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1. INTRODUCTION 

For a long time, the major hallmark of nidoviruses (coronaviruses), 
which clearly distinguished them from other positive (+) RNA viruses, had 
been that the viral subgenomic (sg) mRNAs are derived from noncontinuous 
segments of the viral genome. Nidovirus sg mRNAs are, thus, mosaic and, 
in this respect, resemble eukaryotic mRNAs generated by splicing. Each 
nidovirus sg mRNA matches the genomic RNA in the 5' and 3' terminal 
sequences and carries a specific, 3' -nested subset of the open reading frames 
(ORFs) found in the genomic RNA (Spaan et ai., 1983; Lai et ai., 1984). 
Commonly, only the most 5'-proximal ORF is expressed from a sg mRNA. 
Even though both the spliced eukaryotic mRNAs and the nidovirus sg 
mRNAs relate to the transcribed genomes in similar ways, the underlying 
mechanisms that generate these RNAs differ dramatically. The nidovirus 
sgRNAs are generated during a unique discontinuous transcription, which 
does not require breaking and ligation of phosphodiester bonds, as is the 
case with RNAs generated by splicing. The discontinuous transcription is 
rather a variant of similarity-assisted RNA recombination and has been 
established to operate in coronaviruses and arteriviruses, the two families of 
nidoviruses (Sawicki and Sawicki, 1995; van Marle et al., 1999). It, 
however, remains to be determined if it is universally conserved in other 
nidoviruses, i.e., the poorly characterized mammalian toroviruses (Snijder 
and Horzinek, 1993) and the invertebrate okaviruses (Cowley et al., 2000). 

The Nidoviruses (Coronaviruses and Artcriviruses). 
Edited by Ehud Lavi el al" Kluwer Academic/Plenum Publishers. 200 I. 



2 The nidovirus genome 

The latter two groups, the former with the rank of a genus in the coronavirus 
family and the other with a yet-to-be established rank, also strikingly differ 
from the other nidoviruses in virion morphology and composition. 
Regardless of whether discontinuous transcription is employed by all or only 
a fraction of the nidoviruses, there is another firm ground to recognize 
nidoviruses as a distinct group - the conservation of a unique genetic plan 
that is expressed in a conserved fashion (Gorbalenya and Koonin, 1993; 
Snijder et ai., 1993). This paper will give a brief and historically inclined 
overview of the progress made in establishing a collinearity among the 
nidovirus genomes by using theoretical and experimental approaches. 

To give a proper perspective, nidoviruses are to be compared to other 
+RNA viruses. The majority of these viruses belong to one of the two large 
supergroups - Picornavirus-like and Alphavirus-like - that have been 
recognized in the middle of the 1980s (Goldbach, 1987; Strauss and Strauss, 
1988). Each of these supergroups is characterized by a specific and ordered 
set of three conserved domains forming the backbone of the replicative 
polyproteins. For viruses of the Picornavirus-like supergroup these domains 
include a (putative) RNA-helicase of the so-called superfamily 2 or 3 (HEL2 
and HEL3, respectively), an unusual cysteine proteinase that adopts a 
chymotrypsin-like fold and cleaves at conserved junctions commonly 
composed of GIn (Glu) at the PI position and a small amino acid at the PI' 
position (3C-like proteinase - 3CLpro; after 3C of picornaviruses), and an 
RNA-dependent RNA polymerase (RdRp). For viruses of the Alphavirus
like supergroup this set consists of a methyitransferase of a unique 
superfamily, an RNA-helicase of superfamily I (HELl) and an RdRp 
(reviewed in Gorbalenya and Koonin, 1993). 

2. NIDOVIRUS GENOMES - OVERVIEW 

Complete or nearly complete nidovirus genomes are currently available 
for four species of coronaviruses, porcine transmissible gastroenteritis virus 
(TGEV) (Eleouet et ai., 1995) and human coronavirus strain 229E (HCo V) 
(Herold et ai., 1993) that both belong to group 1 coronaviruses, mouse 
hepatitis virus (MHV, three strains; group 2 coronavirus) (Lee et ai., 1991; 
Bonilla et ai., 1994), avian infectious bronchitis virus (IBV; group 3 
coronavirus) (Boursnell et ai., 1987), and three species of arteriviruses, 
equine arteritis virus (EA V) (den Boon et ai., 1991), lactate dehydrogenase
elevating virus (LDV, 2 strains) (Godeny et ai., 1993; Palmer et ai., 1995) 
and porcine reproductive and respiratory sindrome virus (PRRSV, 3 strains) 
(Meulenberg et ai., 1993; Allende et ai., 1999; Nelsen et ai., 1999). 
Additionally, a considerable number of genomes were only partly 
sequenced. Among those, large fragments of the torovirus Berne virus 
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(BEY) (Bredenbeek et al., 1990b; Snijder et al., 1990; Snijder et al., 1991) 
and the okavirus gill-associated virus (GAY) (Cowley et al., 2000) genomes 
provide convincing evidence (see below) to cluster these viruses with other 
nidoviruses. 
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Figure 1. The domain layout and distant relationships of the nidovirus replicative pplab 

polyproteins. Shown are the polyproteins of HCo V and EA V whose domain organization is 

typical for corona- and arteriviruses, respectively. Domains and cleavage sites discussed in 

the text are depicted. The position of the pp I alpp I b junction, which results from the 

ribosomal frameshifting, is indicated by a vertical bar upstream of the RdRp. Some 

nidoviruses may have domain organizations which deviate from that shown. Domains 

forming the backbone are specified between two polyproteins. The relationships with other 

+RNA viruses are indicated by two-headed arrows above and below the polyproteins. INS, a 

unique domain conserved in coronaltoro/okaviruses between the HEll and NlD domains; Art 

and Cor, the most C-terminal domain in pplab of arteriviruses and coronaltoro/okaviruses, 

respectively. For the designation of the other domains see text. 

The basic nidovirus genetic plan includes non-translated regions at 5' and 
3' ends flanking from 6 to 11 ORFs, some of which are partly overlapping 
(Lai and Cavanagh, 1997; Snijder and Meulenberg, 1998). The two most 5'
proximal ORFs, ORFla and ORFlb, are the largest and overlap. The ORFla 
encodes ppla polyprotein, and ORFla+ORFlb direct, through ribosomal 
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frame-shifting, the synthesis of pplab polyprotein. Both polyproteins are 
organized around a conserved framework of a dozen replicative domains and 
autocatalytically processed to numerous products at the conserved 
interdomain junctions (Fig. 1) (Ziebuhr et al., 2000). The other ORFs, whose 
number varies in different viruses, are located further downstream and direct 
the synthesis of the capsid proteins and, optionally, accessory proteins. To 
express these ORFs, a nested set of sg mRNAs is generated. This genetic 
plan is executed in the described fashion by all nidoviruses - from the 
smallest arterivirus EA Y (12.7 kb) up to the largest coronavirus MHY (31.5 
kb). 

3. DOMAIN ORGANIZATION OF THE 
REPLICATIVE POLYPROTEINS OF 
CORONAVIRUSES IS COMPLEX AND UNIQUE: 
INITIAL INSIGHTS LEARNED FROM IBV AND 
MHV 

The first nidovirus genome to be fully sequenced was that of IBY 
(Boursnell et al., 1987). The British group, which has accomplished this 
breakthrough, correctly predicted the two different modes used by IBY to 
express, respectively, ORF 1 a/ORF 1 b and the other, downstream located 
ORFs in the genome. It was also predicted that the activities that are crucial 
to drive the IBY replicative cycle are associated with two giant and totally 
uncharacterized polyproteins - pp 1 a (called F 1) and frameshifted pp 1 ab 
(FIF2) of 3951 and 6629 amino acids, respectively. A comparison of 
pp 1 a/pp 1 ab with a sequence databank in a pairwise mode returned only one 
reliable hit - that between regions in the middle of IBY pp 1 b and the 
alphavirus replicative nsP2 protein. 

This initial observation was significantly extended through thorough 
pairwise and profile comparisons of the IBY ppla/pplab with replicative 
proteins of +RNA viruses and selected cellular proteins (Gorbalenya et al., 
1988; Hodgman, 1988; Gorbalenya et al., 1989). In total, eight domains and 
thirteen sites of proteolytic autoprocessing were tentatively identified in 
pp 1 a/pp 1 ab (Fig. 1). This analysis proved to be quite accurate - the 
identification of six domains and nine cleavage sites was confirmed by 
subsequent studies. Upstream of the pp 1 a/pp 1 b junction, 3CLpro were 
correctly recognized I. Furthermore, the 3CLpro was predicted to be flanked 
by two highly hydrophobic, presumably trans-membrane domains HD3 and 
HD4. Downstream of the pplallb junction, two domains, RdRp and HELl, 

1 The domains designations used in this paper may deviate from those found elsewhere. 
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the latter linked to an upstream-positioned Cys/His-rich domain predicted to 
form triple mono-nuclear Zn-fingers (ZnD), were correctly identified. Unlike 
the above predictions, the assignment of two domains listed below was 
partly revised more recently. Not every Cys residue, which was initially 
thought to be a counterpart of one of the Cyss forming essential Cys-Cys 
bridges in a family of growth factors, proved later to be conserved in the 
growth factor-like (GFL) domain. Accordingly, this Cys-rich domain 
mapped immediately upstream of the pp I a/pp I b junction may not have a 
growth factor-like activity. Another sequence in the N-terminal region of 
ppla, which was marginally similar to a papain-like protease from 
Streptococcus pneumoniae (called SPL), later proved to be not conserved. In 
a surprising twist, this sequence ofppla does overlap with a real papain-like 
protease (PLpro) located slightly upstream and identified later (see below). 

The identification of 3CLpro was corroborated by a tentative mapping of 
the cognate cleavage sites at the interdomain junctions including those that 
separate most of the domains described above (Gorbalenya et al., 1989). The 
identification of 3CLpro cleavage sites became possible partly due to the 
extended conservation of these sites, which include Leu or another bulky 
hydrophobic amino acid at the P2 position, GIn at the PI and a small residue 
at the PI' (Ziebuhr et al., 2000). The vast majority of these sites were 
mapped to the C-terminal half of the pp I ab poiyprotein covering the region 
downstream of the N-terminus of HD3 (Fig. I). Hence, 3CLpro was 
specifically implicated in the control of the expression of the C-terminal part 
of pplallab, while another proteinase might be mainly responsible for the 
processing of the N-terminal half. 

Three domains identified in IBV, 3CLpro, RdRp and HELl, were 
(distant) variants of domains that are ubiquitous in the replicative 
polyproteins of +RNA viruses (Fig. I). Like their counterparts in other 
viruses, the IBV RdRp and HELl were postulated to playa central role in 
RNA-synthesis. These domains, along with 3CLpro, were found to possess 
unique structural properties (Gorbalenya et al., 1989). RdRp has a 
replacement of Gly by Ser in the GDD signature box that is otherwise 
absolutely conserved in +RNA viruses. HELl is uniquely associated with 
ZnD in the same protein. 3CLpro has a replacement of Gly by Tyr in the 
GxH signature of the substrate pocket which is otherwise unprecedented at 
this position. Also, the flanking of 3CLpro by hydrophobic domains from 
both sides has not been observed elsewhere. Furthermore, these and other 
(unique) conserved domains line in a very specific order, which was never 
observed in the polyproteins of other +RNA viruses. This observation 
confirmed that coronaviruses must prototype a separate supergroup. 

Since most unique features of the proposed IBV pp I a/pp I ab structural 
organization were derived from the analysis of (very) weak sequence 
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similarities, an independent validation of these findings remained urgent. 
Thus, comparative analyses of IBV and two strains of another coronavirus, 
MHV, reported soon afterward (Bredenbeek et ai., 1990a; Gorbalenya et ai., 
1991; Lee et ai., 1991; Bonilla et ai., 1994) were essential. These analyses 
confirmed the conservation of seven out of eight domains and nine out of 
thirteen 3CLpro cleavage sites provisionally described for IBV. A tenth, 
new, 3CLpro site was identified at the C-terminal border of HD4 slightly 
downstream of a fortuitous site originally assigned to IBV. It was also shown 
that the most N-terminal -2000 aa of ppla/pplab are poorly conserved 
between these two coronaviruses (Lee et ai., 1991; Bonilla et ai., 1994). This 
region contained SPL in IBV, whose predicted essential residues were not 
conserved in MHV. Instead, a new X domain flanked by two paralogous 
PLpro domains in MHV (PLlpro and PL2pro, respectively) and one PLpro, 
from the C-terminus, in IBV were delineated in this region (Fig. 1) 
(Gorbalenya et ai., 1991). The X domain was shown to be a homologue of a 
functionally uncharacterized domain previously identified in the vicinity of 
the HEL 1 domain in alpha- and rubivirus replicative polyproteins 
(Dominguez et ai., 1990). The PL 1 pro domain overlapped with a region 
thought to encode a protease responsible for the release of the N-terminal 
p28 in MHV (Baker et ai., 1989). It was predicted and later confirmed, that 
PL 1 pro mediates the p28 production from the polyproteins (Lee et ai., 1991; 
Baker et ai., 1993). 

4. TOROVIRUS BEV REPLICATIVE 
POLYPROTEIN HAS A CORONA VIRUS-LIKE 
DOMAIN ORGANIZATION THAT IS 
DECORATED WITH NEW ELEMENTS 

Further insight into the organization and evolution of coronavirus 
replicative polyproteins was gained by Dutch researchers in a study of the 
torovirus BEV (Bredenbeek et ai., 1990b; Snijder et ai., 1990; Snijder et ai., 
1991). They demonstrated that BEV has a coronavirus-like genome 
organization, the characteristic RdRp-ZnD-HELl domain layout in pplb, 
and a frameshifting signal at the pp la/pp 1 b junction, although the sequence 
for the most part of ppla remains non-determined. These results 
unequivocally established the relationship between BEV and coronaviruses, 
even though these viruses have different virion morphologies. The 
comparison of BEV with coronaviruses also led to new assignments. First, in 
the C-terminal part of pp 1 b, a unique conserved domain with an unknown 
function, was delineated. Second, a surprising similarity was found between 
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the C-terminal region of ppla immediately upstream of the ppla/pplb 
junction of BEV and two accessory proteins produced from sg mRNAs 2 
and 4 in group 2 coronaviruses. This observation indicated that some 
replicative proteins: i) are optional (since they are not conserved in all 
corona- and toroviruses), ii) form a pool that can be subject to reshuffling 
through recombination, and iii) can be expressed by different means (e.g., 
through proteolytic processing of the replicative polyproteins or by 
translation of distinct sg mRNAs). 

5. ARTERIVIRUS EAV IS A 'MINI' 
CORONAVIRUS: THE BIRTH OF THE 
NIDOVlRALES 

Shortly after finishing the analysis of BEV, the group led by Eric Snijder 
described the genome organization of the arterivirus EAV (den Boon et al., 
1991). At that time, this virus, together with alphaviruses and rubiviruses, 
was considered to be part of the togavirus family. Although EA V was shown 
to have a distinct virion morphology and the genome size approximately 
twice as small as that of an average coronavirus genome, it proved to share 
numerous features with coronaviruses. Particularly, the frameshifted pp 1 b 
polyprotein contained distant homo logs of four conserved domains that had 
previously been identified in both corona- and toroviruses. Likewise, the 
pp 1 a polyprotein contained a characteristic domain set consisting of PLpro 
(called papain-like cysteine protease, PCP) as well as 3CLpro embedded 
between two HDs (Fig. I). 

Arteriviruses also possessed specific features. All conserved arterivirus 
domains were found to be smaller than their coronavirus counterparts, and 
the sequence similarities between ppla-Iocating domains of corona- and 
arteriviruses were so weak that they could not be proved rigorously (Ziebuhr 
et ai., 2000). Unlike their coronavirus counterparts and also picoma-like 
enzymes, the arterivirus 3CLpro was demonstrated to employ Ser as the 
catalytic nucleophile (Snijder et ai., 1996). 

Importantly, the replicase domains of arteriviruses, like those of the 
corona- and toroviruses before them, were found to have no strong sequence 
similarities to other virus groups. All these observations were most 
compatible with a pronounced divergent evolution of arteri- and 
coronaviruses from the common root. Accordingly, these families were 
united in a Coronavirus-like supergroup (Gorbalenya and Koonin, 1993; 
Snijder et al., 1993), which was subsequently recognized as the order 
Nidovirales (Cavanagh, 1997). 



8 The nidovirus genome 

6. REFINING THE NIDOVIRUS GENETIC PLAN 
FOR REPLICATIVE POLYPROTEINS -
CORONAVIRUSES 

Before Nidovirales won fonnal approval, new theoretical and 
experimental data had substantiated the original findings described above. 
The genome analysis of two coronaviruses, HCo V (Herold et al., 1993) and 
TGEV (Eleouet et al., 1995), revealed the conservation of all domains and 
3CLpro cleavage sites recognized before in the replicative polyproteins of 
MHV (Fig. 1). Subsequently, the functionality of all proteases, including the 
long-time elusive PL2pro, as well as the identity of the 3CLpro sites have 
been confinned for IBV, MHV and HCoV mainly through efforts led by 
Susan Baker, Mark Denison, Jens Herold, Ding Liu, Susan Weiss and John 
Ziebuhr (reviewed in (Ziebuhr et al., 2000); see also (Kanjanahaluethai and 
Baker, 2000; Ziebuhr et al., 2001)). In the course of the cleavage site 
mapping, a new, previously overlooked 3CLpro site with an otherwise 
uncharacteristic Asn at the PI' position was identified in the region between 
HD4 and GFL domains (Liu et al., 1997; Lu et al., 1998; Ziebuhr and 
Siddell, 1999). The bioinfonnatics analysis of all PLpros of coronaviruses, 
which was supported by the results of subsequent experiments, implied that 
these proteases adopt a papain-like fold, in which two domains are uniquely 
connected by a Zn-finger (Herold et al., 1999). This unprecedented protease 
architecture was provisionally implicated in the control of viral RNA 
synthesis. 

In contrast to the 3CLpro sites, the initial mapping of the interdomain 
junctions recognized by PLpros was accomplished without theoretical 
guidance in experiments using MHV PL 1 pro (Dong and Baker, 1994; 
Hughes et al., 1995; Bonilla et ai., 1997) and IBV PLpro (Lim and Liu, 
1998; Lim et ai., 2000). Each of these proteases was shown to cleave two 
sites that included at least one small amino acid. In MHV, both sites were 
mapped upstream of the cognate PLl pro, and for IBV, one site was found to 
be upstream and another downstream of the PLpro. A recent comparative 
sequence analysis of the N-tenninal half of ppla of four coronaviruses has 
revealed the conservation of 3 sites (predicted to be) cleaved by various 
PLpros (Fig. 1) (Ziebuhr et ai., 2001). The most N-tenninal site is conserved 
in all coronaviruses except IBV, while two other sites are conserved in all 
coronaviruses. In HCoV, the two N-tenninal sites were shown to be cleaved 
by PLl pro and/or PL2pro (Herold et al., 1998; Ziebuhr et al., 2001). 
Interestingly, the third, most C-tenninal site is located in a region flanked by 
two hydrophobic domains (HDI and HD2) (Fig. 1) (Gorbalenya, 
unpublished data). 
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7. REFINING THE NIDOVIRUS GENETIC PLAN 
FOR THE REPLICATIVE POLYPROTEINS -
ARTERIVIRUSES 

9 

While the work on the processing map of the replicative polyproteins for 
three coronaviruses is currently in its final stage, it has already been 
completed for the arterivirus EAV (van Dinten et al., 1999). With slight 
deviations in the N-terminal part, it is conserved in all arteriviruses. Thus, it 
was feasible to develop a uniform nomenclature for the replicative proteins 
of arteriviruses. Each protein in pp 1 ab was assigned a name consisting of the 
prefix nsp (non-structural protein) and a digit between 1 and 12, reflecting 
the order of encoding (Fig. 1) (Snijder and Meulenberg, 1998). 

An initial draft of the processing map of the arterivirus pplab was 
developed by a group which analyzed LDV (Godeny et al., 1993). This map 
included three sites in pp la that were subsequently confirmed, and three 
sites in pp 1 b that had to be revised later. The complete 3CLpro-driven 
proteolytic processing map, consisting of five sites in pp 1 a and three sites in 
pp 1 b, has been unequivocally established for EA V through the combination 
of theoretical and experimental approaches (Fig. I) (Snijder et al., 1996; van 
Dinten et al., 1996; Wassenaar et al., 1997; van Dinten et al., 1999). With 
one exception, the arterivirus 3CLpro cleavage sites have Glu at the PI 
position and a small amino acid at the PI' position. Upstream of the PI 
position, these sites are less conserved than their coronavirus counterparts 
(Ziebuhr et al., 2000), which explains the difficulties experienced with their 
prediction. 

The analysis of the arterivirus LDV and PRRSV genomes also confirmed 
the conservation of the replicative domains identified in EAV. In the N
terminal part of pp I a, two divergent copies of PCPs were identified in these 
arteriviruses. The most N-terminal one was initially claimed to be an 
ortholog to the EA V PCP and the C-terminal one was proposed to be unique 
(Godeny et al., 1993). This assignment was revised by our group when a 
defective PCP (PCPa.) was identified upstream of the active PCP (renamed 
to PCP~) in EA V (den Boon et al., 1995). Thus, the collinearity of a pair of 
PCP domains, PCPa. and PCP~, was established for three arteriviruses (Fig. 
1). The EAV PCP~ and PRRSV PCPa. and PCP~ were proved to cleave 
their own C-terminus and the PCP~ cleavage site was shown to include at 
least one Gly (Snijder et al., 1992; den Boon et al., 1995; Ziebuhr et al., 
2000). Downstream of PCP~, another cysteine proteinase domain associated 
with the nsp2 protein (CP2) was predicted and confirmed for EAV (Fig. I) 
(Snijder et al., 1995). It is distantly related to PCPs and, like EA V PCP~, 
cleaves between two Gly residues at the nsp21nsp3 junction. It contains three 
additional conserved Cys residues that are essential for the proteolytic 
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activity and might be involved in metal-binding. Furthermore, a small 
domain with a Zn-finger signature covalently linked to the downstream
located PCPu. was predicted for all arteriviruses (Fig. 1). A crucial role of 
this putative Zn-finger and its association with the protease domains were 
recently demonstrated for sg mRNA synthesis in EA V (Tijms et al., 2001). 
Also, the predicted membrane association of proteins containing HDs has 
been proven for EA V (van der Meer et al., 1998; Pedersen et al., 1999). 

The structural organization of the region located at the opposite side of the 
pp lab polyprotein was also revised. Thus, it became clear that the very C
terminal region of pp lab is occupied by two conserved domains (rather than 
one domain as initially proposed in den Boon et al., 1991), which are 
separated by a 3CLpro cleavage site. The upstream nsp II-associated domain 
was shown to be conserved in all nidoviruses (NID, nidovirus-specific 
domain), while the C-terminally located, nspI2-associated domain was 
found to be arterivirus-specific (Fig. 1) (Godeny et al., 1993; de Vries et al., 
1 997)(Gorbalenya, unpublished data). On the basis of a detailed mutagenesis 
analysis of the EA V HEll-associated ZnD (nsp 1 0), the original model, 
which predicted three mononuclear Zn-fingers, has been revised. The new 
model implies that this domain may adopt a unique multinuclear 
organization and bind four Zn ++ s (van Dinten et al., 2000). 

8. THE COLLINEARITY BETWEEN REPLICATIVE 
POLYPROTEINS OF ARTERI- AND 
CORONAVIRUSES - THE CURRENT STATUS 

Comparisons of pp 1 all ab of nidoviruses, particularly coronaviruses and 
arteriviruses, showed a remarkable collinearity in their design, contrasting 
with an overall low sequence similarity. As the coronavirus and arterivirus 
genetics plans have been refined in the last years, the nidovirus-specific 
backbone became elaborated with new elements (Fig. 1). 

In the pp 1 b portion of the pp 1 ab polyprotein, downstream of the 
ppla/pplab frameshifting signal, four domains, RdRp, ZnD, HELl and NID, 
separated by three 3CLpro cleavage sites, are conserved in all nidoviruses. 
Importantly, the functionality of the HEll domain was recently proved for 
both corona- and arteriviruses (Seybert et al., 2000a; Seybert et al., 2000b). 
Coronaviruses have an additional domain, INS, which is inserted between 
HEll and NID and proteolytically released as a separate protein (de Vries et 
al., 1997). At the C-terminus, the pp Ibis capped by a family-specific 
domain that is separated from NID by a 3CLpro cleavage site. Two distinct 
nidoviruses, the mammalian BEV and invertebrate GA V, have the 
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coronavirus-like rather than arterivirus-like domain organization of pp 1 b, 
although their 3CLpro cleavage site maps remain to be established (Snijder 
and Horzinek, 1993; de Vries et ai., 1997; Cowley et ai., 2000) (Gorbalenya, 
unpublished data). 

The backbone of the pp 1 a polyprotein of nidoviruses is formed by the 
following structural elements (from N- to C-terminus): the N-terminally 
positioned PLpros including at least one Zn-finger; four HDs, the last two of 
which flank the 3CLpro from both sides; and a variable number of 3CLpro 
cleavage sites separating family-specific small proteins. Arteriviruses and 
coronaviruses employ very specific variants of the nidovirus genetic plan 
upstream of the HD 1 and downstream of the HD4; so a one-to-one sequence 
alignment may not be possible to produce for these regions. For GA V, only a 
3CLpro, which is flanked by two HDs, was recognized so far (Cowley et ai., 
2000); this virus may deviate further from the plan outlined above. 
Consistent with these observations, the most fast changing regions in pp 1 ab 
of both coronaviruses and arteriviruses were identified in the N-terminal half 
ofppla upstream of the HDI (Lee et ai., 1991; Bonilla et ai., 1994; Nelsen 
et ai., 1999) (Gorbalenya, unpublished data). 

9. HOW DID THE NIDOVIRUS GENETIC PLAN 
COME TO LIFE? 

How have nidoviruses evolved replicative polyproteins of such 
outstanding complexity? There are two basic ways to increase complexity -
either by acquiring domains from an outside source or by a duplication of a 
pre-existing domain of the parental genome using intergenomic or 
intragenomic recombination, respectively. 

Most nidoviruses encode two or more papain-like domains that form 
family-specific branches well separated from their relatives of other origin 
(Ziebuhr et ai., 2000). This implies that an amplification of PL domains has 
contributed to the enlargement of the nidovirus genome. However, it remains 
an open question how many amplifications occurred and where they took 
place - in the ancestral nidovirus lineage and/or later, in separate nidovirus 
branches. 

The nidovirus replicative domains also showed a remote sequence affinity 
to replicative proteins encoded by different +RNA viruses, mostly belonging 
to the Alphavirus-like or Picornavirus-like supergroups (Fig. 1). In 
particular, the coronavirus X domain and nidovirus HELl are clustered with 
homo logs encoded by viruses of the Alphavirus-like supergroup 
(Gorbalenya et ai., 1988; Gorbalenya et ai., 1991). In contrast, coronavirus 
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RdRp and 3CLpro showed a specific affinity to the homologous enzymes of 
plant potyviruses (Gorbalenya et al., 1989) (Gorbalenya, unpublished data), 
and the coronavirus PLpros hit the leader protease (Lpro) of animal 
aphthoviruses (Gorbalenya et al., 1991). Both poty- and aphthoviruses 
belong to the Picornavirus-like supergroup. The sequence affinity to the 
potyvirus 3CLpro was also documented for the homologous GA V enzyme 
(Cowley et al., 2000). Furthermore and in apparent contradiction to the 
relationships cited above, the 3CLpros of arteriviruses are clustered with 
homologs encoded by plant sobemo- and luteoviruses (Snijder et al., 1996; 
Ziebuhr et al., 2000). All these proteins also have cellular homologs 
(prototypes). These mosaic relationships might indicate that the replicative 
domains form several common pools from which different +RNA viruses 
build their genomes by reshuffling. This hypothesis implies that the 
nidovirus replicative polyprotein may be of chimeric origin. However, it 
must be stressed, that no evidence has so far been provided that any of the 
nidovirus domains is evolutionarily interleaved with related domains of other 
origins. Thus, it remains possible that all or some of these across-borders' 
similarities have been preserved in the course of a profound divergent and 
continuous evolution of +RNA viruses, including nidoviruses, from the 
common root (Gorbalenya and Koonin, 1993). More analyses and new 
sequences are needed to reconstruct the evolution of the nidovirus replicative 
polyproteins in greater detail. 

10. CONCLUDING REMARKS 

The most distinguishing feature of the nidovirus genome is the 
conservation of the specific domain arrangement in the replicative 
polyproteins, which are expressed by the multi-protease-mediated and 
ribosomal frame-shifting mechanisms. There are other supergroups of +RNA 
viruses, e.g., Picornavirus-like and Flavivirus-like supergroups, that heavily 
rely on proteases. What is, however, unique for nidoviruses is an unusual 
complexity of the conserved backbone of the replicative polyproteins, which 
is tolerant to twofold-plus variations of the genome size and pronounced 
sequence divergency. This complexity is likely to be translated into the 
elaborated nidovirus life cycle through an ordered release of the replicative 
subunits upon genome expression. We may expect the key features of this 
cycle to be conserved for different nidoviruses, regardless of their genome 
size and host range. The identification of force(s) that drive the selection of 
the unique nidovirus genetic plan and the understanding of how this plan 
shapes the life cycle of nidoviruses are among the most exciting goals for 
future studies. 



Alexander E. Gorbalenya 13 

ACKNOWLEDGEMENTS 

This paper is based on a talk given during a meeting of the nidovirus 
community at Split Rock, PA, May 2000, at the kind invitation from the 
Organizers. I am most grateful to all colleagues with whom I have been 
privileged to collaborate on studying nidoviruses. My special thanks are to 
Eric Snijder and John Ziebuhr for the permission to cite unpublished results, 
and to John Ziebuhr for the valuable comments on the review. The help of 
Maritta Grau, editor, Publications Department, NCI-Frederick, was 
instrumental in preparing this text. My current studies of RNA viruses are 
supported with Federal funds from the National Cancer Institute, National 
Institutes of Health, under Contract No. NOI-CO-56000. The content of this 
publication does not necessarily reflect the views or policies of the 
Department of Health and Human Services, nor does mention of trade 
names, commercial products, or organization imply endorsement by the 
U.S. Government. 

REFERENCES 

Allende, R., Lewis, T.L., Lu, Z., Rock, D.L., Kutish, G.F., Ali, A., Doster, A.R. and Osorio, 
F.A. (1999) North American and European porcine reproductive and respiratory syndrome 
viruses differ in non-structural protein coding regions. J Gen Virol, 80, 307-15. 

Baker, S.C., Shieh, C.K., Soe, L.H., Chang, M.F., Vannier, D.M. and Lai, M.M. (1989) 
Identification of a domain required for autoproteolytic cleavage of murine coronavirus 
gene A polyprotein. J Virol, 63, 3693-9. 

Baker, S.C., Yokomori, K., Dong, S., Carlisle, R., Gorbalenya, A.E., Koonin, E.V. and Lai, 
M.M. (1993) Identification of the catalytic sites of a papain-like cysteine proteinase of 
murine coronavirus. J Virol, 67, 6056-63. 

Bonilla, P.J., Gorbalenya, A.E. and Weiss, S.R. (1994) Mouse hepatitis virus strain A59 RNA 
polymerase gene ORFI a: heterogeneity among MHV strains. Virology, 198, 736-740. 

Bonilla, P.J., Hughes, S.A. and Weiss, S.R. (1997) Characterization of a second cleavage site 
and demonstration of activity in trans by the papain-like proteinase of the murine 
coronavirus mouse hepatitis virus strain A59. J Virol, 71, 900-9. 

Boursnell, M.E.G., Brown, T.D.K., Foulds, I.J., Green, P.F., Tomley, F.M. and Binns, M.M. 
(1987) Completion of the sequence of the genome of the coronavirus avian infectious 
bronchitis virus. J. Gen. Virol., 68, 57-77. 

Bredenbeek, P.J., Pachuk, C.J., Noten, A.F., Charite, J., Luytjes, W., Weiss, S.R. and Spaan, 
W.J. (1 990a) The primary structure and expression of the second open reading frame of 
the polymerase gene of the coronavirus MHV-A59; a highly conserved polymerase is 
expressed by an efficient ribosomal frameshifting mechanism. Nucleic Acids Res, 18, 
1825-32. 

Bredenbeek, P.J., Snijder, E.J., Noten, F.H., den Boon, J.A., Schaaper, W.M., Horzinek, M.C. 
and Spaan, W.J. (1 990b) The polymerase gene of corona- and toroviruses: evidence for an 
evolutionary relationship. Adv Exp Med Bioi, 276, 307-16. 

Cavanagh, D. (1997) Nidovirales: a new order comprising Coronaviridae and Arteriviridae. 
Arch Virol, 142, 629-33. 



14 The nidovirus genome 

Cowley, l.A., Dimmock, C.M., Spann, K.M. and Walker, P.1. (2000) Gill-associated virus of 
Penaeus monodon prawns: an invertebrate virus with ORFla and ORFI b genes related to 
arteri- and coronaviruses. J Gen Virol, 81 Pt 6, 1473-84. 

de Vries, A.A.F., Horzinek, M.C., Rottier, P.1.M. and de Groot, R.1. (1997) The genome 
organization of the Nidovirales: similarities and differences between Arteri-, Toro-, and 
Coronaviruses. Sernin. Virology, 8, 33-47. 

den Boon, lA., Faaberg, K.S., Meulenberg, 1.1., Wassenaar, A.L., Plagemann, P.G., 
Gorbalenya, A.E. and Snijder, E.1. (1995) Processing and evolution of the N-terminal 
region of the arterivirus replicase ORF I a protein: identification of two papainlike cysteine 
proteases. J Virol, 69,4500-5. 

den Boon, lA., Snijder, E.1., Chimside, E.D., de Vries, A.A., Horzinek, M.C. and Spaan, 
W.1. (1991) Equine arteritis virus is not a togavirus but belongs to the coronaviruslike 
superfamily. J Virol, 65, 2910-20. 

Dominguez, G., Wang, C.Y. and Frey, T.K. (1990) Sequence of the genome RNA of rubella 
virus: evidence for genetic rearrangement during togavirus evolution. Virology, 177,225-
38. 

Dong, S. and Baker, S.C. (1994) Determinants of the p28 cleavage site recognized by the first 
papain-like cysteine proteinase of murine coronavirus. Virology, 204, 541-549. 

Eleouet, IF., Rasschaert, D., Lambert, P., Levy, L., Vende, P. and Laude, H. (1995) 
Complete sequence (20 kilobases) of the polyprotein-encoding gene I of transmissible 
gastroenteritis virus. Virology, 206, 817-22. 

Godeny, E.K., Chen, L., Kumar, S.N., Methven, S.L., Koonin, E.V. and Brinton, M.A. 
(1993) Complete genomic sequence and phylogenetic analysis of the Lactate 
Dehydrogenase-Elevating virus (LDV). Virology, 194, 585-596. 

Goldbach, R. (1987) Genome similarities between plant and animal RNA viruses. Microbiol. 
Sci., 4, 197-201. 

Gorbalenya, A.E. and Koonin, E.V. (1993) Comparative analysis of the amino acid sequences 
of the key enzymes of the replication and expression of positive-strand RNA viruses. 
Validity of the approach and functional and evolutionary implications. Sov. Sci. Rev. D. 
Physicochern. Bioi., 11, 1-84. 

Gorbalenya, A.E., Koonin, E.V., Donchenko, A.P. and Blinov, V.M. (1988) A novel 
superfamily of nucleoside triphosphate-binding motif containing proteins which are 
probably involved in duplex unwinding in DNA and RNA replication and recombination. 
FEBS Lett., 235, 16-24. 

Gorbalenya, A.E., Koonin, E.V., Donchenko, A.P. and Blinov, V.M. (1989) Coronavirus 
genome: prediction of putative functional domains in the non-structural polyprotein by 
comparative amino acid sequence analysis. Nucleic Acids Res., 17, 4847-4861. 

Gorbalenya, A.E., Koonin, E.V. and Lai, M.M.C. (1991) Putative papain-related thiol 
proteases of positive-strand RNA viruses. FEBS Letters, 288, 201-205. 

Herold, l, Gorbalenya, A.E., Thiel, V., Schelle, B. and Siddell, S.G. (1998) Proteolytic 
processing at the amino terminus of human coronavirus 229E gene I-encoded 
polyproteins: identification of a papain-like proteinase and its substrate. J Virol, 72, 910-
8. 

Herold, 1., Raabe, T., Schelle-Prinz, B. and Siddell, S.G. (1993) Nucleotide sequence of the 
human coronavirus 229E RNA polymerase locus. Virology, 195, 680-91. 

Herold, l, Siddell, S.G. and Gorbalenya, A.E. (1999) A human RNA viral cysteine 
proteinase that depends upon a unique Zn2+-binding finger connecting the two domains 
of a papain-like fold [published erratum appears in J Bioi Chern 1999 Jul 
23;274(30):21490]. J Bioi Chern, 274, 14918-25. 

Hodgman, T.C. (1988) A new superfamily of replicative proteins. Nature, 333,22-23. 



Alexander E. Gorbalenya 

Hughes, S.A., Bonilla, P.J. and Weiss, S.R. (1995) Identification of the murine coronavirus 

p28 cleavage site. J Virol, 69, 809-13. 

Kanjanahaluethai, A. and Baker, S.c. (2000) Identification of mouse hepatitis virus papain
like proteinase 2 activity. J Virol, 74, 7911-21. 

Lai, M.M., Baric, R.S., Brayton, P.R. and Stohlman, S.A. (1984) Characterization of leader 
RNA sequences on the virion and mRNAs of mouse hepatitis virus, a cytoplasmic RNA 
virus. Proc Natl Acad Sci USA, 81, 3626-30. 

Lai, M.M.C. and Cavanagh, D. (1997) The molecular biology of coronaviruses. Adv. Virus 
Res., 48, 1-100. 

Lee, H.1., Shieh, C.K., Gorbalenya, A.E., Koonin, E.V., La Monica, N., Tuler, 1., 
Bagdzhadzhyan, A. and Lai, M.M. (1991) The complete sequence (22 kilobases) of 
murine coronavirus gene I encoding the putative proteases and RNA polymerase. 
Virology, 180,567-82. 

Lim, K.P. and Liu, D.X. (1998) Characterization of the two overlapping papain-like 
proteinase domains encoded in gene I of the coronavirus infectious bronchitis virus and 
determination of the C-terminal cleavage site of an 87-kDa protein. Virology, 245, 303-
312. 

15 

Lim, K.P., Ng, L.F. and Liu, D.X. (2000) Identification of a novel cleavage activity of the 
first papain-like proteinase domain encoded by open reading frame I a of the coronavirus 
Avian infectious bronchitis virus and characterization of the cleavage products. J Virol, 
74, 1674-85. 

Lu, x.T., Sims, A.c. and Denison, M.R. (1998) Mouse hepatitis virus 3C-like protease 
cleaves a 22-kilodalton protein from the open reading frame la polyprotein in virus
infected cells and in vitro. J Virol, 72, 2265-71. 

Meulenberg, J.1., Hulst, M.M., de Meijer, E.1., Moonen, P.L., den Besten, A., de Kluyver, 
E.P., Wensvoort, G. and Moormann, R.1. (1993) Lelystad virus, the causative agent of 
porcine epidemic abortion and respiratory syndrome (PEARS), is related to LDV and 
EA V. Virology, 192, 62-72. 

Nelsen, C.1., Murtaugh, M.P. and Faaberg, K.S. (1999) Porcine reproductive and respiratory 
syndrome virus comparison: divergent evolution on two continents. J Virol, 73, 270-80. 

Palmer, G.A., Kuo, L., Chen, Z., Faaberg, K.S. and Plagemann, P.G. (1995) Sequence of the 
genome of lactate dehydrogenase-elevating virus: heterogenicity between strains P and C. 
Virology, 209, 637-42. 

Pedersen, K.W., van der Meer, Y., Roos, N. and Snijder, E.]. (1999) Open reading frame la
encoded subunits of the arterivirus replicase induce endoplasmic reticulum-derived 
double-membrane vesicles which carry the viral replication complex. J Virol, 73, 2016-26. 

Sawicki, S.G. and Sawicki, D.L. (1995) Coronaviruses use discontinuous extension for 
synthesis of subgenome-Iength negative strands. Adv Exp Med Bioi, 380, 499-506. 

Seybert, A., Hegyi, A., Siddell, S.G. and Ziebuhr, 1. (2000a) The human coronavirus 229E 
superfamily 1 helicase has RNA and DNA duplex-unwinding activities with 5'-to-3' 
polarity. Rna, 6, 1056-68. 

Seybert, A., van Dinten, L.c., Snijder, E.1. and Ziebuhr, 1. (2000b) Biochemical 
characterization of the equine arteritis virus helicase suggests a close functional 
relationship between arterivirus and coronavirus helicases. J Viral, 74, 9586-93. 

Snijder, E.l, den Boon, lA., Bredenbeek, P.1., Horzinek, M.C., Rijnbrand, R. and Spaan, 
W.1. (1990) The carboxyl-terminal part of the putative Berne virus polymerase is 
expressed by ribosomal frameshifting and contains sequence motifs which indicate that 
toro- and coronaviruses are evolutionarily related. Nucleic Acids Res, 18, 4535-42. 



16 The nidovirus genome 

Snijder, E.J., den Boon, l.A., Horzinek, M.C. and Spaan, W.J. (1991) Comparison of the 
genome organization of toro- and coronaviruses: evidence for two nonhomologous RNA 
recombination events during Berne virus evolution. Virology, 180, 448-52. 

Snijder, E.J. and Horzinek, M.C. (1993) Toroviruses: replication, evolution and comparison 
with other members of the coronavirus-like superfamily. J Gen Virol, 74, 2305-16. 

Snijder, E.J., Horzinek, M.e. and Spaan, W.J. (1993) The coronaviruslike superfamily. Adv 
Exp Med Bioi, 342, 235-44. 

Snijder, E.J. and Meulenberg, 1.1. (1998) The molecular biology of arteriviruses. J Gen Virol, 
79,961-79. 

Snijder, E.J., Wassenaar, A.L., Spaan, W.J. and Gorbalenya, A.E. (1995) The arterivirus 
Nsp2 protease. An unusual cysteine protease with primary structure similarities to both 
papain-like and chymotrypsin- like proteases. J Bioi Chern, 270, 16671-6. 

Snijder, E.J., Wassenaar, A.L., van Dinten, L.e., Spaan, W.J. and Gorbalenya, A.E. (1996) 
The arterivirus nsp4 protease is the prototype of a novel group of chymotrypsin-like 
enzymes, the 3C-like serine proteases. J Bioi Chern, 271, 4864-71. 

Snijder, E.J., Wassenaar, A.L.M. and Spaan, W.J.M. (1992) The 5' end of the equine arteritis 
virus replicase gene encodes a papain-like protease. 1. Virol., 66, 7040-7048. 

Spaan, W., Delius, H., Skinner, M., Armstrong, 1., Rottier, P., Smeekens, S., van der Zeijst, 
B.A. and Siddell, S.G. (1983) Coronavirus mRNA synthesis involves fusion of non
contiguous sequences. Ernbo J, 2, 1839-44. 

Strauss, 1.H. and Strauss, E.G. (1988) Evolution of RNA viruses. Ann. Rev. Microbiol., 42, 
657-683. 

Tijms, M.A., van Dinten, L.C., Gorbalenya, A.E. and Snijder, E.J. (2001) A zinc finger
containing papain-like protease couples subgenomic mRNA synthesis to genome 
translation in a positive-stranded RNA virus. Proc. Natl. Acad. Sci. USA, in press. 

van der Meer, Y., van Tol, H., Locker, 1.K. and Snijder, E.J. (1998) ORFla-encoded 
replicase subunits are involved in the membrane association of the arterivirus replication 
complex. J Virol, 72, 6689-98. 

van Dinten, L.C., Rensen, S., Gorbalenya, A.E. and Snijder, E.J. (1999) Proteolytic 
processing of the open reading frame 1 b-encoded part of arterivirus replicase is mediated 
by nsp4 serine protease and is essential for virus replication. J Virol, 73, 2027-37. 

van Dinten, L.C., van Tol, H., Gorbalenya, A.E. and Snijder, E.J. (2000) The predicted metal
binding region of the arterivirus helicase protein is involved in subgenomic mRNA 
synthesis, genome replication, and virion biogenesis. J Virol, 74, 5213-23. 

van Dinten, L.C., Wassenaar, A.L., Gorbalenya, A.E., Spaan, W.J. and Snijder, E.J. (1996) 
Processing of the equine arteritis virus replicase ORFI b protein: identification of cleavage 
products containing the putative viral polymerase and helicase domains. J Virol, 70, 6625-
33. 

van Marie, G., Dobbe, 1.C., Gultyaev, A.P., Luytjes, W., Spaan, W.J. and Snijder, E.J. (1999) 
Arterivirus discontinuous mRNA transcription is guided by base pairing between sense 
and antisense transcription-regulating sequences. Proc Natl A cad Sci USA, 96, 12056-61. 

Wassenaar, A.L., Spaan, W.J., Gorbalenya, A.E. and Snijder, E.1. (1997) Alternative 
proteolytic processing of the arterivirus replicase ORFI a polyprotein: evidence that NSP2 
acts as a cofactor for the NSP4 serine protease. J Virol, 71, 9313-22. 

Ziebuhr, 1. and Sidden, S.G. (1999) Processing of the human coronavirus 229E replicase 
polyproteins by the virus-encoded 3C-like proteinase: identification of proteolytic 
products and cleavage sites common to ppla and pplab. J Viral, 73, 177-85. 

Ziebuhr, 1., Snijder, E.J. and Gorbalenya, A.E. (2000) Virus-encoded proteinases and 
proteolytic processing in the Nidovirales. J Gen Virol, 81 Pt 4, 853-79. 



Alexander E. Gorbalenya 

Ziebuhr, 1., Thiel, V. and Gorbalenya, A.E. (2001) Two paralogous RNA viral papain-like 
proteases recognize the same cleavage site in the virus-encoded polyprotein. to be 
published. 

17 


