoured at a level of 1σ. 

 

The most important interactions occur between the P1 residue of SG85 and the S1 

subsite of the protease. The P1 side-chain fills the S1 pocket; it is a five-membered 

lactam, which was chosen in this position to replace the P1-Gln residue of the 

substrate in order to reduce the entropy loss upon binding. The specific hydrogen 

bonding is retained from the product-bound form: the lactam oxygen atom accepts a 

hydrogen bond (2.60 Å) from His166sc; the lactam amide donates a bifunctional 

hydrogen bond to the carboxylate group of Glu169 (3.09 Å) and the main-chain 

oxygen of Phe143 (3.07 Å). The β-carbon of the vinyl group is covalently bound to 

the sulphur of the active-site Cys148, rendering an S configuration. The carbonyl 

oxygen of the ester is located in the oxyanion hole, accepting hydrogen bonds from 

the amide groups of Cys148 (3.07 Å) and possibly Gly146 (3.43 Å). The ethoxy 

group only displayed faint electron density, probably due to its weak interaction with 

the S1’ subsite. 
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Fig. 3.33 The inhibitor SG85 interacts extensively with HKU4 M
pro

 

Residues involved in the interactions are shown as sticks (C-SG85: cyan; C-HKU4 
Mpro: green; N: blue; O: red) and labeled. These hydrogen bonds are represented by 
blue dashed lines. Distances between atoms are shown in Å.  

 

The P2-phenylalanine inserts deeply into the S2 pocket (Fig. 3.33). It interacts with 

His41sc, Gln192sc, Leu49sc, Met168sc, and Lys191mc via hydrophobic contacts. 

However, the electron density of the side chain showed a certain degree of 

discontinuity, implying sub-optimal interactions with the protein. More flexible 

aliphatic residues such as norleucine might be a better choice in this position. The 

hydrogen bond between its main-chain amide and Oε1 of Gln192 (2.89 Å) induced an 

orientation shift in the side chain of the latter, as also seen in the product-bound form 

(Fig. 3.30). Remarkably, this hydrogen bond might be essential for the SG85 

interaction: SG85 cannot inhibit alphacornavirus Mpros (HKU8 and NL63), in which 

this Gln is replaced by Pro, and unable to make this hydrogen bond (Xiao et al., 

unpublished; Zhang et al., unpublished). 
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The side-chain of the P3 residue has little interaction with the protein and is not well 

defined by electron density. However, the main-chain oxygen and amide form 

hydrogen bonds with the main-chain amide (2.73 Å) and oxygen atom (2.77 Å) of 

Glu169, respectively (Fig. 3.33). 

 

The electron density of the benzyl moiety of the capping benzyloxycarbonyl (Cbz) 

group is weaker than for other parts of the inhibitor. Its phenyl ring interacts with the 

S4 pocket residues Gln195sc, Leu170sc, and Met168sc mainly via hydrophobic 

contacts. However, the 4-carbon of the phenyl ring also makes a rather close contact 

with the main-chain oxygen of Gln195 (2.66 Å), which may impose an adverse effect 

on the binding.  

 

In conclusion, the P1-GlnLactam of SG85 is the most important contributor to the 

interactions with the protein; P2, P4, P1’ contribute significantly, but there appears to 

be space for their optimization; P3 makes little contribution to binding but too long a 

side-chain in this position can lead to cytotoxicity (Tan et al., 2013). 

 

3.4.4.4 Comparison with SARS-CoV M
pro

 

The overall r.m.s.d value for Cα atoms between the Mpro dimers of HKU4 and 

SARS-CoV is 1.97 Å (Fig. 3.34). The structure of domain I and domain II (r.m.s.d 

value for 200 Cα atoms is 1.32 Å) is more conserved (except residues 71-76) than that 

of domain III (r.m.s.d values for 101 Cα atoms is 2.82 Å). In the substrate binding 

sites, significant differences occur around residues 49 (Leu in HKU4 and MERS-CoV; 

Met in SARS-CoV) and conserved Gln192 (HKU4 numbering), both of which line 

the S2 specificity pocket.  
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Fig. 3.34 Superimposition of M
pro

 monomers of HKU4 and SARS-CoV  

The Cα trace of the HKU4 Mpro is shown in green ribbons and that of the SARS-CoV 
Mpro (PDB code 1UJ1, Yang et al., 2003) is in red ribbons. 

 

The dimerization interface is also somehow different between the HKU4 and 

SARS-CoV Mpros. In the SARS-CoV Mpro, Arg4 of its "N-finger" form a salt-bridge 

with Glu290 of domain III of the other monomer, while this Arg is replaced by Val in 

HKU4 Mpro, therefore disrupting the salt-bridge formation. As a compensation, a new 

salt-bridge is formed between Lys124 (Ser in SARS-CoV) of one monomer and 

Glu155 (Ile in SARS-CoV) of the other. I conclude that while the overall fold of the 

main protease is conserved in HKU4 and MERS-CoV when compared to SARS-CoV, 

this is only partly true for the substrate-binding site and the dimerization interface. 

 

Even though SG85 also binds and inhibits the Mpro of SARS-CoV, there are 

significant differences in its binding mode to the S4 and S1' pockets due to exchanges 

of amino-acid residues shaping these sites (Fig. 3.35). In SARS-CoV Mpro, the SG85 

P1’ residue bends outside and interacts with its own P3 residue via hydrophobic 

forces (Zhu et al., unpublished), while it is located right in the S1’ pocket in HKU4 

Mpro. The substitution of Thr25 of SARS-CoV Mpro by Met25 increases the 

hydrophobicity of the S1’ pocket of HKU4 Mpro. The S4 pocket is apparently larger in 

HKU4 Mpro, and implicitly in MERS-CoV Mpro as well, than in SARS-CoV Mpro. The 

Ala194 in the SARS-CoV Mpro S4 pocket is substituted by a glutamine (Gln197) in 

Domain III 
Residues 71-76 
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HKU4 Mpro. The side chain of this glutamine forms a hydrogen bond with Ser171 and 

pushes the loop (194-198) outward, thereby making the S4 pocket larger. However, 

the residues contributing to differences in the binding modes still remain to be 

identified by mutagenesis experiments. 

      

Fig. 3.35 Comparison of HKU4 M
pro

 and SARS-CoV M
pro

 in complex with SG85  

The Cα trace of the HKU4 Mpro is shown in cyan ribbons and that of the SARS-CoV 
Mpro is shown in green; SG85 in complex with HKU4 Mpro and SARS-CoV Mpro are 
shown in red and yellow sticks, respectively. The structure of SARS-CoV Mpro in 
complex with SG85 was determined by Zhu et al. (unpublished). 

 

3.4.5 Discussion 

Viruses arising from animal reservoirs are of increasing threat to humans, and they 

effectively emerge and re-emerge in the human population. Approximately 75% of all 

emerging infectious diseases are zoonoses, emphasizing the inexorable link between 

human and animal health. Transmission of zoonotic pathogens between wildlife 

species and humans always occur in an unpredictable manner. Therefore, mitigating 

and tackling a possible exposure of zoonotic pathogens originated from wildlife 

species is difficult.  

 

To date, over 1230 different bat species have been identified worldwide. These 

species exhibit a large variety of ecological and behavioral adaptations that have 
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developed during their evolutionary history of about 70 million years. The 

tremendous time line of evolution and the gregarious habits of bats seem to have 

favored bats to carry a large diversity of viral agents, many of which are possible 

ancestors of human or other animal viruses. The pandemic of SARS aroused a new 

era of intensive investigations into wildlife reservoirs, including bats. As suggested by 

previous studies, many human coronaviruses are supposed to have originated from 

animal coronaviruses, especially bat coronaviruses. For example, SARS-CoV very 

likely originated from a bat reservoir and was transmitted to humans via the civet as 

intermediate (Li et al., 2005). An alphacoronavirus isolated from the North American 

tricolored bat has been proposed to share common ancestry with HCoV-NL63 (Huynh 

et al., 2012). Remarkably, the newly emerged human coronavirus MERS-CoV, which 

belongs to the betacoronavirus clade C, is evolutionarily close to bat coronaviruses 

HKU4 and HKU5.  

 

The emergence of MERS-CoV demonstrates that future zoonotic transmission of bat 

coronaviruses into the human population is likely to occur. In order to increase the 

preparedness against such events, our laboratory has embarked on a program 

focussing on the structure-based design of broad-spectrum antivirals that would also 

inhibit bat coronaviruses of the various families and clades, in case of zoonotic 

transmission of such viruses into the human population. The target in these drug 

design efforts is the Mpro, an enzyme that has been shown to be a useful target for 

anti-coronavirus inhibitors earlier (Anand et al., 2003; Yang et al., 2005; Zhu et al., 

2011). 

 

Coronavirus genomes encode two large polyproteins, pp1a and pp1ab, which are then 

processed by viral proteases to yield the individual components of the large 

replication/transcription complex. The Mpro cleaves these huge substrates at no less 

than 11 sites out of the 15 processing sites, and the processing is crucial for viral 

replication and transcription. Therefore, the Mpro is one of the major targets for 

anti-coronaviral inhibitor development. The Mpro of TGEV was the first reported 
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three-dimensional structure of coronavirus (Anand et al., 2002). After the outbreak of 

SARS-CoV, crystal structures of many different coronavirus Mpros have been 

determined, i.e., HCoV-229E (Anand et al., 2003), SARS-CoV (Yang et al., 2003), 

HKU1 (Zhao et al., 2008), IBV (Xue et al., 2008). In general, Mpros of coronaviruses 

share overall similarity in both fold and substrate binding sites, which forms a basis of 

designing wide-spectrum Mpro inhibitors. On the other hand, there are also significant 

differences around the substrate binding sites, which should not be neglected in 

broad-spectrum inhibitor design for best efficiency against each species. For example, 

SG85 and some of its derivatives are quite active against SARS-CoV Mpro, but exhibit 

very poor inhibition against alpha-CoV Mpros. Therefore, understanding the details of 

different Mpros is important for broad-spectrum and specific inhibitor design. 

 

In this thesis, I have determined the crystal structure of HKU4 Mpro, the first 

three-dimensional structure from bat coronavirus. This allowed visualization of the 

substrate-binding sites in three states: free, product-bound, and inhibitor-bound. It can 

serve as a useful inhibitor design model for this clade. MERS-CoV exhibits around 

80% sequence identity to the bat coronavirus HKU4 (van Boheemen et al., 2012). Its 

Mpro has 81% identity (90% similarity) to the homologue from HKU4 (Fig. 3.36); 

hence, a high similarity can be expected for their 3-D structures as well. The crystal 

structure of HKU4 Mpro in complex with SG85 provides detailed insight into the 

interactions of the inhibitor with the protein, thereby helping design of improved 

versions of the former. In particular, the amino-acid residues in the active site and 

substrate-binding cleft, which are in contact with the inhibitor SG85, are 100% 

conserved between the two viruses. Consequently, SG85 inhibits MERS-CoV with 

EC50 of 5 µM in a cell-based assay (carried out by D. Muth, University of Bonn 

Medical Centre).   
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Fig. 3.36 Sequence alignment of the HKU4 M

pro
 with homologues from other 

coronaviruses  
The alignments were achieved by using ClustalW2 and the colored figures were 
generated by ESPript2.2. Residues labeled in red are conserved to more than 70% and 
residues boxed in red are completely identical. The secondary structure of HKU4 Mpro 
is indicated on top of the alignments. All sequences aligned here are from the 
National Center for Biotechnology Information (NCBI) database. 

 

Until now, 130 cases of human infection with this new coronavirus have been 

reported. Although human-to-human transmission still appears to be limited, the high 

case-fatality ratio (~45%) makes this virus a dangerous thread. It remains to be seen 

whether the new coronavirus MERS-CoV will create problems similar to the SARS 

outbreak of 2003. But in any case, it is advisable to get prepared for a similar scenario; 

developing anti-MERS inhibitors is hence an urgent task. 
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