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Abstract 

This dissertation focused on understanding the biology of the nonstructural protein 2 

(nsp2) of porcine reproductive and respiratory syndrome virus (PRRSV), the etiological 

agent of porcine reproductive and respiratory syndrome (PRRS). PRRSV nsp2 is a 

multidomain protein, containing a putative N-terminal cysteine protease PL2 domain, a 

500-700aa middle region of unknown function, a transmembrane domain and a C-

terminal tail with uncertainty. In this dissertation, we report the following. (i) PRRSV 

nsp2 is undergoing rapid evolution in field strains exemplified by viral isolates MN184A 

and B. (ii) We showed that PRRSV nsp2 hypervariable regions aa12-35 and aa324-813 

were not essential for viral replication in MARC-145 cells by using a reverse genetics 

system based on strain VR-2332. In contrast, deletion of the cysteine protease PL2 core 

domain, the PL2 downstream flanking sequence (aa181-323), the predicted 

transmembrane domain and the C-terminal domain were lethal to the virus. (iii) We 

provided evidence that the nsp2 protein encodes an active PL2 protease and mediates 

nsp2/3 processing in CHO cells with a substrate preference for the dipeptide G1196|G1197. 

The PL2 protease possessed both trans- and cis-cleavage activities, which could be 

distinguished by point mutations. Site-directed mutagenesis studies revealed that 

mutations that caused a specific loss of trans function of the PL2 protease, but not cis 

activity, were detrimental to the virus. In addition, we showed that the conserved aspartic 

acid residues (e.g., Asp89) played an important role in the PL2 trans-cleavage activity. 

(iv) We investigated the proteolytic processing of nsp2 in MARC-145 cells using 

recombinant PRRSV expressing foreign epitope-tagged nsp2 protein. We showed the 

presence of the nsp2 protein as different isoforms in PRRSV-infected cells, which 

appeared to share the same N terminus but differed in their respective C-termini. The 

nsp2 species emerged almost simultaneously in the early stage of PRRSV infection, were 

stable and had low turnover rates. Deletion mutagenesis suggested that the smaller nsp2 

species (e.g. nsp2d, e and f) were not essential for viral replication in cell culture. Lastly, 

a cellular protein, heat shock 70kDa protein 5 (HSPA5), was identified as a 

coimmunoprecipitate of nsp2. 
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Chapter I 

General Introduction 

PRRS problem  
Porcine reproductive and respiratory syndrome (PRRS) is currently one of the most 

economically devastating swine diseases in the U.S. and other swine-producing countries 

in the world. Reproductive failure (e.g., mummy, stillborns and abortions) in sows and 

respiratory distress (e.g., interstitial pneumonias) in young pigs are the most common 

clinical manifestations (65, 66, 193). The disease emerged almost simultaneously in 

Europe and North America in the late 1980’s, initially termed as mystery swine disease 

(MSD), swine infertility respiratory syndrome (SIRS) and porcine epidemic abortion and 

respiratory syndrome (PEARS) (17, 41, 70, 99, 110, 247, 249, 264), and then spread 

quickly to other parts of the world. 

The etiological agent of PRRS is porcine reproductive and respiratory syndrome 

virus (PRRSV) (37, 41, 151, 248), a small, enveloped, positive-stranded RNA virus with 

a genome size of ~15.4kb (3, 42, 152, 162). The virus belongs to the family Arteriviridae 

along with equine arteritis virus (EAV), murine lactate dehydrogenase elevating virus 

(LDV), and simian hemorrhagic fever virus (SHFV), and is classified as part of the newly 

established order Nidovirales together with the coronaviruses (29). Two genotypes of 

PRRSV strains have been categorized based on genetic differences: European PRRSV 

(Type I) and North American PRRSV (Type II). The Lelystad strain (LV) is the 

prototype of European PRRSV and strain VR-2332 is the foremost representative of the 

North American lineage (3, 148, 151, 162). PRRSV has a limited host range and pigs are 

the only natural host. The virus replicates predominantly in porcine macrophages (50, 

100, 157, 215, 278). PRRSV infection mainly occurs through direct contact, aerosol, 

semen or vertical dissemination (38, 55, 78, 86, 117, 119, 149, 165, 173, 174, 225, 230, 

243, 255). 

The past 20 years have seen numerous PRRS endemic and pandemic outbreaks 

worldwide. Particularly, the virulent strains exemplified by Type II JA142 strains, 

MN184 strains and Type I European-like PRRSV caused severe disease in the swine 
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farms in the U.S. Midwest (75, 77, 192). In Asia, PRRSV contributes to large-scale 

outbreaks of swine high fever disease that swept throughout China in 2006-2007, leaving 

more than 300 million pigs affected with a high fatality rate of 20-30% (80, 222, 224, 

275). The disease, called atypical PRRS, differed from conventional PRRS in clinical 

symptoms that are manifested as high fever (40-42°C), petechiae and erythematous 

blanching rash in ears, mouth, snout, back and inner thigh, and pregnant sows and adult 

pigs died as a result of the infection (80, 222, 224, 275). 

Properties of PRRSV Infection 
 (i) Persistent infection. Following an acute infection of about one month, PRRSV 

successfully establishes a persistent infection with durations of 3-6 months that mainly 

reside in secondary lymphoid tissues (2, 10, 121, 160, 198, 254). Pigs infected with 

PRRSV can be long-term carriers and shed the virus at a low level to infect naïve pigs (2, 

10, 121, 198, 254, 256). It is becoming clear that subclinical persistent infection of a herd 

contributes considerably to the uncontrolled spread of PRRSV and is the major 

impediment to the successful control of PRRS disease.  

(ii) Disregulation of host immunity. PRRSV appears capable of subverting or 

evading host immunity. PRRSV infection fails to trigger a strong innate immune 

response that is always the key for successful control or clearance of pathogens (1, 135, 

155, 236), resulting in severe suppression of genes involved in intrinsic immunity. The 

induction of INFα/β expression, a characteristic response to viral infection, is usually 

minimal in PRRSV infection both in vivo and in vitro (1, 135, 155, 236). The production 

of inflammatory cytokines such as IL-1 and IL-6 is also low (34, 236, 237). As for 

adaptive immunity, antigen specific antibodies are generated in the early stages of virus 

infection, usually at about 7-10 days post-infection, but are non-protective (163, 266). 

Neutralizing antibodies begin to appear only slowly 4-8 weeks post-infection with 

considerably low titers, a time point that the virus titer in peripheral blood has already 

begun going down at the end of the acute infection (83, 146, 146, 180, 265). The role of 

neutralizing antibodies in eliminating or preventing PRRSV infection has been in debate 

although some protective effects were observed against homologous infection by passive 

transfer (62, 133, 134, 171). In terms of cell-mediated immunity, the interferon gamma 
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(INF-γ) production is delayed and maintained at a low level, and T cell responses have 

not been convincingly linked to short term immune responses, but rather to eventual 

clearance of the virus from host tissues (11, 11, 13, 61, 62).  

(iii) Genetic variation. The PRRSV genome has been undergoing broad genetic 

variation since it was first characterized (51, 109, 147, 159, 181). The North American 

PRRSV strains (NA) differ from European PRRSV strains (EU) by a 30-40% difference 

at the nucleotide level (3, 162). Even within genotypes, the difference may range from 0 

to 20% percent. In particular, the coding regions for segments of the genome known as 

nonstructural protein (nsp) 1β, nsp2 and ORF5 have considerably high mutation rates (3, 

75, 80, 101, 181, 192, 206). The continuous evolution of the PRRSV genome has led to 

the emergence of new strains with different antigenicity that might increase the fitness of 

the virus in vivo. The mutations in ORF5 that encodes the viral attachment molecule 

might change the antigenicity of the protein and help the virus escape neutralizing 

antibodies. Extensive naturally occurring mutations are the bottleneck for traditional 

vaccines, especially against heterologous PRRSV infection (20, 26, 120, 142, 170, 203, 

204).  

PRRSV Genome Structure 
PRRSV shares the common features of nidoviruses in terms of genome organization, 

transcription and gene expression strategies (84, 208). The virus genome contains a cap 

structure and a poly(A) tail at the respective 5’ and 3’end (162, 177). The genome 

includes untranslated regions at 5’ and 3’ termini that contain cis-acting signals for 

genome replication and transcription (35, 177, 241). The open reading frames (ORFs) 

vary in and between the families of the Nidovirales. The two 5’ largest ORFs, ORF1a and 

lb coding for the viral replicase, occupy two-thirds to three quarters of the PRRSV 

genome. ORF1b is translated by a -1 ribosomal frameshift mechanism directed by a 

ribosomal frameshift signal (RFS) at the overlap area of ORF1a and ORF1b (208). The 

translated multidomain precursors polyprotein 1a and lab (pp1a, pp1ab) undergo a 

maturation process that generates multiple nonstructural protein subunits (208, 277). 

Structural proteins are encoded by ORF2-7s in the 3’-end of viral genome. The order for 

the structural proteins of arteriviruses is GP2/E-GP3-GP4-GP5-M-N, while in 
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coronaviruses is S-E-M-N. Several accessory genes are located between S and E or 

between M and N protein in coronaviruses (84). 

PRRSV virions are spherical particles with a diameter of 50-60nm consisting of a 

putative icosahedral core surrounded by an envelope (17, 53, 138). The capsid is formed 

by the 14kD nucleocapsid protein (N) subunits that package the 15kb viral genome via 

interaction with a yet unidentified packaging signal located in ORF1a coding region (52, 

272). In the envelope, up to seven structural proteins including GP2a, E (GP2b), GP3, 

GP4, GP5, M and N have been identified and shown to be the components of the virions 

of European PRRSV (153) (52, 154, 235, 259, 260). The 17kD M protein is a non-

glycosylated Type III membrane protein with a N-terminal ectodomain of 16aa, three 

transmembrane domain helices and a 78aa C-terminal endodomain (154). The 25kD 

glycosylated GP5 is predicted to have a N-terminal signal sequence of approximately 

30aa, followed by a 35aa ectodomain, a hydrophobic region of about 60aa and a 70aa 

endodomain (52). M, N and GP5 constitute the major structural proteins, which are 

abundant in viral particles. The remaining proteins, GP2a, E, GP3 and GP4, are minor 

constituents at low abundance in virions, of which only E is non-glycosylated (52, 154). 

GP3 occupies a unique position and is a component of EU PRRSV virions (235), whereas 

for NA strains the protein was reported to be a soluble, secreted protein (82, 139).  

GP5 and M proteins form a disulfide-linked heterodimer, presumably occurring 

between cysteine residues at positions 50 and 8 respectively (140), which has been 

demonstrated to be crucial for viral assembly, whereas the minor glycoproteins are not 

necessary (257). However, Type I PRRSV is noninfectious without the incorporation of 

the minor structural proteins (257), consistent with an earlier report that ORF2a/b or 

ORF4 products are essential for a North American strain of PRRSV since mutant 

genomes from which the ORFs have been deleted did not generate infectivity (246). A 

similar situation was observed in EAV, where incorporation of either of the minor 

proteins depended on all the other minor proteins, suggesting that these proteins interact 

with each other (251-253). 

PRRSV Replication 
PRRSV has a restricted host range and replicates predominantly in porcine 
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macrophages in vivo (50, 100, 157, 215, 278). Several cell lines, including the African 

green monkey kidney cell line MA-104 and its subclone MARC-145, as well as hamster 

cell line BHK-21 support PRRSV replication in vitro, however the latter does not support 

virus entry (12, 111, 150). Virus entry involves an initial nonspecific attachment to cells, 

which brings into close proximity the virion particles and specific receptors. Heparin 

sulfate on the surface of macrophages was shown to serve as the initial attachment 

molecule and sialoadhesin appeared to be the viral receptor (56-59, 239, 240). However, 

a different group demonstrated that porcine CD163 conferred susceptibility of 

nonpermissive cells to PRRSV infection (25). It has been postulated that the GP5-M 

heterodimer is involved in the receptor recognition. Neutralizing epitopes were mapped 

to the ectodomain of GP5, and some in GP4 (172, 183, 184, 258). However, chimeric 

viruses using EAV as backbone with the ectodomain of GP5 coming from PRRSV or 

LDV were viable and still could infect BHK-21 and RK-13 cells but not by PRRSV or 

LDV (7, 262), suggesting that GP5 might not be the only determinant for viral tropism 

and questioning a decisive role of GP5 in the virus invasion. Similarly, replacement of 

the ectodomain of PRRSV M protein by that of other arteriviruses also did not change 

PRRSV tropism (7, 262).  

PRRSV binding to its receptor triggers viral penetration. The subsequent endocytosis 

appears to be clathrin-mediated (116). Several pieces of evidence showed that PRRSV 

entry is pH-dependent and requires acidification, suggesting that the entry most likely 

occurs through the endocytic secretory pathway (116, 161). Following membrane fusion 

and capsid disassembly, the PRRSV genome is released into cytoplasm and initiates 

immediate translation of ORF1a/b to generate pp1a and pp1ab. The subsequent 

proteolytic processing of replicase polyproteins is essential to the PRRSV replication. 

The polyproteins have to be correctly and efficiently cleaved and regulated in order to 

generate mature nonstructural protein subunits (nsp), which are critical for correct 

trafficking and assembly of viral replication complexes, and maybe for antagonizing host 

anti-viral responses. Arterivirus replicase maturation is fulfilled by virus-encoded 

proteases located in nsp1, nsp2 and nsp4 (277), and has only been extensively 

investigated in EAV (212, 245). Processing of PRRSV pp1a starts with the N-terminal 
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auto-processing of nsp1 by papain-like cysteine protease α and β (PCPα and PCPβ) while 

the PCPα domain is inactive in EAV (60, 210). A cysteine protease PL2 is predicted in 

the N terminus of the nonstructural protein 2 (nsp2) of PRRSV. In EAV, the PL2 

counterpart has been shown to cleave at the site between nsp2 and nsp3 (213), and the 

picornavirus 3C-like protease (3CLpro) encoded by nsp4 is responsible for processing the 

remainder of ORF1a and ORF1b into nsp3-12 (214, 233, 234). In coronaviruses, nsp3 

codes for papain-like proteases (PLP1, PLP2). Papain like protease 1 (PLP1) is 

responsible for processing nsp1 and nsp2 and PLP2 is believed to cleave the site at 

nsp3|nsp4 to release main protease 3CLpro, while SARS-CoV and group 3 coronaviruses 

encode only one accessory protease (PLP2) responsible for the maturation of the N-

terminal nsp1, nsp2 and nsp3 (66, 215). 

Processing of arterivirus ORF1b generates four putative domains which are 

conserved and have been found in all nidoviruses (84, 277): RNA dependent RNA 

polymerase (RdRp) (14), zinc binding domain (ZBD) (14, 143), helicase (HEL) and 

endoribonuclease U (XendoU) (103, 186, 205). Another two recently identified domains, 

3’-to-5’ exoribonuclease (ExoN) and the ribose-2’O-methyltransferase (O-MT) (32, 54, 

156), are only present in coronaviruses and indispensable for viral RNA synthesis and the 

production of virus progeny in HCoV-229E and SARS-CoV.  

The mature nsps from proteolysis are transported to proper intracellular 

compartments to form what are referred to as viral replication complexes. Viral 

replication carried out through cytoplasmic RNA-dependent RNA synthesis involves 

virus-modified host intracellular membranes that could be of many origins. Characteristic 

double membrane vesicles (DMVs) are always seen in nidovirus-infected cells (208). 

Cryoimmunoelectron microscopy of EAV and mouse hepatitis virus (MHV) infected 

cells revealed structures consisting of typical DMVs containing nonstructural proteins 

and de novo made viral RNAs (85, 179, 231). EAV DMVs probably originate from 

paired endoplasmic reticulum membranes and could be induced by heterologous 

expression of nsp2-nsp3, independent of RNA synthesis (179, 209). EAV nsp2 is also 

involved in targeting viral replication complexes to endoplasmic reticulum (ER) and the 

hydrophobic membrane domain may serve as membrane anchor, along with nsp3 and 
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nsp5, which have several hydrophobic domains (209, 232). MHV DMVs are derived 

from endosomal membranes and viral replicase proteins were found on the surface of 

DMVs (231). Similar DMV-like structures of unknown origin were also found in PRRSV 

infected cells (208). 

Expression of PRRSV structural protein genes is fulfilled through a discontinuous 

transcription mechanism (135), which generates a 3’ coterminal nested set of subgenomic 

RNAs containing a short 5’ leader sequence derived from the 5’ end of the viral genome 

(208). The transcriptional regulatory sequences (TRSs) located both upstream of ORF1a 

and immediately upstream of each of structural ORFs, are thought to regulate 

transcription of the subgenomic RNAs (sgRNAs) (177, 228, 229). The leader TRS is 

joined at a body TRS by a discontinuous transcription mechanism, taking place during 

the synthesis of negative-stranded sgRNAs (176, 177, 177, 229). The subgenomic RNAs 

are polycistronic but only the first ORF is translated, except in the case of GP2 and E 

(177). It is not clear how the viral RdRp differentiates viral subgenomic RNA synthesis 

from genomic RNA replication, and coordinates these two events. 

In the late stage of replication cycle, PRRSV assembles itself from simple subunits 

to complex structures to ensure reproductive success. The crucial steps include formation 

of multi-subunits of capsid from individual nucleocapsid protein molecules, packaging of 

the nucleic acid genome, acquisition of a lipid bilayer, incorporation of viral structural 

proteins and release of newly assembled progeny virions, which are done in a very 

delicate and coordinated order. PRRSV budding appears to occur in ER (52, 53, 138). 

Release of PRRSV virions into extracellular space involves a process of exocytosis 

and/or direct lysis of virus-infected cells. 

Virus-Encoded Proteases of Positive-Stranded RNA Virus  
Proteolytic maturation of virus-encoded polyproteins is a critical step in the 

replication cycle of positive-stranded RNA viruses, and usually involves one or more 

proteases that could be of host or virus origin. In most cases, virus-encoded proteases 

function in the early stage of the virus replication cycle and carry out the proteolysis by 

either cis or trans-cleavage, or both. Four classes of proteases have been classified based 

on the nature of catalytic sites (68): serine (Ser, S), cysteine (Cys, C), or aspartic (Asp, D) 
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(acidic) proteases, and metalloproteinases, the last of which has not been identified in 

viruses.  

The retrovirus proteases are located either in the C-terminus of the gag polyprotein 

precursor or at the N terminus of the pol precursor, and possess the typical Asp-Thr (Ser)-

Gly catalytic motif (68, 69). One prominent feature for retroviruses to differ their cellular 

counterparts is that the retrovirus proteases must form a homodimer to be active rather 

than formation of a two-domain protein by single polypeptide chain folding (188). Many 

positive-stranded RNA viruses, on the other hand, encode serine and serine-like 

proteinases as the main proteinases with a signature catalytic triad of His-Asp-Ser/Cys 

(199, 200, 220, 276, 277). These enzymes include the capsid protease of alphaviruses, the 

NS3 proteases from Flaviviridae, the 2A and 3C proteases from Picornaviridae as well 

as the 3C-like proteases from Nidovirales. Although the catalytic triad of serine 

proteinases is conserved among viruses, a wide range of variability in cleavage site 

specificity and cofactor requirements have been shown [for reviews, see references (68, 

199, 200, 220, 277)]. The cysteine proteinases are another large class of enzymes found 

in viruses, which have a catalytic dyad composed of Cys and His residues in close 

proximity. Examples include alphavirus nsp2, aphthoviruses leader protein, potyvirus 

HC-pro, pestivirus p20, coronavirus papain-like proteinase PLP1 and PLP2, and 

arterivirus PCPα and PCPβ as well as cysteine proteinase 2 (PL2).  

Positive-stranded RNA viruses utilize different strategies to regulate viral gene 

expression. Picornaviruses encode all of their proteins in a single long ORF. The 

proteolytic processing is mediated by three different viral proteinases, with some 

activities encoded by only a subset of the different viruses. The 3C has two forms: 3C 

and 3CD. Complete processing of the poliovirus capsid protein P1 requires 3CD whereas 

the P2 and P3 are processed by either 3C or 3CD (107, 267, 268). However, 3CD is not 

needed for P1 processing in encephalomyocarditis virus, foot-and-mouth disease virus 

and hepatitis A virus in which the 3C proteinase alone could fulfill the requirement (40, 

96, 175). The 2A protein of enteroviruses and rhinoviruses cleaves at its own N terminus 

to release the P1 from the P1-P2-P3 polyprotein precursor (199), which is shown to be 

very rapid and cotranslational (226). In contrast, the 2A protease equivalent of 
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cardiovirus and aphthovirus subgroup cleaves at its C terminus to generate a P1-2A 

polyprotein intermediate, and the 3C protease then cleaves at the N terminus of the 2A 

protein to generate the P1 polyprotein.  

Proteolytic processing of alphavirus polyproteins entails the nsp2 protease, a 

multidomain protein with a size of about 90kDa (63, 95). The nsp2 encodes a helicase 

and a cysteine protease in its N-terminus and middle region, respectively (81, 95, 191). 

The sindbis virus nsp2 protease has been characterized in some detail (46, 49, 94, 122, 

123, 201, 202, 207, 244). The nsP123 polyprotein is the major translation product from 

the incoming genome RNA while the nsP1234 polyprotein exists at a minor mount 

generated by a frameshift mechanism. The kinetics of cleavage of the nsP123 polyprotein 

is variable for each site, and the processing pathways are quite complicated. Basically, 

initial processing at the nsP3/4 junction site prompts the synthesis of negative-stranded 

genome RNA, while further processing at the nsP1/2 junction ensures genomic RNA 

synthesis. A complete processing of polyprotein nsP1234 is critical for subgenomic RNA 

transcription, which in turn inhibits the negative-stranded RNA synthesis. Expression of 

the nsPs of Semliki Forest virus (SFV), a closely related alphavirus, is a little bit different 

from that of Sindbis virus. The stop codon between nsP3 and nsP4 is replaced with a 

sense codon, and an nsP1234 polyprotein is synthesized (216). Takkinen et al. proposed 

that nsP4 has an aspartic-type proteolytic activity and is responsible for releasing the 

nsP4 protein from the polyprotein (217). The remaining cleavage of nsP123 is mediated 

by the nsp2 cysteine- proteinase (218). 

Viruses within the Flaviviridae (the flavi-, pesti- and hepatitis C viruses) use a 

combination of host and viral proteases to process the polyproteins (200). The host cell 

signalases act on multiple sites within both the structural protein and nonstructural 

protein coding regions while the remainder of the cleavages is fulfilled by the viral NS3 

protein (200). The cleavage activities of the flavivirus NS3 protease depend upon a 

hydrophobic NS2B cofactor, which could be provided in either cis or trans (4, 24, 30, 31, 

74, 128). The viral NS2B-NS3 protease cleaves at the junction sites of NS2A/NS2B, 

NS2B/NS3, NS3/NS4A, and NS4B/NS5 as well as at the internal sites within NS2A, 

NS3, and NS4A (200). However, for pestiviruses and hepatitis C virus, an enhanced NS3 
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activity requires NS4A instead of NS2B (71, 72, 104, 114, 127, 166, 219, 223). The 

cofactor activity of NS4A is mapped to a short oliopeptide sequence within the center of 

NS4A (23, 223).  

Unlike other positive-stranded RNA viruses, the structural proteins of nidoviruses 

are expressed via individual subgenomic RNAs and do not need further maturation via 

proteolytic processing (277). The processing of the replicase polyproteins of nidoviruses 

is mediated by virus-encoded accessory and main proteinases (277). Although the 

accessory proteases among nidoviruses share a similar catalytic signature of a Cys-His 

dyad, there are some differences between coronavirus and arterivirus papain-like 

proteinases: (i) The arterivirus PCPα and PCPβ cotranslationally process their immediate 

downstream sites in cis and don’t possess trans-cleavage activity (60, 60, 210), whilst the 

coronaviruses PL1 and PL2 possess both cis- and trans-cleavage activity and process at 

distant upstream sites (6, 18, 67, 98, 93, 108, 126). (ii) The arterivirus papain-like 

proteinases are much smaller than the coronavirus counterparts and the region separating 

the Cys-His dyad for coronaviruses is twice as long as that of arterivirus papain-like 

proteinases. In addition, the C-terminal domain of the coronavirus papain-like proteinase 

has additional ubiquitinating enzymatic activity and has the capability to target the 

proteins for proteosomal degradation (9, 129). The proteolytic activities of coronaviruses 

papain-like proteinases (PL) have been extensively studied in vitro and crystal structures 

have been resolved (190, 277), while the processing of replicase polyprotein was only 

carried out in the arterivirus family member EAV (277).  

Arteriviruses also encode a unique and highly conserved PL2 cysteine protease with 

a core size of about 100aa near the N terminus of the nsp2 protein (277). The arterivirus 

PL2 proteases combine the properties of both papain-like proteinases and chymotrypsin-

like proteases (277). (i) The PL2 proteases carry the hallmark of papain-like proteinases, 

namely the catalytic motif Cys-His dyad. However, the arterivirus PL2 protease also has 

features different from papain-like proteinases in that the putative catalytic Cys is always 

followed by Gly, instead of a conserved aromatic amino acid Trp or some other bulky 

amino acids seen in papain-like proteinases (277). In EAV, a reversion of Gly to 

canonical Trp inactivated the EAV PL2 active in vitro (213). Most noticeably, the Cys-
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Gly dipeptide is the hallmark of chymotrypsin-like cysteine proteases. (ii) The PL2 

protease does not cleave immediately downstream site as shown in EAV (212, 214). 

There is a huge distance between the PL2 domain and the putative cleavage sites. In 

EAV, this distance is about 500 residues, while this distance can even extend to more 

than 700 residues in PRRSV strain VR-2332. Currently, only the EAV PL2 has been 

studied in vitro and shown to be active in trans and perhaps cis (212, 213).  

The Putative PRRSV Nsp2 Replicase Protein 
The putative PRRSV nsp2 replicase protein was initially predicted to contain ORF1a 

aa384-1363 (3), and later projected to include aa384-1578 (nsp2 aa1-1196) of PRRSV 

strain VR-2332 ORF1 protein through genetic analysis of both Coronaviridae and 

Arteriviridae (277). PRRSV nsp2 is a multidomain protein, containing a N-terminal 

putative cysteine protease (aa47-147) (CP2, newly named as PL2) (213), a middle 

hypervariable region with unknown function, a three to four transmembrane spanning 

domain (876-878, 911-930, 963-979 and 989-1018) and a C-terminal tail.  

The downstream cleavage site of PRRSV nsp2 is poorly understood. In EAV, the 

cleavage at the nsp2/3 junction is mediated by the PL2 protease, which appears to prefer 

the dipeptide G|G (213). Mutagenesis of the putative P1 residue (Gly-831 to Pro) 

abolished the processing of nsp2/3 (214). Several conserved G|G dipeptides have been 

discerned in PRRSV nsp2, including 647G|G, 828G|G|G, 981G|G, 1117G|G and 

1196G|G|. Processing of EAV nsp2 is the key step for the downstream processing of pp1a 

and pp1ab. Two alternative pathways have been proposed for processing the carboxyl 

terminus of ORF1a in EAV after nsp2 cleaves the site between nsp2|nsp3 (245). Nsp4|5 

site processing represents the major pathway in which nsp2 serves as the cofactor of nsp4 

for cleavage of the nsp4|5 site by the nsp4-encoded 3CLpro, while processing of the 

nsp5|6 and nsp6|7 sites represents the minor pathway when nsp2 is not associated with 

nsp3-8 precursor (245, 277). It is generally believed that cleavage at either of these sites 

will render the alternative sites inaccessible. 

The available data show that PRRSV nsp2 is heterogeneous and highly variable (3, 

75, 162, 192). Amino acids 160-844 in PRRSV nsp2 is the key region for size difference 

between Type I and Type II PRRSV strains (3, 162). Insertion or, most notably, deletions 
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are commonly seen in this region. The PRRSV North American SP isolate has a unique 

insertion of 36aa relative to the position between aa811 and aa812 of PRRSV strain VR-

2332 nsp2 (206), while NA strain HB-2(sh)/2002 possesses a 12aa deletion at the 

position aa470-482 of nsp2 (80). A similar deletion is observed in a newly identified 

European PRRSV strain, with a 17aa deletion corresponding to the position aa734-751 of 

Type I strain ORF1a (75, 192). In addition to deletions, extensive mutations are also 

observed, mainly centered in the middle region of nsp2. Comparison of the predicted 

nsp2 protein of different PRRSV strains revealed that the similarity of nsp2 within 

genotype could range from 60% to 99% but differed greatly between genotypes (<50% 

similarity), exhibiting moderate to extensive sequence divergence (Chapter II). The 

significance of broad genetic variations in nsp2 and its relationship to the biological 

fitness of PRRSV remain to be defined. 

The PRRSV nsp2 protein is rich in B cell epitopes and highly antigenic and 

immunogenic. Oleksiewicz et al. (168) used phage display libraries of PRRSV protein 

fragments with sera from experimentally infected pigs to identify linear B-cell epitopes 

that are commonly recognized during infection in vivo. Six out of ten linear epitope sites 

(ES) 11 to 53 amino acids in length are localized to nsp2 (168). These epitopes are 456-

469, 691-722, 752-807, 839-849, 913-940 and 1032-1065 corresponding to the ORF1a 

residues of European PRRSV LV strain, antibody responses to which could be detected 

as early as one week post-infection. The antibodies to nsp2 have also been detected in 

boar semen and their presence was correlated with the duration of PRRSV secretion in 

semen (167). In addition, in a DNA vaccination with a plasmid encoding ORF1a, the 

humoral immune responses are mainly against nsp2 (8), and the antibodies to nsp2 ES-7 

showed up as early as 14 days post-infection as demonstrated by a peptide-based ELISA 

(8, 169). Similar observations were also reported in North American strains (48, 105, 

158). Overall, the early antibody response to nsp2, which could be detected at a similar 

time as the antibodies to PRRSV N protein, has proven nsp2 to be one of the most 

immunodominant proteins. These studies may imply an important immunological role for 

nsp2 in PRRSV infection in vivo, which remains to be resolved.  
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Objectives  
The aim of this dissertation was to elucidate the biological aspects of the 

multidomain nsp2 replicase protein of PRRSV. Chapter II focused on monitoring the 

evolution of nsp2 proteins in field PRRSV stains. Chapter III described assembly of a 

PRRSV infectious cDNA clone of PRRSV strain VR-2332 and identification of essential 

and nonessential domains of the nsp2 protein for viral replication in cell culture. In 

Chapter IV, the biological aspects concerning the enzymatic activities of the putative PL2 

protease domain and its role in the PRRSV replication cycle were explored. Finally, the 

proteolytic processing of PRRSV nsp2 in virus-infected MARC-145 cells was 

investigated in Chapter V.  
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Chapter II 

Complete Genome Analysis of RFLP 184 Isolates of Porcine 

Reproductive and Respiratory Syndrome Virus 

Modified from Jun Han, Yue Wang and Kay S. Faaberg. 2006. Virus Res. 122, 175-182 

Abstract 
Two full-length genomes of recently emerged virulent isolates of porcine 

reproductive and respiratory syndrome virus (PRRSV) were sequenced and compared to 

other PRRSV strains. The results revealed that these two isolates (named MN184), of 

North American lineage, represented the shortest PRRSV genomes sequenced to date 

with a nucleotide length of 15019 bases. Genetic analysis demonstrated that the two 

isolates were not identical and shared approximately 87 and 59% nucleotide identity with 

prototype North American strain VR-2332 and European strain Lelystad, respectively. 

Three quite variable regions were identified, corresponding to putative nsp1β, putative 

nsp2 and ORF5. Nsp2, the most variable region, shared only 66-70% amino acid 

similarity to other sequenced North American-like PRRSV nsp2 proteins. Further study 

revealed that the nsp2 protein of the MN184 isolates contained three discontinuous 

deletions when compared to strain VR-2332 nsp2 protein, with the sizes of 111, 1, and 19 

amino acids corresponding to strain VR-2332 positions 324-434, 486 and 505-523, 

respectively. Taken together, these data suggest PRRSV nsp2 replicase protein is 

undergoing rapid evolution in field. 
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Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV) is a positive-sense 

single-stranded RNA virus that is the cause of an often severe and an economically 

important swine disease worldwide. As a member of the family Arteriviridae of the order 

Nidovirales, PRRSV has been shown to be subject to remarkable evolution, perhaps 

related to its inherent ability to undergo high frequency viral recombination (238, 271-

274). There are two major PRRSV genotypes, based on the genetic differences seen in 

the prototype strains Lelystad (151) and VR-2332 (162). The European-like strains (Type 

1; prototype Lelystad) are about 60% similar to North American-like strains (Type 2; 

prototype VR-2332) on the nucleotide level. Each of these genotypes contains individual 

PRRSV isolates that can vary in nucleotide sequence up to approximately 20%. The 

broad genetic and antigenic variation in PRRSV and the presence of multiple viral 

genotypes circulating on swine farms have made control of PRRSV infection extremely 

difficult. 

Primarily to gain a better understanding of the structural basis for PRRSV 

virulence/attenuation, we have previously completed full-length nucleotide sequence 

analysis of several PRRSV genomes (162, 192, 271). However, in late 2001, a severe 

form of PRRS disease appeared in the State of Minnesota, USA, that was attributed to 

Type 2 viral isolates that were significantly different from previous isolates, based on 

ORF5 nucleotide sequence analysis and comparison to the PRRSV database 

(http://prrsvdb.org).  

In the present study, the full-length sequence generation and genome analysis of two 

of these new isolates, named MN184 for the U.S. state of origin and defined ORF5 

restriction fragment length polymorphism (RFLP; (250)) was completed. The two 

MN184 isolates were the same genome length but were different from each other, as 

detailed in this report. In addition, nucleotide alignment to other sequenced genomes 

revealed that the MN184 isolates were the shortest PRRSV isolates identified to date, and 

the length difference was again mapped to the putative nsp2 region. Nsp2 size variation 

in both genotypes has been previously documented but sequencing studies had indicated 

that Type 1 strains were approximately 300 nucleotides shorter in length in the nsp2 
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genomic region, compared to Type 2 strains (75, 80, 151, 192, 206). This study provided 

clear evidence that nsp2 size cannot be used to differentiate between the two PRRSV 

genotypes. It was also noted that the MN184 length difference was due to three discrete 

deletions when compared to other Type 2 strains, not just a single genomic event as had 

been seen previously. These data strongly suggested that PRRSV nsp2 is a highly 

variable protein, and the importance to characterize the causes or consequences of nsp2 

variability in future study. 

Materials and Methods 
Cells and viral strains. MA-104 cells (ATCC CRL-2621) were maintained in 

minimum essential medium (EMEM) (SAFC 56416C) supplemented with 10% fetal 

bovine serum (FBS) at 37 °C and 5% CO2. Two PRRSV isolates, identified by an ORF5 

restriction fragment polymorphism (RFLP) pattern of 1-8-4 at the Minnesota Veterinary 

Diagnostic Laboratory in 2002, were designated as MN184A (DQ176019) and MN184B 

(DQ176020) (250) and amplified once on porcine alveolar macrophages (PAM).  

RT-PCR. Viral RNA (vRNA) was extracted from PRRSV infected cell supernatant 

with QIAmp® Viral RNA Mini Kit (Qiagen, Valencia, CA). RT-PCR was performed with 

the Qiagen® OneStep RT-PCR Kit according to the protocol provided (Qiagen). Primers 

(Table 1) were designed based on the published sequences of different strains of PRRSV 

deposited in GenBank as well as newly generated MN184 sequence (DQ217415, 

AY424271, DQ176019, DQ176020). To determine the 5′ nucleotide sequence of the two 

PRRSV isolates, rapid amplification of cDNA ends (RACE) was performed using the 5′-

Full RACE Core Kit (TaKaRa Bio, Madison, WI). A 5′-end phosphorylated reverse 

primer 5′-788L15 was used to synthesize first-strand cDNA. After digestion of vRNA by 

RNaseH, the single strand cDNA was circularized with T4 RNA ligase and was followed 

by nested inverse PCR using primer set 5′-139U20/3′-729L18 for the first round and 5′-

214U23/3′-608L20 set for the second round. 3′-RACE was performed with SMARTTM 

RACE cDNA Amplification Kit (Clontech, Mountain View, CA). Briefly, the 3′-CDS 

primer targeting the polyA was used for the first strand cDNA synthesis and the PRRSV 

specific primer 5′-14923U21 and a kit supplied 3′-CDS specific primer universal primer 
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(UPM) were used for subsequent PCR amplification. 

Sequence analysis. PCR products were gel purified with QIAquick® gel purification 

kit (Qiagen, Valencia, CA), cloned into the pGEM-T Vector (Promega, Madison, WI) 

and 3-5 clones for each RT-PCR product were chosen for sequencing. The nucleotide 

sequence determination was completed in both directions with the PCR specific primers 

or the vector encoded SP6 and T7 promoter primers. The products were submitted to the 

Advanced Genetic Analysis Center at the University of Minnesota for sequence 

determination with an ABI 377 automated DNA fragment analyzer. A quality sequence 

representing at least three-fold genome coverage was obtained. Sequence data was 

assembled and analyzed by using the GeneTool sequence analysis program (BioTools 

Inc., Edmonton, Alberta CA) and Lasergene (DNASTAR, Madison, WI). Multiple 

sequence alignments were generated with CLUSTALX (221) or Wisconsin Package 

Version 10.3 (Accelrys Inc., San Diego, CA). Editing of the multiple alignments was 

completed using Jalview (39) and Adobe® Photoshop® CS, version 8.0. The following 

GenBank full-length sequences were used for comparison: VR-2332 (U87392), Ingelvac 

MLV (AF066183), 01NP1.2 (DQ056373), PL97-1 (AY58524), PA -8 (AF176348), SP 

(AF184212), BJ-4 (AF331831), HN1 (AY457635), 16244B (AF046869), HB-1 

(AY150312), HB-2 (AY262352), CH-1a (AY032626), P129 (AF494042), JA142 

(AY424271), SDPRRS-01-08 (AY375474), EuroPRRSV (AY366525), Lelystad 

(M96262), IAF-93-653 (U64931), IAF-Klop (AY184209), 98-3298 (DQ306877), 98-

3403 (DQ306878), 99-3584 (DQ306879). 

Results 
Genome characterization of MN184 isolates. Late in the year 2001, many virulent 

isolates of a seemingly novel PRRSV were identified in the State of Minnesota, USA. 

ORF5 nucleotide sequence analysis and comparison to the PRRSV database (>5000 

isolates; http://prrsvdb.org/) revealed that the isolates were of Type 2 lineage, but were 

significantly different from previous isolates. Furthermore, they were most closely related 

to those isolates previously seen in Canada in the early 1990s (141) and in the State of 

Minnesota in 1998. Restriction fragment length polymorphism (RFLP) analysis of ORF5 

also demonstrated that they belonged to the same group of viruses as these early cases, 
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known as 1-8-4 isolates (250) and were thus named MN184 isolates. Because of the 

striking dissimilarity with all but one previously isolated MN PRRSV isolate, we 

amplified two of these new isolates with a single passage on porcine alveolar 

macrophages (PAM), the host cell, and completed full-length genome analyses on the 

viruses, designated as MN184A (DQ176019) and MN184B (DQ176020). These two 

isolates were collected at different times from two separate farms. 

Genomic alignment demonstrated that these two PRRSV were quite distinct (>14.5% 

nucleotide dissimilarity) from other NA Type 2 full-length sequenced genomes, yet 

comparison with Type 1 (European) full-length sequences confirmed that the isolates 

were solely of Type 2 genotype origin as they were only approximately 59% similar at 

the nucleotide level to both EuroPRRSV and Lelystad strains (data not shown). 

Strikingly, these Type 2 MN184 isolates represented the shortest PRRSV genomes 

detected to date (15019 nt, not including the poly A tail). In addition, no specific area was 

discerned that suggested that these isolates were derived from viral recombination 

between Type 1 and Type 2 strains (data not shown). 

Full-length sequence analysis revealed that the two MN184 isolates were actually 

genetically distinct. They shared 98.0% nucleotide similarity or 2% difference. This 

percentage of dissimilarity was unexpected due to their sudden simultaneous appearance 

in Minnesota late in 2001, with no clear recent related isolate seen in our PRRSV 

database at that time. Table 2.2 represents the detailed nucleotide and amino acid 

comparison between the two isolates and Fig. 2.1 depicts the amino acid differences seen 

between these two strains. Both of these isolates possessed nucleotide degeneracy in 

several regions of the genome, predominantly in the predicted nsp2 region of ORF1 

(Table 2.2). The fact that nucleotide degeneracy was seen in these isolates suggested that 

PRRSV may consist of several individual species, often referred to as a swarm of related 

but distinct viral sequences, within infected animals. 

In order to more closely pinpoint the individual regions of these MN184 isolates that 

showed the most dissimilarity from other PRRSV strains and to assign the region(s) 

accounting for the difference in Type 2 viral genome length, these two isolates were 

compared to the sequence of the prototype Type 2 strain VR-2332. The differences 
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between the two isolates could again be discerned, with isolate MN184B possessing 

slightly increased similarity to strain VR-2332 than isolate MN184A (data not shown). 

The nucleotide and amino acid comparisons to VR-2332 showed individual MN184 

isolate regions varied from 81.5 to 94.7 and 78.4 to 100%, respectively, but the regions 

corresponding to ORF5 (86.4–86.7 and 87.0–87.5%, respectively) predicted nsp1β (83.8–

84.0 and 84.8–85.4%, respectively, and nsp2 (81.5–85.5 and 78.4–79.5%, respectively) 

were the most variable (data not shown). Most interesting was that only the predicted 

nsp2 genomic region showed a difference in nucleotide length and that both MN184 

isolates possessed the same nsp2 deletion, detailed below. The comparison also revealed 

that the 5′- and 3′-UTR's were the most conserved regions of the genome (94.7 and 

94.0%, respectively), indicating sequence conservation in important regions for viral 

replication and transcription (data not shown). 

GP5 and nsp1β  amino acid comparison ORF5 encodes a heterogeneous PRRSV 

structural protein (GP5) and is often used for PRRSV diagnostic identification (109). 

GP5 is a predicted three transmembrane protein with an endodomain and ectodomain. 

The 30 amino acid ectodomain is composed of a short highly conserved domain usually 

containing at least two N-glycosylation sites bounded by two hypervariable regions. The 

highly conserved domain of this 30 amino acid region has been shown to code for the 

viral attachment epitope in Type 2 strains (172, 182, 184). GP5 of the same set of full-

length genomes, as well as the original RFLP184 isolates identified in Canada (IAF-93-

653, IAF-Klop) and in 1998–1999 in Minnesota (98–3298, 98–3403, 99–3584) were 

aligned (Fig. 2.2). The alignment of PRRSV GP5 revealed amino acid identities ranging 

from 82.5 to 87.7% between the new MN184 isolates and other non-RFLP184 Type 2 

strains (data not shown). Interestingly, the amino acid differences between the new 

MN184 isolates and the older RFLP184 isolates were quite large (5.7–12.2%, data not 

shown) and thus we detected no clear origin of the new RFLP184 virus. The limited 

alignment shows that most of the amino acid differences observed were found in the 

hypervariable regions (Fig. 2.2). The two conserved N-glycosylation sites were 

maintained in the MN184 isolates, except for detected nucleotide degeneracy coding for 

amino acid 44 in isolate MN184B. 



  20 

Nsp1β encodes a papain-like cysteine protease (60). An amino acid alignment of the 

MN184 isolates with a non-redundant set of available Type 2 nsp1β sequences as well as 

Type 1 strains EuroPRRSV and Lelystad was completed (Fig. 2.3). The nsp1β protein 

possesses a number of completely conserved amino acids, and the proposed catalytic 

residues were maintained in all sequenced genomes (60). The alignment, ordered by 

amino acid similarity, indicates that the MN184 isolates are more similar to Type 1 

strains than the other sequenced full-length Type 2 sequences. In particular, five amino 

acids (boxed in Fig. 2.3) directly mimic the Type 1 strains. However, the amino acids that 

were conserved in the other non-redundant Type 2 sequences were also mostly conserved 

in the MN184 isolates, but scattered amino acids and the amino acid similarity (84.8–

85.4%) revealed a more divergent Type 2 protein than had been evidenced to date. Thus, 

the alignment further defines maintained residues of nsp1β that may be critical to the 

replication cycle of PRRSV. 

Amino acid comparison of nsp2 An amino acid alignment of non-redundant 

sequences of nsp2, ordered by pairwise identity, is shown in Fig. 2.4. A highly conserved 

chymotrypsin-like cysteine protease (PL2) domain is present at the N-terminus, 

previously predicted by alignment with equine arteritis virus (EAV) nsp2 (208, 277). 

There are 3–4 predicted transmembrane domains near the C-terminus of this protein 

(145), but the exact C-terminal cleavage site has not been empirically determined. Two 

predictions of the C-terminal cleavage site have been proposed, one G|G at VR-2332 

nsp2 amino acid 981 (3) and the other at amino acid 1197 (277), but there several 

completely conserved G|G doublets within this protein (VR-2332 nsp2 amino acids 647, 

981, 1117, 1196, 1197; downward arrows in Fig. 2.4). Prior work had also shown that the 

predicted nsp2 protein is proline rich and contains multiple potential B-cell epitopes (75, 

168, 192). The large middle region of PRRSV nsp2 (VR-2332 nsp2 amino acids 148–

880) has no assigned function but is highly variable in length. Furthermore, the length 

difference between sequenced Type 1 and Type 2 strains of PRRSV has been mapped to 

this variable middle region of nsp2 (Fig. 2.4). Until now, sequenced Type 1 genomes 

have been shown to be 313–364 bases shorter than most Type 2 PRRSV (75, 151, 192). 

However, the multiple sequence alignment established that the MN184 genome contains 
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the shortest predicted nsp2 to date (2547 bp), 393 bp shorter than prototype Type 2 strain 

VR-2332. Furthermore, it contained three discontinuous deletions in the translated 

protein with deletion sizes consisting of 111, 1 and 19 amino acids, respectively, 

corresponding to the amino acid positions in PRRSV strain VR-2332 nsp2 of 324–434, 

486 and 505–523, respectively (Fig. 2.4). The three deletions resulted in the loss of 

several proline residues and predicted B-cell epitopes (data not shown). Besides these 

deletions, significant alterations in nsp2 amino acid sequence from other Type 2 strains 

were also seen, sometimes corresponding to the Type 1 amino acid seen at the same 

relative position (Fig. 2.4). Comparison of the nsp2 predicted protein of the two PRRSV 

genotypes demonstrated that the amino acid identity within Type 2 viruses ranged from 

66 to 99% and from 88 to 90% within Type 1 viruses, but differed greatly between 

genotypes (<45% similarity). In particular, the MN184 isolates displayed 66–80% amino 

acid identity to all Type 2 nsp2 predicted proteins and only 43–45% identity to Type 1 

strains (data not shown). When surveying the multiple sequence alignment in Fig. 2.4, we 

also noted that all instances of insertion or deletion in both genotypes occurred in this 

hypervariable middle region. To this point, Shen et al. (2000) (206) first reported that 

PRRSV North American Type 2 strain SP has a unique insertion of 36 aa relative to the 

position between aa 813 and 814 of PRRSV VR-2332 nsp2. Another investigator found a 

unique 12 aa deletion at position 466–477 in PRRSV isolate HB-2(sh)/2002 nsp2 (80). A 

17 aa deletion occurred in newly identified European-like PRRSV isolates when 

compared to strain LV (75, 192). The instances of mutation did not consistently occur 

along the same stretch of amino acids, although the deletions seen between the MN184 

isolates and other Type 2 viruses encompass most of the largest deletion detected 

between Type 1 and other Type 2 PRRSV. All of these data suggested that the nsp2 ORF 

contains a conserved protease motif and predicted transmembrane spanning regions that 

may be necessary for replication of PRRSV, but is highly susceptible to mutation in the 

large middle section. 

Discussion 
The sudden appearance of field isolates of PRRSV in Minnesota reflecting the 184 

RFLP pattern is still a mystery, but the consequences of this event are even now being 
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realized. The Minnesota Veterinary Diagnostic Laboratory now performs routine 

sequencing on similar 184 RFLP isolates from approximately one-fourth of the total 

number of ORF5 sequence requests. In addition, the 184 RFLP pattern has now been 

detected not only in Minnesota, but also in Iowa, Wisconsin, South Dakota, Kansas, 

Missouri, Illinois, Nebraska, Kentucky, Oklahoma and Wyoming. We chose to derive the 

full-length sequences from two isolates because of the need to understand if this could be 

more than a single virus type and the fact that the swine herd diagnosed with isolate 

MN184A presented with a milder case of PRRS than the herd infected with isolate 

MN184B, as reported by the attending pathologist (Kurt Rossow, personal 

communication). The strains have not been inoculated into naïve animals to verify the 

case presentations, but it is interesting to note that isolate MN184B had many more 

nucleotide degeneracies detected when analyzing the genome and this might reflect the 

severity of the disease reported. 

This genome analysis increased our understanding of the immense nucleotide and 

amino acid sequence variation that exists in the field. Factors driving this variation may 

be related to the way swine are now managed, the interstate and international transport of 

swine and boar semen, the intermixing of different PRRSV isolates within herds and the 

nature of the virus itself. Full genome sequence generation also allows us to monitor 

where on the genome variation is tolerated and which regions are more conserved. As a 

result of this study, as well as a previous publication (192), a picture is emerging that 

indicates nsp2, nsp1β and ORF5 are extraordinarily versatile proteins. 

This study has also provided clear evidence that nsp2 size can no longer be used to 

differentiate between the two PRRSV genotypes. The novel finding that nsp2 evolved to 

display a Type 2 genome with three discontinuous deletions, leading to the shortest 

genome to date (15,019 kb), suggests that PRRSV may be evolving to eliminate 

dispensable genomic regions and make the genome more compact. Finally, although the 

significance of genetic variation in PRRSV can only be surmised at present, the 

evolutionary change seen in ORF5, nsp1β and nsp2 should reasonably be related to the 

biological fitness of PRRSV during selection pressure. 
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Table 2.1. Oligonucleotide primers used in this study. Forward primers are indicated 

by a slash (/) after the designator, reverse primers are preceded by a slash. Genome 

positions are based on GenBank Submission U87392 (VR-2332). 

Primer Position (nt) Sequence 
5′- and 3′-RACE Primers  

/3′-CDS primer  5′-AAGCAGTGGTATCAACGCAGAGTAC(T)30VN 
/3′-608L20 274-293 5′-GGAGGGACCGTGCACTGAGA 
/3′-729L18 395-412 5′-CCCAGCAGGGGAGCACTC 
5′-139U20/ 607-626 5′-CGTTTTCGCCAACTCCCTAC 
5′-214U23/ 682-704 5′-CCCGCAGAGACCTAAGCCTGAAG 
5′-788L15/ 786-800 5′-PO4-GCGGAGCCCAAGAGA 
5′-14923U21/ 14923-14943 5′-AGAAAGGGGACGGCCAGCCAG 

Sequencing Primers                             
vr131/ 1-31 5′-TATGACGTATAGGTGTTGGCTCTATGCCTTG 
5′-871/ 871-888 5′-TCCTTCCCGCCCCACCAC 
/3′-1000 981-1000 5′-GCAGTTGCCTTCAGGGACAG 
1493U21/ 1527-1547 5′-GGGAATTGCGGCTGGCACTGT 
/3′-1800 1806-1824 5′-AGGCAGGCAGGGTCAAATC 
5′-2087/ 2084-2103 5′-CGGAGGAGGTCGCAGCAAAG 
/2345L24 2677-2700 5′-AGGGAGGGGCCTGCTCTCTGGTAG 
2844U25/ 3242-3266 5′-CAAAGTACTCAGCTCAAGCCATCAT 
3′-3264/ 3264-3282 5′-GGGCCCACCTGAGTTAATG 
839-5′-4229-P2/ 4091-4116 5′-CTTTCGCTGTTGGTTTGTTC 
/3′-4000 4153-4177 5′-GAGAAGCTCAAAAGAATGAAGGATG 
4430U20/ 4828-4847 5′-CGGTCCGGCTACTCCACCAC 
839-5′-116-P2/ 5123-5142 5′-AAGCGCTGTTAAAGGCAGAG 
4976U20/ 5374-5393 5′-GTGAACATGCCCTCAGGAAT 
/5165L20 5563-5582 5′-AGCATGGTGCGGCCAGTCAA 
/5744L17 5745-5761 5′-TGGCTGCCGACCTTCAC 
5905U21/ 6295-6315 5′-TGGACGCCCTTGGTTGCTGTG 
6670U21/ 7061-7081 5′-CGCCCGTTGGCAGCATCTTTG 
/6839L21 7230-7250 5′-CAGGCACTGGGGCCGTTCTCT 
5′-7550/ 7524-7545 5′-GGTCCCCGTCAACCCAGAGAAT 
/7539L21 7930-7950 5′-CGTCGGCACCGGAGATCAAGA 
7851U21/ 8248-8268 5′-CTAACGCCACCCCGGTGACTG 
/3′-8500 8481-8500 5′-CATGGGCAAACAGGTATTTC 
5′-9100/ 9033-9056 5′-GGCCTGTCATCTGGTGATCCGATC 
/8828L25 9225-9249 5′GCATGGTGGGAGACTCGGCATACAG 
5′-10193/ 10183-10200 5′-TCAACGTCCCGGCAGGCA 
/3′-10310 10240-10261 5′-CCGCCGGCCAGGATGCGAACCC 
10372U22/ 10769-10790 5′-TGCAAAAAGCACGCCCGTCAAC 
VRBP9/ 10840-10859 5′-GAATGCACGGTTGCTCAGGC 
/3′-10853 10841-10858 5′-TGGGCAACCGTGCATTCT 
/11283L22 11680-11701 5′-CCCATGCAGGGGTCCAGGTACA 
761P1/ 12128-12144 5′-CTTCACGGAGTTCTTG 
/712P6 12283-12301 5′-GGCCTCATAAGATCTTCTG 
P41/ 13213-13231 5′-GACGGCGGCAATTGGTTTC 
/416P1 13633-13650 5′-CATGTTGGACGTAGCTGG 
416P4/ 14020-14039 5′-TATGGTGCCCTCACTACCAG 
/05P4 14320-14339 5′-ACGGAACCATCAAGCACAAC 
/P72 15341-15361 5′-CGCCCTAATTGAATAGGTGAC 
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Table 2.2. Detailed analysis of individual PRRSV genomic regions and translated 

proteins, and number of degenerate bases detected in each region 

 

Region Bases Nucleotide 
length 

% 
Nucleotide 
Similarity 

% 
Nucleotide 

Identity 

Number of 
Degenerate 

Bases 
(184A/184B) 

Size (aa) 
%Amino 

Acid 
Similarity 

%Amino 
Acid 

Identity 
5’ UTR 1-190 190 99.5 98.9 1/0 - - - 
ORF1A 191-7309 7119 98.5 96.7 16/109 2372 96.8 96.5 

NSP1a 191-688 498 98.8 98.5 1/0 166 97.6 97.6 
NSP1b 689-1339 651 98.3 97.5 2/3 217 97.2 95.9 
NSP2 1340-3886 2547 98.0 94.6 10/76 849 94.2 94.2 
NSP3 3887-5224 1338 98.7 98.7 0/0 446 99.3 98.9 
NSP4 5225-5836 612 98.5 96.4 0/13 204 97.1 97.1 
NSP5 5837-6346 510 99.2 95.3 3/17 170 97.1 97.1 
NSP6 6347-6394 48 100.0 100.0 0/0 16 100 100 
NSP7 6395-7171 777 99.3 99.3 0/0 259 99.6 99.2 
NSP8 7172-7309 138 99.3 99.3 0/0 46 97.6 97.6 

ORF1B 7306-11679 4374 99.2 98.9 5/4 1457 99.5 99.2 
NSP9 7288-9225 1938 98.9 98.8 1/1 646 99.4 98.9 
NSP10 9226-10548 1323 99.3 98.9 3/3 441 99.8 99.3 
NSP11 10549-11217 669 99.3 99.3 0/0 223 99.5 99.5 
NSP12 11218-11679 462 99.6 99.4 1/0 153 99.3 99.3 

ORF2a/GP2 11681-12451 771 99.0 98.3 1/0 222 98.0 97.3 
ORF2b/E 11686-11907 222 99.6 99.6 0/0 73 100 100 
ORF3/GP3 12304-13068 765 98.6 98.6 0/0 254 97.6 97.6 
ORF4/GP4 12849-13385 537 98.5 98.5 0/0 178 98.9 98.9 
ORF5/GP5 13396-13998 603 97.8 97.7 1/0 200 96.5 96.5 
ORF6/M 13983-14507 525 99.6 97.4 0/0 174 100 100 
ORF7/N 14497-14868 372 98.9 98.9 0/0 123 97.6 97.6 
3’ UTR 14869-15019 151 100 98.0 1/1 - - - 
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Fig. 2.1. (A) Diagrammatic representation of the PRRSV genome. Putative non-

structural protein cleavages are depicted above ORF1a and 1b, represented by downward 

arrows. Signature motifs are identified below ORF1a and 1b, indicating their placement 

in the PRRSV genome [papain-like cysteine protease and β (PL1); cysteine protease 

(PL2); serine/3C protease (3CL); polymerase (RdRp); helicase (Hel); Xenopus laevis 

homolog poly(U)-specific endoribonuclease (N)] (84, 102, 277). (B) Schematic diagram 

of the comparison of ORF1 protein (replicase) of MN184A and MN184B and putative 

processing. The degeneracy seen in nsp2 is included in the comparison. (C) Schematic 

diagram of the comparison of ORF2-7 proteins of MN184A and MN184B. 
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Fig. 2.2. ORF5 amino acid sequence alignment of divergent PRRSV. Multiple 

sequence alignments were generated with CLUSTALX (221) or Wisconsin Package 

Version 10.3 (Accelrys Inc., San Diego, CA). Full-length PRRSV sequences were 

aligned using ClustalX (Version 1.83.1; IUB DNA weight matrix, gap penalty 15.00, gap 

length penalty 6.66). The resulting alignment was further analyzed using the Wisconsin 

Package Version 10.3 Distances Program (Jukes-Cantor distance method, partial matches 

due to degenerate symbols considered). In figure dark grey boxes indicate high amino 

acid conservation (>80%), medium grey (>60%), lighter grey (>40%) and unshaded 

(<40%) boxes identify less conserved residues. The dashed region indicates the putative 

signal sequence, the boxed regions identify the proposed transmembrane regions, the 

hypervariable regions are indicated (HV-1 and HV-2), and the proposed orientation of the 

protein in the virion is identified in bold italics. The conserved cysteine residue that is 

proposed to interact with the M protein is identified by the downward arrow (↓). The two 

conserved putative N-glycosylation sites are identified by stars and hypervariable region 

1 contains strain/isolate specific N-glycosylation sites (NxS/T). Sequences were aligned 

with the Pileup program of the Wisconsin Package (Blosum62 Scoring Matrix, gap 

weight =8, length weight =2, weighted ends). The alignment was scored for redundancy 

and colored for percent identity using Jalview (Clamp et al., 2004) and then transferred to 

Adobe® Photoshop® CS, Version 8.0, for grayscale transformation. 
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Fig. 2.3. Nsp1β amino acid sequence alignment of divergent PRRSV. The figure 

derivation and color scheme was described in the Fig. 2 legend. The two completely 

conserved putative catalytic residues are identified by stars and the boxed amino acids 

identify MN184 sequence conservation with Type 1 isolates and EAV. The proposed 

cleavage site is identified by the downward arrow (↓). Sequences were aligned with the 

Pileup program of the Wisconsin Package (Blosum62 Scoring Matrix, gap weight=8, 

length weight=2, weighted ends) 
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Fig. 2.4. Nsp2 amino acid sequence alignment of divergent PRRSV. The completely 

conserved putative cysteine protease catalytic residues are identified by stars and the 

boxed amino acids signify protease sequence conservation within PRRSV and EAV. The 

proposed cleavage sites are identified by filled arrows (↓); additional possible cleavage 

sites are indicated by a hashed arrow. A signal peptide was predicted using the SignalP 

server (solid grey box; (16). Transmembrane regions, shown in hashed black boxes, were 

derived by PHDhtm (194) and potential N-glycosylation sites indicated by an asterisk (*) 

were identified by PROSITE (5) using the PredictProtein server (195). Sequences were 

aligned with the Pileup program of the Wisconsin Package (Blosum62 Scoring Matrix, 

gap weight = 8, length weight = 2, weighted ends). The figure derivation and color 

scheme were described in the Fig. 2 legend. 
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Chapter III 
Identification of Nonessential Regions of the Nsp2 Replicase Protein of 

PRRSV Strain VR-2332 for Replication in Cell Culture 

Jun Han, Gongping Liu, Yue Wang and Kay S. Faaberg. 2007. J. Virol. 81, 9878-90 

Abstract 
The nonstructural protein 2 (nsp2) of porcine reproductive and respiratory syndrome 

virus (PRRSV) is a multidomain protein and has been shown to undergo remarkable 

genetic variation, primarily in its middle region, while exhibiting high conservation in the 

N-terminal putative protease domain and the C-terminal predicted transmembrane region. 

A reverse genetics system of PRRSV North American prototype VR-2332 was developed 

to explore the importance of different regions of nsp2 for viral replication. A series of 

mutants with in-frame deletions in the nsp2 coding region were engineered, and 

infectious viruses were subsequently recovered from transfected cells and further 

characterized. The results demonstrated that the cysteine protease domain (PL2), the PL2 

downstream flanking sequence (amino acids [aa] 181 to 323), and the putative 

transmembrane domain were critical for replication. In contrast, the segment of nsp2 

preceding the PL2 domain (aa13 to 35) was dispensable for viral replication, and the nsp2 

middle hypervariable region (aa324 to 813) tolerated 100-aa or 200-aa deletions but 

could not be removed as a whole; the largest deletion was about 400 aa (nsp2Δ324-726). 

Characterization of the mutants demonstrated that those with small deletions possessed 

growth kinetics and RNA expression profiles similar to those of the parental virus, while 

the nsp2Δ324-726 mutant displayed decreased cytolytic activity on MARC-145 cells and 

did not develop visible plaques. Finally, the utilization of the genetic flexibility of nsp2 to 

express foreign genes was examined by inserting the gene encoding green fluorescent 

protein (GFP) in frame into one nsp2 deletion mutant construct. The recombinant virus 

was viable but impaired and unstable and gradually gained parental growth kinetics by 

the loss of most of the GFP gene. 
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Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV), the etiological agent 

of PRRS, is an enveloped, positive-stranded RNA virus belonging to the family 

Arteriviridae in the order Nidovirales (29) and contains a 15.1-to 15.5- kb long genome 

(151, 162). Two genotypes, represented by prototype viruses Lelystad and VR-2332, 

have been discerned based on a difference in nucleotide sequence by approximately 40%, 

and are referred to as European (EU or Type 1; Lelystad) (151) and North American 

strains (NA or Type 2; VR-2332) (3, 162). The 5’ two-thirds of the viral genome is 

occupied by overlapping open reading frames (ORF) 1a and 1b, which generate the viral 

replicase proteins. Polyprotein 1a (pp1a) is encoded by ORF1a and the synthesis of pp1ab 

occurs through a ribosomal frameshift at the ORF1a/1b junction (21, 208). These 

polyproteins are immediately translated upon virus entry and then proteolytically 

processed by viral encoded proteinases into intermediate precursors and at least 12 

mature nonstructural proteins, which appear to be responsible for forming membrane-

bound replication complexes, called viral-induced double membrane vesicles, that are 

sites for viral RNA synthesis (208). 

The processing of pp1a and pp1ab is believed to be mediated by accessory 

proteinases, located in nsp1 and nsp2, and the main serine proteinase in nsp4, 3C-like 

proteinase (3CLpro) (277). The catalytic sites of these enzymes and the corresponding 

cleavage sites are well conserved among arteriviruses (277). Processing of pp1a begins 

with the N-terminal nsp1, which is automatically cleaved by papain-like cysteine 

proteases (PCP1α and PCP1β) in PRRSV, while the PCP1α domain is inactive in equine 

arteritis virus (EAV) (60, 211). Arterivirus nsp2 contains a predicted cysteine protease 

(PL2) in its N terminus that was shown to cleave at the nsp2|nsp3 junction in EAV (213). 

The 3CLpro is responsible for processing the remainder of ORF1a and ORF1ab into 

several subunits (nsp3 to -12) (233, 277). 

Among the nonstructural proteins, the multidomain protein nsp2 is the largest 

PRRSV replicative protein and was originally identified as spanning amino acids (aa) 

384-1363 (nsp2 aa1-981) and then projected to include aa384-1578 (nsp2 aa1-1196) of 

strain VR-2332 ORF1a through genetic analysis of both Coronaviridae and Arteriviridae 
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(3, 277). PRRSV nsp2 protein has a similar organization as the arterivirus family member 

EAV nsp2 counterpart (213, 277). Three major domains could be discerned through the 

alignment of arterivirus nsp2 proteins: an N-terminal cysteine proteinase domain (PL2), a 

functionally unspecified middle region and a hydrophobic transmembrane (TM) region 

near the C-terminus (92, 277). In addition, the exact C-terminal cleavage sites have yet to 

be determined. PRRSV PL2 is predicted to act on the potential substrates at the nsp2|nsp3 

junction and two potential cleavage sites have been proposed: 981G|G and 1196G|G|G (3, 

277), according to the knowledge obtained from nsp2 of EAV, which prefers G|G 

dipeptides (213). The function of PRRSV nsp2 in the virus replication cycle is currently 

not known, while EAV nsp2 has been shown to be involved in the generation of double-

membrane vesicles together with nsp3, and to serve as a cofactor for the nsp4 protein 

(209, 245).  

Although PRRSV nsp2 possesses potential enzymatic function, it has been shown to 

be highly heterogeneous and variable. It is well documented that PRRSV nsp2 accounts 

for the major genetic differences between Type 1 and Type 2 PRRSV strains, sharing less 

than 40% similarity at the amino acid level (3, 162). In addition, nsp2 is also the key 

region for length difference between PRRSV Type 1 and Type 2 strains. Natural 

mutations, insertions or most notably, deletions are always seen in the middle region or 

near the N-terminal region of the nsp2 protein in field strains, while the putative PL2 

domain, predicted transmembrane domain as well as the predicted cleavage sites remain 

well conserved (3, 75, 80, 92, 162, 192, 206). 

Reverse genetics provides a very valuable tool to explore the function of viral 

proteins by targeted gene manipulation. In this study, we explored the genetic flexibility 

of the PRRSV nsp2 protein and sought to identify critical and nonessential regions in 

PRRSV VR-2332 nsp2 for viral growth in cell culture. We first developed an infectious 

clone of Type 2 prototype strain VR-2332 and then created mutant constructs by deletion 

mutagenesis. The mutant viruses were rescued and their growth properties and RNA 

synthesis capacities were then evaluated. The results suggested that PRRSV nsp2 

contains several nonessential regions for viral replication, while the conserved PL2 

domain and transmembrane domain are critical to maintain nsp2 function. In addition, we 
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assessed the flexible nature of nsp2 by expressing the green fluorescent protein in one of 

the nsp2 deletion mutants. We found that the GFP recombinant virus was viable and 

induced typical CPE, but displayed an impaired growth rate. In addition, the GFP 

recombinant virus was unstable and gradually gained fitness, shown by increased growth 

kinetics through the loss of part of the GFP gene.  

Materials and Methods 
Cells and viral strains. MA-104 cells or a subclone (MARC-145 cells; ATCC CRL-

11171), an African green monkey kidney epithelial cell line which supports PRRSV 

replication, were maintained in EMEM (SAFC Biosciences) supplemented with 10% 

fetal bovine serum (FBS) at 37 °C with 5% CO2. PRRSV North American prototype 

strain VR-2332 (U87392) was used as a wild type (wt) control in all experiments. The 

derived vaccine strain of VR-2332, Ingelvac PRRS® MLV (AF066183), was utilized for 

genome comparison only. 

Construction of PRRSV full-length cDNA clone of VR-2332. cDNA synthesis 

was performed with Enhanced Avian HS RT-PCR Kit (Sigma). Eight PCR primers 

(Table 1) were used to amplify four overlapping cDNA fragments covering the complete 

VR-2332 genome (Fig. 1). Each PCR fragment was purified with the QIAEX II Gel 

Extraction Kit (Qiagen) and cloned into pCR®2.1-TOPO® vector with TOPO TA 

Cloning® Kit (Invitrogen). Plasmids representing each fragment were submitted for 

nucleotide sequence analysis. QuikChange®Multi Site-Directed Mutagenesis Kit 

(Stratagene) was used to modify all cDNA clones. The fragments with the minimum 

nucleotide mutations compared to parental VR-2332 sequence (GenBank no. U87392) 

were used to assemble the full-length cDNA, as shown in Fig 3.1. In each overlap region, 

a unique restriction enzyme site was utilized to join flanking fragments. Four digested 

fragments, representing full-length genomic sequence, were precisely assembled stepwise 

into a modified low copy plasmid vector pOK12HDV-PacI (Genbank no. EF486278). 

The vector was modified to include the HDV ribozyme by inserting a 244 bp SmaI to SalI 

fragment containing the HDV antigenome ribozyme and a T7 RNA polymerase 

terminator sequence from Transcription vector 2.0 into the corresponding sites in pOK12 

(GenBank No: AF223639) (106, 178, 242). The NcoI restriction enzyme site in this 244 
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bp fragment was replaced with unique SphI and PacI by PCR method and a linker 

including FseI, AvrII and BsrGI restriction sites was then inserted into the site between 

SphI and PacI by restriction enzyme digestion. Thus, the modified new vector 

pOK12HDV-PacI contains five unique restriction sites: SphI, FseI, AvrII, BsrGI and 

PacI. In the full-length cDNA clone, viral genomic sequence was preceded by the T7 

RNA polymerase promoter, 2 G residues and a T residue, and followed by a polyadenylic 

acid tail of 50 nucleotides. Assembled clones were propagated in the Eschericia coli DH1 

cells and then submitted for full-genome nucleotide sequence confirmation (GenBank no. 

DQ217415). 

Deletion mutagenesis of PRRSV VR-2332 nsp2. Fragment I (bases 1-4545) was 

digested with SphI and FseI and cloned into the modified pOK12HDV-PacI vector. The 

subsequent plasmid was named pOK-I. Similarly, fragment II (bases 4545-7591) was 

removed to generate shuttle plasmid pOK-II. To delete VR-2332 nsp2 nucleotides, 

overlapping extension PCR was performed on pOK-I or pOK-II. Briefly, one primer pair 

was used to generate fragment A and the other primer pair was used to obtain fragment 

B. Second round PCR was performed to generate the final full-length deletion fragment 

with the upstream primer from the first primer set and downstream primer from the 

second primer pair and the described overlapping fragments A and B as templates. The 

PCR product was next gel purified, digested with proper enzymes and cloned into pOK-I 

or pOK-II cut with the same enzymes. After confirmation by sequencing, mutated 

fragment I or II was inserted into the infectious clone backbone to construct the final full-

length deletion mutant clone.  

To make a recombinant virus expressing green fluorescent protein (GFP), the GFP 

gene minus the stop codon (714 bp) was inserted into the exact position where nsp2 

aa324-434 was previously deleted. The insertion of GFP into the nsp2 deletion site was 

accomplished via three separate PCR reactions. Two flanking fragments were PCR 

amplified from pVR-V7-nsp2Δ324-434 by primer sets dVR-67U22/dVR-189L33 and 

dVR-903U33/dVR-1307L24 and one middle fragment from GFP using primer set dVR-

189U33/dVR-903L33. The overlapping extension PCR was completed using all three 

fragments as templates and primer pair dVR-67U22/dVR-1307L24 to derive the GFP 
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fusion fragment, which was then excised with MluI and EcoRV and cloned back into 

pOK-I to generate the new plasmid pOK-I-nsp2Δ324-434-GFP. The fragment I-

nsp2Δ324-434-GFP was then inserted into the infectious clone backbone as described 

above to result in full-length clone pVR-V7-nsp2Δ324-434-GFP. 

In vitro transcription and transfection. The full-length cDNA clone was linearized 

by cleavage with PacI. Capped RNA transcripts were produced using the mMESSAGE 

MACHINETM Kit (Ambion) with an optimized 2:1 ratio of methylated cap analogue to 

GTP. The RNA was then purified by the RNeasy mini kit (Qiagen). RNA was evaluated 

for quality on 1% native agarose gel, and quantified by spectrophotometry at OD260. For 

transfection, a modified procedure was generated based on the approach described by 

Nielsen et al (164). Briefly, MA-104 or MARC-145 cells were seeded onto six-well 

plates (2-3 x 105 cells/well) in 3 ml of complete medium EMEM supplemented with 10% 

fetal bovine serum (FBS) and then incubated at 37°C, 5% CO2 for 20-24 hours until 

approximately 80% confluent. Three microgram of in vitro transcribed RNA and 2 µl of 

DMRIE-C (Invitrogen) diluted in 1 ml Opti-MEM® medium were combined and 

vortexed briefly. The cells were washed once with Opti-MEM® medium and then 

immediately overlaid with the lipid:RNA complex solution. After 4 h of exposure to the 

lipid:RNA complexes, the monolayers were washed and fresh complete medium was 

added. The transfected cells were monitored daily for appearance of cytopathic effect 

(CPE).  

Detection of progeny viral RNA. To detect progeny viral RNA, cell culture 

supernatants from transfected and viral infected cells were harvested. RNA was isolated 

with QiaAmp viral RNA minikit (Qiagen). One-step RT-PCR was performed with 

selected primer pairs (Table 1) to detect parental virus and PRRSV nsp2 mutant viruses.  

Immunofluorescence assay. MARC-145 cells grown on coverslips and infected 

with virus were fixed in 3.7% paraformaldehyde at room temperature for 10 min, 

permeabilized and blocked for 20 min with 0.1% Triton/2% BSA/PBS. The cells were 

incubated for 60 min with PRRSV nucleocapsid protein specific monoclonal antibody 

SDOW17 (137) and then stained with goat anti-mouse immunoglobulin G (IgG) 

conjugated with Alex fluor 568 (Molecular Probes) for another 60 min. The nuclear DNA 
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was stained with DAPI (4', 6-diamidino-2-phenylindole; Molecular Probes). The images 

were collected under an Olympus IX-70 inverted microscope. 

Viral growth assays. MA-104 cell monolayers in T-25 flasks were infected with 

either parental or mutant viruses at an multiplicity of infection (MOI) of 5×104 PFU. 

After 1 h attachment at room temperature with gentle mixing, the inocula were removed 

and the monolayers were washed three times with serum-free EMEM. After washing, 7 

ml complete medium was added and the flasks were then incubated for up to 5 days at 

37°C, 5% CO2. Samples were collected from medium at different hours post-infection 

(hpi) and titrated by viral plaque assay. For recombinant virus V7-nsp2Δ324-726 and 

VR-V7, MARC-145 cells were infected with 103 TCID50 of the viruses. The viral 

infected supernatants were taken every 12 hpi and titrated by an endpoint dilution assay, 

and the titers were expressed as 50% tissue culture infectious doses (TCID50) 

Northern Blot Analysis. Intracellular RNAs of viral infected cells were extracted 

using an RNeasy Mini kit (Qiagen) and electrophoresed (15µg/sample) on a glyoxal 

denaturing gel as described previously (162, 272). After RNA transfer to 0.45 micron 

MagnaGraph Nylon Transfer Membrane (Osmonics), the membrane was probed with an 

oligonucleotide against ORF7 end labeled with γ-32P-ATP (Amersham) using 

polynucleotide kinase (Promega) as described previously (272). 

Results 
Construction of full-length cDNA clone of VR-2332. Four overlapping genome 

fragments were amplified from purified strain VR-2332 viral RNA by RT-PCR using the 

primer pairs indicated (Figure 3.1, Table 3.1). Each fragment was individually cloned to 

generate intermediate plasmids pCR-SphI-FseI (segment I), pCR-FseI-AvrII (segment II), 

pCR-AvrII-BsrGI (segment III), and pCR-BsrGI-PacI (segment IV). The fragments were 

sequenced and the mutations corrected by site-directed mutagenesis. The cDNA clones 

were then digested with two unique restriction enzymes, as indicated by the clone name. 

Four fragments were gel-purified and ligated stepwise into low copy vector pOK12HDV-

PacI to generate a full-length cDNA clone of PRRSV (pVR-V7). The infectious clone 

pVR-V7 contains 11 nucleotide and no amino acid changes from wt strain VR-2332, 

besides those also seen in Ingelvac MLV (Table 3.2). 



  42 

Growth properties of recombinant virus VR-V7. The recombinant virus induced 

typical CPE, characterized by cell clumping, detachment and lysis at 72-96 hours post-

transfection. At 108 hours post-transfection, most of the cells had undergone lysis and 

detached from the plate (data not shown). In order to rule out the possibility of 

contamination by wt VR-2332, we sequenced the recombinant virus at passage 3 (P3). 

The sequencing results confirmed that the exact nucleotide mutations at residues at 7329 

and 7554 were detected in virus resulting from pVR-V7 (Table 3.1). Corresponding 

mutations were not seen in P3 virus from wt vRNA transfections (data not shown). Direct 

immunofluorescence assays were used to detect the expression of PRRSV nucleocapsid 

protein in infected MARC-145 cells. All cells infected by recombinant virus (P3 and on) 

as well as wt VR-2332 were positive. Massive nucleolar accumulation of the 

nucleocapsid protein was readily apparent, as previously reported by Rowland et al (197) 

(data not shown). The recombinant virus VR-V7 displayed a similar growth rate to wt 

VR-2332, which also correlated with the viral genomic and subgenomic RNA synthesis. 

The plaque size of VR-V7 is slightly smaller than wt VR-2332 (Fig. 3.4B and C).  

Generation and recovery of nsp2 mutant viruses. EAV and PRRSV N-terminal 

ORF1 proteins and their cleavage patterns are depicted in Fig. 3.2. To determine the 

functional importance of different regions of nsp2, pVR-V7 fragment I or II was digested 

with SphI and FseI or FseI and AvrII, respectively, and cloned into the pOK12HDV-PacI 

adaptor plasmid treated with the same enzymes to generate the shuttle plasmid pOK-I or 

pOK-II for subsequent nsp2 mutagenesis. The deletions were designed to maintain the 

ORF1a translational reading frame. Some deletions were based on the deletions seen in 

the nsp2 region of PRRSV MN184 strains (92), which contained three discontinuous 

deletions with a total size of 131aa, compared to strain VR-2332, corresponding to the 

amino acid positions in PRRSV strain VR-2332 nsp2 of 324-434, 486 and 505-523, 

respectively. In order to evaluate the importance of other regions in nsp2, a series of 

~100aa stepwise deletions were created by overlapping PCR (Fig. 3.3). Each mutated 

PCR product was digested by appropriate restriction enzymes and cloned back into pOK-

I or pOK-II. After sequence confirmation, mutated fragment I or II was then digested and 

placed into the infectious clone backbone. After assembly of the full-length cDNAs, at 
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least three clones each were chosen to test downstream viability. The procedures for in 

vitro transcription and transfection were the same as for VR-V7. The viral induced CPE 

was monitored daily after transfection. 

Deletions of the PL2 domain and the region immediately downstream are lethal. 

The PL2 domain is predicted to have a size of about 100aa (PRRSV Y47 to C147) and is 

highly conserved among all arteriviruses, especially for the putative active catalytic sites 

at PRRSV C55 and H124, and has been proposed to be responsible for processing its 

downstream substrate between nsp2 and nsp3 (213, 277). To test the importance of the 

PRRSV PL2 domain, an in-frame deletion of nsp2 (Y47 to S180) was engineered and 

transferred to the infectious clone. The deletion of the PL2 core domain was lethal to the 

virus, defined as failure to detect extracellular or intracellular replication evidence by RT-

PCR or immunostaining after supernatant passage to new cell monolayers and 5-6 days 

subsequent incubation. Next, we examined the core enzyme domain flanking sequences, 

which might play a role in maintaining the secondary and tertiary structure of the PL2 

domain. For PRRSV nsp2 PL2, its upstream sequence is about 45aa and highly variable 

either within or between Type 1 and Type 2 strains, except the N-terminal first 7aa, 

which are highly conserved and perhaps needed for recognition by PCP1β. Since a 

natural deletion was seen in MN184 isolates corresponding to the position N324 to P434 

in VR-2332, the flanking sequence downstream of PL2 to be examined included residues 

up to L323. To determine the importance of the regions immediately upstream and 

downstream of the PL2 domain, either the upstream flanking sequence (A13 to V35; V7-

nsp2Δ13-35) or downstream sequence (S180 to L323; V7-nsp2Δ181-323) were deleted. 

Transfection of MARC-145 cells with transcript RNA from these constructs indicated 

that V7-nsp2Δ13-35 resulted in viable virus, while V7-nsp2Δ181-323 was lethal, as 

confirmed by negative RT-PCR and immunostaining results (data not shown). To rule out 

the suggestion that the deletion of aa180-323 might have affected the PL2 activity, since 

the deletion was close to the enzyme domain, another deletion mutant (S241 to L323; 

V7-nsp2Δ241-323) was made. This deletion also turned out to be lethal to virus 

replication. To negate the possibility that the deletion of these sequences could affect the 

processing of nsp1, the mutant full-length RNAs were in vitro translated. The results 
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established that nsp1 was correctly processed into nsp1α and nsp1β (data not shown). 

Taken together, our data revealed that an intact PL2 domain and its immediately 

downstream flanking sequence were essential for PRRSV replication, but the upstream 

region of nsp2 aa13-35 was dispensable for viral growth.  

The hypervariable region of nsp2 aa324-813 tolerated deletions. The region 

encompassing nsp2 aa150-850, between the PL2 domain and the predicted 

transmembrane domain, is highly divergent among PRRSV strains and especially 

between genotypes (3, 162). Several reports have documented that deletions, mutations 

and insertions occur in this region (75, 80, 192, 206). We recently reported that nsp2 of 

MN184 strains contained the largest natural deletions ever found in Type 2 field isolates 

(92). To determine whether the deleted regions seen in the MN184 isolates were required 

for strain VR-2332 replication, full-length infectious clone pVR-V7 was engineered to 

lack nsp2 residues D324 through P434 (V7-nsp2Δ324-434) and D324 through A523 

(V7-nsp2Δ324-523). Virus-induced cytopathic effect (CPE) was readily detected at 4-5 

days post-transfection in cells transfected with these nsp2 truncation mutants. Clarified 

supernatants harvested from MARC-145 cells transfected with VR-V7 nsp2 mutant 

RNAs were capable of initiating a productive infection in freshly inoculated MARC-145 

cells, demonstrating the presence of viable virus. These results indicated that the 

deletions seen in MN184 strains were also dispensable for strain VR-2332 replication in 

vitro.  

In order to determine whether the entire downstream hypervariable region was 

dispensable for viral replication, a large deletion mutant (V7-nsp2Δ324-845) from D324 

to Q845 was produced but found to be lethal for virus replication. This suggested a 

detailed stepwise mutagenesis was needed for defining the nonessential region boundaries. 

Four approximately 100aa or 200aa deletion constructs were produced as shown in Fig. 

3.4: V7-nsp2Δ543-632 (I543 to R632); V7-nsp2Δ633-726 (I633 to P726), V7-nsp2Δ543-

726 (I543 to P726) and V7-nsp2Δ727-845 (C727 to Q845). The transfection results 

suggested that only V7-nsp2Δ727-845 produced a non-replicating PRRSV genome; all 

others resulted in viable virus. Further bioinformatics analysis suggested that V7-

nsp2Δ727-845 might have affected the structure or stability of the juxtaposed hydrophobic 
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domain. Thus, a smaller deletion (C727 to G813, V7-nsp2Δ727-813) was also made, and 

this deletion allowed the rescue of viable virus. Thus, the region of nsp2 aa324-813 did 

tolerate several 100 - 200aa deletions. To determine if the whole region could be deleted, 

two additional deletion constructs (D324 to P726, V7-nsp2Δ324-726 and D324 to G813, 

V7-nsp2Δ324-813) were generated. The 403aa deletion (V7-nsp2Δ324-726) allowed 

viable virus recovery, while the construct V7-nsp2Δ324-813 did not. The combined data 

suggested that VR-2332 nsp2 harbors a large nonessential region for viral replication in 

cell culture. 

The TM region and C-terminal tail are critical for nsp2 function. The carboxyl 

region of nsp2 is highly conserved among all PRRSV strains and has been predicted to 

contain 3-4 putative hydrophobic transmembrane domains (TM; aa876-898, 911-930, 

963-979 and 989-1009) (92). This is consistent with the nsp2 counterpart of PRRSV 

arterivirus family member EAV, which also has TM domains in the respective C termini 

(213, 277). According to EAV, PL2 prefers G|G dipeptides (213). Thus, a carboxyl-

terminal tail was predicted for PRRSV nsp2 that harbors two potential cleavage sites 

(981G|G and 1196G|G|G) (3, 277). Since the hydrophobic domains are responsible for 

targeting the nonstructural proteins for intracellular membranes to form viral replication 

complexes as demonstrated in EAV (209, 232), a complete deletion (W876 to Q1009, 

V7-nsp2Δ876-1009) of the TM domain was made as an attempt to determine if the 

hydrophobic region was required for PRRSV replication. The result indicated that the 

deletion was lethal to the virus. Since a potential cleavage site (981G|G) lay between the 

third and four transmembrane helices (92), a truncated TM (A880 to A937, V7-

nsp2Δ880-937) was subsequently constructed to maintain the potential cleavage site. 

However, the deletion again resulted in nonviable virus. Similarly, deletion mutagenesis 

(S1072 to A1162, V7-nsp2Δ1072-1162) between the two potential cleavage sites 

(981G|G and 1196G|G|G) also did not allow virus rescue. Thus, the TM regions and 

carboxyl terminal tail appeared to be critical for nsp2 function. 

Characterization of nsp2 mutant viruses. First, the possibility of contamination 

by parental virus was ruled out. Two sets of primers were employed to identify each 

mutant virus: one primer set targeting the sites across the deletion region was to detect 
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the mutant viruses while the other set primer was used for parental virus detection by 

targeting the deletion region with one primer. There was no evidence of cross-

contamination by VR-V7 virus (Fig. 3.4A). The nsp2 mutated region integrity of the 

recombinant viruses was also examined by RT-PCR after four or five passages. All the 

viruses maintained the respective engineered deletion with expected size (Fig. 3.4A) and 

had no other mutations within nsp2 (data not shown). The entire genomes of V7-

nsp2Δ324-726 P1, 3 and 6 were sequenced to confirm that there were no other 

compensatory mutations. 

To determine the effect of the respective nsp2 deletions on PRRSV growth, the 

ability to form plaques was first examined. All the mutants except V7-nsp2Δ324-726 

formed viral plaques within 5 days, the sizes of which were either comparable or smaller 

than the parental virus VR-V7 (Fig. 3.4B). Further growth curve analysis showed that all 

the small deletion mutants had similar growth kinetics as parental VR-V7 recombinant 

virus, slightly reduced from wt strain VR- 2332 (Fig. 3.4C). To determine if the nsp2 

deletions had any effect on viral genomic and subgenomic RNA synthesis, the 

intracellular RNAs of viral infected cells at 30 hours postinfection (hpi) with 103 TCID50 

of P3 viruses were extracted and subjected to northern blot analysis with a probe against 

ORF7. Most of these mutants had similar viral RNA expression profiling compared to 

parental virus VR-V7, except V7-nsp2Δ727-813, which exhibited a decrease in RNA 

accumulation at 30 h (Fig. 4D, lanes 1 through 9). 

Plaque assay results showed that V7-nsp2Δ324-726 could not develop visible 

plaques even the incubation time was extended to 8-10 days (Fig. 3.4B). Close 

microscopic investigation of infected cells suggested that the viral infection did cause 

CPE foci characterized by vacuolization, but the cell walls mostly remained intact and the 

virus failed to cause complete cell lysis (Fig. 3.5A). The impaired ability of V7-

nsp2Δ324-726 to form visible plaques suggests that some differences exist in the viral 

replication cycle when compared to VR-V7, since plaque development is a consequence 

of differences in yield, rate of synthesis, viral release as well as cytolytic activity (189). 

On initial transfection of the in vitro derived transcript RNA, the V7-nsp2Δ324-726 

mutant exhibited a 2-3 day delay and only sporadic CPE. The virus grew slowly in the 
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first two passages and then reached a titer of around 105 TCID50/ml at P3 and 105~6 

TCID50/ml at P6 (data not shown). To examine the basis of the defect, growth kinetics of 

V7-nsp2Δ324-726 mutant virus at P2, P3 and P6, monitored by end point dilution assay 

instead of plaque formation, were determined with an initial inoculum of 103 TCID50. 

The V7-nsp2Δ324-726 mutant showed several differences as compared to the parental 

virus VR-V7. First, V7-nsp2Δ324-726 had a slower growth rate than VR-V7 at early 

times of infection and exhibited a 12-24 h delay in peak titer compared to VR-V7. VR-

V7 reached a peak titer around 36 hpi while V7-nsp2Δ324-726 P6 reached a similar titer 

at 60 hpi (Fig. 3.5B). The increase in V7-nsp2Δ324-726 P6 titer at later times in infection 

may be a consequence of the decrease in cell cytolysis (discussed below). Northern blot 

analysis, monitoring genomic and subgenomic viral RNA expression levels at 30 hpi for 

V7-nsp2Δ324-726 P2 to P6 as well as VR-V7, revealed a comparable result (Fig. 3.4D). 

Secondly, V7-nsp2Δ324-726 was impaired in cytolytic activity. The investigation of 

virus-induced CPE revealed that VR-V7 induced rapid CPE and displayed very rigorous 

cytolysis, as almost all of the cells were rounded and detached at 55-60 hpi, while V7-

nsp2Δ324-726 virus caused milder cytolysis (Fig. 3.5C). V7-nsp2Δ324-726 induced CPE 

was seen as cell clustering and clumping, with only a portion (30%-50%) of the cells 

lysed and detached at both 84 and 120 hpi (Fig. 3.5C). In order to examine if the 

decreased cytolysis was due to inefficient infection, an immunofluorescence assay (IFA) 

was employed to monitor the infection process at 24, 48 and 60 hpi. There was no 

apparent defect in cell infection, since more than 90% of the cells were infected by V7-

nsp2Δ324-726 at 60 hpi (Fig. 3.5C), suggesting delayed but typical viral spread. In 

addition, virus release and the amount of virus produced appeared normal since the 

mutants reached a comparable titer to VR-V7 at 60 hpi (Fig. 3.5B). Therefore, the 

difference in cell viability was most likely due to the decreased cytolytic activity of V7-

nsp2Δ324-726. Taken together, it appeared that decreased cytolytic activity played an 

important role in impairing the ability of V7-nsp2Δ324-726 to form viral plaques (Fig. 

3.4B). 

Nsp2 is functionally competent with internal insertion of GFP. The identification 

of several nonessential regions suggests that nsp2 is genetically flexible. To evaluate if 
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nsp2 could accept foreign genes in these nonessential regions, the green fluorescence 

protein (GFP) gene was inserted into one of the viable mutants (V7-nsp2Δ324-434), in 

frame, in the position where the region of MN184 nsp2 (aa324-434) was deleted 

compared to VR-2332. To test the effect of this nsp2 modification on virus viability, MA-

104 cells were transfected with in vitro transcribed RNA of pVR-V7-nsp2Δ324-434-

GFP. Viral induced CPE was observed 5-6 days after transfection. Thus, nsp2 was 

functionally competent with internal insertion of GFP gene, as shown recently for an 

infectious clone of type 1 PRRSV (76). At passage 2, GFP expression was examined 

under an inverted fluorescence microscope. GFP was successfully expressed and the 

fluorescence was associated with the foci of observed CPE (Fig. 3.6A and B). Since GFP 

was expressed as part of the nsp2 protein, the localization of GFP also might reflect the 

distribution of nsp2 in recombinant virus infected cells. The visualization of the GFP 

protein, near the nucleus stained with DAPI, thus suggested that the nsp2 protein was 

localized in the perinuclear region of the MA-104 cells, a similar distribution pattern to 

EAV nsp2 counterpart (Fig. 3.6C) (179, 232).  

Growth, stability and nsp2-GFP processing of the GFP recombinant virus. To 

evaluate the growth properties of the GFP recombinant virus, titers were determined from 

different passages. As shown in Fig. 3.6D, the GFP insert diminished viral growth, as the 

GFP recombinant virus grew to very low titers in the first three passages. However, after 

three passages, the GFP recombinant virus reached a much higher titer of 105TCID50/ml, 

similar titers to VR-V7. To investigate the basis for the change in growth, the GFP 

recombinant virus was propagated for five generations. RT-PCR was performed with a 

primer set (dVR-67U22/dVR-1307L24) amplifying nsp2 across the GFP gene (2 kb). As 

shown in Fig. 3.6E, two products were detected in P3 (2kb and 1.4 kb) and from P4 on, 

only the smaller 1.4 kb band was detected. The smaller PCR product correlated with the 

size of the amplicon without GFP. To determine if the virus spontaneously lost the GFP 

gene and in this manner acquired growth advantage over the original GFP virus, we 

determined the nucleotide sequence of the two PCR products. The 2 kb band indeed 

represented the full-length GFP product while the 1.4 kb band indicated that splicing had 

occurred during viral growth, resulting in deletion of all but the first 30nt of the GFP 
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gene (data not shown). Green fluorescence was also monitored for P1-5 of GFP 

recombinant virus. The loss of GFP gene from P4 and on correlated with the RT-PCR 

results (data not shown). Thus, the increase in the virus titer at P4 and the concomitant 

loss of fluorescence indicated a gain in replication fitness upon deletion of the GFP gene. 

Discussion 
In this study, we described the construction of a full-length infectious cDNA clone of 

North American prototype VR-2332, which differed from the one reported earlier (164). 

VR-V7 coded for 6 nucleotides (5 amino acids) of the related vaccine Ingelvac PRRS® 

MLV, whereas the previously published clone was derived independently and possessed 

14 nucleotides (9 amino acids) of Ingelvac PRRS® MLV besides 2 additional amino acid 

mutations in ORF1. More importantly, nine disparate nucleotides located in nsp9-12, 

coding for crucial polymerase and helicase regions, were of wt VR-2332 origin in pVR-

V7. We also utilized VR-V7 to examine the genetic flexibility of the nsp2 replicase 

protein as well as its potential use as an expression vector. PRRSV VR-2332 nsp2 was 

found to contain several nonessential regions including aa13-35 before the PL2 domain 

and aa324-813 in the middle hypervariable section. We also found that the PL2 domain 

and its immediate downstream sequence as well as the putative transmembrane region 

were essential for viral replication, suggesting their critical role in maintaining nsp2 

function in the cell culture. Finally, we reported the successful insertion of the GFP gene 

in the nonessential region, but found that the recombinant virus is impaired and unstable. 

The N terminus of the nidovirus replicase protein has been shown to exhibit 

considerable genetic variability (84), despite its likely crucial function in viral replication. 

The variability includes size variation and genetic mutation. In coronaviruses, the N 

terminus amino sequence identity varies from less than 30% to over 60% among different 

groups, with the most variability occurring in the protein domains upstream of the nsp3 

orthologs (87, 187). The C terminus of the nsp1 protein of murine hepatitis virus (MHV) 

and the nsp2 protein of MHV and severe acute respiratory syndrome coronavirus (SARS-

CoV) have all been shown dispensable for viral replication (22, 87). Very similarly, 

broad genetic variation in the N terminus of the PRRSV replicase protein has also been 

observed, especially in nsp2 and to a lesser degree in nsp1 (3, 75, 80, 92, 162, 192, 206). 
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With the continuing emergence of viral strains during the past 18 years, the nsp2 

replicase protein with noted mutations, insertions and deletions, has become a vital region 

for monitoring the rapid evolution of PRRSV. The earliest report concerning nsp2 

variation is from the full genome comparison of North American prototype VR-2332 and 

European prototype Lelystad (LV) strain (3, 162). The nsp2 of PRRSV LV strain is 119 

amino acids shorter than that of VR-2332, and the amino acid similarity is under 40%. 

Since then, several other cases have been reported. PRRSV Type 2 SP strain had an 

unique insertion of 36 aa relative to the position between aa813 and 814 of VR-2332 

nsp2 (206), and Type 2 isolate HB-2(sh)/2002 nsp2 protein contained a unique 12aa 

deletion at relative positions aa466-477 (80). Similarly, a 17aa deletion was identified in 

the newly identified European-like PRRSV field isolate when compared to strain LV (75, 

192). Our recent report of two virulent MN184 strains of North American lineage 

revealed a further truncated PRRSV nsp2 gene, which is 131aa shorter than Type 2 

prototype VR-2332 and contains three discontinuous deletions with the total size of 

131aa, leading to the shortest genome detected to date (15,019 kb) (92). The immense 

genetic variability of nsp2 protein suggests that the hypervariable regions in nsp2 may 

play a very limited role for viral replication. Accordingly, we demonstrated this 

hypothesis was correct in that PRRSV nsp2 contained a vast redundant region, at least for 

viral replication in cell culture. In contrast, the entire region of the nsp2 protein of EAV 

was found to be crucial for nsp2/3 processing in the vaccinia virus-T7 system (213). Even 

small deletions were not tolerated in EAV nsp2 even though it has a similar organization 

as PRRSV nsp2, possessing a large middle region (500aa) that separates PL2 from its 

cleavage site. This may reflect a uniqueness of PRRSV nsp2 amongst arteriviruses. 

We also reported that small deletions in the region of VR-2332 nsp2 aa324-812 did 

not affect virus viability. However, the deletion of the whole region appeared to be lethal 

to the virus. We have tried at least five clones (V7-nsp2Δ324-812) but the attempts were 

not successful. The largest deletion that resulted in viable virus is 402aa (V7-nsp2Δ324-

726). One possible explanation is that there might be a size limit for the middle 

hypervariable region to maintain the correct folding of functional domain of nsp2, and 

too large of a deletion could interfere with the interaction of PL2 domain and its 
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substrates. Given that regions of nsp2 are highly heterogeneous, the whole region of nsp2 

aa324-812 may be dispensable in PRRSV strains besides VR-2332. In other strains, 

mutations elsewhere in nsp2 might have a compensatory effect in maintaining a proper 

structure for the nsp2 functional domains.  

Although the nsp2 hypervariable region (aa324-726) is dispensable for viral 

replication, the mutant virus was severely crippled in its ability to form plaques and did 

not cause complete cell lysis in the final stages of replication. The decreased cytolytic 

activity appeared to be most likely linked to the defect in plaque formation. Therefore, 

this may indicate that the long hypervariable region of nsp2 might play an important role 

in regulating maximal cytotoxicity through an undescribed mechanism. In addition, the 

nsp2 hypervariable region has been proposed to play an important role against host 

immune responses. Several reports have documented that the nsp2 hypervariable regions 

in both Type 1 and Type 2 PRRSV strains contained several highly immunogenic B cells 

epitopes, and the antibodies against these epitopes could be detected as early as one week 

(8, 48, 168). The hypothesis proposed states that linear sequences of the nsp2 protein are 

strongly antigenic and could serve as decoy epitopes, deflecting the host immune 

responses away from critical viral proteins (75, 168). Although only speculative, swine 

inoculation of recombinant viruses with variable length deletions in the nsp2 

hypervariable region may lead to a clearer knowledge of the biological function of 

PRRSV nsp2 in in vivo infection. 

PRRSV as a potential viral vector has been investigated previously, but the region of 

study was mainly focused on the 3’ section of the genome and the size of insertion, if 

any, was limited to less than 10 amino acids when fused to viral structural proteins (88). 

Foreign genes have also been inserted into intergenic regions of PRRSV structural 

proteins and a transcription regulatory signal prior to the inserted genes was employed to 

generate subgenomic RNA (263). The exceptional genetic variability of PRRSV nsp2 

suggested the likelihood of expressing a large foreign gene as a fusion protein in the viral 

replicase region. In this study, the identification of nonessential regions in the nsp2 

replicase protein provided further guidelines for successful insertion of a foreign gene 

and increased the possibility of generating viable virus. To test this hypothesis, we 
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inserted the green fluorescent gene into one of the VR-2332 nsp2 deletion mutants 

(nsp2Δ324-434). The visualization of green fluorescence emitted from infected cells 

indicated that nsp2 was functionally competent to express a foreign gene in the 

hypervariable region. However, instability arose in later passages of the GFP mutant, 

consistent with another recent report (76). In that case, virus instability was seen when 

the insertion of GFP was attempted in a natural nsp2 deletion position that exists between 

Type 1 and Type 2 PRRSV. Many factors could contribute to the instability of GFP 

expression (19, 47). First of all, the GFP gene has a much larger size than the length of 

the deleted sequence. Thus it could potentially exert a strong structural influence on 

surrounding sequences, especially the nearby PL2 protease domain in its interaction with 

viral substrates, thereby effecting the efficiency of processing the nsp2|nsp3 cleavage. In 

addition, the nature of the gene insert and the precise position of insertion might 

influence virus stability. The stability of the firefly luciferase gene varied strongly on its 

location in MHV genome, whereas the Renilla luciferase gene was maintained in all of 

the positions tested (47). Given that PRRSV nsp2 harbors such a large hypervariable 

region, it is possible that stable insertion is position-dependent and that expression of a 

foreign gene will be successful when insertion is manipulated elsewhere in the coding 

sequence. Thus size, insertion position and the nature of a selected foreign gene appear 

important when considering nsp2 for gene fusion expression. 

In summary, the identification of nonessential regions and successful expression of a 

foreign gene in nsp2 region by a reverse genetic approach further extends our knowledge 

concerning PRRSV nsp2 genetic flexibility. The successful recovery of the shortest self-

replicating PRRSV (V7-nsp2Δ324-726, 14.2kb) also suggests that certain regions in this 

RNA virus are more flexible than previously thought. In addition, the attenuation of 

morphological phenotypes such as plaque appearance and cytolytic activity through 

modification of the viral replicase gene highlights a promising area for future PRRSV 

vaccine design. 
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Table 3.1. Oligonucleotide primers used in this study. 

Primer 
Genome 
Position* Sequence 

pVR-V7 Construction   

T7Leader-VR long/ 1-30 5' ACATGCATGCTTAATACGACTCACTATAGTATGA 
CGTATAGGTGTTGGCTCTATGCCTTGG 

/3'-4300 4617-4635 5' CTGGGCGACCACAGTCCTA 
5'-4056-AscI/ 4055-4080 5' CTTCTCGGCGCGCCCGAATGGGAGT 
/3'-7579 7578-7603 5' TCATCATACCTAGGGCCTGCTCCACG 
5'-7579/ 7578-7603 5' CGTGGAGCAGGCCCTAGGTATGATGA 
/P32 13293.13310 5' TGCAGGCGAACGCCTGAG 
VR1509/ 11938-11958 5' GTGAGGACTGGGAGGATTACA 
/3'end-FL 15405-15411 5' GTCTTTAATTAACTAG (T)30 AATTTCG 
Construction of GFP recombinant virus,  
identification of nsp2 mutants and northern analysis 
dVR-67U22/ 2167-2187 5' CGCCCGCCACGCGTAATCGACA 
/dVR-1307L24 3740-3763 5' CTGTGCCTGCGGACGGAGCTGATG 
/dVR-191L30 GFP 5' GAGGTGCGGGAATTGGCAAGGACTTTTGAG 
dVR-198U34/ GFP 5' GTCCTTGCCAATTCCCGCACCTCGCGGAACTGTG 
dVR-192U30/ GFP 5' TCAAAAGTCCTTGCCAAAAGTTCAGCCTCG 
/dVR-192L30 GFP 5' CGAGGCTGAACTTTTGGCAAGGACTTTTGA 
VR-1051U27/ 1051-1077 5' TCGCCATGCTAACCAATTTGGCTATC 
VR-1371U18/ 1371-1388 5' GTGGCGACTGCTACAGTC 
/VR-1712L26 1712-1737 5' GACATCCCAGGGGTCACAGTGACAGT 
VR-1824U24/ 1824-1847 5' TTGACCGGCTGGCTGAGGTGATGC 
/VR-2430L24 2430-2453 5' TTGGCATGAGCCCATATTCTTCTC 
VR-2812U22/ 2812-2833 5' CCCACCTGAGCCGGCAACACCT 
VR-2393U22/ 2393.2414 5' CTAACCGCCGTGCTCTCCAAGT 

/VR-3080L37 3080-3116 5'CCCCGCTCTGCGGCGGTGCTGGGGGAGA 
GGCCTCATA 

VR-3331U26/ 3331-3356 5' GCGCGAGGCATGTGATGCGACTAAGC 
/VR-3349L26 3349-3374 5' GCGTAGCAGGGTCATCAAGCTTAGTC 
VR-3667U26/ 3667-3692 5' CTCCGAGGATAAACCGGTAGATGACC 
/VR-3847L34 3847-38880 5' CCGGGATCCTTGGTCAAAGAGCCTTTCAGCTTTT 
/VR-4258L31 4258-4279 5' CCGGGATCCGCCCAGTAACCTGCCAAGAATG 

/ORF7 probe 14904-14943 5' TGGCTGGCCATCCCCCTTCTTTCTCTTCTGCTGC 
TTGCCG 

a Forward primers are indicated with a slash (/) after the designator, and reverse primers are 
preceded by a slash. 
b Unless otherwise noted, genome position is based on GenBank submission U87392. 
c Inserted restriction enzyme sites are shown in boldface. 
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Table 3.2. Amino acid changes detected in pVR-V7. 

NT Position ORF AA Position Region VR-2332 pVR-V7 MLV 
309 40 Q Silent Q 
642 151 nsp1a P Silent P 

1107 306 nsp1b L Silent L 
4407 1406 P Silent P 
4593 1468 Q Silent Q 
4681 1498 S A A 
4866 1559 V Silent V 
5097 1636 R Silent Silent 
5247 1686 

nsp3 

V Silent V 
6674 2162 nsp5 P L L 
7329 2380 K Silent K 
7554 2455 nsp7 V Silent V 
11329 3739 nsp11 G A A 
14336 183 ORF5 G Silent G 
14404 10 H Silent H 
14735 121 R G G 
14737 121 

ORF6 
R G G 

aAmino acid identity with Ingelvac PRRS MLV is shown in boldface. 
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Fig. 3.1. Assembly of full-length clone of PRRSV strain VR-2332. The 15.4-kb 

genome was amplified in four sections (I to IV) that incorporated unique restriction 

enzyme cleavage sites present in viral cDNA (FseI, AvrII, and BsrGI) or added to the 

PRRSV sequence at the 5' and 3' ends by insertion mutagenesis (SphI and PacI). A T7 

polymerase promoter and two nontemplated G residues and a T residue preceded the viral 

sequence. The pOK12 vector was modified to include the above five enzyme restriction 

sites and an HDV ribozyme downstream of a polyadenosine tail of 50 nucleotides. 

Signature motifs are identified below ORF1a and -1b, with upwards arrows indicating 

their placement in the PRRSV genome. Abbreviations: PL2pro, chymotrypsin-like 

cysteine protease; 3CLpro, serine/3C-like protease; POL, RNA-dependent RNA 

polymerase; C/H, cysteine/histidine rich; HEL, helicase; XendoU, Xenopus laevis 

homolog poly(U)-specific endoribonuclease. 
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Fig. 3.2. Schematic representation of the putative PRRSV nsp2 protein. The 
organization of the nsp1-to-nsp5 region of PRRSV and EAV is represented schematically. 
The cleavage sites are labeled by triangles, and the positions are annotated. The putative 
active enzyme domains are marked by dark boxes, while the inactive PCP1 domain in EAV 
is boxed gray. The putative TM domains (aa 876 to 898, 911 to 930, 963 to 979, and 989 to 
1009) are also shown. Two hypervariable regions (HV) of unknown function are also 
discerned in the PRRSV nsp2 region. 
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Fig. 3.3. Construction of strain VR-2332 nsp2 mutants. Mutagenesis was completed 
to achieve products with in-frame deletions of the nsp2 region by overlapping PCR. The 
deleted amino acids are shown as a dashed line, and the relative positions are indicated in the 
individual mutant name. For the purpose of foreign gene expression, the GFP gene was 
inserted into the position where the region aa 324 to 434 of nsp2 was deleted to generate the 
mutant V7-nsp2Δ324-434-GFP. The putative enzyme domain and TM region as well as the 
predicated cleavage sites are shown. The viability for each mutant constructed is shown on 
the right: +, viable; –, nonviable 
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Fig. 3.4. Characterization of nsp2 small mutants. (A) Identification of viable nsp2 
mutant viruses by RT-PCR, as shown in the schematic. One primer set (a/b; indicated for 
each mutant below) was used to confirm the presence of a mutant virus in the odd-
numbered lanes, while another primer set (c/d; indicated for each mutant below) was used to 
ensure there was no contamination with parental virus in the even-numbered lanes. The 
detection of mutants nsp2Δ13-35 (VR-1051U27/VR-1712L26 [618 bp]), nsp2Δ324-434 
(dVR-67U22/VR-3349L26 [875 bp]), nsp2Δ324-523 (dVR-67U22/VR-3349L26 [608 
bp]), nsp2Δ543-632 (VR-2393U32/VR-3349L26 [712 bp]), nsp2Δ633-726 (VR-
2812U22/VR-3847L34 [787 bp]), nsp2Δ727-813 (VR-2812U22/VR-3847L34 [808 bp]), 
nsp2Δ543-726 (VR-2393U32/VR-3847L34 [936 bp]), and nsp2Δ324-726 (dVR-
67U22/VR-38474258L31 [904 bp]) is shown in lanes 1, 3, 5, 7, 9, 11, 13, and 15, 
respectively, and the corresponding detection of wild-type or parental virus contamination is 
shown in lanes 2 (VR-1371U18/VR-1712L26), 4 (VR-1824U24/VR-2430l24), 6 (VR-
2812U24/VR-3349L26), 8 (67U22/VR-3080L37), 10 (VR-3331U26/VR-3847L34), 12 
(VR-3667U26/VR-4258L31), 14 (VR-3331U26/VR-3847L34), and 16 (VR-3331U26/VR-
4285L31). M refers to a 1-kb DNA ladder (New England Biolabs). (B) Plaque assays for 
wt VR-2332, VR-V7, and nsp2 mutants were completed in parallel. MARC-145 cells were 
infected with viruses, and monolayers were stained with crystal violet at 4 days 
postinfection, while mutant V7-nsp2Δ324-726 was developed 8 to 10 days postinfection. 
(C) Viral growth curve analysis. MA-104 cells in T-25 flasks were infected with PRRSV 
nsp2 small deletion mutants and parental virus at an MOI of 104 PFU. The cell supernatants 
were collected for titration analysis by viral plaque assay at different time points. The virus 
was titrated on MA-104 cells. (D) Northern blot analysis of viral RNA (vRNA) synthesis. 
MARC-145 cells in T-75 flasks were inoculated with 103 TCID50 of viruses, and the 
intracellular RNAs were extracted at 30 hpi. The viral genomic RNA and subgenomic 
mRNAs 2 to 7 produced by wt VR-2332 (lane 1), VR-V7 (lane 2), V7-nsp2Δ13-35 (lane 
3), V7-nsp2Δ324-434 (lane 4), V7-nsp2Δ324-523 (lane 5), V7-nsp2Δ543-632 (lane 6), 
V7-nsp2Δ633-726 (lane 7), V7-nsp2Δ543-726 (lane 8), V7-nsp2Δ727-813 (lane 9), V7-
nsp2Δ324-726 P2-6 (lanes 10 to 14), and mock-infected MARC-145 cell control (lane 15) 
are shown. The viral RNAs were probed with an oligonucleotide complementary to ORF7. 
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Fig. 3.5. In vitro growth properties of V7-nsp2Δ324-726 mutant. (A) Six-well plates 

were infected with the mutant or left uninfected and incubated for plaque assay. After 9 

days, the cells were observed before removal of agarose for virus-induced CPE foci under 

an inverted microscope. (B) Growth kinetics of V7-nsp2Δ324-726 P2, P3, and P6 as well 

as VR-V7 P3. The viruses were used to infect MARC-145 cells in T-25 flasks with an 

MOI of 103 TCID50. The virus-infected cell supernatants were collected every 12 h and 

then titrated by using the TCID50 assay. (C) Comparison of CPE development by VR-V7 

and V7-nsp2Δ324-726 P6. MARC-145 cells in T-25 flasks were infected with VR-V7 P3 

and V7-nsp2Δ324-726 P6 at an MOI of 103 TCID50. Mock-infected cells served as a 

control. CPE was monitored daily under an inverted microscope (x20). The lower panel 

indicates the immunofluorescence detection of the viral nucleocapsid protein with 

monoclonal antibody SDOW-17 in V7-nsp2Δ324-726 P6-infected cells at 24, 48, and 60 

hpi, respectively. DAPI was used to stain cell nuclei. The images (x20) were merged by 

the use of Adobe Photoshop. 
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Fig. 3.6. Utilization of nsp2 to express foreign gene. Viable GFP recombinant virus 
was generated in MA-104 cells. (A and B) Light (A) and fluorescence (B) (x10) 
microscopy under the same field showed the fluorescence was associated with the virus-
infected foci. (C) A similar field was stained with DAPI (blue) to visualize the cell nucleus 
(x100). (D) Titration of V7-nsp2Δ324-434-GFP P1 to -5. (E) Stability analysis of the 
GFP gene by RT-PCR with primers (dVR-67U22/dVR-1307L24) across the GFP gene. 
Lane M is a 1-kb DNA ladder (New England Biolabs), and lanes 1 to 5 represent V7-
nsp2Δ324-434-GFP P1 to -5, respectively. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



  68 

 
   
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D. 

E. 

A. B. C. 

1 2 3 4 5 M 

2kb 
1.4kb 



  69 

Chapter IV 

Characterization of the Putative Cysteine Protease PL2 Domain 

Encoded in the N-terminus of the Nsp2 Replicase Protein of Porcine 

Reproductive and Respiratory Syndrome Virus  

Abstract 
The N-terminus of the nsp2 replicase protein of porcine reproductive and respiratory 

syndrome virus (PRRSV) contains a putative cysteine protease PL2 domain. In Chapter 

III, we showed that deletion of either the PL2 core domain or its immediate downstream 

region (aa181-323) was lethal to the virus. We now provide evidence that the PL2 

domain encodes an active enzyme that mediates efficient processing of nsp2-3 in CHO 

cells. The PL2 protease possessed both trans- and cis-cleavage activities, which could be 

separated by point mutations in the protease domain. The minimal size required to 

maintain the respective enzymatic activity included the nsp2 region aa47-240 (Tyr47-

Cys240) and aa47-323 (Tyr47-Leu323) correspondingly. Introduction of targeted amino acid 

substitutions in the protease domain confirmed that the putative Cys55-His124 catalytic 

motif was important for nsp2/3 proteolysis, as were three additional conserved cysteine 

residues (Cys111, Cys142 and Cys147), and that the conserved aspartic acids (e.g. Asp89) 

were essential for the PL2 protease trans-cleavage activity. Reverse genetics revealed 

that the trans-cleavage activity of the PL2 protease played an important in role in the 

PRRSV replication cycle in that mutations that impaired the trans function but not the cis 

activity of the PL2 protease were detrimental to viral viability. Last, the potential PL2 

cleavage site was probed. We showed that mutations with the largest impact on in vitro 

cleavage were positions at the G1196|G1197 dipeptide, corresponding to previously 

predicted cleavage site.  
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Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV) is the causative agent 

of porcine reproductive and respiratory syndrome (PRRS), a prevalent and devastating 

swine disease (17, 37, 41, 248, 249). PRRSV is a positive-strand RNA virus with a 

genome size of about 15.4kb (152, 162), and together with equine arteritis virus (EAV), 

murine lactate dehydrogenase-elevating virus (LDV) and simian hemorrhagic fever virus 

(SHFV), form the family Arteriviridae of the order Nidovirales (29). PRRSV shares 

similar genome organization with its family members and contains at least nine open 

reading frames (ORFs) (208). ORF1a and ORF1b encode the viral replicase proteins 

pp1a and pp1b at the 5’end, while ORF2-7s at the 3’end of the genome code for viral 

structural proteins expressed from subgenomic RNAs that are generated through a 

discontinuous transcription mechanism (177, 208). Replication of PRRSV involves 

translation of two precursor polyproteins pp1a and pp1ab. The subsequent proteolytic 

maturation is thought to be mediated by virally encoded proteases, which produce at least 

12 mature nonstructural proteins required for viral RNA replication (84, 277). 

The nonstructural protein 2 (nsp2) of PRRSV is a multidomain protein located 

immediately adjacent to nsp1 within ORF1a. It possesses a putative cysteine protease 

PL2 domain, a 500-700 amino acid middle hypervariable region with unknown function, 

a transmembrane domain and C-terminal tail (90, 92). The PL2 domain of PRRSV has a 

predicted core size of about 100aa (nsp2aa 47-147) and is believed to cleave the 

downstream nsp2|3 junction site similar to its EAV PL2 counterpart (212, 213). The PL2 

protease core of PRRSV nsp2 is well conserved not only among PRRSV strains but also 

among the arterivirus family, especially for the putative Cys55-His124 catalytic dyad 

(numbering according to the sequence of PRRSV strain VR-2333 nsp2). The arterivirus 

PL2 protease is a hybrid of papain-like cysteine proteases and chymotrypsin-like cysteine 

proteases (60, 68, 210, 211, 213, 277) in that it possesses both the signature Cys-His 

catalytic motif of viral papain-like proteases as well as the marker of chymotrypsin-like 

cysteine proteases in which the putative catalytic Cys55 is always followed by Gly56 

instead of an amino acid with a large side chain as seen in papain-like proteases. Using a 

PRRSV reverse genetics system, we recently showed that deletion of either the predicted 



  71 

PL2 protease core domain (aa47-180) or the immediate downstream region (aa181-323) 

is lethal to the virus (90).  

In this report, we further characterized the nsp2 PL2 domain of PRRSV strain VR-

2332. We showed that the putative PL2 protease possessed both cis- and trans-cleavage 

activities with a substrate preference for G1196|G1197 dipeptide for nsp2/3 proteolysis in 

CHO cells, and that the highly divergent C-terminal extension region (Ser181-Cys240) of 

the PL2 protease core domain (Tyr47-Cys147) was critical for the PL2 catalytic activity. In 

addition, mutagenesis studies identified specific residues important for PL2 protease 

activity including amino acids within the putative Cys55-His124 catalytic motif, and 

revealed that the trans-cleavage activity of the PL2 protease could be distinguished from 

the cis-cleavage activity by point mutations, and played a very important role in the 

PRRSV replication cycle. 

Materials and Methods 
Antibodies. Antibodies used in this report include mouse monoclonal antibody to c-

myc (9E10) (Developmental Studies Hybridoma Bank at the University of Iowa), rabbit 

polyclonal anti-c-myc antibodies (Abcam Inc., Cambridge, MA), mouse anti-

hemagglutinin epitope (HA) antibodies (Covance Research Products, Denver, CO), 

mouse anti-FLAG epitope antibodies (M2, Sigma, St. Louis, MO) and HRP conjugated 

anti-mouse IgG or anti-rabbit IgG secondary antibodies (SouthernBiotech, Inc., 

Birmingham, AL). The rabbit polyclonal antibody V (Covance) was raised against a 

peptide contained within PRRSV VR-2332 nsp2 region aa1078-1094 

(SEKPIAFAQLDEKKITA). 

Plasmids. The constructs were made by standard recombinant DNA procedures. To 

create a HA-FLAG epitope tagged vector, a linker containing HA-FLAG epitopes was 

inserted into the position between XbaI and ApaI in the plasmid vector pcDNA3.0 

(Invitrogen) to generate pcDNA3/HA-FLAG. The plasmid pV7-nsp2Δ324-433-GFP was 

reported previously (90). The GFP gene was replaced by 3 copies of the c-myc epitope 

(EQKLISEEDL) to generate plasmid pV7-nsp2dΔ324-433-myc. The constructs 

expressing specific regions of nsp2 were generated by PCR amplification from plasmid 

pV7-nsp2Δ324-433-myc. Briefly, the region coding for nsp2-3 (ORF1a nt1401-5618) 
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was amplified, digested with BamHI and XbaI, and then cloned into pcDNA3/HA-FLAG 

to generate pNsp2-3. The nsp2-3 is in frame with the HA-FLAG tag. Similarly, the 

region of PRRSV VR-2332 nucleotides (nt) 2057-5618 was cloned to generate pNsp2-

3Δ1-240. To generate pPL2 (12-323), the region of PRRSV VR-2332 genome nt 1371-

2305 (nsp2 region aa12-323) was amplified and digested with HindIII and XhoI, and then 

cloned into pcDNA3. The PL2 truncation constructs including pPL2 (12-240), pPL2 (12-

180), pPL2 (12-160), pPL2 (47-323), pPL2 (47-240), pPL2 (47-180) and pPL2 (47-160) 

were generated in a similar way. A 10 amino acid c-myc epitope was attached to the 

carboxyl terminus of all the PL2 truncation mutants. The plasmids pNsp2-3Δ181-323, 

pNsp2-3Δ241-323, and pNsp2-3Δ324-813 were generated from the infectious cDNA 

clone plasmids pV7-nsp2Δ181-323, pV7-nsp2Δ241-323, and pV7-nsp2Δ324-813 (90) 

respectively by insertion of the corresponding nsp2-3 deletion fragment into the vector 

pcDNA3/HA-Flag through PCR amplification. A c-myc epitope was added to the N 

terminus of the nsp2 protein. All the constructs included a Kozak core sequence 

GCCACCATGG for optimal translation. Primers utilized for construction of these clones 

are listed in Table 1. 

Site-directed mutagenesis. The plasmids pPL2 and pNsp2-3 were subjected to site-

directed mutagenesis by using the Quickchange XL Site-directed Mutagenesis Kit 

(Stratagene, La Jolla, CA) according to the manufacturer’s instructions. For mutagenesis 

of the infectious cDNA clone pVR-V7, the mutations were first introduced in the shuttle 

plasmid pOK-I or pOK-II (12). After verification by sequencing, the digested fragment I 

or II was transferred to the PRRSV strain VR-2332 infectious clone backbone (pVR-V7) 

as described previously (90).  

Cell culture and transfection. MARC-145 cells (ATCC CRL-11171) and CHO cells 

(Invitrogen) were maintained in EMEM supplemented with 10% fetal bovine serum 

(FBS) at 37°C with 5% CO2. Transient plasmid transfections of CHO cells were carried 

out according to Invitrogen’s transfection protocol. Briefly, 10µl lipofectamine 2000 

(Invitrogen) and 8-10µg plasmid diluted in 1ml Opti-MEM were added onto CHO cell 

monolayers in 60mm petri dishes. The transfection medium was removed after 4h of 

incubation and fresh culture medium (1X EMEM with 10% FBS) was added. At 48h 
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post-transfection, the cells were lysed with RIPA buffer (50mM Tris-HCl PH 7.4, 1% 

NP-40, 0.5% Na-deoxycholate, 150mM NaCl, 1mM EDTA and cocktail protease 

inhibitors). For transfection of the monocistronic construct, 10µg of each nsp2-3 mutant 

were transfected into CHO cells in 60mm petri dishes. For the co-transfection, 6µg of 

each PL2 mutant was co-transfected with 5µg of the substrate plasmid pNsp2-3∆1-240. 

For RNA transfection of MARC-145 cells, the full-length infectious clone plasmids were 

in vitro linearized, purified, transcribed and transfected as described previously (90, 164).  

Detection and titration of mutant viruses. After transfection of full-length RNA 

transcripts into MARC-145 cells, virus-induced cytopathic effect (CPE) was monitored 

daily as characterized by cell rounding and detachment. For transfections that did not 

induce CPE by 72h, the cell supernatants were collected and blindly passaged onto fresh 

monolayers for three times. Total intracellular RNAs were extracted using the RNAeasy 

Mini Kit (Qiagen, Valencia, CA) and PRRSV was detected by RT-PCR using primers 

targeting ORF7 encoding viral nucleocapsid protein. For viable viruses, passage 1 

mutants were titrated by the end point dilution assay and expressed as 50% tissue culture 

infective doses (TCID50) (Reed and Muench, 1938). The parental infectious clone derived 

virus VR-V7 served as positive control (90). 

Immunoprecipitation and western blot. Transfected CHO cells were rinsed twice 

with cold phosphate buffered saline (PBS; 0.14M NaCl, 2.7mM KCl, 10mM Na2HPO4, 

1.5mM KH2PO4), and lysed with RIPA buffer on a platform shaker at 4°C for 30min. 

The cell debris was removed by centrifugation at 13,000 rpm for 25min. The supernatants 

were then precleared by protein G or A agarose, then incubated with proper antibodies as 

well as protein G PLUS-agarose (Santa Cruz Biotechnology, Santa Cruz, CA) or protein 

A agarose (Roche, Nutley, NJ) at 4°C overnight. Immunocomplexes were washed twice 

with cold RIPA buffer, once with 0.1% SDS RIPA buffer and once with PBS. After 

boiling for 5min in loading buffer (Invitrogen) with 5% β-mercaptoethanol, the proteins 

were separated by SDS-PAGE and then electrophoretically transferred to a nitrocellulose 

membrane. For western blot analysis, the membrane was blocked with 5% milk powder 

in PBST (20mM NaPO4, 140mM NaCl, 0.1% Tween-20) for 1h, and then incubated with 

appropriate primary antibodies diluted in PBST-5% milk overnight at 4°C. After washing 
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three times for 30min with PBST, the blot was incubated with the appropriate secondary 

antibody in PBST for 1h. The membrane was then again washed and developed with the 

ECL Western Blotting Analysis System (Pierce Chemical, Rockford, IL). 

Results 
Nsp2 was efficiently processed from nsp2/3 precursor. Previously, we 

demonstrated the viability of PRRSV strain VR-2332 with an insertion of the green 

fluorescence protein gene (GFP) in place of nsp2 nonessential region aa324-434 (90). To 

facilitate the analysis of nsp2 processing in vitro and to bypass the need for generating 

nsp2-specific antibodies, the GFP gene was replaced with 3 consecutive c-myc epitopes 

to generate a new plasmid pV7-nsp2Δ324-434-myc. The c-myc tagged nsp2-3 fragment 

corresponding to ORF1a aa394-1809 (C394-E1809) was then cloned into the vector 

pcDNA3/HA-FLAG to generate the plasmid pNsp2-3, with the carboxyl terminus of nsp3 

fused to the HA-FLAG tag (Fig. 4.1A).  

To determine if nsp2 is processed from the nsp2-3 precursor, pNsp2-3 was 

transfected into CHO cells. At 48h post-transfection, the cells were lysed and subjected to 

immunoprecipitation and western blot analysis. As shown in Fig. 4.1B, a major band of 

about 120kDa of nsp2 was detected by anti-c-myc antibodies (Fig. 4.1B, lane 2), but not 

by anti-HA antibodies (Fig. 4.1C, lane 2), demonstrating that the nsp2-3 precursor is 

processed. To detect the processed nsp3 protein, the cell lysates were immunoprecipitated 

with the anti-HA antibodies and followed by western blot with anti-FLAG antibodies. A 

specific band about 29kDa that corresponded to the predicted size of nsp3-HA-FLAG 

(28.7kDa) was detected (Fig. 4.1D, lane 1). Thus, these results suggest that nsp2 was 

efficiently processed in transfected CHO cells.  

The PL2 domain mediated the nsp2/3 proteolysis. The PRRSV cysteine protease 

PL2 domain (Fig. 4.2A) is predicted (92, 213) to have a core size of about 100aa (Y47 to 

C147) and is highly conserved among all arteriviruses (Fig. 4.2B). The Cys55-His124 is the 

putative catalytic dyad (213, 277). To determine if the putative PL2 domain mediates the 

nsp2 processing, we adopted two approaches. First, we mutated the putative catalytic 

residue His124 to Cys (pNsp2-3 H124C). The nsp2-3 H124C mutant had a slower 

migration rate than the unmodified nsp2 (Fig. 4.1B, lane 2; Fig. 4.1C, lane 2) and could 
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be detected by both anti-c-myc (Fig. 4.1B, lane 1) and anti-HA antibodies (Fig. 4.1C, lane 

1), suggesting that the H124C mutation abolished nsp2 processing. We also deleted the 

region of nsp2 aa1-240 containing the PL2 domain (pNsp2-3Δ1-240; Fig. 4.1A). We 

hypothesized that if the PL2 domain mediates the processing of nsp2-3, deletion of the 

protease domain would render nsp2-3Δ1-240 uncleaved. Anti-c-myc and anti-HA 

antibodies detected the intact nsp2-3Δ1-240 precursor after transfection into CHO cells 

(Fig. 4.1E, lanes 1 and 3). Thus, the PL2 domain is responsible for the nsp2/3 proteolysis.  

We also detected an additional nsp2-specific band with a molecular weight of around 

70-80kDa (Fig. 4.1B, lanes 1 and 2). This is likely a product cleaved by a cellular 

protease since it could be detected under the condition in which the viral PL2 protease 

activity was blocked by a H124C mutation (Fig. 4.1B, lane 1) and after deletion of the 

PL2 domain (Fig. 4.1E, lane 1). The latter band possessed a smaller size (51kDa) due to 

truncation of the N-terminal PL2 domain (24kDa). Therefore, we conclude that the major 

band corresponding in size to nsp2 is processed by the PRRSV PL2 protease while the 

minor product (70-80kDa) is cleaved by an unknown cellular protease. 

The PL2 domain possessed trans-cleavage activity. To test if the PL2 protease is 

trans active, the fragment corresponding to nsp2 aa12-323 (Cys12-Leu323) was cloned into 

pcDNA3 to generate construct pPL2 (Fig. 4.3A). The rationale for including downstream 

flanking sequence of the predicted PL2 core domain was that the nsp2 aa181-323 is 

critical for viral viability as previously demonstrated in a PRRSV reverse genetics system 

(90). To facilitate the detection of the encoded peptide, a c-myc epitope tag was added to 

the C-terminus of the protein (Fig. 4.3A). To test the trans-cleavage activity of the PL2 

domain, the plasmid pPL2 was co-transfected along with pNsp2-3 H124C into CHO 

cells, and transfection of the single plasmid pPL2 or pNsp2-3 H124C served as control. 

At 48 hours post transfection, CHO cells were lysed and immunoprecipitated with anti-c-

myc monoclonal antibodies (9E10), followed by western blotting with anti-c-myc 

polyclonal antibodies or anti-HA antibodies. As shown in Fig. 4.3B, when the PL2 

domain was trans provided, the substrate nsp2-3 H124C underwent efficient proteolytic 

cleavage (Fig. 4.3B, lane 2; Fig. 4.3C, lane 2), and the processed nsp2 had a faster 

migration rate than the unprocessed nsp2-3 precursor (Fig. 4.3B, lane 3). In contrast, 
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when the H124C mutation was introduced into the trans provided PL2 domain (Fig. 

4.3A), the PL2 H124C failed to cleave the substrate as shown by the detection of nsp2-3 

precursor using anti-HA antibodies (Fig. 4.3D, lane 3). Thus, we conclude that the PL2 

protease possesses trans-cleavage activity. 

The PL2 trans-cleavage activity required nsp2 N-terminal region aa47-240. To 

identify the catalytic core for the PL2 trans-cleavage activity, a series of deletion mutants 

based on the parental plasmid pPL2 (12-323) were generated (Fig. 4.4A). Initially, three 

C-terminal truncation mutants [pPL2 (12-240), pPL2 (12-180) and pPL2 (12-160)] were 

cotransfected with the substrate plasmid pNsp2-3Δ1-240. Only PL2 (12-240) could 

effectively cleave the substrate nsp2-3Δ1-240 (Fig. 4.4B, lanes 8 and 9). Both the PL2 

(12-180) and PL2 (12-160) truncated mutants lost the ability to cleave in trans (Fig. 4.4B, 

lane 6 and 7). This suggested that the residues between 181-240 were required for trans 

proteolytic activity. Our previous work showed that nsp2 aa12-35 is dispensable for nsp2 

function (90). Alignment of the nsp2 PL2 domain revealed that the region of nsp2 aa12-

46 is highly divergent among PRRSV strains (data not shown). Therefore, we made four 

N-terminal truncation mutants: pPL2 (47-323), pPL2 (47-240), pPL2 (47-180), and pPL2 

(47-160) (Fig. 4.4A). We found that nsp2-3Δ1-240 was efficiently processed when 

cotransfected with either pPL2 (47-323) or pPL2 (47-240) (Fig. 4.4B, lane 4 and 5), but 

not when further truncations of the carboxyl terminus were tested. Increasing the amount 

of mutant PL2 domain plasmid did not result in observable cleavage of the substrate (data 

not shown). We did not make further N-terminal truncations since a C55A mutation 

inactivated the protease, described below (see Fig. 4.6A, lane 1).  

The PL2 downstream flanking sequence aa181-323 was critical for nsp2/3 

proteolysis in monocistronic condition. The above experiment demonstrated that the 

flanking sequence aa181-240 of PL2 core domain is critical for the PL2 protease activity 

in trans. To test if the similar region is important for nsp2/3 cleavage under 

monocistronic condition, we generated two constructs: pNsp2-3Δ181-323 and pNsp2-

3Δ241-323. A c-myc epitope tag was fused to the N terminus of nsp2 (Fig. 4.5A). As 

shown in Fig. 4.5B, deletion of nsp2 aa181-323 completely blocked proteolytic 

processing of itself, as it was detected by both anti-c-myc and anti-HA antibodies (Fig. 
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4.5B, lane 4). Expression of the mutant nsp2-3Δ241-323 appeared unstable and could not 

be detected (data not shown). However, when a G1197P mutation was introduced to 

block the putative cleavage site of nsp2, the precursor nsp2-3Δ241-323 G1197P was 

readily detected by both anti-c-myc and HA antibodies (Fig. 4.5B, lane 7). When the 

plasmid pNsp2Δ241-323 G1197P or pNsp2-3Δ181-323 G1197P was cotransfected with 

the substrate plasmid pNsp2Δ1-240, nsp2-3Δ1-240 was efficiently cleaved by nsp2Δ241-

323 G1197P (Fig. 4.5B, lane 6), but not by nsp2-3Δ181-323 (Fig. 4.5B, lane 3), 

consistent with the above results showing that aa241-323 was not essential for the PL2 

trans activity. Therefore, we conclude that nsp2 aa181-323 plays a crucial role in cis 

cleavage of nsp2. 

The nsp2 hypervariable region was not essential for proteolysis. Previously, we 

showed that PRRSV nsp2 could tolerate deletions in the hypervariable region of nsp2 

aa324-813 (90). To evaluate the role of this hypervariable region in the processing of 

nsp2 protein, we cloned the fragment nsp2-3Δ324-813 from the cDNA clone plasmid 

pVR-V7-nsp2Δ324-813 (90), and generated the new plasmid pNsp2-3Δ324-813 (Fig. 

4.5A). A c-myc epitope was attached to the N terminus of nsp2. At 48 h post transfection 

of the plasmid into CHO cells, a band corresponding to the processed nsp2Δ324-813 was 

readily detected by the anti-myc antibodies (Fig. 4.5C, lane 1), although a small amount 

(<10%) of intact nsp2-3 precursor could still be observed. When the putative cleavage 

site was blocked with a G1196P mutation, the processing of the nsp2-3 substrate was 

blocked (Fig. 4.5C, lane 2 and 5). Interestingly, we detected two isoforms of the 

precursor nsp2-3Δ324-813, which could be due to posttranslational modifications or 

degradation. In conclusion, the nsp2 hypervariable region aa324-813 is not essential for 

the PL2 protease to process its downstream substrate.  

Separation of cis- and trans-cleavage activity of the PL2 protease by site-directed 

mutagenesis. We tested the role of several conserved amino acids in the PL2 domain for 

their impact on protease activity. Alignment of arterivirus PL2 proteases (Fig. 4.2B) 

revealed complete conservation at positions Cys55, Gly56, Trp86, Cys111, His124, Trp125, 

Cys142, and Cys147. Among these, Cys55-Gly56-His124-Trp125 is the putative catalytic motif. 

We also examined several aspartic acid residues that are commonly involved in the 
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protease activity of several virus-encoded chymotrypsin-like serine or cysteine proteases 

(68, 199, 200, 277). The aspartic acid residues at positions 85, 89 and 91 are well 

conserved among PRRSV isolates but not among arteriviruses (Fig. 4.2B). The effect of 

amino acid substitutions on proteolysis was tested both as the monocistronic construct 

pNsp2-3 (referred to as “cis condition”) and in a co-transfection assay (referred to as 

“trans condition”). After 48h of transfection, the cells were lysed and the proteins were 

analyzed by immunoprecipitation with mouse anti-c-myc monoclonal antibody 9E10 and 

western blot with rabbit anti-c-myc polyclonal antibodies or mouse anti-HA antibodies. 

The results representing 3 independent experiments, are shown in Fig. 4.6A and B. 

Consistent with the findings of mutagenesis of the EAV PL2 domain (30), both C55A 

and H124C mutations blocked proteolytic activity in either cis or trans conditions (Fig. 

4.6A, lanes 1 and 12; Fig. 4.6B, lanes 1 and 11), suggesting their important role in 

catalysis. For the other three conserved cysteine residues (Cys111, Cys142 and Cys147), 

mutagenesis results revealed different phenotypes. Replacement of Cys111 by alanine 

(C111A) abolished the processing of nsp2-3 in both situations (Fig. 4.6A, lane 11; Fig. 

4.6B, lane 10). In contrast, a C147A substitution appeared more detrimental to 

proteolysis in trans than in cis since the mutation only partially inhibited cleavage in cis 

(Fig. 4.6A, lane 14) but completely blocked in trans proteolysis (Fig. 4.6B, lane 15). 

Substitution of cysteine with an alanine residue severely affected the expression level of 

PL2 C142A (Fig. 4.6B, lane 13 bottom panel). When tested in the co-transfection assay, 

the PL2 C142A mutant failed to cleave the substrate nsp2-3∆1-240 (Fig. 4.6B, lane 13). 

An extended incubation time up to 60 h or increased transfection amount (10µg) of the 

plasmid pPL2 C142A did not result in processing of substrate (data not shown). 

We also tested the importance of the residues following the Cys55-His124 dyad. As 

reported previously (213), the catalytic residue Cys55 is always followed by the small 

amino acid Gly56, not the bulky hydrophobic residue Trp, as is characteristic of papain-

like proteases. In EAV, a reversion of Gly to the canonical Trp completely inactivates 

EAV PL2 protease activity (213). Consistent with that, a G56W reversion also prevented 

the proteolysis of PRRSV nsp2/3 in both cis and trans conditions (Fig. 4.6A and B, lane 

3). Conversely, a G56A replacement did not affect the processing of nsp2 in the cis 
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condition (Fig. 4.6A, lane 2) but partially impaired the PL2 protease activity in trans 

(Fig. 4.6B, lane 2). This suggests that an amino acid with a small side chain at position 56 

is essential for optimal enzymatic activity for the PL2 protease trans-activity.  

Next, we examined the role of the residue Trp125 that always follows the catalytic 

His124 in arteriviruses (Fig. 4.2B). A W125G substitution abrogated proteolytic activity in 

both cis and trans conditions (Fig. 4.6A, lane 13; Fig. 4.6B, lane 12). The same 

substitution for the conserved residue Trp86 did not affect the processing of nsp2 in the 

cis condition (Fig. 4.6A, lane 6), but interestingly partially impeded the protease activity 

in the trans condition (Fig. 4.6B, lane 5), suggesting the mutational effect is selective. 

Thus, these data suggests that the Trp125 is much more important for protease activity 

than the residue Trp86. 

Aspartic acid usually is the key catalytic residue in viral trypsin-like serine or 

cysteine proteases (68, 199, 200, 220, 277). The PL2 domain contains several aspartic 

acid residues that are highly conserved among PRRSV strains (Fig. 4.2B) and we 

hypothesized that some or all might be required in its catalytic motif (Cys-Asp-His). To 

test the hypothesis, we made conserved substitutions at positions 85, 89 and 91 to either 

asparagine or glutamate. The mutation of Asp91 to either asparagine or glutamic acid did 

not impair efficient cleavage of nsp2 in both cis and trans conditions (Fig. 4.6A lane 9 

and 10; Fig. 4.6B, lane 8 and 9). The replacement of Asp85 to either asparagine or 

glutamic acid did not affect the processing of nsp2 in the cis condition (Fig. 4.6A, lane 4 

and 5), but the D85N mutation partially impaired the proteolytic cleavage of the substrate 

in the trans condition (Fig. 4.6B, lane 4). Substitution of Asp89 by asparagine 

significantly impaired the substrate cleavage particularly in the trans (Fig. 4.6B, lane 6). 

Interestingly, a D89E mutation did not have an effect on nsp2 processing in cis condition 

(Fig. 4.6A, lane 8), but did impair the trans-cleavage activity of the PL2 protease (Fig. 

4.6B, lane 7), suggesting an acidic amino acid is preferential for catalytic activity at this 

position.  

Overall, we observed that mutations at several positions (G56A, D85N, W86G, 

D89N, D89E) resulted efficient cleavage in cis condition, but not in trans condition. The 

proteolysis of nsp2/3 in cis condition involves two possible mechanisms: cis- and trans-
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cleavages in contrast to only one mechanism (trans-cleavage) in trans condition. The fact 

that mutations impaired the trans-cleavage in trans condition implied that the same 

mutation would also affect the PL2 trans-cleavage activity in cis condition. Since the 

nsp2 protein carrying the same mutations was efficiently processed in cis condition, this 

suggested that the PL2 protease most likely possessed cis-cleavage activity, which was 

used for nsp2 processing in cis condition. Therefore, we conclude that the PL2 protease 

possesses both cis- and trans-cleavage activities that could be distinguished by point 

mutations, which caused a specific loss of trans function but not cis activity 

The trans-cleavage activity of the PL2 protease was essential for viral viability. 

The data above suggest that the trans-cleavage activity of the PL2 protease is more 

sensitive to mutations. To test whether the trans-cleavage activity of the PL2 protease 

plays an important role in the viral replication cycle, we introduced the same mutations 

into PRRSV strain VR-2332 cDNA clone pVR-V7 by site-directed mutagenesis. The 

plasmids containing the full-length PRRSV genome were linearized and transcribed in 

vitro. The full-length RNA transcripts were transfected into MARC-145 cells that support 

PRRSV entry and replication. Virus-induced CPE, characterized by cell rounding, 

clustering and detachment, was monitored daily. For mutants that did not result in visible 

CPE, we also tested for extracellular or intracellular viral RNA by RT-PCR after 3 

passages of cell supernatants to new cell monolayers and 5 to 6 days subsequent to 

incubation. We observed that mutations that blocked cleavage of nsp2 in both cis and 

trans conditions were lethal to the virus since viable virus was not produced (Fig. 4.6C) 

and we failed to detect viral RNA by RT-PCR against ORF7 at passage 3 (data not 

shown). Mutations that partially blocked the processing of nsp2 in trans but did not alter 

the cleavage in the cis condition were also lethal to the virus (G56A, D85N, D89N and 

D89E). Mutations that did not affect efficient cleavage of nsp2 in CHO cells did not 

affect viral viability (D85E, D91N and D91E). The mutants V7-D91N and V7-D91E 

readily induced typical CPE similar to parental virus VR-V7 at 5-6 days after 

transfection. The mutant virus V7-D85E induced CPE at passage 1 but not post-

transfection. We conclude from these results that a functional and efficient PL2 protease 

trans-cleavage activity is critical for viral viability in cell culture. 
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Identification of the PL2 cleavage site. In experiments described above, only one 

predominant band was detected following cleavage of the nsp2-3 substrate by the PL2 

protease, suggesting a single cleavage site was recognized. Previously, two possible 

nsp2|3 cleavage sites (981G|G and 1196G|G) were proposed (3, 277). In order to 

differentiate the relative cleavage position, we synthesized a rabbit peptide antibody (V) 

against PRRSV VR-2332 strain nsp2 region aa1078-1094. The results demonstrated that 

the antibody V could recognize both nsp2 and nsp2-3 precursor as shown in Fig. 4.7B, 

suggesting the cleavage site is downstream of nsp2 aa1078-1094. Thus, we ruled out 

981G|G as the potential cleavage site in vitro.  

Alignment of the region surrounding the residues 1196G|G from 56 PRRSV strains 

suggests that the 1196G|G dipeptide is highly conserved (Fig. 4.7C). We next performed 

a series of amino acid substitutions from Lys1193 to Pro1199. As shown in Fig. 4.7D, all 

positions were tolerant of an alanine substitution, except at position Gly1197 (Fig. 4.7D, 

lane 11). When substitutions with proline were introduced, the S1195P mutation only 

partially affected processing (Fig. 4.7D, lane 7). In contrast, the G1196P, G1197P or 

G1198P substitutions completely abolished cleavage of the substrate (Fig. 4.7D, lanes 10, 

13 and 16), suggesting residues at the position 1996G|G|G were important for cleavage. 

Since a mutation from glycine to proline could potentially change the tertiary structure of 

a sequence, substitution to serine was tested in all these three positions. The results 

revealed that Gly1196 was sensitive to serine substitution with only partial cleavage 

observed (Fig. 4.7D, lane 9), and the G1197S mutation totally blocked the proteolysis 

(Fig. 4.7D, lane 12). In contrast, a serine mutation at Gly1198 did not affect processing 

(Fig. 4.7D, lane 15). Thus, the G1196|G1197 dipeptide was most susceptible to mutations 

that impaired PL2 protease processing.  

The consequences of the mutations at 1196G|G|G were tested in the PRRSV reverse 

genetics system as described above. Titers for viable viruses were determined on MARC-

145 cells. Mutations (G1196P, G1197S, G1197P and G1198P) that totally abolished nsp2 

processing in vitro were lethal to the virus as neither titers or transcripts could be detected 

(data not shown) at passage three. Mutations (G1196A, G1198A and G1198S) that did 

not impair efficient cleavage of nsp2 in vitro did not affect viral viability (Fig. 4.7E), and 



  82 

CPE was readily observed after 4-5 days post-transfection (data not shown). Introduction 

of mutations such as G1196S and G1197A that resulted in partial processing in vitro were 

detrimental to the virus. Viable virus could not be recovered through three continuous 

blind passages on MARC-145 cells, and no transcripts for the viral nucleocapsid gene 

was detected by RT-PCR at passage 3 (data not shown). Therefore, efficient processing 

of nsp2 appeared essential for productive production of infectious progeny in MARC-145 

cells. 

Discussion 
We previously reported that deletion of the PRRSV nsp2 PL2 domain is lethal to the 

virus (90). Here, we further characterized the PL2 domain and we provided evidence that 

the N-terminus of nsp2 encodes a cis and trans active enzyme that is responsible for 

cleavage of nsp2 from the nsp2-3 precursor. Mutagenesis studies suggested that the 

processing most likely took place at the scissile bond of Gly1196-Gly1197 and efficient 

cleavage was critical to ensure successful production of viral progeny. We also showed 

that the downstream flanking sequence of the PL2 protease core domain was crucial for 

catalysis. Furthermore, we provided evidence that in addition to the putative catalytic 

Cys55-His124 dyad and the conserved cysteine residues (Cys111, Cys142 and Cys147), the 

aspartic acid residues (Asp85, Asp89) plays an important role in trans-cleavage activity 

and are critical for viral replication.  

Several of our results for the PRRSV PL2 domain are consistent with that of the EAV 

PL2 protease. The PL2 proteases from both EAV and PRRSV show trans activity and are 

responsible for processing the nsp2-3 junction site with a substrate preference for the G|G 

dipeptide. Also, the putative Cys55-His124 catalytic motif is critical for the PL2 protease 

activity in both viruses.  

However, differences exist between the EAV PL2 and PRRSV PL2 proteases. 

Although both EAV nsp2 and PRRSV nsp2 have a similar domain organization in that a 

large middle region separates the N terminal protease and downstream substrate site, the 

PRRSV nsp2 middle hypervariable region is not critical for downstream processing and 

deletion of the region aa324-726 does not affect viral viability (90). In contrast, deletion 

of EAV nsp2 middle region blocks the cleavage in vitro (213). The proteases display 
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different susceptibilities to point mutations that affect cis versus trans cleavage. In EAV, 

point mutations in the PL2 domain give the same cleavage pattern in both conditions 

(213), whereas mutations in PRRSV PL2 domain (G56A, D85N, W86G, D89N and 

D89E) differentially affected the cis versus trans-cleavage activity. The Asp85, Asp89, and 

Asp91 residues are well conserved among PRRSV strains. In EAV, conserved 

substitutions of aspartic acid to asparagine or glutamic acid do not affect the processing 

in either the cis or trans condition (213). However, similar mutations in the PRRSV PL2 

domain (Asp89) affected trans processing but not cis processing. The inefficient 

processing of the D89N mutation in trans is not due to poor expression of the mutant 

(Fig. 4.6B, lane 6) and the control PL2 construct processed the substrate well (Fig. 4.6B, 

lane 15). The phenomenon of differential effects on cis vs. trans processing is not unique 

for the proteinases encoded by positive-stranded RNA viruses. Our data for the PRRSV 

PL2 protease very much resembles the case for poliovirus 2A protease in which site-

directed mutagenesis could also separate cis and trans protease function (270). It is not 

clear how the D85N and D89N mutations impaired PRRSV PL2 trans activity but not 

cis-activity. Considering the role aspartate residues play in the viral encoded 

chymotrypsin-like serine or serine-like proteases and the different mechanisms by which 

the PL2 protease may access its substrate (e.g. polyprotein folding to oblige enzyme-

substrate interaction in cis versus normal enzyme-substrate binding in trans) (199, 200, 

220), the aspartate and other residues (e.g. G56, D85, D89 and W86) most likely play a 

structural role for substrate binding rather than a direct involvement of catalysis. 

Resolving the crystal structure of the PL2 domain may eventually shed some insight 

concerning the catalytic mechanism.  

We introduced site-directed mutations into the PRRSV infectious cDNA clone to test 

the importance of specific amino acid residues to the trans function of the PL2 protease 

in viral replication. The mutations that impaired the trans-cleavage activity but not cis-

cleavage activity were surprisingly detrimental to the virus. Neither viable virus nor viral 

RNA was detected after several blind passages. Similar results are also found in 

poliovirus 2A mutants lacking trans function only (269). There are several possible 

explanations for the defective phenotype. First, the PL2 protease may be involved in 
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cleavage of a downstream replicase polyprotein in addition to processing of the nsp2|3 

junction site. The EAV nsp2 has been shown to be a cofactor for nsp4, coding for a 3C-

like serine protease (245). Therefore, PRRSV nsp2 may also assume an additional role 

that requires the trans-cleavage activity of the PL2 protease. Second, the PL2 protease 

may be multifunctional and exerts its trans-cleavage activity against host proteins 

required for anti-viral responses. In fact, many virus-encoded proteases are actively 

involved in suppressing host innate anti-viral immunity, including the hepatitis C virus 

NS3/4A protease that also cleaves the interferon promoter stimulator-1 (IPS-1), toll-like 

receptor 3 adaptor protein TRIF, and mitochondrial antiviral signaling protein (MAVS) to 

ablate interferon alpha/beta signaling (124, 125, 132). Other examples are the 2Apro 

proteases from rhinoviruses and enteroviruses, which have also evolved to assume dual 

functions of primary processing of the viral polyprotein by cis-cleavage of its own N 

terminus and specific inhibition of host cell protein synthesis by trans-cleavage of host 

cell translation initiation factor eIF-4G, thus effectively halting cap-dependent translation 

of host mRNAs (89, 115). PRRSV represses interferon production (1, 155) as minimal 

amounts of interferon alpha and beta are produced during virus infection in pigs and in 

the supporting cell line MARC-145. Recently, it is revealed that PRRSV interferes with 

the RIG-1 signaling pathway and suppresses the activation of IRF3 (135). It is 

conceivable that ablation of the PRRSV PL2 trans cleavage activity may impair its 

ability to block intracellular innate immunity which renders the virus susceptible to host 

anti-viral responses. Lastly, it is also possible that the PL2 protease interacts with a host 

or viral factor during viral replication, as occurs for the 2A protein of poliovirus virus that 

binds to the 5’ untranslated region of poliovirus RNA (136), and the mutations could 

potentially affect protein-protein/RNA interactions.  

Site-directed mutagenesis showed the PL2 core domain downstream flanking 

sequence aa181-240 was critical for trans-cleavage activity and the nsp2 aa181-323 was 

important for cis-cleavage activity and protein stability. The importance of this region is 

also supported by previous data showing that deletion of either nsp2 aa181-323 or aa241-

323 is lethal to PRRSV (90). Alignment of the nsp2 region aa181-323 shows it to be 

highly divergent with less than 10% amino acid identity between PRRSV North 
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American and European strains, but relatively conserved within PRRSV genotypes (75, 

92, 192). However, regardless of the dramatic genetic variability, this region is rich in 

cysteine and histidine residues in both PRRSV genotypes. Although the molecular 

significance of this is unclear, the cysteine residues may play a role in inter- or intra-

molecular interactions, or are involved in formation of a zinc binding structure. Such 

interactions could be critical for protease catalysis or to maintain a favorable structure for 

substrate binding, as observed for other virally encoded cysteine or serine proteases (199, 

200, 277).   

Protease-mediated replicase polyprotein maturation constitutes a very critical part of 

the replication cycle for positive stranded RNA viruses, which occurs in a highly delicate 

and orchestrated order. The mature subunits have been shown to be largely involved in 

the assembly of viral replication complexes. Correct identification of the cleavage site is 

a prerequisite for studying the function of a protein. Our site-directed mutagenesis study 

yielded results consistent with the previous prediction that the arterivirus PL2 proteases 

prefer a G|G dipeptide (39). The dipeptide Gly1196|Gly1197 was most susceptible to 

mutations as even a conservative G1197A substitution significantly impaired cleavage 

efficiency. A structurally less dramatic G1196S substitution partially blocked cleavage 

while a G1197S mutation completely abolished proteolytic processing. Meanwhile, the 

residue Gly1198 appeared unimportant for cleavage since neither a G1198A nor a G1198S 

mutation affected proteolysis by the PL2 protease. This was as expected because the 

Gly1198 is not completely conserved among PRRSV strains and is often substituted by an 

alanine residue. It appears that the G1196|G1197 dipeptide is spatially and structurally 

preferred in that the replacement of Gly1196 by serine did not cause the protease to cleave 

the Gly1197|Gly1198 dipeptide. Therefore, substrate recognition by PL2 protease may be 

not only sequence specific, but also structurally tuned. This might explain why PL2 did 

not, in vitro, recognize other conserved dipeptides (G647|G648, G981|G982, G828|G829|G830) 

among PRRSV strains. Certainly, we cannot rule out the possibility that the PL2 protease 

may recognize and cleave these additional sites in PRRSV susceptible macrophages, 

perhaps with the help of host or viral cofactors.  
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In summary, we have identified PRRSV nsp2 PL2 domain as an active protease, 

which possessed both trans and cis cleavage activity that had a substrate recognition site 

of the Gly1196|Gly1197 dipeptide. The protease was likely found to use a Cys-Asp-His 

motif for its trans-cleavage activity. Importantly, trans and cis cleavage activity of the 

PL2 protease could be distinguished by aspartic acid residue mutations and played an 

important role in the PRRSV replication cycle. These findings establish the PL2 protease 

as a new therapeutic target for the development of anti-viral drugs against PRRSV 

infection.  
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Table 4.1 Primers used in this study. Forward primers are indicated by a slash (/) or 

symbol (F) after the designator, reverse primers are preceded by a slash or symbol (R). 

Genome positions are based on GenBank Submission U87392 (VR-2332). 

Primer Genome 
Position Sequence 

Construction of nsp2, PL2 and their mutants 

HA-Flag Linker 
U100/ HA-FLAG 

5′ CTGGCGGCCGCTCGAGCATGCATCTAGATACCCA 
TACGATGTTCCAGATTACGCTTATCCTTACGACGT 
CCCAGACTATGCCTGTACAGATTACAAGGAT 

/HA-Flag Linker 
L100 HA-FLAG 

5′ TAGCATTTAGGTGACACTATAGAATAGGGCCCTT 
ATCACTTGTCATCATCGTCCTTATAGTCCTTATCG 
TCGTCATCCTTGTAATCTGTACAGGCATAGT 

Nsp2CP2 1U37/ 
(Hind III) 

1373-1387 5′ AGCTAAGCTTGCCACCATGGTGGCGACTGCTACAGTC 
/Nsp2PL2  
941L60 (XhoI)  5′ ATGCTCGAGTTATCACAGATCCTCTTCTGAGATGA 

GTTTTTGTTCCAAGGACTTTTGAGT 
/VR-5583L35 
(Xbal) 

5558-5583 5′ CTATCTAGAAGACCCAAGCTGGGACGGGGTAAACA 
VR-2058U43 
(BamHI)/ 2055-2074 5′ CTCGGATCCGCCACCATGGGATGTTCCCAGAACAA 

AACCAACC 

Nsp2 47U77 
(HindIII)/ 1475-1500 

5′ CCCGGATCCGCCACCATGGGAGAACAAAAACTCAT 
CTCAGAAGAGGATCTGTACTCCCCGCCTGCCGAAGGGA
ATTG 

/VR-1784L60 
(XhoI) 1786-1800 5′ ATGCTCGAGTTATCACAGATCCTCTTCTGAGATGA 

GTTTTTGTTCGGAACCAAGACCGCC 
/VR-1859L60 
(XhoI) 1862-1876 5′ ATGCTCGAGTTATCACAGATCCTCTTCTGAGATG 

AGTTTTTGTTCGCTAGGCAGGTGCAT 
/VR-2039L60 
(XhoI) 2042-2056 5′ ATGCTCGAGTTATCACAGATCCTCTTCTGAGATG 

AGTTTTTGTTCACAGCAGCAGTCCTC 
VR-1475U47 
(HindIII)/ 1475-1499 5′ AGCTAAGCTTGCCACCATGGTGTACTCTCCGCCT 

GCCGAAGGGAATT 
PL2 1U37/ 
(BamHI) 

1373-1387 5′ AGCTGGATCCGCCACCATGGTGGCGACTGCTACAGTC 
pcDNA 726U25/  5′ CAACGGGACTTTCCAAAATGTCGTA 
/pcDNA 1066L22  5′ ACGGGGGAGGGGCAAACAACAG 
POK12 19U25/  5′ CTCCCCGCGCGTTGGCCGATTCATT 
/POK 354L23  5′ AGCAGCCGGATCCGAGCTCTCCC 

Site-directed mutagenesis of the PL2 protease domain and the potential cleavage site 

C55A F 1482-1519 5′ CGCCTGCCGAAGGGAATGCTGGTTGGCACTGCATTTC 
C55A R 1482-1519 5′ GAAATGCAGTGCCAACCAGCATTCCCTTCGGCAGGCG 
G56W F 1487-1520 5′ GCCGAAGGGAATTGTTGGTGGCACTGCATTTCCG 
G56W R 1487-1520 5′ CGGAAATGCAGTGCCACCAACAATTCCCTTCGGC 
G56A F 1489-1519 5′ CGAAGGGAATTGTGCTTGGCACTGCATTTC 
G56A R 1489-1519 5′ GAAATGCAGTGCCAAGCACAATTCCCTTCG 
D85E F 1571-1603 5′ AGAGTGAGACCTCCAGATGAATGGGCTACTGAC 
D85E R 1571-1603 5′ GTCAGTAGCCCATTCATCTGGAGGTCTCACTCT 
D85N F 1572-1604 5′ GAGTGAGACCTCCAGATAACTGGGCTACTGACG 
D85N R 1572-1604 5′ CGTCAGTAGCCCAGTTATCTGGAGGTCTCACTC 
W86G F 1578-1606 5′ GACCTCCAGATGACGGGGCTACTGACGAG 
W86G R 1578-1606 5′ CTCGTCAGTAGCCCCGTCATCTGGAGGTC 
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D89E F 1586-1620 5′ GATGACTGGGCTACTGAAGAGGATCTTGTGAATGC 
D89E R 1586-1620 5′ GCATTCACAAGATCCTCTTCAGTAGCCCAGTCATC 
D89N F 1580-1612 5′ CCTCCAGATGACTGGGCTACTAACGAGGATCTT 
D89N R 1580-1612 5′ AAGATCCTCGTTAGTAGCCCAGTCATCTGGAGG 
D91E F 1593-1625

 
1625 

5′ GGGCTACTGACGAGGAGCTTGTGAATGCCATCC 
D91E R 1593-1625 5′ GGATGGCATTCACAAGCTCCTCGTCAGTAGCCC 
D91N F 1590-1624 5′ ACTGGGCTACTGACGAGAATCTTGTGAATGCCATC 
D91N R 1590-1624 5′ GATGGCATTCACAAGATTCTCGTCAGTAGCCCAGT 
C111A F 1652-1684 5′ GACAGGAACGGTGCTGCTACTAGCGCCAAGTAC 
C111A R 1652-1684 5′ GTACTTGGCGCTAGTAGCAGCACCGTTCCTGTC 
H124C F 1688-1725 5′ CTTAAGCTGGAAGGTGAGTGTTGGACTGTCACTGTGAC 
H124C R 1688-1725 5′ GTCACAGTGACAGTCCAACACTCACCTTCCAGCTTAAG 
W125G F 1696-1721 5′ GGAAGGTGAGCATGGGACTGTCACTG 
W125G R 1696-1721 5′ CAGTGACAGTCCCATGCTCACCTTCC 
C142A F 1743-1778 5′ CTTTGCTCCCTCTTGAAGCTGTTCAGGGCTGTTGTG 
C142A R 1743-1778 5′ CACAACAGCCCTGAACAGCTTCAAGAGGGAGCAAAG 
C147A F 1763-1789 5′ GTTCAGGGCTGTGCTGGGCACAAGGGC 
C147A R 1763-1789 5′ GCCCTTGTGCCCAGCACAGCCCTGAAC 
K1193A F 4896-4931 5′ AAATCAGGCAAATTTCCGCGCCTTCAGGGGGAGGCC 
K1193A R 4896-4931 5′ GGCCTCCCCCTGAAGGCGCGGAAATTTGCCTGATTT 
K1193R F 4896-4931 5′ AAATCAGGCAAATTTCCCGGCCTTCAGGGGGAGGCC 
K1193R R 4896-4931 5′ GGCCTCCCCCTGAAGGCCGGGAAATTTGCCTGATTT 
P1194T F 4900-4931 5′ CAGGCAAATTTCCAAGACTTCAGGGGGAGGC 
P1194T R 4900-4931 5′ GCCTCCCCCTGAAGTCTTGGAAATTTGCCTG 
S1195P F 4904-4934 5′ CAAATTTCCAAGCCTCCAGGGGGAGGCCCAC 
S1195P R 4904-4934 5′ GTGGGCCTCCCCCTGGAGGCTTGGAAATTTG 
S1195A F 4904-4934 5′ CAAATTTCCAAGCCTGCAGGGGGAGGCCCAC 
S1195A R 4904-4934 5′ GTGGGCCTCCCCCTGCAGGCTTGGAAATTTG 
G1196A F 4911-4935 5′ CCAAGCCTTCAGCGGGAGGCCCACA 
G1196A R 4911-4935 5′ TGTGGGCCTCCCGCTGAAGGCTTGG 
G1196P F 4901-4934 5′ AGGCAAATTTCCAAGCCTTCACCGGGAGGCCCAC 
G1196P R 4901-4934 5′ GTGGGCCTCCCGGTGAAGGCTTGGAAATTTGCCT 
G1196S F 4901-4934 5′ AGGCAAATTTCCAAGCCTTCATCGGGAGGCCCAC 
G1196S R 4901-4934 5′ GTGGGCCTCCCGATGAAGGCTTGGAAATTTGCCT 
G1197A F 4912-4939 5′ CAAGCCTTCAGGGGCAGGCCCACATCTC 
G1197A R 4912-4939 5′ GAGATGTGGGCCTGCCCCTGAAGGCTTG 
G1197P F 4911-4939 5′ CCAAGCCTTCAGGGCCAGGCCCACATCTC 
G1197P R 4911-4939 5′ GAGATGTGGGCCTGGCCCTGAAGGCTTGG 
G1197S F 4909-4942 5′ TTCCAAGCCTTCAGGGTCAGGCCCACATCTCATG 
G1197S R 4909-4942 5′ CATGAGATGTGGGCCTGACCCTGAAGGCTTGGAA 
G1198A F 4916-4942 5′ CCTTCAGGGGGAGCCCCACATCTCATG 
G1198A R 4916-4942 5′ CATGAGATGTGGGGCTCCCCCTGAAGG 
G1198P F 4911-4941 5′ CCAAGCCTTCAGGGGGACCCCCACATCTCAT 
G1198P R 4911-4941 5′ ATGAGATGTGGGGGTCCCCCTGAAGGCTTGG 
G1198S F 4910-4942 5′ TCCAAGCCTTCAGGGGGATCCCCACATCTCATG 
G1198S R 4910-4942 5′ CATGAGATGTGGGGATCCCCCTGAAGGCTTGGA 
P1199A F 4918-4944 5′ TTCAGGGGGAGGCGCACATCTCATGGC 
P1199A R 4918-4944 5′ GCCATGAGATGTGCGCCTCCCCCTGAA 
Detection of ORF7 
 PET71/                   14887-14903 5′ GCGCATATGCCAAATAACAAGCGC 
/P72                        15341-15361 5′ CGCCCTAATTGAATAGGTGAC 
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Fig. 4.1. The putative cysteine protease PL2 domain mediated efficient processing 

of nsp2 in CHO cells. (A) Schematic diagrams of constructs used in examining the role of 

the PL2 domain in the nsp2/3 proteolysis. Three consecutive c-myc epitopes were 

inserted into the position where nsp2 region aa324-434 was deleted, and a HA-FLAG tag 

was attached to the C-terminus of nsp3 protein. The plasmids were transfected into CHO 

cells. At 48 hours post transfection, the cells were lysed and immunopreciated with 

mouse monoclonal antibodies against c-myc (9E10) or HA. The immunoprecipitated 

proteins were separated by SDS-PAGE, and then transferred to nitrocellulose sheets and 

reacted with selected antibodies. (B) Detection of nsp2-3 and nsp2-3 H124C mutant by 

rabbit anti-c-myc antibodies. (C) Mutation of the putative catalytic site His124 to cysteine 

abolished the processing of nsp2. The nsp2-3 H124C mutant precursor but not wt nsp2-3 

protein were detected by anti-HA antibodies. (D) Detection of nsp3 protein by mouse 

anti-FLAG antibodies after immuoprecipitation with anti-HA antibodies. (E) Deletion of 

nsp2 region aa1-240 containing PL2 domain blocked the processing of nsp2. The nsp2 

protein could be detected by both anti-c-myc and anti-HA antibodies. Molecular weight 

markers (kDa) are shown at the left of each panel. 
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Fig. 4.2. Structure of PRRSV nsp2-3 and alignment of arterivirus nsp2 cysteine 

protease PL2 domains. (A) Diagram of the nsp2-3 protein. The multidomain nsp2 

protein contains five different regions: hypervariable region I (HV-I; aa1-47), a putative 

PL2 cysteine protease core domain (aa47-147), the middle hypervariable region (HV-II; 

aa147-847), a predicted transmembrane domain (vertical gray bars) (TM; aa876-898, 

911-930, 963-979 and 989-1009) and a C-terminal tail with uncertain size. The proposed 

cleavage sites of nsp2 are shown by black triangles and the positions are annotated. The 

nsp3 is predicted to be a highly hydrophobic protein with predicted transmembrane 

domains annotated by vertical bars (TM; aa1203-1223, 1268-1290, 1302-1327 and 1339-

1365). (B) Comparison of arterivirus PL2 cysteine protease domains. The alignment was 

generated by using CLUSTALW. Conserved residues investigated in this study are 

highlighted by boxshade. The nsp2 proteins and their accession numbers are as follows: 

VR-2332 (AY150564), 16244B (AF046869), CC-1 (EF153486), CH-1a (AY032626), 

HB-2 (AY262352), JA142 (AY424271), MN184A (DQ176019), P129 (AF494042), 

AAW81311, ABO93301, ABO99305, EuroPRRSV (AY366525), LV (M96262), 

RPOA_SHFV (Q68722), RPOA_LDVC (Q06562), RPOA_LDVP (Q83017), 

CAC42775, Q6V7J0 and NP705. 
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Fig. 4.3. The cysteine protease PL2 domain possessed trans-cleavage activity. (A). 

Diagrams of constructs used in trans-cleavage assays. The plasmid pNsp2-3 H124C was 

co-transfected with either pPL2 or pPL2 H124C into the CHO cells. The plasmids 

encoding the unmodified nsp2-3 or PL2 served as control. CHO cells were lysed at 48h 

post transfection and immunoprecipitated by mouse monoclonal antibodies against the c-

myc epitope. The immunoprecipitated proteins were separated by SDS-PAGE and 

analyzed by western blot. (B). Analysis of protein expression by rabbit anti-c-myc 

antibodies. (C). Analysis of nsp2 expression by anti-HA antibodies after 

immunoprecipitation by anti-c-myc antibodies. (D). Mutation of the trans-provided PL2 

domain restored the detection of nsp2-3 H124C precursor. The PL2 H124C failed to 

cleave the nsp2-3 H124C protein when provided in trans (lane 2).  
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Fig. 4.4. The nsp2 region aa47-240 was the minimal size required for the PL2 trans-

cleavage activity. (A) Schematic representation of PL2 deletion mutants. Each of the 

PL2 mutants was tagged with a c-myc epitope at the C-terminus and co-transfected with 

the substrate plasmid pNsp2-3Δ1-240. The transfected CHO cells were lysed and then 

subjected to immunoprecipitation and western blot analysis. (B) The PL2 mutants were 

analyzed directly by western blot with rabbit anti-c-myc antibodies, as shown in upper 

panel. The processing of nsp2-3Δ1-240 precursors was analyzed by western blot with 

rabbit anti-myc antibodies after immunoprecipitation with mouse monoclonal antibodies 

(9E10) against c-myc. 
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Fig. 4.5. Nsp2 aa181-323 were essential for nsp2/3 proteolysis under monocistronic 

condition. (A) Diagram of nsp2 deletion constructs which were tagged with a c-myc 

epitope at the N-terminus of nsp2. (B) Deletion of nsp2 aa181-323 blocked processing of 

nsp2-3. The nsp2-3 precursor was detected by both anti-c-myc and HA antibodies after 

immunoprecipitation by mouse monoclonal antibodies against c-myc when nsp2 region 

aa181-323 was deleted. Deletion of nsp2 aa241-323 resulted in unstable nsp2 which 

could not be detected by anti-c-myc antibodies (not shown). (C) The nsp2 hypervariable 

region aa324-813 was not essential for PL2 mediated downstream cleavage. The nsp2-3 

protein was detected with anti-c-myc or HA antibodies after immunoprecipitation with c-

myc antibody 9E10.  
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Fig. 4.6. Separation of cis function from trans activity of the PL2 protease by site-

directed mutagenesis. (A) Nsp2-3 mutants were transfected into CHO cells and the 

protein processing was analyzed with rabbit anti-c-myc antibodies or mouse anti-HA 

antibodies after immunoprecipitation with mouse anti-c-myc monoclonal antibodies. (B) 

The PL2 mutants were co-transfected with the substrate plasmid pNsp2-3Δ1-240. Protein 

expression was analyzed by western blot with rabbit polyclonal antibodies against c-myc 

after immunoprecipitation with anti-c-myc monoclonal antibodies. (C) Mutations were 

introduced into the PRRSV strain VR-2332 infectious cDNA clone and tested in MARC-

145 cells. The viable viruses were titrated and the nonviable mutants were confirmed by 

RT-PCR against ORF7 after three blind passages.  
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Fig. 4.7. Site-directed mutagenesis of the putative PL2 cleavage site. (A) Diagram of 

the construct used in this experiment. The position for the synthesized rabbit peptide 

antibody V against nsp2 is indicated. (B) The peptide antibody V could recognized both 

the precursor nsp2-3 and processed nsp2 protein. (C) Alignment of the region 

surrounding the putative cleavage site 11996G|G by WebLogo 3 (43). The bits score 

represents the strength of conservation.  (D) The processing of the nsp2-3 mutants was 

analyzed by western blot with anti-c-myc or HA antibodies after immunoprecipitation 

with mouse anti-c-myc antibodies. (E) Mutations were introduced into the PRRSV strain 

VR-2332 infectious cDNA clone pVR-V7 and tested in MARC-145 cells. Viable viruses 

were titrated in MARC-145 cells and the nonviable mutants were confirmed by RT-PCR 

against ORF7 coding for viral nucleocapsid protein after three blind passages.  
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Chapter V 

Proteolytic Processing of Porcine Reproductive and Respiratory 

Syndrome Virus Nsp2 Replicase Protein  

Abstract 
In Chapter IV, we showed that PRRSV nsp2 encoded an active PL2 protease that 

mediated a single cleavage at the nsp2/3 junction in transfected CHO cells. Here, we 

investigated the proteolytic processing of nsp2 in MARC-145 cells by using recombinant 

PRRSV expressing epitope-tagged nsp2 protein. We report the presence of nsp2 as six 

different isoforms during PRRSV infection, termed nsp2a, b, c, d, e and f, which 

appeared to share the same N-terminus but differed in their respective C-termini based on 

deletion mutagenesis and antibody probing. The largest nsp2a protein corresponded to the 

nsp2 product that was previously identified in transfected CHO cells in which the 

cleavage occurred between residues G1196|G1197. Nsp2b and c were processed within or 

near the TM region, presumably at the conserved sites G981|G982 and G828|G829|G830, 

respectively. The C-termini for nsp2d, e and f were mapped within the nsp2 middle 

hypervariable region, but no conserved cleavage sites could be predicted, suggesting 

likely involvement of host proteases. The nsp2 species emerged almost simultaneously in 

the early stage of PRRSV infection. Pulse-chase analysis revealed that all six nsp2 

species were stable and had low turnover rates. Deletion and site-directed mutagenesis 

suggested that nsp2d, e and f were not essential for viral replication in cell culture. Lastly, 

we identified heat shock 70kDa protein 5 (HSPA5) as a cellular component strongly 

associated with nsp2. Further in vitro analysis revealed that antibodies to the cysteine 

protease PL2 domain co-immunoprecipitated HSPA5. 
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Introduction 
Replicase polyprotein maturation is a highly precisely regulated process and plays a 

very important role in the replication cycle of positive-stranded RNA viruses, the 

products of which are critical for downstream assembly of viral replication complexes 

and are often antagonists of host anti-viral responses. The proteolytic cleavages are 

usually carried out by virus-encoded proteases, with occasional action by cellular 

proteases (24, 68, 73). Porcine reproductive and respiratory syndrome virus (PRRSV) is a 

positive-stranded RNA virus with a genome size of about 15.4kb and is a member of the 

family Arteriviridae in the order Nidovirales (3, 29, 152, 162). PRRSV encodes replicase 

polyproteins at its 5’end, occupied by two large open reading frames: ORF1a and ORF1b 

(152, 162, 208). ORF1a generates polyprotein pp1a while ORF1b is translated through a 

frame-shift mechanism to produce pp1ab (208). At least 12 functional nonstructural 

protein (nsp) subunits have been predicted during the proteolysis of ppla and pp1ab 

(277). The processing is thought to be mediated by four virus-encoded proteases: two 

papain-like cysteine proteases (PCPα and PCPβ), a cysteine proteinase (PL2) and a 

picornavirus 3C-like serine proteinase (3CLpro) (60, 210, 277). 

The nsp1 protein of PRRSV is cotranslationally processed in vitro into nsp1α and 

nsp1β by solely cis-active PCPα and PCPβ, respectively (60, 210). Nsp2 is a large 

multidomain protein located immediately adjacent to nsp1 and contains a N-terminal PL2 

cysteine protease, a 500-700aa middle hypervariable region with unknown function and a 

putative near C-terminal transmembrane domain (92, 213). In Chapter IV, we 

demonstrated that the PL2 cysteine protease of PRRSV was both cis and trans active and 

mediated the processing of nsp2 into one predominant product in transfected CHO cells 

(91). Biochemical probing and site-directed mutagenesis suggested that the glycine dyad 

at nsp2 position 1196 was sensitive to point mutations and most likely served as the 

scissile bond for the PL2 protease (91), consistent with a previous report that the related 

equine arteritis virus (EAV) nsp2 PL2 protease prefers a G|G dipeptide for its cleavage 

site (214). The function of PRRSV nsp2 in the virus replication cycle is not clear yet, 

while EAV nsp2 is involved in the generation of double-membrane vesicles together with 

nsp3 and serves as a cofactor for the nsp4 encoded enzyme (209, 245). The 3C-like serine 
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protease encoded by nsp4 of PRRSV is predicted to cleave the remainder of ORF1a and 

ORF1b like its counterpart EAV 3CLpro (212, 214, 233, 234, 277). 

In this report, we extended our previous findings and examined the processing of 

nsp2 in PRRSV-infected MARC-145 cells by using recombinant viruses expressing 

foreign epitope-tagged nsp2. The nsp2 protein was found to exist as several different 

isoforms with apparently different C-termini. Total proteolysis of PRRSV nsp2 was 

thought to involve both the PL2 protease and other unknown viral or cellular proteases. 

The processing was demonstrated to be rapid and the cleaved products were relatively 

stable. In addition, the cellular protein HSPA5 was found to interact with the nsp2 protein 

and could be specifically co-immunoprecipitated by anti-nsp2 antibodies.  

Materials and Methods 
Plasmids and Antibodies. The plasmids used in this study, including pNsp2-3, 

pNsp2-3 C55A, pNsp2-3 G1197P, and pPL2, were described previously (91). Nsp2 

coding regions aa12-813, aa12-980 and aa12-1196 were amplified from the plasmid 

pNsp2-3 and cloned into the site between BamHI and XbaI of the plasmid pcDNA/HA-

FLAG to generate new plasmids pNSP2 (12-813), pNSP2 (12-981) and pNSP2 (12-

1196), respectively. The HSPA5 gene tagged with a c-myc epitope at the N-terminus was 

amplified with primers and cloned into vector pcDNA3 to generate the plasmid pHSPA5-

myc.  

Antibodies used in this report include anti-c-myc monoclonal antibody (9E10) 

(Developmental Studies Hybridoma Bank at the University of Iowa), rabbit polyclonal 

anti-c-myc antibodies (Abcam), mouse anti-HA antibodies (Covance), mouse anti-FLAG 

antibodies (M2, Sigma), HRP conjugated anti-mouse IgG or anti-rabbit IgG secondary 

antibodies (Southern biotechnology, Inc) and rabbit anti-HSPA5 antibody (Santa Cruz 

Biotechnology). The mouse monoclonal antibody YF07 to the PL2 cysteine protease 

domain was from Dr. Ying Fang (South Dakota State University), and D3A4 and E5F8 

from Dr. Hanchun Yang (China Agricultural University). The rabbit polyclonal antibody 

V was raised against a peptide containing PRRSV strain VR-2332 nsp2 aa1078-1094 

(SEKPIAFAQLDEKKITA) (Covance).  
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Construction of PRRSV deletion mutants. The plasmid pV7-nsp2Δ324-434-GFP 

was reported previously (90). To generate c-myc epitope recombinant virus, the GFP 

gene was replaced by 3 c-myc epitopes (EQKLISEEDL) to generate plasmid pV7-

nsp2Δ324-434-myc (pV7-myc) by overlapping PCR as described before (90). To generate 

HA-c-myc double tagged virus pV7-HA-myc, an influenza A virus hemagglutinin (HA) 

epitope tag (YPYDVPDYA) replaced nsp2 aa12-24 in the plasmid pV7-myc. A similar 

strategy was used to create nsp2 deletion viruses based on the plasmid pV7-myc and the 

new plasmids were designated as pV7-myc-nsp2Δ543-632, pV7-myc-nsp2Δ633-726 and 

pV7-myc-nsp2Δ727-813, respectively.  

Transient expression. MARC-145 (ATCC) and CHO cells (Invitrogen) were 

maintained in EMEM (SAFC Biosciences) supplemented with 10% fetal bovine serum 

(FBS) at 37 °C with 5% CO2. CHO cells were transiently transfected by using 

Lipofectamine™ 2000 (Invitrogen) as described (91). RNA transfection of MARC-145 

cells was performed as described previously (90).  

Viral growth assays. MARC-145 cells in T-25 flasks were infected with 0.1 MOI of 

either parental or mutant viruses at passage 3. After 1 h of attachment at room 

temperature with gentle mixing, unbound viruses were removed and the monolayers were 

washed three times with serum-free EMEM and replaced with 7 ml complete medium. 

Samples were collected from medium at different time points after infection and titrated 

by viral plaque assay on MARC-145 cells (90). 

Immunoprecipitation and western blot. Transfected CHO cells or infected 

MARC-145 cells were rinsed twice with cold PBS (0.14M NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.5mM KH2PO4), and lysed with RIPA buffer (50mM Tris-HCl pH 7.4, 1% 

NP-40, 0.5% Na-deoxycholate, 150mM NaCl, 1mM EDTA and cocktail protease 

inhibitors (Sigma)) on a platform shaker for 30 min at 4°C. The cell debris was removed 

by centrifugation at 13, 000 rpm for 20 min. The supernatants were precleared by Protein 

G or A agarose, and then incubated with selected antibodies as well as Protein G PLUS-

agarose (Santa Cruz Biotechnology) or Protein A agarose (Roche) at 4°C overnight. The 

immunocomplexes were washed twice with cold RIPA buffer, once with 0.1% SDS in 

RIPA buffer and once with PBS. After heating for 5 min at 100°C, the proteins were 
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separated by SDS-PAGE and then electrophoretically transferred onto a nitrocellulose 

membrane. For western blotting, the membrane was blocked with 5% milk powder in 

PBST (0.14M NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.5mM KH2PO4, 0.1% Tween-20) 

for 1 h, and then incubated with the appropriate primary antibodies diluted in PBST-5% 

milk overnight at 4°C. After washing three times for 30 min with PBST, the blot was 

incubated with an appropriate diluted secondary antibody in PBST for 1 h. The 

membrane was again washed and then developed with the ECL Western Blotting 

Analysis System (Pierce).  

Radiolabeling and pulse-chase analysis of the nsp2 protein. MARC-145 cells in 

60 mm peri dishes were infected with V7-myc at passage 3 with a MOI of 0.1 and 

incubated in 5 ml EMEM with 10% FBS, 37°C. For pulse-chase analysis, at 12-18 hours 

postinfection, MARC-145 cells were washed with Dulbecco’s modified essential medium 

(DMEM) deficient in methionine and cysteine (Met/Cys) and starved for 30 min. The 

cells were then labeled with 4 ml of DMEM with 100 µCi/ml 35S-Met/Cys. After 5-6 

hours of labeling, MARC-145 cells were washed twice with DMEM, then incubated with 

5 ml DMEM with 10% FBS. At indicated times (0, 15, 30, 60, 120, 180, 240 min), one 

dish was removed from the incubator; the cells were washed with cold PBS and then 

lysed in RIPA buffer. The cell lysates were cleared by centrifugation and 

immunoprecipitated using suitable antibodies.  

Tandem affinity purification and mass spectrometry. MARC-145 cells were 

infected with PRRSV recombinant virus V7-myc (passage 3) at 0.1 MOI and then 

incubated in EMEM with 10% FBS, 37°C. The cells were harvested at 36 hours 

postinfection and lysed in RIPA buffer. Nsp2-associated complexes were purified by two 

rounds of immunoprecipitation with mouse monoclonal antibodies to c-myc and rabbit 

polyclonal antibody V. The complexes were washed twice with RIPA buffer, once with 

RIPA buffer with 0.1% SDS and once with PBS, and eluted by boiling in SDS-PAGE 

loading buffer with 5% 2-mercapathanol. The complexes were separated by SDS-PAGE 

on 4-12% Nupage gel (Invitrogen) and visualized by Coomassie blue or SYPRO® Ruby 

(Invitrogen). SYPRO® Ruby-stained bands were excised, trypsin digested, extracted and 
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analyzed by liquid chromatography and tandem mass spectrometry (LC-MS/MS) at the 

University of Minnesota Mass Spectrometry Center.  

Results 
Construction and recovery of c-myc and HA-tagged PRRSV. The purpose of 

generating foreign epitope-tagged recombinant virus was to facilitate the analysis of nsp2 

processing by utilizing high quality commercial antibodies. We previously showed that 

the nsp2 regions including aa12-35 and aa324-813 are not essential for virus replication 

and that the recombinant PRRSV with a GFP gene in place of nsp2 aa324-434 is viable 

(90). It is therefore possible to generate foreign epitope-tagged recombinant virus without 

affecting viral replication. 

To generate a c-myc tagged virus, the GFP gene of previous PRRSV infectious clone 

plasmid pV7-nsp2Δ324-434-GFP was replaced with 3 consecutive c-myc epitopes to 

generate the new plasmid pV7-nsp2Δ323-434-myc (pV7-myc) (Fig. 5.1A). To generate a 

double-tagged virus, two copies of HA epitopes were inserted to the position where nsp2 

aa12-24 was deleted and the new plasmid was designated pV7-nsp2Δ12-24-HA-

nsp2Δ323-434-myc (pV7-HA-myc) (Fig. 5.1A). The plasmids were linearized and in vitro 

transcribed. The RNA transcripts were transfected into MARC-145 cells. Virus-induced 

cytopathic effect (CPE) was readily detected 4-5 days post transfection, characterized by 

cell rounding, clustering and detachment (data not shown).  

Next, we examined the growth properties of the two mutant viruses. As shown in 

Fig. 5.1B, the two mutant viruses displayed indistinguishable growth kinetics in MARC-

145 cells at passage 3 compared to the parental virus VR-V7, suggesting that insertion of 

one to two small foreign epitopes into the nsp2 region does not affect viral growth. The 

mutant V7-myc was stable after 10 passages as confirmed by nsp2-coding region 

sequence analysis. Immunostaining with c-myc antibodies revealed a typical perinuclear 

localization pattern (Fig. 5.1C), similar to that of wt strain VR-2332. We failed to detect 

nsp2 of V7-HA-myc by immunofluorescence assay with anti-HA antibodies, perhaps 

because the HA epitope is inaccessible for antibody binding under native conditions.  

Identification of nsp2 products. To detect nsp2-associated products, MARC-145 

cells were infected with 0.1 MOI of V7-myc at passage 3. The cells were lysed at 24-36 
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hours post infection using RIPA buffer and cleared by centrifugation. Following 

immunoprecipitation with mouse monoclonal antibodies 9E10 against the c-myc epitope 

and separation by SDS-PAGE, the nsp2 protein was probed with mouse monoclonal 

antibody E5F8, recognizing nsp2 region aa77-87 (261). Six specific products were 

detected with estimated sizes of 120, 100, 80, 51 and 41-43 kDa, and we designated these 

products nsp2a, b, c, d, e and f, respectively (Fig. 5.2A, lane 1). A similar processing 

pattern was also observed in double-tagged V7-HA-myc infected MARC-145 cells 

probed with anti-HA antibodies after immunoprecipitation with c-myc antibody 9E10 

(Fig. 5.2B, lane 2). Since the HA epitope was placed immediately downstream of the 

cleavage site for nsp1 and the antibody E5F8 recognition site is very near the N-terminus 

of nsp2 (Fig. 5.1A), these data suggest that these products most likely share a similar N 

terminus.  

Mapping of the C-termini of the nsp2 isoforms. To differentiate the C-termini of 

the nsp2 products, we initially attempted to use antibody probing to distinguish the nsp2 

isoforms. Mouse monoclonal antibody D3A4 recognizes nsp2 peptide aa545-557 (261) 

and reacted with nsp2 segments a, b, c and d, but not e and f (Fig 5.2A, lane 3). Since the 

proteins had been initially precipitated with anti-c-myc mAb recognizing the epitope 

located just before nsp2 aa434, the antibody recognition pattern signified that the C-

terminus of nsp2 e and f is located between nsp2 aa434-aa545 (Fig 5.2A, lane 3).  

The fact that nsp2d reacted with the antibody D3A4 suggests that nsp2d is cleaved 

after residue 545. To further map the cleavage site, deletion mutagenesis was carried out 

(Fig. 5.3A). Three nsp2 deletion mutants (V7-myc-nsp2Δ541-632, V7-myc-nsp2Δ633-

726, and V7-myc-nsp2Δ727-813) were generated based on V7-myc (Fig. 5.3A). The 

mutants were viable and showed comparable titers to V7-myc and parental virus VR-V7 

(data not shown). Using these mutants in similar analyses as described above, nsp2d 

could be distinguished from nsp2c and e by the deletion of nsp2 hypervariable region 

541-632, as no nsp2d product was detected after the region was deleted (Fig. 5.3B), 

suggesting the cleavage site of nsp2d is located between nsp2 aa543 and aa632. 

In contrast to nsp2d, detection of nsp2c was not affected by deletion of nsp2 aa541-

632, or aa633-726 or aa727-813 (Fig. 5.3B). Thus, the cleavage site of nsp2c must lie 
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downstream of the Gly813 residue. Nsp2b and c could not be differentiated by deletion 

mutagenesis since further deletion of the putative transmembrane domain (aa 876 to 898, 

911 to 930, 963 to 979, and 989 to 1009 or its upstream flanking sequence (814-845) is 

lethal to the virus (90). To judge the relative size of nsp2b and nsp2c, peptides coding for 

nsp2 aa12-813 and nsp2 aa12-980 were in vitro expressed in CHO cells by cloning the 

respective fragment into pcDNA3/HA-FLAG. As shown in Fig. 5.3C, nsp2c and nsp2b 

showed comparable migration rates as nsp2 (12-813) (82 kDa) and nsp2 (12-981) (100.3 

kDa), respectively. The cleavage sites for nsp2c and nsp2b should therefore be close to 

respective residues 813 and 981.  

To differentiate nsp2a and b, rabbit peptide antibody V was raised against nsp2 

region aa1078-1094. As shown in Fig. 5.2C, antibody V detected nsp2a but not other 

nsp2 species, consistent with the previous result that antibody V recognized the processed 

nsp2 in CHO cells (91). As shown in Fig. 3C, the nsp2a had a similar migration rate to 

nsp2 processed from nsp2-3 that was cleaved at the site 1196G|G in CHO cells, as 

demonstrated by site-directed mutagenesis (91), but migrated faster than the nsp2-3 

C55A precursor. In addition, nsp2a had a similar migration rate to the polypeptide coding 

nsp2 aa12-1196 (123.6 kDa). Therefore, we conclude that nsp2a is the equivalent to the 

nsp2 product processed in CHO cells.  
Nsp2 d, e and f were not essential for viral replication in cell culture. The 

experiments described above localized the cleavage sites of nsp2d, e and f within the 

middle hypervariable region of nsp2. The deletion mutagenesis in this study, when 

combined with a previous report (90), demonstrated that deletion of either nsp2aa 324-

525 containing putative cleavage sites for nsp2e and f or 543-632 containing the putative 

cleavage site for nsp2d did not affect viral replication in cell culture. In addition, a 400aa 

deletion (aa324-726) of the nsp2 hypervariable region that contains the proposed 

cleavage sites of nsp2d, e and f generated viable virus that acquired comparable growth 

kinetics to parental virus VR-V7 (90). The data thus indicate that nsp2d, e and f are not 

essential for viral replication in cell culture.  

We showed that the cleavage of nsp2a most likely occurs at the site G1196|G1197 (91). 

By using reverse genetics, we also showed that the mutations that blocked the cleavage at 
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this site are lethal to the virus (91). Thus, the proteolytic generation of nsp2a is critical for 

viral replication. The cleavage sites that generate nsp2b and c were mapped to the region 

around the transmembrane (TM) domains. Previously, we showed that the TM region and 

its upstream sequence (aa814-845) are essential for viral viability (90), suggesting nsp2b 

and c may be important for viral replication.  

Accumulation, stability and turnover of the nsp2 isoforms. To study when and 

how the nsp2 species emerge during PRRSV infection, the virus V7-myc was used to 

infect MARC-145 cells at a low MOI of 0.1. As shown in Fig. 5.4, the nsp2 proteins 

appeared almost simultaneously in the early stage of PRRSV infection from 6 to 12h, 

especially for the larger nsp2 isoforms, and accumulated to peak levels at 36-42 h post 

infection. To investigate the processing kinetics of nsp2, radioimmunoprecipitation 

assays were carried out with anti-c-myc antibody 9E10 and rabbit peptide antibody V. 

Consistent with the results described above, the same nsp2 species were recognized in the 

radioimmunoprecipitation assay by anti-c-myc antibodies (Fig. 5.5A). As expected, the 

antibody V immunoprecipitated nsp2a (Fig. 5.5C). Interestingly, two products with 

estimated sizes of 70-80 kDa and 14 kDa respectively were markedly co-

immunoprecipitated by both anti-myc and V antibodies, and appeared to be either of host 

or viral origin. A specific band with molecular weight of about 39kDa could only be 

immunoprecipitated by V antibody, the origin of which is not clear. In addition, the large 

protein band precipitated by 9E10 antibody only in mock-infected cells was of unknown 

origin (Fig. 5.5A). 

The stability of nsp2-associated products was analyzed by pulse-chase assay in 

MARC-145 cells. Cells were infected with V7-myc virus at a MOI of 0.1 and 

metabolically labeled with [35S]-methionine/cysteine for 5 h. The nsp2 species 

accumulated to a maximal level after a pulse for 5-6 h (Fig. 5.5B). After a 5 h pulse with 

[35S] methionine/cysteine, the incorporated label was chased for various periods (up to 

240 min). The cleavage of nsp2 from polyprotein pp1a occurred rapidly and no precursor 

proteins were detected (Fig. 5.5B and C). The protein amount and ratio among different 

nsp2 isoforms appeared be relatively constant (Fig. 5.5B), suggesting the isoforms are 

stable and the protein turnover is slow.  
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Coimmunoprecipitation of heat shock 70 kDa protein 5 with the nsp2 replicase 

protein. The results from he radioimmunoprecipitation assays revealed that a protein 

band with apparent molecular weight of 70-80 kDa was strongly co-immunoprecipitated 

with nsp2 by either anti-c-myc antibodies or antibody V against nsp2 but was not detected 

by previous western blot analyses (Fig. 5.5B and D). In order to identify the protein, we 

performed two rounds of immunoprecipitation with anti-c-myc antibody 9E10 and 

peptide antibody V, respectively. The immunocomplexes were eluted and resolved by 

SDS-PAGE (Fig. 5.6A). The 70-80 kDa specific band was visualized, excised, digested 

with trypsin, extracted and subjected to mass spectrometry analysis by LC-MS/MS. The 

recovered peptides were highly matched to heat shock 70 kDa protein 5 (HSPA5 or 

GRP78) (Fig. 5.6B). Coverage was about 32% and a total of 19 unique peptides of 

HSPA5 were recovered (Fig. 5.6B). Identity as HSPA5 was further confirmed by western 

blot with rabbit anti-HSPA5 specific antibodies (Fig. 5.6C).  

Coimmunoprecipitation of HSPA5 with the PL2 cysteine protease domain. The 

experiments described above suggest there is an interaction between HSPA5 and nsp2. 

Since the nsp2 middle region is highly variable, we hypothesized that the conserved PL2 

protease domain of nsp2 might interact with HSPA5. To test this hypothesis, cDNA 

coding for the HSPA5 protein was amplified from MARC-145 cells and cloned into the 

vector pcDNA3 to generate pHSPA5-myc in which a c-myc epitope was attached to the 

N-terminus of HSPA5 (Fig. 5.7A). Coimmunoprecipitation of coexpressed PL2 and 

HSPA5 was performed by using PL2 protease specific mAb YF07 to immunoprecipitate 

PL2. As shown in Fig. 5.7B, HSPA5 was pulled down in the presence of PL2 (Fig. 5.7B, 

lane 1), suggesting the specific interaction between HSPA5 and the PL2 cysteine protease 

domain.  

Discussion 
Cleavage site of PRRSV nsp2 isoforms. In this report, we examined the proteolytic 

processing of PRRSV nsp2 in virus-infected MARC-145 cells, and revealed the presence 

of different isoforms of nsp2, which appeared share the same N-terminus but differed in 

their C-termini. Previously, several candidate cleavage sites (e.g. G828|G829|G830, G981|G982 

and G1196|G1197) for the processing of PRRSV nsp2 were proposed based on knowledge 
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of EAV PL2, a PRRSV PL2 counterpart which prefers a G|G dipeptide as its substrate, 

and by comparative sequence alignment (3, 92, 277). Our previous studies from in vitro 

transfection assays in CHO cells revealed that the PL2 protease processed nsp2 into one 

predominant product (91). Similar to the cleavage property of the EAV PL2 protease, we 

showed the conserved G1196|G1197 dipeptide of PRRSV nsp2 was highly susceptible to 

point mutations and most likely served as the cleavage site (91). In this report, we 

identified several nsp2 species with apparently different C-termini in PRRSV-infected 

MARC-145 cells. We showed that nsp2a was recognized by rabbit peptide antibody V 

(Fig. 5.2B) and had a similar migration rate as the nsp2 protein processed in CHO cells 

(Fig. 5.3C) (91). Nsp2-3 C55A, representing the unprocessed precursor from transfected 

CHO cells, had a slower migration rate than that of nsp2a (Fig. 5.3C). Furthermore, 

mutations at G1196|G1197 that blocked the processing of nsp2 were lethal to PRRSV in 

MARC-145 cells as demonstrated by reverse genetics (91). Thus, we conclude that nsp2a 

is the equivalent to the nsp2 protein that is processed from the nsp2-3 precursor in CHO 

cells, and the PL2 protease recognizes the same substrate site (G1196|G1197) in both CHO 

cells and MARC-145 cells. 

The G981|G982 dipeptide is also highly conserved between PRRSV strains (92). Nsp2b 

possessed a similar gel migration rate as the polypeptide coding for nsp2 aa12-980 tagged 

with a 10aa c-myc epitope expressed in CHO cells (Fig. 5.3C). We performed site-

directed mutagenesis of the residue Gly982 in the infectious clone. Results showed that 

either G982A or G982P was lethal to the virus (data not shown). Combining the cleavage 

nature of nsp2a at G1196|G1197 (15), we postulate the G981|G982 dipeptide may be the 

potential cleavage site for generating nsp2b.  

Similarly, we showed nsp2c is processed after the residue Gly813 and had a gel 

migration pattern similar to nsp2 aa12-813 tagged with a c-myc epitope expressed in 

CHO cells (Fig. 5.3C). Considering the PL2 protease is highly selective for G|G 

dipeptide, G828|G829|G830 may be the site for nsp2c cleavage. Indirect evidence supporting 

this hypothesis comes from previous deletion mutagenesis studies, which showed that 

deletion of nsp2aa727-813 does not affect viral viability while deletion of nsp2 aa727-

845 is lethal to PRRSV (90). Thus, the region aa813-845, which includes G828|G829|G830, 
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appears crucial for viral replication. Thus, diminishing nsp2c processing might have 

affected viral replication. It should be noted that G828|G829|G830 is only highly conserved 

in North American strains (92). Therefore, the generation of nsp2c may be type or strain 

specific, reminiscent of the situation of hepatitis C virus in which the internal cleavage of 

HCV NS3 only takes place in group 2a strains (114).  

We could not identify conserved residues among PRRSV strains that could serve as 

potential cleavage sites to generate nsp2d, e and f. The fact that the cleavage events for 

nsp2d, e and f take place in the hypervariable region of nsp2 suggests that the processing 

of these nsp2 isoforms may involve proteases of cell host origin. This should not be 

surprising, as a similar situation was also observed in CHO cells in which the same nsp2 

protein was partially processed in the middle hypervariable region by an unknown 

cellular protease (91). Certainly, we could not rule out the possibility that the PL2 

protease recognizes residues other than G|G dipeptide for cleavage, or that other viral 

proteases may be involved in nsp2 processing.  

Regulation and implication of PRRSV nsp2 isoform processing. The different 

processing pattern of nsp2 in CHO cells and PRRSV-infected MARC-145 cells raises 

several questions: (i) are all the processing events PL2 protease specific? (ii) How is the 

processing of nsp2 regulated? (iii) What are the potential functions of the nsp2 isoforms? 

For the first question, we have tried to investigate the processing of nsp2 in MARC-145 

cells by transiently transfecting the plasmids encoding nsp2 protein and its mutants but 

failed due to low transfection efficiency of this cell line and perhaps potential toxicity to 

the cells. Indirect evidence suggests that the processing of nsp2 may involve an unknown 

cellular protease, particularly for nsp2d, e and f. (a) The nsp2 region aa324-632 

containing the cleavage sites of nsp2d, e and f is highly heterogeneous among PRRSV 

strains (92). Deletion mutations and extensive point mutations across the potential 

cleavage sites in field strains have been observed (92, 222). It is unlikely that the virus 

would choose such highly variable region for its PL2 cleavage substrate from an 

evolutionary point of view. (b) Among PRRSV strains, no conserved residues in VR-

2332 nsp2 aa324-632 could be identified to serve as potential cleavage sites that would 

satisfy the cleavage properties for the PL2 cysteine protease and other papain-like 
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proteases. Specifically, PL2 was shown to be highly selective for the G|G dipeptide, and 

even a G to S mutation at the P1 position or a G to A mutation at the p1’ position 

partially abolished the processing of nsp2 in CHO cells (91). (c) We observed that the 

same hypervariable region of nsp2 was recognized and cleaved by an unknown cellular 

protease in transfected CHO cells, although only one cleavage product was seen (91).  

Radioimmunoprecipitation experiments revealed that nsp2a, b and c represented the 

most abundant nsp2 species (Fig. 5.5B and D). In addition, fairly conserved putative 

cleavage sites could be identified through sequence alignment analysis of various PRRSV 

strains (92) and mutagenesis studies as discussed above. Thus, these data suggest that the 

generation of nsp2a, b and c might be PL2 protease specific. The fact that the PL2 

protease mainly recognizes the nsp2a cleavage site in CHO cells suggests the processing 

of other nsp2 species may need additional cofactors of either host or viral origin (91). 

Cofactor binding may alter the overall folding of the nsp2 precursor so that the cleavage 

sites would be exposed due to the conformation change, or change the substrate binding 

specificity. Pulse-chase experiments revealed low turnover rate for the nsp2 products in 

virally infected MARC-145 cells (Fig. 5.5B and D). We did not observe an obvious 

change in ratio between isoforms, particular for nsp2a, b, and c, during 4 h of chase (Fig. 

5.4B). It is unclear whether the smaller nsp2 species are generated from the larger 

isoforms or if all isoforms originated from the pp1a polyprotein. Certainly, it may also be 

possible that the whole processing is fast and, once a balance is reached, the relative ratio 

would not be changed dramatically. Either way, the processing must be highly regulated.  

PRRSV generates different nsp2 species by proteolytic processing during infection 

of MARC-145 cells. Although varied in mechanisms employed, such as alternative 

splicing, or translation reinitiation, many viruses encode full-length and truncated 

versions of the same protein that carry overlapping or distinct functions. The most salient 

examples are protein pairs UL26/UL26.5, ICP22/US1.5 and US3/US3.5 of herpes simplex 

virus (27, 130, 131, 185). Representative examples from RNA viruses include measles 

virus V/P, infectious bursal disease virus VP2/VPX and Sendai virus C/C’ proteins (28, 

45, 79). Therefore, it is reasonable to assume that the nsp2 isoforms may carry different 

functions in the replication cycle of PRRSV. The benefits for a positive stranded RNA 
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virus like PRRSV in adopting such a strategy may be to maximize coding capacity, 

dictate individual protein abundance, regulate protein-protein interactions, or protein 

trafficking.  

The role of HSPA5 in viral replication. HSPA5 (GRP78 or bip) is member of the 

heat shock 70 kDa protein family and is constitutively expressed in the lumen of the ER 

(44). This cellular protein is known to be associated with a variety of folding and 

assembly intermediates of cellular or viral membrane proteins (33, 36, 64, 144). In this 

report, we showed that HSPA5 strongly coimmunoprecipitated with the nsp2 protein 

(Fig. 5.5). The observation has several implications as following. (i) Involvement in 

proteolysis. HSPA5 could play an important part in assisting nsp2 folding for proteolysis 

by either or both PL2 or host cell proteases. It has been reported that the proteolytic 

activity of bovine viral diarrhea (BVDV) NS2 protein depends on a cellular cofactor, 

namely a chaperone protein termed Jiv (J-domain protein interacting with viral protein) 

or its 90aa fragment Jiv90 (118). It is possible that the interaction of HSPA5 with nsp2 

could change the confirmation of nsp2 and expose additional cleavage sites for the PL2 

protease. (ii) Regulation in viral replication. Production of viral progeny depends on the 

successful recruitment of host cellular components for their own replication, protein 

synthesis, and virion assembly. A massive amount of proteins are synthesized in a 

relatively short time during viral replication, whereby protein folding can become a 

limiting step (144). Assembly of viral replication complexes on intracellular membranes 

involves large numbers of viral and/or host proteins. Recruitment of HSPA5 may 

facilitate the folding of the PRRSV macromolecular complex. (iii) Immune evasion. 

Sequestration of molecular chaperones may lead to unfolded protein responses or ER 

stress (97), leaving many host proteins incorrectly folded. The unfolded proteins, 

including those involved in host anti-viral responses, are sent to ubiquitin-proteosomal 

system (UPS) for degradation (97, 112, 113). In addition, ER stress can cause host 

translation attenuation (97, 112, 113). Future work may be directed toward dissecting the 

detailed interaction of PRRSV nsp2 and HSPA5, and defining the role of HSPA5 in the 

PRRSV replication cycle.  
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In summary, we report the presence of nsp2 isoforms with apparently different C-

termini in PRRSV-infected MARC-145 cells and the interaction of a host chaperone 

HSPA5. These findings indicate that PRRSV nsp2 is increasingly emerging as a 

multifunctional protein that may have a profound impact on viral replication and viral 

pathogenesis.  
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Table 5.1 Primers used in this study. Forward primers are indicated by a slash (/) after 

the designator, reverse primers are preceded by a slash. Genome positions are based on 

GenBank Submission U87392 (VR-2332). 

Primers Genome 
Position Sequence 

Construction of pV7-myc and pV7-HA-myc 

VR-1051U27/ 1051-1077 5' TCGCCATGCTAACCAATTTGGCTATC 
/VR-2430L24  2407-2430 5' TTGGCATGAGCCCATATTCTTCTC 
/VR-1859L33 1827-1859 5' ATGCTCGAGTTATCAGCTAGGCAGGTGCATCAC 
VR-1824U24/ 1824-1847 5' TTGACCGGCTGGCTGAGGTGATGC 
/VR-3349L26 3324-3349 5' GCGTAGCAGGGTCATCAAGCTTAGTC 
dVR-67U22/ 2167-2187 5' CGCCCGCCACGCGTAATCGACA 
/Nsp2Δ324-434-
myc 2306L64 c-myc 5' GATCTTCTTCTGAAATCAACTTTTGTTCCAGAT  

CTTCTTCAGAGATGAGTTTCTGCTCGCTAGC 
Nsp2Δ324-434-
myc 2344U64/ c-myc 5' ACAAAAGTTGATTTCAGAAGAAGATCTGGAACA  

GAAGCTCATCTCTGAGGAAGATCTGCCTAGG 
Nsp2Δ324-434-
myc 2387U43/ c-myc 5' TCTGAGGAAGATCTGCCTAGGCCAAAAGTT  

CAGCCTCGAAAAA 
VR-HA2 
1387U65/ HA 5' TCCAGATTACGCTTACCCATACGATGTCCCTGA 

TTACGCAGTTCGTGAAACCCGGCAGGCCAAG 
/VR-HA2 
1350L65 HA 5' GACATCGTATGGGTAAGCGTAATCTGGAACA 

TCGTATGGGTAACAAGAGCGTGCTTTTCTTGCTC 

Construction of nsp2 truncation mutants and cloning of HSPA5 

Nsp2 PL2 1U37/ 1373-1387 5' AGCTAAGCTTGCCACCATGGTGGCGACTGCTACAGTC 
/VR-3755L33  3732-3755 5' TACTCTAGAAGAGCCGGCGCCACCTGTGCCTGCC 
/VR-4258L31 4237-4258 5' CTATCTAGAGCCCAGTAACCTGCCAAGAATGG 
/VR-4898L33 4875-4898 5' CCCTCTAGATGAAGGCTTGGAAATTTGCCTGATT 
/VR-5583L35  5558-5583 5' CTATCTAGAAGACCCAAGCTGGGACGGGGTAAACAA 

HSPA5 1U74/ HSPA5 5' CCCAAGCTTGCCACCATGGGAGAACAAAAACTCATCTC 
AGAAGAGGATCTGAAGCTCTCCCTGGTGGCCGCGAT 

/HSPA5 1988L38 HSPA5 5' ATGCTCGAGTTACTACAACTCATCTTTTTCTGCTGTAT 
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Fig. 5.1. Characterization of foreign epitope tagged PRRSV. (A) Diagram of nsp2-3 

and construction of recombinant PRRSV expressing c-myc or c-myc and HA tagged nsp2. 

Nsp2 contains a N-terminal small hypervariable region (HV-I), a PL2 protease domain, a 

middle hypervariable region (HV-II), a putative transmembrane domain (black vertical 

bars) and a size unknown C-terminal domain. The predicted cleavage sites of nsp2 are 

shown as gray triangles and the cleavage site of nsp1|nsp2 and nsp3|nsp4 are shown as 

black and white triangles, respectively. The sizes of the predicted products are also 

indicated. Three consecutive c-myc epitopes were inserted in place of nsp2 aa324-434, 

based on strain VR-2332 full-length cDNA clone pVR-V7, to generated mutant pV7-

myc. In the bottom construct, a HA epitope replaced nsp2 aa12-24 of pV7-myc to 

generate double tagged mutant pV7-HA-myc. (B) Growth kinetics of mutants V7-myc, 

V7-HA-myc and parental virus VR-V7 at passage 3. The viruses were used to infect 

MARC-145 cells in T25 flasks with an MOI of 0.1. The virus-infected cell supernatants 

were collected every 12 hours and titrated by viral plaque assay. (C) Immunostaining of 

nsp2 protein. At 20 h post infection, the nsp2 protein in V7-myc infected MARC-145 

cells was labeled using monoclonal antibody 9E10 to c-myc epitope and an Alexa-568 

conjugated secondary antibody (red) (Molecular Probes). Nuclei were stained with DAPI 

(blue). The fields were merged using Photoshop.
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Fig. 5.2. Identification of nsp2 products in PRRSV-infected MARC-145 cells. (A) 

MARC-145 cells were mock infected or infected with 0.1 MOI of V7-myc at passage 3. 

At 24-36 hours post infection, the cells were lysed and nsp2 proteins were 

immunoprecipitated by mouse monoclonal antibody 9E10 recognizing the c-myc epitope. 

The samples were analyzed by reducing SDS-PAGE on a 4-12% polyacrylamide gel 

followed by immunoblot with nsp2 specific antibody E5F8 or D3A4. (B) Analysis of 

nsp2 associated products in V7-HA-myc infected MARC-145 cells. The nsp2 products 

were first immunoprecipitated by c-myc antibody 9E10, separated by SDS-PAGE and 

then analyzed by mouse monoclonal antibody to the HA epitope. (C) V7-myc infected 

cell lysates were immunoprecipitated by c-myc antibody 9E10 or rabbit antibody V 

recognizing a peptide near the C terminus of nsp2, separated by SDS-PAGE and then 

analyzed by western blot with antibody V or rabbit anti-c-myc polyclonal antibodies.  
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Fig. 5.3. Mapping of the relative positions of the nsp2 isoforms. (A) V7-myc nsp2 

regions aa541-632, aa633-726 or aa727-813 were deleted to generate new full-length 

infectious cDNA clone mutants pV7-myc-nsp2Δ543-632, pV7-myc-nsp2Δ633-726 and 

pV7-myc-nsp2Δ727-813, respectively. The polypeptides corresponding to nsp2 aa12-813, 

aa12-981 and aa12-1196 were cloned into pcDNA3 to generate plasmid constructs pNsp2 

(12-813), pNsp2 (12-981) and pNsp2 (12-1196). The HA-FLAG epitope was attached to 

the C-terminus of each polypeptide. The predicted molecular weights for the 

corresponding polypeptides were indicated. (B) MARC-145 cells were infected with nsp2 

deletion mutants V7-myc-nsp2Δ543-632, V7-myc-nsp2Δ633-726 and V7-myc-nsp2Δ727-

813. At 24-36 hours post infections, the cells were lysed and immunoprecipitated with 

monoclonal antibody 9E10 to c-myc, separated by SDS-PAGE on 4-12% Nupage gel 

followed by western blot with rabbit polyclonal antibodies to c-myc. (C) CHO cells were 

transfected with plasmids expressing nsp2-3, nsp2-3 C55A or nsp2 truncation mutants. 

The cells were lysed after 48 hours of transfection and immunoprecipitated with 

monoclonal antibody 9E10 to myc and analyzed by western blot with rabbit polyclonal 

antibody to c-myc. The nsp2 proteins immunoprecipitated from V7-myc infected MARC-

145 cells served as control. 
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Fig. 5.4. Accumulation of the nsp2 isoforms during virus infection. MARC-145 cells 

in 60 mm petri dishes were infected with 0.1 MOI of V7-myc. At different time points 

after infection as indicated, the cells were lysed and immunoprecipitated with monoclonal 

antibody 9E10 to c-myc epitope, separated by SDS-PAGE on 4-12% Nupage gel with 5% 

β-mercaptoethanol followed by western blot with rabbit polyclonal antibodies to c-myc. 
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Fig. 5.5. Pulse-chase analysis of the nsp2 isoforms. MARC-145 cells in 60 mm petri 

dishes were infected with V7-myc at an MOI of 0.1. At 20 hours post infection, the cells 

were labeled with [35S]-methionine/cysteine. Cells were lysed and immunoprecipitated 

with (A) c-myc antibody 9E10 or (C) rabbit peptide antibody V. For pulse chase analysis, 

the cells were pulsed for 5 hours and then chased up to 4 hours. Nsp2 proteins were 

immunoprecipitated with (B) 9E10 monoclonal antibody or (D) rabbit peptide antibody 

V. The proteins were separated by 4-12% SDS-PAGE with 10% DTT. The gel was dried 

and the radiolabeled nsp2 proteins were detected by autoradiography. 
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Fig. 5.6. Coimmunoprecipitation of HSPA5 with nsp2. (A) MARC-145 cells were 

infected with 0.1 MOI of V7-myc. At 24-36 hours post infection, the cells were lysed and 

treated with two rounds of immunoprecipitation with anti-c-myc 9E10 monoclonal 

antibody and rabbit peptide antibody V, respectively. The proteins were resolved on 4-

12% NuPage reducing gel and stained with Coomassie blue. (B) The separated proteins 

were stained with SYPRO Ruby, excised, digested with trypsin, extracted and subjected 

to LC-MS/MS analysis. The HSPA5 amino acid sequence is shown, with the recovered 

sequences highlighted in yellow. (C) Immunoblot analysis of the immunoprecipitated 

proteins with rabbit polyclonal antibody to HSPA5.  
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Fig. 5.7. Coimmunoprecipitation of HSPA with the PL2 cysteine protease domain. 

(A) The PL2 domain corresponding to nsp2 aa12-323 and the HSPA5 coding region were 

cloned separately into pcDNA3. A c-myc epitope was attached to the C-terminus of PL2 

and N terminus of the HSPA5 protein. (B) CHO cells were transfected with plasmids 

expressing PL2 and HSPA5, or HSPA5 alone. Cells were lysed and PL2-HSPA5 

complexes were coimmunoprecipitated by using mouse monoclonal antibody YF07 to the 

PL2 cysteine protease domain or c-myc antibody 9E10. Samples were separated by SDS-

PAGE on 4-12% NuPage reducing gel followed by immunoblotting with rabbit anti-myc 

antibodies.  
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Chapter VI 
Major Conclusions and Discussion 

Replication of positive-stranded RNA viruses involves translation of viral replicase 

polyproteins that are proteolytically processed into nonstructural protein subunits, which 

direct assembly of viral replication complexes and antagonize host anti-viral responses. 

This dissertation focused on understanding the biology of the multidomain nsp2 replicase 

protein of PRRSV. We showed that PRRSV nsp2 undergoes rapid evolution in field 

strains and further identified nsp2 hypervariable regions as nonessential elements for 

viral replication in cell culture through reverse genetics. We also characterized the N-

terminal cysteine protease PL2 domain and provided evidence that the PL2 encodes an 

active enzyme possessing both cis and trans activity with a preference for the G1196|G1197 

dipeptide. Importantly, we showed that the cis and trans proteolytic activity could be 

differentiated by point mutations. Mutagenesis studies revealed that the PL2 protease 

may employ Cys55-Asp89-His124 as the catalytic triad and that the trans-cleavage activity 

of the PL2 protease played an essential role in the PRRSV replication cycle. Lastly, we 

showed the presence of several nsp2 species in PRRSV infected MARC-145 cells and 

that nsp2 interacted with a host cell factor HSPA5, implying a multifunctional role for 

nsp2 in PRRSV replication. Several salient points from this research could be 

summarized as discussed in the following paragraphs.  

PRRSV nsp2 is highly heterogeneous and is undergoing rapid evolution  
The interesting feature of PRRSV nsp2 genetic variation was noted 10 years ago 

when the full-length genome sequences of North American (NA) and European (EU) 

PRRSV, represented by strain VR-2332 and LV, respectively, became available (3, 152, 

162). PRRSV of the two genotypes cause similar clinical symptoms but appear to 

undergo divergent evolution, particularly in the nsp2 region. The nsp2 of PRRSV strain 

LV is 392 bases shorter than that of strain VR-2332, and the two genotypes share only 

limited similarity at amino acid level (≤ 45%) (3, 162). Several years later, genetic 

variation was also observed within genotypes in field strains, characterized by small 

deletions or insertions and point mutations (75, 80, 192, 206). In an effort to understand 
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the significance of nsp2 genetic variation, we monitored the evolution in field strains. In 

parallel to previous findings, we showed in Chapter II that PRRSV nsp2 protein is 

undergoing unprecedented evolution in that: (i) MN184 strain nsp2 proteins contain three 

discontinuous deletions with a total size of 131 aa, leading to the shortest PRRSV 

genome identified to date. The size variation significantly exceeds previously reported 

deletions that have been maintained at or less than 30aa within genotypes prior to the 

year 2000. In addition, the dramatic size variation also diminishes the length difference 

between NA and EU counterparts. (ii) The PRRSV NA lineage MN184 nsp2 also 

underwent point mutations, sharing only 70% similarity with NA strains and even lower 

when compared to EU strains (≤ 30%). The findings have led to several questions: (1) 

how does PRRSV nsp2 carry out a presumably similar function in all PRRSV strains 

despite such diverse sequences? (2) Is there any correlation between genetic variation and 

viral virulence? (3) Why does a nonstructural protein of PRRSV need to mutate so 

vigorously? It is understandable that viral glycoproteins undergo genetic variation 

because they are exposed to the adaptive immune system and face selective pressure from 

the host and environment, and thus the mutations help escape host neutralization. It is 

rare to see a replicase protein undergoing dramatic mutations. Therefore, what is the 

significance of that? Does it link to viral fitness in vivo? If so, how? (4) What are the 

roles of the conserved putative cysteine protease domain and transmembrane domain in 

the PRRSV replication cycle?  

The hypervariable regions in nsp2 are nonessential for PRRSV 

replication in cell culture 
In an effort to address the above questions, we have successfully developed a reverse 

genetics system based on PRRSV strain VR-2332 as described in Chapter III. Using 

deletion mutagenesis approach, we established that the nsp2 hypervariable regions aa12-

35 and nsp2 aa324-813 were not essential for viral replication while the putative cysteine 

protease domain and its downstream flanking sequence as well as the predicted 

transmembrane domains were indispensable for viral growth in MARC-145 cells. As 

expected, small deletions did not affect viral growth and the mutants displayed growth 

kinetics similar to parental virus VR-V7 (Fig. 3.4C). However, a 400aa deletion of the 
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nsp2 middle segment resulted in a defective phenotype in that the mutant virus could not 

develop visible plaques (Fig. 3.5A). Although viral growth, release and spreading were 

shown to be normal, the mutant virus displayed inefficient lysis of MARC-145 cells (Fig. 

3.5B and C). Only partial lysis occurred by 5-6 days post infection, while the parental 

virus infection led to complete detachment of cells at 60-70 hours post infection (Fig. 

3.5C). Therefore, it appears that the hypervariable region does play a role in the viral 

replication cycle and is linked somehow to the viral cytolytic activity. The hypervariable 

regions of nsp2 are rich in B cell epitopes (48, 168, 261) and induce strong immune 

responses in PRRSV-infected pigs, which could be detected as early as one week after 

viral infection (48, 105, 158, 168). An immunological role for nsp2 to serve as an 

immune decoy has been proposed (75, 206). To test the hypothesis, future work should 

compare the replication of the different deletion mutants in animal trials. It will be of 

interest to know how the mutants replicate in pigs and how the viral infection of pigs by 

these mutants affects host immune parameters. A full investigation of the infection 

properties in vivo will definitely give insight into the role of the hypervariable region of 

PRRSV nsp2 in viral pathogenesis.  

Certainly, other possibilities concerning the role of the nsp2 hypervariable region in 

the replication cycle of PRRSV should also be considered as follows. (i) Regulation of 

protein translation at mRNA level. Dramatic mutations and deletions could potentially 

change the structure of the viral mRNA, which may enhance or reduce translation 

efficiency at the protein level. (ii) Regulation of protein folding. Mutations in a 

genetically flexible region could potentially affect overall protein folding, the 

consequence of which may be two-fold. (a) It may affect cleavage efficiency of the PL2 

protease on its downstream substrate(s). Since cis-cleavage is obliged by polyprotein 

folding, as shown in Chapter IV, the deletion of nsp2 hypervariable region aa324-813 

affected the processing efficiency of nsp2 at the site G1196|G1197. We have identified 

several other nsp2 isoforms as described in Chapter V, and thus deletion or mutation may 

also affect the proteolytic cleavage efficiency of these isoforms. (b) Effect on protein 

function. Conformational change may have a profound effect on protein function. 

PRRSV nsp2 has been implicated in the induction of double membrane vesicles where 
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viral RNA replication takes place, as exemplified by its counterpart EAV nsp2 (209). 

Thus, nsp2 topology alteration may further affect protein functions, such as correct 

trafficking and protein-protein/RNA interactions.  

Taken together, hypermutations in the nsp2 middle region may have a profound 

effect on nsp2 processing or function at multiple levels. This fact may reveal a new 

strategy for a virus to regulate gene expression and protein function as well as viral 

pathogenesis. 

The N-terminus of PRRSV nsp2 encodes an unusual cysteine protease  
The fact that deletion of the putative cysteine protease is lethal to PRRSV as 

described in Chapter III led to the hypothesis that the nsp2 N-terminus encodes a 

functional protease. Using in vitro assays as described in Chapter IV, we provided 

necessary evidence that the PL2 domain does encode an active protease, which possesses 

both cis and trans-cleavage activity in vitro. The most significant finding is that the cis 

and trans-cleavage activity of the PL2 protease could be distinguished by point 

mutations, which makes it possible to study the individual functions separately. Reverse 

genetics revealed that mutations that caused a specific loss of trans function but not cis 

activity are detrimental to the virus, suggesting the trans-cleavage activity of the PL2 

protease plays an important in role in the PRRSV replication cycle. As discussed in 

Chapter IV, one of the implications is that the trans-activity of the PL2 protease plays an 

active role in suppressing host innate immune responses. Inevitably, almost all of the 

proteases from positive-stranded RNA viruses assume multiple roles (199, 200, 220). The 

papain-like protease of coronaviruses has multiple functions including deubiquitinating 

the ubiquitin-conjugated proteins and inducing degradation of IRF-3 factor in addition to 

proteolytic processing (129, 196). The NS3 protease of hepatitis C virus targets several 

molecules in interferon signaling pathway including TRIF and MAVS (124, 125). The 

2A, Lpro and 3C protease from picornaviruses cleave translation initiation factor eIF4FG, 

poly (A) binding protein, TATA box binding protein and other cellular factors (15, 115, 

136, 199), therefore effectively inhibiting cap-dependent translation of host proteins. As 

reported earlier, PRRSV is a repressor of interferon signaling, and strongly inhibits the 

production of interferon alpha and beta as well as IL-1, IL-6 and TNFα during viral 
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infection (1, 160). It was reported recently that PRRSV particularly interferes with the 

RIG-1 signaling pathway and suppresses the activation of IRF3 (135). By analogy with 

the proteases from other RNA viruses described above, it is reasonable to hypothesize 

that the PL2 protease is actively involved in viral anti-host responses. Elucidation of the 

role of the PL2 protease in anti-interferon signaling will certainly provide valuable 

information for understanding viral pathogenesis.  

Aspartic acid is an important component of the catalytic triad (His-Asp-Ser/Cys) of 

virally encoded serine or serine-like proteases (199, 200, 220, 277), including NS3 

proteases from Flaviviridae, alpha virus capsid protein, 2A and 3C proteases from 

Picornaviridae, and nidovirus 3C-like proteases, all of which adopt chymotrypsin-like 

folding. Normally, papain-like proteases do not employ aspartic acid as a catalytic 

component (199, 200, 220, 277). PRRSV PL2 is a hybrid protease and carries features of 

both papain-like and chymotrypsin-like proteases (213). In the studies described in 

Chapter IV, we showed that the D89N mutation in the PL2 domain resulted in almost 

total loss of trans activity. The inactivation of the PL2 protease activity is selective since 

a similar replacement of Asp91, another conserved Asp residue, did not affect efficient 

cleavage of the substrate (Fig. 4.6A and B). In addition, the D85N substitution is also not 

so detrimental, resulting in only a partial block in nsp2 cleavage (Fig. 4.6A and B). Thus, 

these data suggest an important role for Asp89 in the catalytic cleavage of nsp2, indicating 

the PRRSV PL2 protease may employ Cys55-Asp89-His124 as the catalytic triad, 

resembling the feature of chymotrypsin-like proteases. This is also reminiscent of the 

situation for the SARS coronavirus papain-like protease. Crystal structure analysis and 

mutagenesis studies identified D287 residue together with Cys112 and His273 as the 

catalytic triad (93, 190). D287 is situated in a classic triad formation within hydrogen 

bond distance (2.7A), and plays a very important role in catalysis (190). Although the 

exact role of aspartic acids in PL2 trans-cleavage activity is not known at present, 

resolving the crystal structure would certainly provide insights into the mechanism of the 

enzyme-substrate interaction and reveal how Asp residues contribute to enzymatic 

activity.  
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The third important feature concerns the role of the PL2 flanking sequence (aa180-

323) in proteolysis. Deletion of nsp2 aa180-323 abolished both cis and trans activity of 

the PL2 protease, consistent with the result that deletion of the same flanking sequence is 

lethal to PRRSV as described in Chapter III. The result is quite surprising since nsp2 

aa180-323 region is highly divergent between Type I and Type II PRRSV strains 

(Chapter II). Although it is not clear how the C-terminal region contributes to the 

proteolytic activity of the PL2 protease, it is conceivable that several functions could be 

related to this domain as follows. (i) Mediating the interaction with the substrate 

molecules, (ii) Maintenance of the overall folding of the enzyme or  (iii) A non-

proteolytic function. This resembles the situation for alphavirus nsp2 protease in which it 

was found that the 210aa C-terminal extension region is also critical for nsp2 protease 

activity (95).  

PRRSV nsp2 exists as different isoforms and interacts with heat shock 

70kDa protein 5 
In Chapter V, we examined the proteolytic processing of PRRSV nsp2 protein in 

virus-infected MARC-145 cells. We revealed the presence of different isoforms of nsp2, 

which appeared to have the same N-terminus but differed in their C-termini. One 

question remaining to be answered is whether the PL2 protease mediates all of the nsp2 

processing. In Chapter IV, we showed that the PL2 protease mediated a seemingly single 

cleavage at the site 1196G|G in transfected CHO cells. The protease displayed an 

absolute preference for Gly at the P1’ position and a small amino acid (Gly, Ala but not 

Ser) at the P1 position as tested by site-directed mutagenesis both in vitro and in vivo 

(Fig. 4.7D and E). Based on this substrate recognition nature, we propose that the 

conserved G828|G829 and G981|G982 could potentially serve as the cleavage sites for nsp2c 

and b, respectively, in PRRSV-infected MARC-145 cells. The evidence supporting this 

hypothesis also includes the facts that the in vitro expressed polypeptides corresponding 

to nsp2 region aa12-813 and aa 12-981 had similar masses to respective nsp2c and b, and 

that the nsp2c was cleaved downstream of the residue Gly813 and nsp2b was processed 

before Pro1076 (Fig. 5.3 and Fig. 5.2). As described in Chapter II and III, four 

transmembrane-spanning helices (aa876-898, 911-930, 963-979, 989-1009) have been 
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predicted in this region. Since the nsp2c is much smaller than the peptide coding for nsp2 

aa12-981 (Fig. 5.3C), the only possible cleavage site for nsp2c would lie in the region 

either before the transmembrane domain (aa814-875) or between the transmembrane 

helices (aa899-910, 931-962), while the cleavage site for nsp2b will be within the region 

(aa931-962, 980-988, 1010-1087). Alignment of these small regions suggests the highly 

conserved G828|G829 and G981|G982 would satisfy the PL2 substrate recognition 

characteristics and most likely serve as the cleavage sites of nsp2c and b, respectively.  

The cleavage sites for nsp2d, e and f have been mapped to the nsp2 region aa434-

632 (Fig. 5.2 and 5.3). We propose the involvement of (a) cellular protease(s) based on 

the following facts. (i) The nsp2 region aa434-632 is highly heterogeneous among 

PRRSV strains (75, 80, 92, 192, 222). Mutations and deletions were both observed, 

which makes it less likely to be a viral protease substrate. (ii) No conserved residues that 

satisfy the cleavage criteria of PL2 protease could be identified among PRRSV strains. 

(iii) We observed that the nsp2 hypervariable region was cleaved by a cellular protease in 

transfected CHO cells in Chapter IV. Together, we can conclude that the processing of 

PRRSV nsp2 in infected MARC-145 cells involves both the PL2 protease and one or 

more host cell proteases, or other unidentified PRRSV proteases. 

The second essential question that must be addressed in the future regards the 

potential function of the nsp2 isoforms and their role in viral replication. DNA viruses 

such as herpesviruses generate full-length and truncated versions of the same viral protein 

through translation reinitiation or mRNA splicing (130, 131, 185). Examples are 

UL26/UL26.5, a22/US1.5 and US3/US3.5, from herpes simplex virus (130, 131, 185). For 

instance, both US3 and US3.5U serve as kinase in phosphorylating some viral or cellular 

proteins, but they differ with respect to their function in blocking apoptosis and in virion 

maturation and egress (185). For RNA viruses, proteolytic processing of viral replicase 

proteins may sometimes generate nonstructural protein intermediates (220, 277). For 

example, the highly regulated processing of alphavirus nonstructural proteins leads to 

different intermediates that possess discrete functions in viral replication (49, 207, 220, 

244). For arterivirus, it was recently reported that EAV nsp7 contains an internal 

cleavage site for nsp4 encoded 3C-like serine protease and thus the nsp7 has two different 
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isoforms (227). Mutation studies with the infectious clone demonstrated that both 

isoforms are critical for viral replication (227). The PRRSV nsp2 isoforms may fit a 

similar fate, assuming different important roles in viral replication cycle. By using 

reverse genetics and other approaches, the function and importance of the individual 

isoform may be tested in the future.  

Lastly, we identified the host cell molecular chaperone HSPA5 as an nsp2 co-

immunoprecipitate. As a protein chaperone, HSPA5 is actively involved in protein 

folding in the ER (44, 113). HSPA5 has also been reported to be involved in viral 

replication processes of many viruses (64, 144) and implications for viral protein-HSPA5 

interaction have been discussed in detail in Chapter V. Future work is needed to further 

dissect the detailed interaction between nsp2 and HSPA5. It will also be interesting to 

know whether the interaction assists in the processing of nsp2 and what the roles HSPA5 

plays in PRRSV replication. 

Model for the multifunctionality of PRRSV nsp2 
Based on the data obtained in this thesis and the emerging knowledge from other 

positive-stranded RNA viruses discussed above, we propose a model for the function of 

nsp2 in the PRRSV replication cycle (Fig. 6.1). Upon PRRSV entry and translation of 

ORF1a and/or ORF1ab, the replicase precursor nsp2-3 is rapidly processed in cis by the 

PL2 protease to generate nsp2 a, b and c while the generation of nsp2d, e and f involves 

cellular proteases. The whole process is highly regulated and involves host or viral 

cofactors. The abundance, function, structure and trafficking of PRRSV nsp2 may be 

regulated by the hypervariations in the middle region of nsp2 through affecting 

proteolytic cleavage efficiency, protein folding, viral RNA structure and so on. The 

hypermutations in nsp2 may also shape host immune responses by generating antigenic 

and immunogenic epitopes. To antagonize host antiviral responses, on one hand, the nsp2 

proteins may interact with and sequester host proteins such as protein chaperone HSPA5, 

leading to in ER stress which in turn results in unfolded protein responses (UPR) and 

thereby attenuates host protein translation as a feedback (97, 113). Once the ER stress is 

over its threshold, it may lead to apoptosis of PRRSV-infected cells (112). On the other 

hand, it is possible that the nsp2 proteins may interact with proteins involved in host 
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innate immunity in a way such as mediating host protein cleavage through its trans-

cleavage activity. To serve a replication purpose, the nsp2 proteins recruit host protein 

chaperones to assist the folding of macromolecular proteins in viral replication 

complexes, or may modify the intracellular membranes just as its arterivirus counterpart 

EAV nsp2 (209), or may interact with different molecules via different isoforms of nsp2 

to carry out distinct functions.  Future work based on this model may be directed at 

investigating the following essential questions. (i) What are the roles for the 

hypervariable region in the proteolytic processing of the nsp2 isoforms? Do mutations 

affect specific functions of individual nsp2 isoforms such as protein-protein interactions 

or protein trafficking? (ii) What is the role of the hypervariable region in viral 

pathogenesis in pigs? Does it affect the immune parameters? (iii) What is the role for the 

PL2 trans-cleavage activity in viral anti-host responses? (iv) What are the roles for 

HSPA5 in PRRSV replication? (v) what are the additional nsp2 cleavage sites? (vi) What 

are the functions of the nsp2 isoforms in viral replication? Addressing these questions 

will most assuredly add further insight into the role of nsp2 protein in PRRSV replication 

cycle and viral pathogenesis in swine. 
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Fig 6.1 Proposed model for the function of PRRSV nsp2 
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