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Arterivirus replicase polyproteins are cleaved into at least 13 mature nonstructural proteins (nsps), and in
particular the nsp5-to-nsp8 region is subject to a complex processing cascade. The function of the largest
subunit from this region, nsp7, which is further cleaved into nsp7« and nsp7f, is unknown. Using nuclear
magnetic resonance (NMR) spectroscopy, we determined the solution structure of nsp7a of equine arteritis
virus, revealing an interesting unique fold for this protein but thereby providing little clue to its possible
functions. Nevertheless, structure-based reverse genetics studies established the importance of nsp7/nsp7« for
viral RNA synthesis, thus providing a basis for future studies.

Arteriviruses are enveloped viruses with an ~13- to
~16-kb plus-stranded RNA genome (17, 18). In general, the
consequences of arterivirus infection can range from an
asymptomatic, persistent, or acute infection to abortion or
lethal hemorrhagic fever (11). The family currently comprises
four members: equine arteritis virus (EAV) (1), lactate dehy-
drogenase-elevating virus (LDV) of mice, simian hemorrhagic
fever virus (SHFV), and porcine reproductive and respiratory
syndrome virus (PRRSV). The latter arterivirus has become an
economically important pathogen, recently causing major out-
breaks in the Asian swine industry (25).

Together with the distantly related families Coronaviridae
and Roniviridae, the Arteriviridae belong to the order Nidovi-
rales (7, 17). Despite major differences in virion size and mor-
phology, as well as pathogenesis, the evolutionary relationship
among nidoviruses is evident in particular from the organiza-
tion and composition of the large replicase gene (4). This gene

* Corresponding author. Mailing address for Eric J. Snijder: Molec-
ular Virology Laboratory, Department of Medical Microbiology, Cen-
ter of Infectious Diseases, Leiden University Medical Center, P.O. Box
9600, 2300 RC Leiden, the Netherlands. Phone: 31 71 526 1657. Fax:
3171526 6761. E-mail: e.j.snijder@lumc.nl. Mailing address for Maria
R. Conte: Randall Division of Cell and Molecular Biophysics, King’s
College London, New Hunt’s House, Guy’s Campus, London SE1
1UL, United Kingdom. Phone: 44 207 8486194. Fax: 44 207 8486435.
E-mail: sasi.conte@kcl.ac.uk.

9 These authors contributed equally to this work.

T Present address: The Institute of Cancer Research, Chester
Beatty Laboratories, 237 Fulham Road, London SW3 6JB, United
Kingdom.

i+ Present address: Institut Génomique Fonctionelle de Lyon, Ens de
Lyon, Lyon Cedex 07, France.

# Supplemental material for this article may be found at http://jvi
.asm.org/.

Y Published ahead of print on 11 May 2011.

7449

consists of the two 5'-most open reading frames (ORFs) of the
genome—ORF1a and ORF1b, which are followed by a vari-
able number of downstream ORFs encoding structural and
accessory proteins.

Translation of the 5'-capped and 3’-polyadenylated arterivi-
rus genome results in two large precursor polyproteins, ppla
and the C-terminally extended frameshift product pplab.
These are cleaved by up to four virus-encoded proteases to
yield at least 13 nonstructural proteins (nsps) (nspl to nsp12,
including nsp7a and 78) plus a substantial number of process-
ing intermediates of unknown function (5, 19, 20, 21, 23, 26).
Together, the nsps direct the formation of a membrane-an-
chored replication/transcription complex (RTC) that mediates
both viral genome replication and the synthesis of a 3'-cotermi-
nal nested set of subgenomic (sg) mRNAs, a nidovirus hall-
mark (13, 15).

The replicase of the arterivirus prototype EAV encodes
ppla and pplab products of 1,727 and 3,175 amino acids (aa),
respectively, which are processed by three ORFla-encoded
proteinases residing in nspl, nsp2, and nsp4 (5, 26). Other
important functional domains include three proposed trans-
membrane proteins (nsp2, nsp3, and nsp5), key enzymes for
RNA synthesis, such as the RNA-dependent RNA polymerase
(RdRp; nsp9) (1) and helicase (nsp10) (16), and a uridylate-
specific endoribonuclease (NendoU; nspl1) (12) of unknown
function.

Despite recent progress in arterivirus replicase dissection,
various uncharacterized domains and nsps remain, including in
particular the nsp5-to-nsp8 region (nsp5-8), which is exten-
sively processed via alternative proteolytic cascades (23) and
yields at least seven long-lived processing intermediates. The
largest subunit in this region is nsp7 (225 aa in EAV), which is
flanked by two small nsps (nsp6 and nsp8, of only 22 and 50 aa,



7450 NOTES

TABLE 1. Summary of structural statistics for the EAV
nsp7a structure

NMR restraint or other structural statistic Value for nsp7a

Total distance restraints (inter-residue)........ceceeveeeerereecueene
Short range (residue i to 7 + j,j = 1)uccvvcevvrcevnccnenne
Medium range (residue i tol +j,2 =j = 4) .
Long range (residue i to i + j,j > 4) coecevvvcvvnccrcenes

Hydrogen bonds 32
Total dihedral angle restraints ..........ccccceeeueueveueueeerereeenenenes 100
¢ 50
U 50

Restraint violations ..........cccceeeveeevennes s
Distance restraint violation > 0.2 A.. .
Dihedral restraint violation > 5% .......cccccevevveeeeeecreenenen.

Average rmsd (A) among the 20 refined structures

Residues 11-122
Backbone of structured regions”...........cccoceeveueueueierercienenenns 0.505
Heavy atoms of structured regions.........ceceeeeeeeveeeveveeenennns 1.230

Ramachandran statistics of 20 structures
(P TESIAUES) ...t
Most favored regions .......c.coeveeereerereerereeereeeeeereeeens
Additional allowed regions ...
Generously allowed regions.. "
Disallowed regions ........ccceeveueueueuereeereueieierereeeeerenenenenen

“ Residues selected on the basis of >N backbone dynamics (residues 11 to
122).

respectively) that may modulate its function, whereas nsp5-8
and nsp5-7 likely constitute membrane-associated forms of
nsp6-8 and nsp6-7. nsp7 was recently found to be internally
cleaved by the nsp4 protease, yielding small amounts of nsp7a
and nsp7B (20). Mutagenesis of the nsp7a/7p site suggested
that it is critical for EAV replication, although the function of
nsp7 remains unknown, and no homolog of the protein appears
to be present in other RNA virus families.

In order to further our understanding of the role of arteri-
virus nsp7, we have now determined the solution structure of
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the 123-aa nsp7a, which is far more conserved among arteri-
viruses than nsp7@. The protein was found to have a unique
fold and possesses no recognizable functional motifs. Subse-
quently, residues suggested to be functionally important by
sequence comparison and the derived structure were probed
by reverse genetics, yielding a variety of crippled and nonviable
EAYV mutants that underscore the relevance of nsp7/nsp7a for
arterivirus biology.

EAYV nsp7a is comprised of amino acid residues Gly1453 to
Glul575 of the ppla replicase protein (EAV Bucyrus isolate),
which are renumbered 1 to 123 hereafter for convenience.
Recombinant nsp7a was expressed in Escherichia coli as de-
scribed previously (6; see also the supplemental material), and
its structure was determined by nuclear magnetic resonance
(NMR) spectroscopy using standard protocols executed with
the Crystallography and NMR System (CNS) software (2) (Ta-
ble 1) as previously described (3). The 20 lowest-energy struc-
tures were superimposed using the backbone coordinates for
residues 11 to 122 (Fig. 1A), giving an overall root mean
square deviation (rmsd) between the family and the mean
coordinate position of 0.505 A for backbone atoms. The struc-
tural statistics for the family of 20 structures are reported in
Table 1. The structural quality was assessed in terms of re-
straints violation (analyzed within CNS) and deviation from
the ideal geometry (using the program PROCHECK-NMR)
(Table 1).

The overall fold of nsp7a consists of a bundle of three
a-helices packed against a mixed pB-sheet formed by 4 antipa-
rallel strands (B, to Bs) and one short parallel strand (B,)
arranged in a B,B,BsB.4B5 topology (Fig. 1B). The secondary-
structure elements are as follows: a; (Aspll to Leu2l), B,
(Ala25 to Ser28), a, (Ser38 toVal54), a; (Ala58 to Asp70), B,
(Asp81to Ile86), B; (Ala93 to Lys96), B, (Leu99 to Lys107),
and B5 (Cys114 to Lys121). The two central strands, B5 and B,
are particularly long and twist around each other to form a
central backbone onto which the other strands bolt.

nsp7a has four distinct hydrophobic regions essential for the
correct folding of the protein (Fig. 1C). Most of the hydropho-

FIG. 1. The NMR structure of EAV nsp7a. (A) Ca trace of the 20 lowest-energy nsp7a solution structures superimposed for residues Asp11
to Glul22. (B) A cartoon representation in the same orientation as panel A. a-Helices are colored blue, B-strands magenta, and -turns pink. The
N and C termini are labeled, as are the surface residues referred to in the text discussing the mutagenesis results. The H-bonded residues Arg24
and Asp81 are shown in stick representation and colored according to atom type (C, green; N, blue; O, red). (C) A cartoon representation showing
the hydrophobic residues that form the core of the fold. The residues are shown in stick representation and as semitransparent spheres with a radius
equal to the van der Waals radius of the atoms. For clarity, the residues are divided by color into four hydrophobic patches, namely, red (Phel4,
Leul7, Leud8, Leu52, Leu64, and Val109; Leul7 is fully obscured by Leu48 and was not labeled for clarity), magenta (Val26, Leu36, Ala72, and
Phe71), blue (Phel6, Val83, and Ile116), and green (Ala25, Val77, Leul01, and Val119). Panels B and C were produced with ccp4mg (14).
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FIG. 2. Surface features, conservation, and mutagenesis of EAV nsp7a. Panels A to C are in the same orientation and are related to D to F
by rotation of 180° about the horizontal axis. The semitransparent surfaces in panels A and D are colored according to sequence conservation, with
red least conserved and blue most conserved. Panels B and E are colored according to electrostatic potential, with red corresponding to negative
charge and blue to positive charge. For comparison, panels C and F are cartoon representations using the same coloring as in Fig. 1B.
(G) Alignment of amino acid sequences of arterivirus nsp7a proteins, coupled with secondary-structure information from the EAV nsp7a
three-dimensional structure. The alignment is based on sequence data for EAV (RefSeq no. NC_002532), European porcine respiratory and
reproductive syndrome virus (PRRSV-EU; RefSeq no. M96262.2), North American porcine respiratory and reproductive syndrome virus
(PRRSV-NA; RefSeq no. NC_001961), lactate dehydrogenase elevating virus strain Plagemann (LDV-P; RefSeq no. NC_001639), and simian
hemorrhagic fever virus (SHFV; Refseq no. NC_003092). The alignment was produced with ClustalW2 (8) and edited with JalView. Residues are
colored according to the standard ClustalW2 color scheme to indicate conservation. The (predicted) nsp7a/nsp7@ cleavage site is indicated with
an arrow, and the alignment of the region surrounding the nsp7a/nsp7f junction is based on a previously published sequence comparison (20).
Asterisks indicate the EAV nsp7a residues that were probed by reverse genetics in this study (Leul7, Arg24, Asn31, Arg33, Phe39, Arg62, Arg63,
Lys67, Phe71, Asp81, and Gly111). Panels A to F were produced with ccp4dmg (14).

bic residues participating in the formation of those regions are
either fully conserved among arteriviruses (Phel6, Leul7,
Leu48, Leu52, Phe71, and Val83) or replaced by other hydro-
phobic residues (Phel4, Ala25, Val26, Leu36, Leu64, Ala72,
Val77, Leul0O1, Vall09, Ile116, and Vall19), as shown in the
sequence alignment presented in Fig. 2G.

Analysis of the nsp7a structure using EBI Web tools
(PDBsum/ProFunc, Catalytic site search; http://www.ebi.ac
.uk), Dali (http://ekhidna.biocenter.helsinki.fi/dali_server/),
and GRATH (http://protein.hbu.cn/cath/cathwww.biochem
.ucl.ac.uk/cgi-bin/cath/Grath.html) did not result in any signif-
icant indicators of function or similarities in structure. The
structure, therefore, represents a new fold and provides little

clue about potential functions of nsp7«. Furthermore, electro-
static surface potential analysis revealed a rather mixed set of
surface charges, with no clear electropositive or electronega-
tive patches that would point toward the nsp7a function. (Fig.
2B and E).

To assess the relationship between nsp7a and its precursor,
nsp7, we performed a comparison of the amide group chemical
shifts for the two proteins using NMR spectroscopy. The full-
length nsp7 coding sequence (nucleotides [nt] 4583 to 5255,
encoding ppla/pplab residues Serl453 to Glul677, EAV
Bucyrus isolate) was also expressed in E. coli and purified as
described for nsp7a (see the supplemental material). Many of
the resonances of nsp7a do not appear to change significantly
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Residue | Mutant co‘:i':)n r::;i’:‘t IFA 16 h pt IFA 24 h pt m(gFLs/r:I)p t tit(an.'FZJ/n:ll)pt Summary of phenotype

Leu-1469 [ Leu17—Asp | CUC | GAC negative negative ND <10' non-viable

Arg-1476 | Arg24—sAla | CGG | GCG positive positive 7x10° 6x10° crippled; small plaques

Arg-1485 | Arg33—Ala CGU | GCU negative few positive cells ND <10’ severely crippled; possible reversion

Phe -1491( Phe39—Ala | UUU | GCU negative negative ND <10’ non-viable

Arg-1514 | Arg62—Ala CGC | GCC positive positive 6x10° 7x10° crippled, intermediate plaques

Arg-1515 | Arg63—Ala AGA | GCA positive positive <10 <10’ crippled; RNA synthesis, but no progeny

Lys-1519 | Lys67—Ala AAA | GCA |few positive cells | few positive cells <10' <10' severely crippled; RNA synthesis, but no progeny
Lys67—Arg AAA | AGA | strongly positive | strongly positive 4x10 2x10° slightly crippled; intermediate plaques
Lys67—>Ser AAA | AGU | few cells positive | few cells positive <10’ 2x10° severely crippled; pseudoreversion to Arg67

Phe-1523 | Phe71—Asp | UUU | GAU negative negative ND <10' non-viable

Asp-1533 | Asp81—>Ala | GAC | GCC negative negative ND 4x10° severely crippled; reversion to wt
Asp81—Asn | GAC | AAC | few cells positive | few cells positive <10' <10' severely crippled; possible reversion
Asp81—-Glu | GAC | GAG | strongly positive | strongly positive 5x10° 2x10 crippled; small plaques

Gly-1563 | Gly111—-Asp [ GGU | GAU barely positive positive small: 5 x 1022 small: 3 x 10: crippled; mixed plaque sizes; reversion to wt

large: 1 x 10° [ large: 1 x 10
wt control | N.A. N.A. N.A. | strongly positive | strongly positive 4x10° 5x10° wt virus control

(reversion)

(partial reversion)

FIG. 3. Genotype and phenotype of EAV nsp7a mutants. The details of EAV nsp7a mutants engineered in this study are listed, and amino
acid numbers for both the EAV ppla/pplab replicase polyproteins and the 123-aa nsp7a protein described in this study are provided. BHK-21 cells
transfected with synthetic full-length EAV RNA carrying these mutations were analyzed by immunofluorescence microscopy at 16 and 24 h
posttransfection, and supernatants were harvested for plaque assays. Plaque assays were fixed and stained with crystal violet at 40 h postinfection,
and images of a selection of mutants are shown in the lower part of the figure. wt, wild type.

in the context of the full-length nsp7 (see Fig. S1 in the sup-
plemental material). Overall, our data indicate that the nsp7a
core structure is also present in the full-length protein and that
the nsp7a/7B cleavage is very unlikely to be accompanied by a
large conformational change in the nsp7a core.

On the basis of the EAV nsp7a structure and an nsp7 se-
quence alignment (Fig. 2G), a number of conserved and less-
conserved nsp7a residues were selected for site-directed mu-
tagenesis and reverse genetics. Mutations were introduced into
an EAV infectious cDNA clone and, after electroporation of in
vitro-transcribed full-length RNA, the viability of the mutant
viruses was analyzed using immunofluorescence assays for the
viral replicase subunit nsp3 and the nucleocapsid (N) protein,
which can be used as markers for the synthesis of genomic and
sg mRNA7, respectively (22). Furthermore, cell culture super-
natants were harvested and tested in a plaque assay for the
production of infectious virus progeny (Fig. 3). Finally, the
occurrence of reversion was monitored by virus passaging and
sequence analysis.

Figure 3 summarizes the results of our mutagenesis study.
The residues selected for mutagenesis either were thought to
be important for protein folding, as deduced from the structure
(Leul7, Arg24, Phe71, Asp81, and Glyl11), or were residues

with solvent-accessible side chains (Arg33, Phe39, Arg62,
Arg63, and Lys67). Leul7 and Phe71 are buried within the
hydrophobic cores presented above and are fully conserved
among arteriviruses (Fig. 2G). Gly111 is conserved in the sense
that the residue is small (either Gly or Ala), which is important
for the stability of the B-turn between strands p4 and (5.
Mutation of these residues to Asp might disrupt the core,
and therefore, the protein fold, explaining the nonviable
(Leul7—Asp and Phe71—Asp) and crippled (Glyl11—Asp)
phenotype of these mutants. Arg24 (in the loop between heli-
ces a; and a,) and Asp81 (in B-strand B,) form a salt bridge
that keeps the a-helical bundle stacked against the B-sheet
(Fig. 1B). Its disruption by replacement of Arg24 with Ala
indeed crippled virus replication. A range of phenotypes was
observed for substitutions of the fully conserved Asp81 resi-
due. The drastic change to Ala led to a quasiviable phenotype
that did not produce plaques upon analysis of early virus
harvests but subsequently reverted to the wild-type residue,
indicating that a low level of viral RNA synthesis must have
been maintained by this mutant. The more conservative
Asp81—Glu substitution resulted in a viable but crippled
mutant.

Residues Arg33, Phe39, Arg62, Arg63, and Lys67 are ex-
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posed on the protein surface and therefore could be of func-
tional importance. In particular, the positively charged Arg33
(semiconserved), Arg62 (semiconserved), and Arg63 (not con-
served) may provide suitable binding regions for the phosphate
backbone of an oligonucleotide. Substitution of these residues
resulted in crippled mutants, whereas replacement of Lys67
with another positively charged residue (i.e., Arg) had only a
mild effect, strengthening our hypothesis. Interestingly, a re-
placement of Lys67 with Ser, the residue present at the corre-
sponding position in SHFV nsp7a, pseudoreverted to Arg,
suggesting that indeed a positively charged residue is preferred
at position 67. For the Lys67—Ala mutant, some cells were
positive in immunofluorescence assays but we repeatedly could
not detect progeny virus. The solvent-accessible side chain of
the (conserved aromatic) Phe39, which could provide stacking
interactions with nucleotide bases, was found to be essential
for virus viability.

In the complex proteolytic cascade used to mature the
nsp3-8 region of the EAV ppla and pplab replicase polypro-
teins, nsp7 (nsp7a) stands out for the number of long-lived
processing intermediates that contain this subunit. The nsp4
cleavage sites involved in these proteolytic events are all con-
served throughout the arterivirus group, suggesting that this
multitude of nsp7-containing processing intermediates may be
a common feature of arterivirus-infected cells (5, 20, 26). The
structural analysis presented in this paper defines EAV nsp7a,
the most conserved region of nsp7 (Fig. 2G), as a distinct
replicase domain with a novel fold, a fold that is likely pre-
served in the C-terminally extended full-length nsp7. Even
though the nsp7a structure and reverse genetics analysis pro-
vided us few clues about the (putative) function(s) of this
protein, some valuable conclusions can be drawn, and we pro-
vide the first direct evidence that nsp7a indeed is a critical
protein domain for arterivirus RNA synthesis (Fig. 3). Inter-
pretation of the observed mutant phenotypes is complicated by
their diversity and the fact, outlined above, that nsp7a is part
of so many replicase-processing intermediates. As in other
plus-stranded RNA virus systems, e.g., picornaviruses and al-
phaviruses (9, 10, 24), such intermediates may perform specific
functions themselves and proteolytic cleavages may serve as a
switch to (in)activate them. In any case, all replacements of
nsp7a residues tested in this study affected some aspect of the
EAV replicative cycle, indicating that they are structurally or
functionally important and justifying the future in-depth char-
acterization of these mutant phenotypes.

Protein structure accession number. Structure data for the
arterivirus nsp7a are available in the Protein Data Bank under
accession number 2L8K.
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