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a b s t r a c t

Porcine reproductive and respiratory syndrome virus (PRRSV) is an enveloped, positive-sense single-
stranded RNA virus belonging to the Arteriviridae family. Arteriviruses and coronaviruses are grouped
together in the order Nidovirales, based on similarities in genome organization and expression strategy.
Over the past decade, crystal structures of several viral proteins, electron microscopic studies of the
virion, as well as biochemical and in vivo studies on protein–protein interactions have led to a greatly
increased understanding of PRRSV structural biology. At this point, crystal structures are available for
ucleocapsid
irion
tructure

the viral proteases NSP1�, NSP1� and NSP4 and the nucleocapsid protein, N. The NSP1� and NSP1�
structures have revealed additional non-protease domains that may be involved in modulation of host
functions. The N protein forms a dimer with a novel fold so far only seen in PRRSV and other nidoviruses.
Cryo-electron tomographic studies have shown the three-dimensional organization of the PRRSV virion
and suggest that the viral nucleocapsid has an asymmetric, linear arrangement, rather than the isometric
core previously described. Together, these studies have revealed a closer structural relationship between

arteri- and coronaviruses than previously anticipated.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction a persistent and sometimes severe disease that is characterized by
Porcine reproductive and respiratory syndrome virus (PRRSV)
merged in Europe and in the US in the early 1990s and has since
ecome a problem to the swine industry worldwide. PRRSV causes

Abbreviations: EAV, equine arteritis virus; EM, electron microscopy; FMDV, food-
nd-mouth disease virus; GP, glycoprotein; LDV, lactate dehydrogenase-elevating
irus; LV, Lelystad virus; MHV, murine hepatitis virus; NSP, non-structural protein;
RF, open reading frame; PRRSV, porcine reproductive and respiratory syndrome
irus; SARS-CoV, severe acute respiratory syndrome coronavirus; SHFV, simian
emorrhagic fever virus; TM, transmembrane; VLP, virus-like particle.
∗ 845 19th St South, BBRB 311, Birmingham, AL 35242, United States.

el.: +1 205 996 4502; fax: +1 205 996 2667.
E-mail address: dokland@uab.edu.

168-1702/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.virusres.2010.07.029
respiratory problems, weight loss and poor growth performance,
as well as reproductive failure in pregnant sows (Rossow, 1998;
Zimmerman et al., 1997). Measures to regulate the disease have
been complicated by the pattern of persistent, subclinical infection
with occasional epidemic outbreaks as well as the high hetero-
geneity of the virus and the failure of the antibody response to
completely protect against viral re-infection and re-emergence
(Batista et al., 2004; Blaha, 2000; Meng, 2000; Murtaugh et al.,
2002).
PRRSV is a member of the Arteriviridae family of enveloped
viruses with positive-sense (+) RNA genomes that also includes
lactate dehydrogenase-elevating virus (LDV) of mice, equine
arteritis virus (EAV) and simian hemorrhagic fever virus (SHFV)
(Plagemann and Moennig, 1992; Snijder and Meulenberg, 1998).

dx.doi.org/10.1016/j.virusres.2010.07.029
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:dokland@uab.edu
dx.doi.org/10.1016/j.virusres.2010.07.029


T. Dokland / Virus Research 154 (2010) 86–97 87

Fig. 1. Ribbon diagrams of the crystal structures of PRRSV NSP1� (A; PDB accession code 3IFU), NSP1� (B; 3MTV) and NSP4 (C; 3FAN) (Sun et al., 2009; Tian et al., 2009; Xue
et al., 2010). In (A), the N-terminal zinc finger domain of NSP1� is colored green, the protease domain is blue. The active site residues Cys 76 and His 146 as well as the zinc
finger Cys residues (Cys 8, Cys 20, Cys 25 and Cys 28) are shown in stick representation, and the two zinc ions are shown as pink balls. In (B), the N-terminal nuclease domain
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tick representation. In (C), the chymotrypsin-like domain of NSP4 is blue, while th
s sticks. The figure was made with UCSF Chimera (Pettersen et al., 2004). (For inter
ersion of this article.)

RRSV is divided into two genotypes, the European, or type 1 virus,
lso known as Lelystad virus (LV), and the American, or type 2
irus (Meng et al., 1995a). There is considerable sequence variabil-
ty within both groups and only about 50–60% sequence identity
etween the two subtypes (Allende et al., 1999; Fang et al., 2007;
orsberg, 2005; Nelsen et al., 1999). Both subtypes now have a
orldwide distribution (Fang et al., 2007; Gao et al., 2004; Nam

t al., 2009; Ropp et al., 2004; Stadejek et al., 2002).
Based primarily on similarities in genome organization and

ranscription strategy, the arteriviruses are grouped together with
oronaviruses, toroviruses and roniviruses in the order Nidovi-
ales (Cavanagh, 1997; Snijder et al., 1993). Like in coronaviruses,
he 15.1–15.5 kb PRRSV genome is expressed through a set of
ubgenomic mRNA transcripts (mRNA1–mRNA7), each used for the
ranslation of one or two open reading frames (ORFs) (Conzelmann
t al., 1993).

The full-length viral RNA (mRNA1) is used for the translation
f two open reading frames, ORF1a and ORF1b. Translation of
RF1a yields the pp1a polyprotein. ORF1b is expressed through a

ibosomal frame shift, leading to the formation of a large pp1ab
olyprotein (den Boon et al., 1995; Meulenberg et al., 1993).
he pp1a and pp1ab polyproteins are processed by viral pro-
eases to release 14 non-structural proteins, which include four
roteases (NSP1�, NSP1�, NSP2 and NSP4), the RNA-dependent
NA polymerase (NSP9), a helicase (NSP10) and an endonuclease
NSP11) (den Boon et al., 1995; Snijder and Meulenberg, 1998; van
ken et al., 2006; Ziebuhr et al., 2000).

ORFs 2–5 encode glycosylated membrane proteins GP2–GP5,
RF6 encodes a non-glycosylated membrane protein (M), and ORF7
ncodes the nucleocapsid (N) protein (Dea et al., 2000; Meulenberg
t al., 1995b; Snijder and Meulenberg, 1998). ORF2b is enclosed
ully within ORF2 and encodes the small, non-glycosylated E or 2b
rotein (Wu et al., 2001). (Note that in some of the older literature,
P5 is also referred to as E, but this usage is no longer common.) The
arge number of envelope proteins is characteristic of nidoviruses,
nd all structural proteins were shown to be essential for infectivity
Molenkamp et al., 2000; Wissink et al., 2005).

It is noteworthy that the coronavirus genome follows much
he same organization as the arteriviruses in spite of their much
protease domain is blue. The active site residues Cys 90 and His 159 are shown in
minal domain is red. The active site residues His 39, Asp 64 and Ser 118 are shown
ion of the references to color in this figure legend, the reader is referred to the web

larger size (>30 kb). Some coronaviruses encode a few more ORFs,
but mostly, the large size difference is taken up by encoding pro-
teins of much larger size (Gorbalenya et al., 2006). In this sense,
the arterivirus genome could perhaps be thought of as a “minimal-
ist” nidovirus genome, while coronavirus represents an arterivirus
genome with additional embellishments.

Until recently, little was known about the structure of the PRRSV
virion and its component proteins. Early negative stain and thin sec-
tion electron microscopy studies had revealed roughly spherical or
oval particles of 60 nm diameter and a smooth external appearance
(Dea et al., 1995; Horzinek, 1981; Mardassi et al., 1994). Occasion-
ally, a 20–30 nm diameter core could be discerned, but no further
structural details could be established from these studies. Recently,
structures of the virion and some of the viral proteins, obtained
by electron microscopy (EM) and X-ray crystallography, as well
as in vitro and in vivo studies of protein–protein interactions have
led to an improved understanding of PRRSV structure, assembly
and infection process and shed light on the structural relationships
between different nidoviruses.

This review will focus on the structural biology of PRRSV, i.e. the
relationship between protein and virion structure and function, and
how structural characteristics define the proteins’ functional prop-
erties in the life cycle of the virus. Although I will take a broad view
in what constitutes “structural” information, an emphasis will be
placed on the recent protein and virus structures obtained by EM
and crystallography as well as what can be gleaned from inspection
of the protein sequences. When relevant, parallels between PRRSV
and other systems will be drawn, in particular the relationship
between PRRSV and other nidoviruses.

2. Non-structural proteins

Polyproteins pp1a and pp1ab are cleaved in a specific sequence
by proteases encoded within ORF1a (de Vries et al., 1997; den Boon

et al., 1995; Snijder and Meulenberg, 1998; Ziebuhr et al., 2000).
At the N-terminus of pp1a are the two proteins NSP1� and NSP1�,
which each includes a papain-like cysteine protease domain, called
PCP� and PCP�, respectively. NSP1� and NSP1� cleave themselves
from the polyprotein at their C-terminal junctions (den Boon et al.,
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ig. 2. Topology of PRRSV envelope proteins. Residue numbering is according to VR-
ilayer. The stippled boxes represent predicted signal peptides; the cleavage site is

s indicated by hexagons with the corresponding residues numbered. The disulfide
rimer, but the exact number is not known.

995; Ropp et al., 2004). Interestingly, NSP1� also appears to play
role in transcription (Kroese et al., 2008) and in EAV, NSP1 was

ound to co-localize with N in the nucleus of infected cells where
t interacted with cellular transcription factors (Tijms et al., 2007;
ijms and Snijder, 2003).

Expression of an NSP1�/� fusion protein in Escherichia coli led
o autocatalytic cleavage at the NSP1�/� junction, which occurred
fter Met 180 in PRRSV XH-GD, a type 2 strain, equivalent to His 180
n LV (Sun et al., 2009). The structure of NSP1� released upon such
utocatalytic cleavage was determined crystallographically (Sun et
l., 2009). The 180-residue protein exists as a dimer in solution and
n the crystal. NSP1� contains an N-terminal zinc finger domain
residue 1–55), followed by a papain-like protease domain (PCP�,
6–166) and a short C-terminal extension (Fig. 1A). The zinc finger

s a common motif in transcription factors, and may be responsible
or the observed role of NSP1 in arterivirus RNA synthesis (Kroese
t al., 2008; Tijms et al., 2007, 2001; Tijms and Snijder, 2003). The
rotease domain has a typical papain-like fold with similarities
o papain-like proteases from other viruses, including FMDV Lpro

Guarne et al., 1998). The active site is comprised of Cys 76 and His
46 and is stabilized by a zinc ion in the crystal (Sun et al., 2009).
he C-terminal extension was bound to the active site in the crys-
al, where it forms the substrate for its own protease activity. The
elease of NSP1� from the polyprotein thus enables subsequent
rocessing by NSP1� (den Boon et al., 1995; Ziebuhr et al., 2000).

n EAV, PCP� is not functional, due to a mutation of the active site
ys residue, and thus NSP1 is not cleaved into two separate entities
den Boon et al., 1995).

More recently, the structure of PRRSV NSP1� was also solved
rystallographically (Xue et al., 2010) (Fig. 1B). The N-terminal part
f NSP1� (residues 1–49) comprises a nuclease domain with activ-
ty on ssRNA and dsDNA. Residues 85–181 comprise a papain-like
rotease domain (PCP�) that cleaves NSP1� from NSP2 autocat-
lytically after Gly 203. The protease active site is formed by Cys
0 and His 159 (Cys 96 and His 165 in LV) (den Boon et al., 1995;
ue et al., 2010). NSP1� forms dimers both in solution and in the
rystals through contacts between its nuclease domains.

NSP2 is a large protein, varying in size from 1168 to 1196
esidues between different PRRSV strains (Allende et al., 1999; Fang
t al., 2004; Nelsen et al., 1999; Ropp et al., 2004). It is the most
ariable non-structural protein, with only 32% identity between
ubtypes (Allende et al., 1999). (By comparison, NSP2 of EAV is
onsiderably smaller, with only 571 residues.) NSP2 contains a
apain-like protease domain (PL2) near its N-terminus (residues
7–147), followed by a hypervariable region that is rich in pro-

ines, a hydrophobic region containing four predicted TM helices,
nd a conserved C-terminal domain (Han et al., 2009). The PL2 pro-
ease activity is responsible for cleavage at the NSP2–3 junction

Han et al., 2009; Snijder et al., 1995). Residues Cys 55, Asp 89 and
is 124 form the active site catalytic triad (Han et al., 2009). PL2
as deubiquitinating activity (Frias-Staheli et al., 2007) and may
e equivalent to the papain-like protease domain (PLpro) of SARS-
oronavirus, which is embedded in the NSP3 protein and acts as
a type 1 strain). Transmembrane domains are shown as rectangles crossing the lipid
ted by the broken line. (The GP3 signal peptide may not get cleaved.) Glycosylation
between M and GP5 is also indicated. E forms homo-oligomers and is shown as a

a deubiquitinase (Ratia et al., 2006). The cleavage specificity of the
two proteins is similar, cleaving at GG pairs (Han et al., 2009). PRRSV
PL2 is much smaller than the coronavirus protease and appears to
be missing most of the �-sheet (the “fingers” domain) of PLpro,
retaining the active site formed between helix �4 and the �-sheet
in the “palm” domain (Ratia et al., 2006). The N-terminal ubiquitin-
like (Ub1) domain of SARS-CoV PLpro also appears to be missing
from PRRSV PL2.

The function of the rest of this protein is unknown, but appears
to be involved in the formation of replication complexes in spe-
cialized cellular structures known as double-layered membrane
vesicles (DMVs) observed during EAV replication (Pedersen et al.,
1999; Snijder et al., 2001). Expression of an EAV NSP2–3 polypro-
tein was sufficient to induce the formation of DMVs (Posthuma et
al., 2008; Snijder et al., 2001), and it is expected that the same will
be true for PRRSV.

NSP3 has four predicted TM helices, which also appear to play
a role in the formation of replication complexes and in anchoring
other non-structural proteins in replication complex membranes
(Han et al., 2009; Posthuma et al., 2008).

The remaining cleavages in both pp1a and pp1ab are carried
out by the viral “main” protease, the NSP4 protein (Snijder et al.,
1996; van Dinten et al., 1999), which is activated upon cleavage by
the NSP2 protease at the NSP2–3 junction (Ziebuhr et al., 2000).
The structures of NSP4 from both PRRSV and EAV have been solved
crystallographically (Barrette-Ng et al., 2002; Tian et al., 2009). The
two proteins are 34% identical in sequence and have a very sim-
ilar structure. The protease domain of NSP4, residues 1–153, has
a canonical chymotrypsin-like fold consisting of two six-stranded
antiparallel �-barrels (Fig. 1C). This fold is found in numerous RNA
viruses, including coronaviruses, picornaviruses and alphaviruses,
and is referred to as a 3C-like protease (3CLP) (Allaire et al., 1994;
Choi et al., 1991; Snijder et al., 1996). The active site of PRRSV NSP4
is formed by residues Ser 118, His 39 and Asp 64, located in the cleft
between the two �-barrel domains. (Other non-arteri nidoviruses
use Cys instead of Ser in the active site, Snijder et al., 1996.) Residues
157–199 comprise a C-terminal extension domain of a mixed �/�
structure. While this domain is also very similar between PRRSV
and EAV, it is shifted by about 8 Å in PRRSV relative to EAV when
the chymotrypsin domains are superimposed (Barrette-Ng et al.,
2002; Tian et al., 2009), but the functional relevance, if any, of this
shift is unknown.

The remaining cleavage products of pp1a, NSP5–8, are not well
described and have currently unknown functions and structures.
NSP7 contains an internal cleavage site and was shown to be
cleaved into two proteins NSP7� and NSP7� in EAV (van Aken
et al., 2006) and presumably also in PRRSV. The additional pro-
teins contained within pp1ab (NSP9–11) are the most conserved

proteins within the nidoviruses (Gorbalenya et al., 2006). NSP9
is the viral RNA-dependent polymerase (van Dinten et al., 1996),
NSP10 is a helicase that contains a zinc finger motif (Bautista et
al., 2002; Seybert et al., 2005, 2000), and NSP11 is a nidovirus-
specific uridylate-specific endonuclease (NendoU) (Nedialkova et
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l., 2009). While no structures are known for any of these pro-
eins, they should be expected to exhibit canonical structural motifs
ound in corresponding proteins from other sources.

. The major envelope proteins, M and GP5

The major components of the PRRSV envelope are GP5 and
, which together comprise at least half of the viral protein and

orm disulfide-linked heterodimers in the virus (Dea et al., 2000;
ardassi et al., 1996; Meulenberg et al., 1995b; Wissink et al.,

005). Deletion of either of these two ORFs from an infectious
RRSV clone led to a failure to produce viral particles, while dele-
ion of the minor envelope proteins did not have an effect on viral
roduction (Wissink et al., 2005). However, co-expression of GP5,

and N was insufficient to release VLPs into the culture medium
n EAV, suggesting that other factors (NSPs or host proteins) are
equired for particle formation and release (Wieringa et al., 2004).

From sequence-based topology prediction (TMHMM and HMM-
OP), the non-glycosylated 174 residue (173 for type 1) M protein
ontains a short 16-residue N-terminal ectodomain followed by
hree transmembrane (TM) segments and an 84-residue C-terminal
ndodomain (Fig. 2). It is the most highly conserved structural pro-
ein of PRRSV (Meng et al., 1995b) and is also 22% identical in
equence between PRRSV and EAV.

The glycosylated 200-residue (201 for type 1) GP5 protein is
he most variable protein of PRRSV, with only 51–55% sequence
dentity between the European and American subtypes (Kapur et
l., 1996; Murtaugh et al., 1995). Hypervariability in GP5 is likely
esponsible for the lack of immunological cross-reaction between
iruses (Meng, 2000). Sequence analysis (SignalP 3.0) indicates that
esidues 1–31 constitute an N-terminal signal sequence, which is
ollowed by a predicted ectodomain that is glycosylated on Asn 44
nd Asn 51 (Asn 46 and Asn 53 in LV) (Meulenberg et al., 1995b;
issink et al., 2004, 2003) (Fig. 2). Glycosylation of Asn 46 was

trongly required for both assembly and infectivity in LV, whereas
53 glycosylation did not appear to be important (Wissink et al.,
004). M and GP5 are disulfide linked between Cys 9 of M and Cys
8 of GP5 (Cys 8 and Cys 50 in type 1 strains) (Dea et al., 2000;
ardassi et al., 1996; Wissink et al., 2005).
Residues 60–125 of GP5 comprise a hydrophobic region

hat includes either one or three transmembrane (TM) helices
Balasuriya and MacLachlan, 2004; Dea et al., 2000; Mardassi et
l., 1996; Wissink et al., 2004, 2003). Analysis of the PRRSV type
GP5 protein by TMHMM and HMMTOP predicts clearly only the

ast TM helix, between residues 107 and 125 (Fig. 2). A possible
econd TM helix is predicted between 63 and 82 in type 2 and,
ore strongly, between 68 and 90 in type 1. However, a second

M helix in this location would place the glycosylation sites of
he ectodomain on the inside of the virus, an implausible arrange-

ent. In EAV, where the ectodomain is much larger (about 100
esidues), three TM helices are clearly predicted, thereby leaving
he ectodomain on the outside of the virus where it belongs. While
he evidence is not conclusive, this comparison suggests that three
M helices are present in PRRSV as well. In this case, the PRRSV GP5
ctodomain is only about 30 residues long, which would explain the
ery smooth appearance of PRRSV virions by EM (see below).

Like M, GP5 has a large C-terminal endodomain, from around
esidues 130 to 200. The large endodomains of the major envelope
roteins is a unique feature in the nidoviruses. In the alphaviruses,
he 33-residue endodomain of envelope protein E2 was found to

orm specific interactions with the nucleocapsid (C) protein dur-
ng virus budding (Owen and Kuhn, 1997), and a similar role could
e envisioned for the endodomains of PRRSV M and/or GP5. How-
ver, no interactions between the M endodomain and N could be
etected in an in vitro pull-down assay (unpublished results); thus,
h 154 (2010) 86–97 89

the significance of the large endodomains of M and GP5 remains
obscure.

There is no direct structural information available for either GP5
or M, but they are unlikely to have a similar fold to those of the enve-
lope proteins of the flavi- or alphaviruses, based on size, topology
and secondary structure prediction. Preliminary structural analysis
of the M endodomain (residues 93–174) by NMR and CD spec-
troscopy showed that it was disordered in solution and did not
contain significant secondary structure (unpublished results).

The primary role of both M and GP5 is probably structural, e.g. in
imposing curvature on the viral membrane during budding. How-
ever, GP5 may also be involved in initial interactions with the host
cell and perhaps fusion with host membranes (see below) (Wissink
et al., 2004, 2005, 2003).

4. The minor envelope proteins

The GP2 glycoprotein has 256/residues in type 2 (253 in type
1) viruses. GP2 contains a predicted N-terminal signal sequence
between residues 1 and 40 (1–37 in type 1) followed by a roughly
168-residue ectodomain, a single TM helix and a 20-residue
endodomain (Wissink et al., 2004) (Fig. 2). GP2 has two conserved
glycosylation sites, at residues Asn 171 and Asn 178 in type 2, or
Asn 173 and Asn 179 in type 1 viruses, but glycosylation was not
required for infectivity (at least not in type 1 viruses) (Meulenberg
et al., 1995b; Wissink et al., 2004).

The small E or 2b protein is expressed from ORF2b, which is fully
embedded within ORF2a that encodes GP2 (also called GP2a) (Wu
et al., 2001). The 2b designation is somewhat confusing, since in
EAV, the equivalent ORF starts slightly before the start codon of the
ORF encoding GP2 and the protein is therefore sometimes called
2a. (Note, however, that the term E was previously used for GP5.) E
is a non-glycosylated, 70–73-residue minor envelope protein (Wu
et al., 2001, 2005). The E protein of EAV was shown to be essen-
tial for EAV infectivity, but not for particle assembly (Snijder et al.,
1999; Wieringa et al., 2004). E consists of a single predicted TM
helix and is thought to form an oligomeric ion channel (Lee and
Yoo, 2006)(Fig. 2). This protein is therefore most likely involved in
the viral fusion and/or internalization process, by analogy with sim-
ilar proteins found in many other viruses, such as the M2 protein of
influenza virus (Pinto et al., 1992) or the 6K protein of alphaviruses
(Melton et al., 2002). These proteins form proton channels that are
required to lower the internal pH of the virus during fusion in the
low pH endosomal compartment (Gonzalez and Carrasco, 2003).

The 254-residue (265 in type 1) GP3 protein is a minor com-
ponent of the viral envelope and is the most heavily glycosylated
envelope protein of PRRSV (Gonin et al., 1998; Wierenga et al.,
2002). The topology of GP3 is unclear; predictions (SignalP) show a
TM domain from residues 1–27 and a putative TM domain from
183–200 (Fig. 2). The overall sequence identity between the US
and European subtypes is 58%, but the highest divergence is in
the C-terminal 30–50 residues, where the European subtype has
an additional 11 amino acid extension. The predicted ectodomain
is about 70% identical between the two subtypes. (By comparison,
the 163-residue GP3 protein of EAV has a much shorter, 46-residue
predicted ectodomain.) The first TM helix is predicted to comprise
a signal peptide in both PRRSV and EAV; however, studies in EAV
have shown that this peptide is not cleaved off (Wierenga et al.,
2002) suggesting that the protein is anchored in the membrane at
both the N- and C-terminal ends.
GP3 contains 6 predicted glycosylation in the putative
ectodomain, on residues 29, 42, 50, 131, 152 and 160 in type 2
(27, 42, 50, 130, 151 and 159 in type 1) (Fig. 2). (One site was also
predicted in the endodomain, which is presumably not used if the
topology prediction is correct.) Mass estimates by SDS-PAGE have
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Fig. 3. Map of protein–protein interactions in the PRRSV envelope. The viral proteins
are indicated as circles. Solid lines indicate the well-established, possibly covalent
interactions that define the two major envelope protein complexes M–GP5 and
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P2–GP3–GP4. Dashed lines indicate other (non-covalent) interactions. Interactions
ith the three host receptors proteins heparan sulfate (hepS), sialoadhesin (Sn) and
D163 are also shown. E interacts with the GP2–GP3–GP4 complex, but it is unclear
hich specific protein that is involved.

uggested that all six are used, adding as much as 16 kDa to its
ass (Gonin et al., 1998), consistent with similar findings in EAV

Wierenga et al., 2002).
Some GP3 protein is secreted into the cell medium during PRRSV

ype 2 infections (Gonin et al., 1998; Mardassi et al., 1998; Wierenga
t al., 2002) and it was initially thought not to be a structural
rotein. However, GP3 was subsequently identified as a minor com-
onent in both type 1 and 2 viruses (de Lima et al., 2009; van
ieuwstadt et al., 1996; Wissink et al., 2005). In PRRSV type 2, it
as demonstrated by immuno-EM that GP3 is exposed on the viral

urface (de Lima et al., 2009).
The GP4 minor envelope protein ranges in size from 178 (type 2)

o 183 (type 1) residues (Meulenberg et al., 1997; van Nieuwstadt
t al., 1996). GP4 contains a predicted cleaved signal peptide from
esidues 1 to 21, and most likely one TM helix at residues 156–177
161–181 for type 1; Fig. 2). GP4 has four potential glycosylation
ites at residues 37, 84, 120 and 130, at least three of which are
ikely to be used, by comparison with EAV, which lacks the fourth
ite (Wierenga et al., 2002).

GP2, GP3 and GP4 are incorporated as multimeric complexes in
he envelopes of both type 1 and 2 viruses (Das et al., 2010; Wissink
t al., 2005) (Fig. 3). At least in type 1 viruses, E is also part if this
omplex, and the lack of any of these four proteins led to a fail-
re to incorporate the other three (Wissink et al., 2005). In EAV, the
P2–GP3–GP4 complex is disulfide linked (Wieringa et al., 2003a,b,
004), but this has not been demonstrated for PRRSV. Immunopre-
ipitation studies have suggested that this complex interacts with
P5 via GP4 (Das et al., 2010)(Fig. 3). All proteins are required for

nfectivity (of type 1 viruses), but were not required for particle
ormation (Wissink et al., 2005). No direct structural information is
et available for any of the minor structural proteins.

. Virus entry

PRRSV exhibits a strong tropism for differentiated porcine
acrophages (Benfield et al., 1992; Duan et al., 1997; Kreutz, 1998),

lthough growth in culture can also be done on the monkey kidney
ell line MARC-145 (Kim et al., 1993). The most effective neutral-
zing antibodies to PRRSV were directed against GP5, suggesting
hat this protein may be the main determinant of protective immu-

ity and might be involved in receptor binding (Gonin et al., 1999;
strowski et al., 2002; Pirzadeh and Dea, 1997; Weiland et al., 1999;
ang et al., 2000). However, GP5 does not appear to be responsible

or defining tropism; swapping out the ectodomain of EAV GP5 with
hat of PRRSV or LDV did not affect the tropism of the virus (Dobbe et
154 (2010) 86–97

al., 2001). The same was also true for M (Verheije et al., 2002). Thus,
cell tropism appears to be determined by a higher affinity binding
of one or more of the minor envelope proteins to a cell-specific
receptor protein (Wissink et al., 2004, 2005, 2003).

The first step in PRRSV infection of macrophages appears to be a
low affinity attachment of the virus to heparan sulfate, apparently
via the M-GP5 complex (Delputte et al., 2005, 2002) (Fig. 3). This
step is not absolutely required for infection, but may concentrate
the virus on the cell surface for subsequent binding to a higher
affinity receptor.

Internalization, and hence the initiation of a productive infec-
tion, requires a higher affinity binding to the macrophage-specific
sialic acid-binding protein (lectin) sialoadhesin (Siglec-1) (Delputte
et al., 2005). This interaction is mediated via sialic acid present on
GP5 (Delputte and Nauwynck, 2004; Van Breedam et al., 2010),
which binds to the N-terminal immunoglobin domain on siaload-
hesin (Delputte et al., 2007) (Fig. 3). MARC-145 cells do not have
sialoadhesin, however, so in this case other factors are presumably
used. Expression of sialoadhesin on PK-15 (porcine kidney) cells
makes the cells able to internalize PRRSV, but does not lead to a
productive infection (Vanderheijden et al., 2003). The virus in this
case appears to be trapped in endosomes and fails to release the
nucleocapsid into the cytoplasm.

Recent studies have shown that this final uncoating and release
step is dependent on the scavenger receptor CD163 (Calvert et al.,
2007). Expression of this protein in a number of cell types makes
the cells susceptible to PRRSV infection (Calvert et al., 2007; Lee et
al., 2010). Full susceptibility requires both sialoadhesin and CD163,
however (Van Gorp et al., 2008). Immunoprecipitation studies of
transfected cells indicated that CD163 interacts with GP2 and GP4
(Das et al., 2010) (Fig. 3).

In addition, successful infection is dependent on proteases that
reside in the endosome, including cathepsin E and a yet unidentified
serine protease (Misinzo et al., 2008). The role of the proteases is
most likely to cleave and release the fusion peptide from the enve-
lope proteins in order to initiate membrane fusion (Harrison, 2008).
Similarly, fusion of coronaviruses SARS-CoV and MHV require the
action of endosomal cathepsins B and L (Qiu et al., 2006; Simmons
et al., 2005). The target for this activity in PRRSV and thus the iden-
tity of the protein containing the fusion peptide is still unknown.
It could be speculated to reside in the predicted hydrophobic
membrane-proximal regions of GP2, GP4 or GP5, which upon
release by cleavage may form a membrane-insertion sequence.

6. The nucleocapsid protein

The 123–128 amino acid N protein interacts with the viral RNA
to form the viral nucleocapsid. N is the product of ORF7, which is
expressed from the smallest subgenomic mRNA (mRNA7), and is
the most abundant viral protein expressed in infected cells (Dea et
al., 2000; Meulenberg et al., 1995a). N is the most immunogenic
viral protein, but anti-N antibodies are non-neutralizing and non-
protective (Murtaugh et al., 2002).

The N protein is divided into an N-terminal RNA-binding
domain and a C-terminal dimerization domain (Fig. 4A). The amino-
terminal half of the N sequence (residues 1–57) is presumed to be
mostly disordered and contains a large number of positive charges,
consistent with a role in RNA binding (Yoo et al., 2003). The great-
est sequence difference between PRRSV strains and with other
arteriviruses is in this domain (Meng et al., 1995a), probably due to

relaxed structural constraints.

A hydrophobic sequence within the N-terminal domain from
residues 21 to 33 (25–37 in type 1 viruses) is predicted to form an �-
helix (Fig. 4A). This characteristic is maintained between different
arteriviruses in spite of low sequence conservation. Such a helix
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Fig. 4. Structure of the nucleocapsid protein. (A) Sequence of N, showing the division into an N-terminal RNA-binding domain (residues 1–57) and a C-terminal dimerization
domain (58–123), represented by the N�57 construct. Secondary structure elements are shown, including the predicted hydrophobic helix (�0) in the RNA-binding domain.
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ositively charged residues in the RNA-binding domain are indicated by (+) signs. (B
B), looking down on the two long �2-helices, and a “side” view (C), looking appro
nd C termini and the extension of the N-terminal RNA-binding domains are indica

ight play a role in assembly, for example through the formation
f a coiled-coil structure with other N proteins. This is analogous
o a similar �-helix found in the N-terminal RNA-binding domain
f alphaviruses (Perera et al., 2001).

It was previously reported that N is incorporated into virions
s disulphide-linked dimers (Mardassi et al., 1996; Wootton and
oo, 2003). This dimerization was found to involve Cys 23 (equiv-
lent to Cys 27 in type 1 viruses), which is within the N-terminal
elix (Wootton and Yoo, 2003). In combination with non-covalent
imerization of the C-terminal domain (see below), such crosslink-

ng of N proteins could provide a mechanism for particle assembly.
owever, other members of the Arteriviridae lack this Cys residue,

ndicating that disulfide linkage is not a requirement for assembly.
N is targeted to the nucleolus of infected cells by nuclear and

ucleolar localization sequences within the RNA-binding domain
Rowland et al., 2003; Yoo et al., 2003). Furthermore, N was found
o interact with a HIC (human I-mfa domain-containing protein)
omologue, a zinc-binding transcriptional regulator (Song et al.,
009), suggesting that N may play a role in transcriptional reg-
lation in PRRSV-infected cells. N is also phosphorylated on Ser
esidues in both the N- and C-terminal domains (Wootton et al.,
002). The functional significance of the phosphorylation is unclear,
ut it might play a role in the modulation of host functions.

The C-terminal half of the protein comprises a well-ordered
imerization or “capsid-forming” domain that forms dimers in
olution. The crystal structure of this domain (N�57; residues
8–123) showed a dimer comprised of a four-stranded antiparallel
-sheet floor that is capped and flanked by �-helices (Doan and
okland, 2003) (Fig. 4B and C). The crystal structure of the equiva-

ent domain from the EAV N protein, comprising residues 49–110
N�48), is essentially identical, with minor differences in some of
he interspersing loops (Deshpande et al., 2007).

The PRRSV N protein dimerization domain represents the first
iscovered member of a fold so far only found in arteri- and coro-

avirus nucleocapsid proteins. Subsequent X-ray crystallographic
nd NMR structures of the C-terminal dimerization domains of the
ucleocapsid protein from two coronaviruses, infectious bronchi-
is virus (IBV) and SARS-CoV, revealed a topologically equivalent
old (Chang et al., 2005; Chen et al., 2007; Jayaram et al., 2006; Yu
) Ribbon diagrams of the N�57 dimer (PDB accession code 1P65) in the “top” view
ely perpendicular to the two �2-helices (Doan and Dokland, 2003). Positions of N

et al., 2006). In the coronavirus N proteins, this 120–130-residue
domain is embedded into a much larger nucleocapsid protein of
350–422 residues. This “nidovirus nucleocapsid fold” is different
from the nucleocapsid structures of both flaviviruses (Dokland
et al., 2004) and alphaviruses (Choi et al., 1997), showing that
these three groups of (+) RNA viruses belong to distinct struc-
tural groups in spite of superficial structural similarities (Strauss
and Strauss, 2002). The structural similarity between corona- and
arteriviruses strongly suggests that these proteins evolved from
a common ancestor, and reinforces the evolutionary relationships
that are also reflected in their genome organization and replication
strategy. In the coronaviruses, the much longer N-terminal RNA-
binding domain also contains an ordered, �-rich domain that has
been solved by NMR and X-ray crystallography (Fan et al., 2005;
Huang et al., 2004; Jayaram et al., 2006). This domain has no equiv-
alent in the arteriviruses.

The N protein fold is superficially similar to that of the coat pro-
tein of ssRNA bacteriophage MS2 (Valegård et al., 1990). The MS2
coat protein has a fold that is related to the human histocompat-
ibility antigen (HLA) peptide-binding domain (Saper et al., 1991).
However, the MS2 and HLA structures have more extensive, four-
stranded �-sheets and their long �-helices sequentially succeed
rather than precede the sheet. The two �2-helices of N would be
equivalent to the helices that form the peptide-binding cleft in the
HLA molecule and is exposed on the outside of the MS2 capsid. This
superficial resemblance led to the suggestion that the PRRSV and
EAV N proteins might be analogously organized into an icosahedral
(T = 3) capsid with the �-helical cleft on the outside (Deshpande et
al., 2007; Doan and Dokland, 2003). In the EAV-N�48 structure,
the N dimers are organized into dimers of dimers, which seemed
to support this idea (Deshpande et al., 2007).

In the PRRSV N�57 crystals, in contrast, the N dimers are
arranged in parallel, undulating ribbons with a threefold helical
twist, suggesting that the protein alternatively might take on a

helical organization in the viral nucleocapsid (Doan and Dokland,
2003). This was further supported by the observation that full-
length PRRSV N denatured in urea, followed by renaturation in
the presence of tRNA formed long filamentous structures with an
inter-fiber spacing of 4 nm, consistent with the crystal packing, in
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ig. 5. Representative examples of PRRSV virions imaged by (A) negative stain EM
article with pertinent dimensions indicated. Scale bar, 100 nm.

ddition to shell-like structures of various sizes (Doan and Dokland,
003). Similar results were found when a full-length EAV N protein
as expressed as a maltose-binding protein (MBP), followed by

emoval of the MBP moiety (unpublished results).
Together these results suggest that the native conformation

f the nucleocapsid in the virion may be helical and filamentous
ather than the presumed icosahedral – or even isometric – shell.
ndeed, this interpretation was supported by the subsequent cryo-
M and tomographic reconstruction of PRRSV (see below) and is
lso consistent with current models of coronavirus nucleocapsid
tructure (Barcena et al., 2009; Chen et al., 2007; Fan et al., 2005;
ayaram et al., 2006).

. PRRSV virion structure

Earlier EM studies had shown the PRRSV virion as round or
val particles with a smooth outer appearance (Dea et al., 1995;
orzinek, 1981; Mardassi et al., 1994). Similar studies on other
rteriviruses revealed similar features (Brinton, 1994; Horzinek,
981; Snijder and Meulenberg, 1998). Limitations of the negative
taining and plastic sectioning techniques used in these studies
recluded the visualization of any further detail of PRRSV virion
tructure. Some studies showed a roughly isometric core, and it
as generally assumed that the cores would be isometric and
ence icosahedral, although there was no convincing evidence that
his was the case. Coronaviruses have generally been described as
leiomorphic, roughly 100 nm diameter particles, with a “corona”
f club-shaped protrusions representing the envelope proteins
Holmes and Lai, 1996).

By negative stain electron microscopy, PRRSV virions appears as
oughly spherical to somewhat oval particles with a mean diameter
f about 55 nm and a smooth, mostly featureless surface (Fig. 5A).
o internal structures are discernable in intact particles by negative

taining because of the inability of the stain to penetrate through
he lipid envelope.

Cryo-EM allows the direct visualization of viruses and other
pecimens in their native, hydrated state, in the absence of stain-
ng and dehydration artifacts. By cryo-EM, PRRSV virions appear as
ound or egg-shaped particles ranging in diameter from 50 nm to
4 nm, with a median value of 54 nm and few particles larger than
0 nm (Fig. 5B). The particles display a very smooth outline with

ew protruding features, consistent with the small ectodomains
f the major envelope proteins, M and GP5 (16 and 30 residues,
espectively, corresponding to a feature of approximately 2 nm
n size) (Mardassi et al., 1996; Meulenberg et al., 1995b). The
ipid bilayer of the envelope is clearly discernible, and has a
ed with 1% uranyl acetate) and (B) by cryo-EM. The inset in (B) shows one typical

thickness of about 4.5 nm. This may include some contribution
from the envelope protein endodomains, in particular M and
GP5. For the MHV coronavirus, a thin layer corresponding to M
endodomains could be distinguished from the inner leaflet of the
lipid bilayer itself under appropriate imaging conditions, giving
an apparent total membrane thickness of 7.8 nm (Barcena et al.,
2009). In some places, the membrane has a set of cross-striations,
which are assumed to correspond to envelope protein TM domains
(Fig. 5B).

A few features protruding from the membrane surface by about
10–15 nm are also visible in the PRRSV images (Fig. 5B). These
protrusions most likely stem from the more bulky, less abun-
dant membrane proteins, such as GP2 (Wissink et al., 2005). The
predicted GP2–GP3–GP4 heterotrimer would have 436 residues
outside the membrane, roughly corresponding to a 5–10 nm struc-
ture, depending on its shape.

The virions contain an internal core with an average diameter of
39 nm, which is separated from the envelope by a 2–3 nm gap. The
size and shape of the core generally follows that of the envelope and
thus displays considerable variation. The core consists of a 10 nm
thick layer of density surrounding a central, lower density area,
suggesting that the core is hollow.

Except for the absence of the protruding spikes, the overall shape
and organization of PRRSV observed by cryo-EM is not unlike that
of coronaviruses (Barcena et al., 2009; Neuman et al., 2006a,b),
suggesting that the structural and genetic relationships between
corona- and arteriviruses also extend to the supramolecular orga-
nization of the virion.

Electron micrographs only represent a two-dimensional pro-
jection through the sample. Tomographic reconstruction uses
information from multiple images at varying tilt angles to generate
a three-dimensional representation of the sample. Tomography is
a general procedure that does not depend on internal symmetry or
the presence of multiple identical objects, although the resolution
is limited by image noise and the missing wedge of information
at high tilt angles (Lucic et al., 2005; Subramaniam, 2005). A sin-
gle tomogram thus represents a 3D reconstruction of the entire
field of view, which can then be sectioned computationally, thereby
removing superimposing layers that obscure the features of inter-
est.

Cryo-electron tomography reveals the pleiomorphic morphol-

ogy of the PRRSV virions in greater detail and in three dimensions
(Spilman et al., 2009). Fig. 6A shows a single, 15.8 Å thick section
through part of one complete tomogram, which includes about 20
PRRSV particles with an average diameter of 56 nm. (Some dif-
ferences in size and appearance of the particles results from the
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Fig. 6. Cryo-electron tomography of PRRSV. (A) Central section (15.8 Å thick) through one tomogram, showing numerous PRRSV virions. Scale bar, 200 nm. (B) Montage of
i ous re
( ding to
( ow, ce
( end, t

d
t

a
s
t
p
o
a
m
l
e
p

a
f
b
r
s
w
(
i
h
v
e

8

a
(
d
r
o
r
c
l
t
s
w

ndividual PRRSV sub-tomograms. Each column represents a distinct particle in vari
“side view”); second row, isosurface of half particle, colored from red to blue accor
“side view”, viewed perpendicular to the direction of the electron beam); bottom r
Spilman et al., 2009). (For interpretation of the references to color in this figure leg

ifferent relative positions of each particle in the ice, and hence, in
he place of the section.)

Individual particles were selected from the tomogram, filtered
nd masked to remove noise. Three representative particles are
hown in Fig. 6B as isosurfaces (top and second rows) and cen-
ral sections (third and last rows). The top three rows are viewed
arallel to the plane of the ice and perpendicular to the direction
f the beam, referred to as a “side view”. The slightly drawn out
ppearance is an artifact caused by the “missing wedge” of infor-
ation at high angles (Lucic et al., 2005; Subramaniam, 2005). The

ast row is a central section viewed parallel to the direction of the
lectron beam (along the z-axis, or a “top view”). In this view, the
articles are more or less centrosymmetric (Fig. 6B).

As in the micrographs, the reconstructed PRRSV particles gener-
lly present a quite smooth and featureless outer surface (Fig. 6B). A
ew protruding features are evident on some of the particles, possi-
ly corresponding to the bulkier minor envelope complexes. At the
esolution of the tomogram, the two leaflets of the lipid bilayer,
eparated by about 3–4 nm, cannot be distinguished, consistent
ith observations in other tomographic reconstructions of viruses

Barcena et al., 2009; Harris et al., 2006). However, the internal core
s clearly discerned as a double-layered, approximately 12 nm thick,
ollow shell, separated from the envelope by a 3 nm gap that is tra-
ersed only by a few strands of density, possibly corresponding to
nvelope protein endodomains.

. Organization of the nucleocapsid

In isosurface representation, the core looks disorganized and
ppears to consist of many strands of density bundled into a ball
Fig. 6B, second row). The tomograms typically have a single strong
ensity in the center of the particles, which is connected to the
est of the core only on one side, perhaps corresponding to one end
f the genome. In the central sections (Fig. 6B, third and bottom
ows) it appears that each of the two layers of density in the core is

omprised of a series of elongated densities of approximately 7 nm
ength, in many cases giving the appearance of a chain with a link-
o-link distance of about 10 nm. One possible interpretation of this
tructure is that two layers of N dimers form a linked, twisted chain
ith the RNA in the middle, where it interacts with the N-terminal
presentations, as follows: top row, isosurface of whole particle, viewed along y-axis
distance from the center; third row, central section through particles along y-axis

ntral section along z-axis (“top view”, viewed parallel to the direction of the beam)
he reader is referred to the web version of this article.)

RNA-binding domains of N (Fig. 7). This chain is then bundled into
a roughly spherical shape that leaves a hollow interior (Spilman et
al., 2009).

The volume of the electron density enclosed by the core at a
cutoff level of two standard deviations (2�) above the mean corre-
sponds to an average mass of 24.0 ± 2.9 MDa (25.5 ± 3.0 MDa at 1�
cutoff). After subtracting the mass of the genome (approximately
4753 kDa), this volume corresponds to 1415 copies of N in the core,
consistent with theoretical considerations based on predicted RNA
length and the model shown in Fig. 7 (Spilman et al., 2009).

While this organization is clearly incompatible with the idea of
an isometric, icosahedrally symmetric core, it is not unlike nucle-
ocapsid models suggested for coronaviruses. Although it is not
known exactly how the coronavirus N protein is organized into
a helical nucleocapsid (Davies et al., 1981; Sturman et al., 1980),
several possible models have been proposed (Chen et al., 2007; Fan
et al., 2005; Jayaram et al., 2006). In some of these models, the
RNA forms the center of a helix made by the N proteins, while oth-
ers have proposed that the RNA is wound around the outside of a
helical N protein core. However, these models were based on high-
resolution structures of nucleocapsid proteins that lack most of the
RNA-binding domain and do not contain RNA. Recent cryo-electron
tomographic structure determination of the MHV coronavirus sug-
gests that the RNA–protein complex forms a helical coil, which in
the micrographs gives rise to the appearance of a double-layered
core similar to that observed for PRRSV (Barcena et al., 2009).
While this interpretation would also be consistent with the PRRSV
structure, the disordered appearance of the PRRSV core may sug-
gest a more loosely organized nucleocapsid, rather than a helically
symmetric coil. Nevertheless, this linear/helical core arrangement
appears to be a general structural motif for the nidoviruses.

In either case, the non-isometric, linear arrangement of N does
not present a uniform surface for the envelope proteins to inter-
act with, consistent with the observed gap between the core
and the envelope and the failure to detect substantial interac-

tions between N and the endodomains of M and GP5 in vitro
(unpublished data). In terms of the viral life cycle, this organiza-
tion would obviate the need for disassembly of a closed shell-like
core to release the genome into the cytoplasm after entry of the
virus.
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. Perspectives

Although structural information on arteriviruses has lagged
ehind that of other enveloped (+) RNA viruses, our understanding
f PRRSV structure has greatly increased in the last decade, lead-
ng to a better understanding of the viral life cycle, immunology
nd pathogenicity. One thing that has emerged from these stud-
es is an appreciation of a close structural relationship between
rteriviruses and other nidoviruses, in spite of large superficial dif-
erences.

There is clearly still much to do: PRRSV envelope protein struc-
ure is still a major unknown, in spite of the fact that these
re arguably the most important proteins in the infection pro-
ess, interactions with the host cells and the immune system.
urrently, we know little of the nature of the envelope–host

nteractions, nor do we understand the fusion mechanism or the
tructural basis for immune evasion by PRRSV. A better under-
tanding of PRRSV immunology, the mechanism of viral fusion
nd entry will be dependent on having detailed structural infor-
ation on the envelope proteins. Further details on nucleocapsid

ssembly and genome packaging are also needed. The role of the
any non-structural proteins in the viral replication process is also

bscure.
Structural biology will continue to inform such studies and lead

o a better understanding of the PRRSV properties that have made
his pathogen such a problem to agriculture worldwide.
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