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ABSTRACT

Many groups of plus-stranded RNA viruses produce additional, subgenomic mRNAs to
regulate the expression of part of their genome. Arteriviruses and coronaviruses (order
Nidovirales) are unique among plus-stranded RNA viruses for using a mechanism of dis-
continuous RNA synthesis to produce a nested set of 5'- and 3'-coterminal subgenomic
mRNAs, which serve to express the viral structural protein genes. The discontinuous step
presumably occurs during minus-strand synthesis and joins noncontiguous sequences
copied from the 3’-and 5’-proximal domains of the genomic template. Nidovirus genome
amplification (“replication”) and subgenomic mRNA synthesis (“transcription”) are driven
by 13 to 16 nonstructural proteins (nsp’s), generated by autocatalytic processing of two
large “replicase” polyproteins. Previously, using a replicon system, the N-terminal nsp1
replicase subunit of the arterivirus equine arteritis virus (EAV) was found to be dispens-
able for replication but crucial for transcription. Using reverse genetics, we have now
addressed the role of nsp1 against the background of the complete EAV life cycle. Muta-
genesis revealed that nsp1 is in fact a multifunctional regulatory protein. Its papain-like
autoprotease domain releases nsp1 from the replicase polyproteins, a cleavage essential
for viral RNA synthesis. Several mutations in the putative N-terminal zinc finger domain
of nsp1 selectively abolished transcription, while replication was either not affected or
even increased. Other nsp1 mutations did not significantly affect either replication or
transcription but still dramatically reduced the production of infectious progeny. Thus,
nsp1isinvolved in at least three consecutive key processes in the EAV life cycle: replicase
polyprotein processing, transcription, and virion biogenesis.



INTRODUCTION

The replication of plus-stranded RNA viruses of eukaryotes depends on a unique process
of cytoplasmic RNA-dependent RNA synthesis that is primarily directed by an enzyme
complex, always including an RNA-dependent RNA polymerase (RdRp), that is produced
by translation of the incoming viral genome (reviewed, e.g., in references' > 7). The
“nonstructural proteins” (nsp’s) or “replicase subunits” of mammalian plus-stranded RNA
viruses are commonly produced by proteolytic cleavage of larger polyproteins (reviewed
e.g., in references'®™). This strategy can be supplemented with the synthesis of additional,
subgenomic (sg) mRNAs, a process referred to as “transcription” for the purpose of this
article, to express additional proteins (reviewed in reference34). Members of the order Ni-
dovirales of plus-stranded RNA viruses (Arteriviridae, Coronaviridae, and Roniviridae) rely
heavily on the latter strategy (reviewed in references®* %) to produce their structural
proteins from genes located in the 3'-proximal third of their genome (Fig. 1).

Nidoviruses have been grouped together on the basis of similarities in genome
organization and nonstructural and structural protein expression strategies, as well
as the presumed immediate common ancestry of key replicative enzymes (see our
recent reviews in references'>*® and references cited therein). The nidovirus replicase/
transcriptase, which will be referred to as “replicase” for simplicity, is expressed from the
genome RNA by translation of the large open reading frames (ORFs) 1a and 1b (Fig. 1).
This yields polyproteins pp1a and pp1ab, with the latter being produced via a conserved
ORF1a/ORF1b -1 ribosomal frameshift mechanism (see reference® and references cited
therein). Nidovirus replicases, in particular those of nidoviruses with large genomes
(corona-,toro-, and roniviruses [25 to 31 kb]), include several enzymatic activities that are
rare or lacking in other RNA viruses'" 12325373 Triggered by the 2003 outbreak of severe
acute respiratory syndrome (SARS)-coronavirus, significant progress has been made in
the functional and structural characterization of coronavirus replicative proteins* 3273,
Still, many questions remain regarding the molecular mechanisms that nidoviruses have
evolved to coordinate the various steps of their replicative cycle.

The arterivirus family is the nidovirus branch that stands out for its much smaller
genome size (12 to 16 kb). The pp1a and pp1lab replicase polyproteins of the arterivi-
rus prototype equine arteritis virus (EAV)** are 1,727 and 3,175 amino acids (aa) long,
respectively (for reviews, see references'>>%%) and are cleaved (Fig. 2A) into 13 nsp’s by
viral proteases contained in nsp1, nsp2, and nsp4% 75, Seven structural protein genes,
residing in the 3'-terminal quarter of the EAV genome, are expressed from a nested set of
sg mMRNAs (Fig. 1) and are all dispensable for replication and transcription?®.

Nidovirus RNA synthesis in infected cells entails both amplification of the viral genome
and sg RNA production. The “bodies” of arteri- and coronavirus sg mRNAs are 3’-cotermi-
nal, but they also contain a 5" common leader sequence that is identical to the 5" end
of the genome. Replication and transcription are thought to proceed through different
minus-strand intermediates. Whereas a full-length minus-strand template is used for
replication, sg mMRNAs are assumed to be synthesized from subgenome-length minus
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Figure 1. Schematic diagram of the genome organization and expression of EAV. The regions encoding
the replicase polyproteins (pp1a and pp1ab) and structural proteins are indicated on the genome. The
replication/transcription complex, presumably containing the full-length and subgenome-length minus-
strand templates for replication and transcription, is depicted below the genome. Subgenomic mRNAs,
with the black boxes representing their common 5’leader sequence, are shown in the bottom part of the
scheme.

strands, generated by a process of discontinuous RNA synthesis (reviewed in references®*
48-50.79) involving the 3'-terminal extension of the nascent strands (the complements of
the sg mRNA bodies) with the complement of the leader sequence. This discontinuous
step in minus-strand RNA synthesis, which may resemble copy-choice RNA recombina-
tion, is regulated (in part) by conserved transcription-regulating sequences (TRSs). In
EAV, both sequence elements and higher-order RNA structures have been postulated to
direct the transfer of the nascent minus strand from the body TRS to the leader TRS in
the genomic RNA template3 #4648 |n addition to these RNA-RNA interactions, sev-
eral EAV replicase subunits have been specifically implicated in transcription: the nsp10
helicase®" % ¢, the nsp11 putative endoribonuclease®, and nsp1¢?, the most N-terminal
replicase cleavage product. Previous studies showed that EAV replication can proceed in
the absence of transcription®> %, suggesting that the latter process is in part controlled
by transcription-specific replicase functions. Whereas mutations in nsp10 and nsp11
affected both genome amplification and transcription*> %, deletion of the nsp1-coding
sequence from the replicase gene selectively blocked sg RNA synthesis®?, which could be
partially restored in a replicon RNA that expressed nsp1 from an artificial alternative locus
in the genome (replicon DITRAC)2, EAV nsp1 (260 aa) cotranslationally releases itself from
the replicase polyproteins through a papain-like cysteine protease (PCPp) activity in its
C-terminal half*®*, Comparative sequence analysis identified two other domains in nsp1
(Fig. 2C), an additional PCP (PCPa), which has become inactivated in the course of EAV
evolution but is functional in other arteriviruses®, and a potential N-terminal zinc finger
(ZF) domain (Fig. 2B)%2. In the artificial setting of the DITRAC replicon, the ZF domain and
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Figure 2. (A) Processing scheme of the EAV replicase, depicted in the form of the pp1ab polyprotein.

The three viral protease domains (the nsp1 PCP [B], the nsp2 cysteine proteinase [CP], and the nsp4
serine proteinase [S]) and their cleavage sites are indicated. Other domain abbreviations are as follows:

ZF, nsp1 zinc finger domain; a, nsp1 PCPa domain; H, hydrophobic domains; RdRp, RNA-dependent

RNA polymerase (nsp9); M, metal-binding domain (nsp10); Hel, helicase (nsp10); N, nidovirus-specific
endoribonuclease NendoU (nsp11). (B) Schematic representation of the putative nsp1 ZF domain, showing
the four residues that are proposed to coordinate zinc in gray. (C) Comparison of key sequences of the
three domains identified in the arterivirus nsp1 region, ZF, PCPa, and PCP. The putative zinc-coordinating
residues of the ZF domain and the active-site Cys and His residues of the two PCP domains are indicated.
Note that EAV PCPa is no longer active due to the loss of its active-site Cys (9). Residues targeted by
mutagenesis in this study are indicated with an asterisk.

the structural integrity of nsp1, but not the proteolytic activity of PCP[3, were important
for transcription®. The role of nsp1 has now been addressed in the context of the full-
length EAV genome and the complete viral life cycle. We conclude that EAV nsp1 not only
couples replicase maturation to transcription but also plays a surprising, yet unexplained,
role in virion biogenesis. Several nsp1 mutations that did not dramatically affect viral
RNA synthesis were found to severely reduce the production of infectious progeny. Thus,
EAV nsp1 is a multifunctional protein that is involved in at least three consecutive key
processes in the EAV life cycle: proteolytic maturation of the replicase, transcription, and
virion biogenesis.

MATERIALS AND METHODS

EAV reverse genetics

Site-directed PCR mutagenesis® was used to engineer mutations in shuttle plasmids car-
rying the nsp1 coding sequence. Following sequence analysis, mutations were transferred
to EAV full-length cDNA clone pEAV211%4%, The mutants of the PCP3 active-site cysteine



(Cys-164) and the nsp1/2 cleavage site (Gly-260/Gly-261) have been described before®®. The
amino acid substitutions engineered to generate novel nsp1 mutants are listed in Table 1.
Following in vitro transcription of full-length cDNA clones by T7 RNA polymerase, BHK-21
cells were transfected with equal amounts of full-length EAV RNA as described previously®.
Immunofluorescence assays (IFAs)*” ¢ were used to monitor transfection efficiencies.

Analysis of virus mutants

For an initial assessment of viral phenotypes (in terms of replication and transcription),
dual-labeling IFAs®” were performed with a rabbit antiserum specific for nsp3%, a repli-
case cleavage product expressed from the genome, and a mouse monoclonal antibody
(MAD) recognizing the nucleocapsid (N) protein (N MAb 3E2)%, which is expressed from
the smallest sg mRNA. Viral RNA synthesis was studied in more detail by isolating total
intracellular RNA at the end of the first replication cycle (~14 h post-transfection [hpt])
using the acidic phenol extraction method, as described previously’. RNA was separated
in denaturing formaldehyde-agarose gels, and viral mRNAs were visualized by hybridiza-
tion with a radioactively labeled, antisense oligonucleotide probe (complementary to the
3’end of the genome), which recognizes both genomic and all sg mMRNAs’®. Supernatants
harvested from transfected cell cultures were analyzed for infectious progeny by plaque
assays®* and infection of fresh BHK-21 cells.

PCPB activity assay

A vector (pEAVAH) for testing PCP activity in an in vitro transcription and translation
assay*® was engineered by making an internal Hindlll deletion (removing nucleotides
[nt] 1506 to 12308 of the EAV genome; NCBI accession no. NC_002532) in the full-length
cDNA clones for selected mutants. These constructs contained an in-frame fusion of the
5’end of ORF1a to the 3'end of ORF6 and encoded a product of 453 aa (52 kDa) including
the full-length nsp1 and the nsp1/2 cleavage site. The fusion gene was preceded by a T7
promoter and the natural genomic 5’-untranslated region and followed by the genomic
3’-untranslated region and a poly(A) tail. The in vitro PCP assay was performed by transla-
tion of transcripts derived from these vectors in a rabbit reticulocyte lysate (Promega).
The reaction was performed at 30°C for 90 min in the presence of [**SImethionine, after
which translation and cleavage products were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography.

Sequence analysis and RNA structure prediction

The RNA structure of the 5-proximal region of EAV ORF1a was predicted using the
genetic algorithm of STAR v4.4" and the Zuker algorithm” on the M-fold web server?®.
Sequence alignments were created using the ClustalW algorithm incorporated in Vector
NTI (Invitrogen). The hairpin structure predicted to underlie the ZF-coding region (see



Fig. 6) was mutated in full-length cDNA clone pEAV211-RNAko using a combination of
seven translationally silent mutations in codons specifying residues 22 to 28 of nsp1
(Fig. 6): C-290—A, C-293—U, U-296—A,U-299—C, G-302—A, U-305—C, and C-308—G
(numbers refer to positions in the EAV genome sequence).

RESULTS

Design and characterization of EAV nsp1 mutants

We have previously reported that nsp1 is dispensable for EAV genome replication but ab-
solutely required for transcription®2 In that study, expression of an engineered wild-type
nsp1 cassette from an artificial internal ribosomal entry site (IRES) inserted in the 3'-termi-
nal part of replicon DITRAC could complement for the deletion of the natural nsp1-coding
sequence from the replicase gene®2. This resulted in partial restoration of transcription, but
since the IRES-nsp1 cassette in the DITRAC replicon replaced five of the seven structural
protein genes, virus production could not be studied in this system. To address the role of
nsp1 against the background of the complete EAV life cycle, we have now used a reverse-
genetics approach based on the use of full-length cDNA clones®. Full-length RNA derived
from cDNA clones containing nsp1 mutations (Table 1) was transfected into BHK-21 cells.
Replication and transcription were initially monitored using a previously described dual-
labeling IFA® detecting nonstructural and structural protein expression (data not shown).
Subsequently, additional assays were used to characterize the phenotypes. The produc-
tion of infectious progeny was investigated by monitoring the spread of the infection in
transfected cell cultures and/or using cell culture supernatants to infect fresh cells.

The nsp1/2 cleavage is essential for EAV genome replication

We first analyzed the importance of cleavage of the nsp1/2 site by the C-terminal PCP
domain of nsp1°%. In the setting of the DITRAC replicon, PCP activity was dispensable
for the functionality of nsp1 in transcription®2. However, in DITRAC, nsp1 was expressed
from a separate IRES-driven cistron and did not have to play its usual role in replicase
proteolysis. In this replicon, cleavage of the nsp1/2 bond was effectively substituted
for by translation initiation at the 5’ end of the nsp2 coding sequence and independent
expression of nsp1 from the 3'-proximal part of the genome.

Using a full-length cDNA clone, cleavage of the nsp1/2 site was now found to be a prerequi-
site for EAV RNA synthesis. Several mutations that were previously reported to abolish process-
ing of the nsp1/2 site*®>° rendered the viral RNA noninfectious. These included replacement
of the PCPP active-site Cys-164 with Ser and replacement of the P1 (Gly-260) or P1’ (Gly-261)
residues of the nsp1/2 cleavage site with Val (Table 1) (data not shown). The lethal effect of
these mutations was evident, in several independent experiments, from the complete lack of
IFA signal in transfected cells and the absence of viral RNA synthesis and infectious progeny.



Table 1. Overview of the genotype and first-cycle phenotype of EAV nsp1 mutants used in this study

Codon?
Titer
wild Pl Phenot
Construct  Mutation I Mutant Replication® Transcription® a‘que (PFU/ eno ypde
type size summary
ml)c
pEAV211  NA® NA NA Normal Normal Normal 107-10® Wild-type control
C25A Cys-25>Ala UGU GCU Enhanced  Negative No <2x10' Transc.rlptlon.
plaques negative; nonviable
C25H Cys-25->His UGU CAU Normal Normal Small 10°-10° Transcription
~normal; attenuated
T -
H27A  His275Ala CAU GCC  Normal  Normal Small  10-00 | anscriPtion
~normal; attenuated
T -
H27C His275Cys CAU  UGU  Normal Normal Small 10108 ranscription
~normal; attenuated
Transcription
H27R His-27>Arg CAU CGU Enhanced  Reduced Normal 10%-10° impaired; rapid
reversion
C32A Cys-32>Ala UGC GCG
N | N | N I 107-10° Wildt
C33A Cys-33>Ala UGC  GCC orma orma orma fatype
N T ipti
C41A Cys-41>Ala UGC GCG  Enhanced  Negative © <xigr | ranseription o
plaques negative; nonviable
C41H Cys-41>His UGC CAU Enhanced  Negative No <2x10' Transc.rlptlon.
plaques negative; nonviable
C44A Cys-44>Ala UGU GCU Enhanced  Negative No <2x10' Transc.rlptlon.
plaques negative; nonviable
N o
C44H Cys-44>His UGU CAU Enhanced  Negative © <2x10' Transc'rlptlon.
plaques negative; nonviable
. . No Replication negative;
C164S Cys-164>Ser UGC  AGC Negative Negative <2x10’ )
plaques nonviable
. . No Replication negative;
G260V Gly-260>Val GGC  GUA Negative Negative <2x10’ )
plaques nonviable
. . No Replication negative;
G261V Gly-261>Val GGC  GUA Negative Negative plaques <2x10’ nonviable
RNAko ’ 5|Ien.t see see Normal Normal Normal 107-10° Wild type
mutations text text

2Nucleotide substitutions are indicated in boldface.

PTransfected cells were analyzed by IFA and Northern blot analysis at the end of the first cycle of
replication (14 to 16 hpt).

¢Infectious progeny titers in plaque assays of medium from transfected cells harvested at 18 hpt.
4Depending on the mutant, data from two to four independent transfection experiments are summarized.
¢NA, not applicable.

These results are in contrast with our previous observation that deletion of nsp1 selec-
tively blocks transcription but not replications?. We therefore conclude that cleavage of
the nsp1/2 site by the nsp1 PCPP domain must be essential to produce a functional EAV
replication complex. Possibly, the N terminus of nsp2 has to be liberated for this subunit
to fulfill its role in the formation of the membrane-bound replication complex**’. This



interpretation is further supported by the nonviable phenotype of an EAV construct, in
which green fluorescent protein (GFP) was fused to the N terminus of nsp2°.

The nsp1 ZF domain plays a critical role in transcription

On the basis of site-directed mutagenesis of Cys-25 and Cys-44 (both residues changed
to Ala) in the DITRAC replicon, the nsp1 ZF domain was previously implicated in regula-
tion of transcription®2 In the context of the EAV full-length clone, the ZF domain was now
probed more extensively (Table 1). The four putative zinc-coordinating residues (Cys-25,
His-27, Cys-41, and Cys-44) were targeted, and - as a negative control - two Cys residues
(Cys-32 and Cys-33) that are not conserved in arterivirus nsp1 sequences (Fig. 2C) were
also replaced. Nonconservative mutagenesis (to Ala) of the latter two residues resulted in
a wild-type phenotype, indicating that Cys residues at positions 32 and 33 of the EAV ZF
domain are dispensable for replication in cell culture. The four putative zinc-coordinating
residues were replaced both nonconservatively (Cys or His to Ala or Arg) and conserva-
tively (Cys to His and His to Cys). The latter strategy was aimed at maintaining (partial)
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5= (RNA1) and sg mRNA (RNAs 2 to 7) synthesis
in BHK-21 cells transfected with EAV nsp1
ZF mutants (14 hpt) and the RNAko mutant
c-- - . - designed to probe the role of the RNA structure
of the ZF-coding region (see text). RNA was
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B probe complementary to the 3'end of the
genome and thus recognizing all viral mRNA
2.5 species. Note the upregulation of genome
20 7 synthesis in transcription-negative mutants. (B)
Phosphorimager analysis of the ratio of sg mRNA
15 to genome accumulation, based on the gel
depicted in panel A. For the transcription-positive
10 |- mutants, the amount of genome was put at 1
05 & and the relative amounts measured for mRNA7,
mRNA6, and mRNAs 2 to 5 are shown. With the
0 exception of the His-27—Arg mutant, all mutants

were concluded to maintain fairly normal
transcription levels. wt, wild type.
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zinc-binding activity. Interestingly, a differential effect of the Ala/Arg versus His/Cys ZF
mutations was indeed observed at some positions (Table 1).

Residues Cys-41 and Cys-44 were both absolutely required for the function of nsp1 in
transcription (Fig. 3 and Table 1), since their replacement essentially exerted the same
effect as deletion of nsp1: transcription was reduced to a level that could not even be de-
tected by using reverse transcription-PCR (RT-PCR) (data not shown). Remarkably, these
transcription-negative mutants also displayed a clear upregulation (2.5- to 3-fold) of
genome replication (Fig. 3A), suggesting that EAV replication and transcription normally
compete for common factors.

Multiple nsp1 ZF domain mutants are transcription positive but severely
impaired in virus production

In terms of transcription, the role of Cys-25 was found to be somewhat less critical than
those of Cys-41 and Cys-44. Northern blot analysis revealed that the Cys-25—His mutant
produced approximately normal amounts of sg mRNAs (Fig. 3B), although replacement
with Ala completely eliminated transcription. Immunoprecipitation analyses and IFAs (D.
D. Nedialkova et al., unpublished data) confirmed the synthesis of several structural pro-
teins. Remarkably, however, progeny titers were 100- to 1,000-fold reduced and mutant
C25H displayed a small-plaque phenotype (Fig. 4).

Replacement of the fourth putative zinc-coordinating residue, His-27, with either Ala
or Cys also yielded a transcription-positive phenotype (Fig. 3). sg RNA synthesis appeared
somewhat reduced relative to genome synthesis but not more than twofold (Fig. 3B).
However, the drop in infectivity for these two His-27 mutants was more pronounced (4
to 5 logs). Signs of probable reversion were occasionally observed in the form of larger
plaques (Fig. 4). The His-27—Arg mutant, on the other hand, displayed a clear transcrip-

Figure 4. Plaque phenotype of selected mutants from this study. Virus was harvested from transfected
BHK-21 cells at 18 hpt. Plaque assays were also performed on BHK-21 cells and fixed after 3 days. The small-
plague phenotype of the Cys-25—His and His-27—Cys mutants is illustrated, with the latter showing sign
of probable rapid reversion (plaques marked R). The fourth photograph illustrates the wild-type plaque
phenotype of the RNAko mutant.



tion defect (Fig. 3A and B). Some infectious progeny were produced, but in view of their
wild-type size, these plaques likely resulted from rapid reversion of the single-nucleotide
mutation introduced to create the H27R mutant. All other mutants in our data set
required two replacements to revert to the wild-type codon (Table 1), and they were,
accordingly, relatively stable.

The characterization of the transcription-positive nsp1 mutants was extended to
several other time points after transfection (between 11 and 18 hpt) with essentially
identical results, indicating that these mutants are not merely delayed in terms of virus
production but fail to produce the normal level of infectious progeny—an observation
implicating nsp1 in an additional step of the viral life cycle, downstream of transcription.
Analysis of this phenotype in a longer-time-course experiment was complicated by the
emergence and spread of revertants, an issue that will be addressed in a follow-up study.

PCPp proteolytic activity is not affected by mutations in the ZF domain

In view of the critical importance of cleavage at the nsp1/2 site for virus viability (see
above), we selected a number of ZF mutants to investigate whether their nsp1 PCP ac-
tivity might have been compromised. PCP{3 was previously shown to be highly efficient
in directing the nsp1/2 cleavage in a rabbit reticulocyte lysate-based in vitro transla-
tion system®. By making an internal deletion in the full-length cDNA clones for these
mutants, we engineered a vector (pEAVAH) for in vitro transcription and translation. The
pPEAVAH product was a 52-kDa (453-aa) fusion protein consisting of the full-length nsp1,
the N-terminal part of nsp2, and the C-terminal part of the M protein, which is encoded
by ORF6.

In vitro transcripts derived from these vectors were translated in a reticulocyte lysate in
the presence of [**SImethionine. Reaction products were analyzed directly by SDS-PAGE
and autoradiography (Fig. 5). Wild-type nsp1 showed complete cleavage of the 52-kDa
precursor into nsp1 (30 kDa) and the C-terminal 22-kDa fragment. The same observation
was made for nsp1 ZF mutants showing (C25H and H27C) or completely lacking (C25A
and C41A) sg RNA synthesis, strongly suggesting that the transcription defect in the lat-
ter mutants is unrelated to a change in PCP proteolytic activity.

Analysis of RNA structure of the nsp1 ZF-coding region

The 5'-proximal domain of the arterivirus genome is a multifunctional region containing
RNA signals that are known to be involved in translation, replication, and transcription.
These signals were previously found to extend into the coding part of the genome, more
specifically the 5’ end of ORF1a% . This raised the possibility that defects observed in
our nsp1 ZF mutants could be due to the effect of the introduced mutations on RNA
sequence or structure, rather than on the nsp1 amino acid sequence. In particular, such
RNA-specific effects might explain transcription defects, in view of the proximity of the
leader TRS and leader TRS hairpin® . Also, the production of progeny virus might be
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Figure 5. In vitro assay for PCP activity in nsp1 ZF mutants. Expression construct pEAVAH (see Materials
and Methods) was used to in vitro translate an nsp1-containing fusion protein in the presence of
[3*Slmethionine. Reaction products were analyzed by SDS-PAGE and autoradiography. Cleavage of the 52-
kDa precursor (P) yields nsp1 and a 22-kDa C-terminal fragment (C). All nsp1 ZF mutants tested

showed wild-type nsp1 PCP activity, thus ruling out that a defect in nsp1/2 cleavage was the basis for
their phenotype.

affected at the level of genome packaging. The location of encapsidation signal(s) in
the EAV genome is still unknown, but previous studies with defective interfering RNAs
implicated sequences in the first ~600 nt of the genome in RNA packaging®.

A comparative analysis of the ZF-coding sequence (nt 285 to 360) of a number of EAV
isolates revealed that this area is highly conserved (Fig. 6A). RNA structure predictions us-
ing different methods (see Materials and Methods) revealed a prominent and potentially
stable hairpin structure (predicted AG using Mfold is -13.6 kcal/mol [Fig. 6B]), which can
be formed by nt 285 to 315 of the EAV genome. These nucleotides specify nsp1 aa 22 to
30, thus including key ZF residues Cys-25 and His-27, for which mutagenesis had yielded
remarkably variable results (see above). Strikingly, the comparative sequence analysis in
Fig. 6A provided some additional support for this structure, since four variations found in
this region were predicted either to maintain the predicted structure (Fig. 6B; C-293—U
and U296—C), to not affect it due to their position in a bulge (A-292—C and U305—C),
or to immediately flank the predicted hairpin (A-314—U and U315—C).

In order to address the question whether the defects observed for (some) nsp1 mu-
tants might be due to an effect on the predicted hairpin rather than the nsp1 protein,
we engineered a mutant (RNAko) in which a combination of seven translationally silent
mutations was introduced in the codons specifying nsp1 residues 22 to 28 (Fig. 6B).
Mfold analysis indicated that this combination of mutations in the region of nt 290 to 308
should destroy the predicted hairpin (data not shown). Also some alternative RNA struc-
tures that can be predicted for the wild-type sequence would be significantly altered by
this combination of mutations. Nevertheless, in multiple experiments, the phenotype of
the RNAko mutant was found to be identical to that of wild-type virus, showing normal
levels of replication and transcription (Fig. 3), wild-type virus titers (Table 1), and a normal
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Figure 6. (A) Sequence alignment of the nsp1 ZF-coding domain for a selection of EAV isolates (for details,
see reference®). The codons for the four key residues of the nsp1 ZF are boxed. (B) Structure of a predicted
RNA hairpin that can be formed by the sequence specifying nsp1 ZF residues 22 to 28, thus including the
highlighted codons for Cys-25 and His-27. Natural sequence variations (see panel A) are indicated in gray.
Residues targeted for mutagenesis in the RNAko mutant (see text) are indicated with asterisks.

plaque size (Fig. 4). Thus, regardless whether the hairpin depicted in Fig. 6 exists or not,
it is irrelevant in the context of the results obtained with the Cys-25 and His-27 nsp1
ZF mutants. In this light, also the phenotype of the H27R mutant is important, since its
A-304—G mutation is predicted to maintain the RNA hairpin, exchanging a U-A for a U-G
base pair. Still, H27R transcription is seriously affected (Fig. 3), again suggesting that it

is the nsp1 amino acid sequence that is important rather than the RNA structure of this
region.

DISCUSSION

Following uncoating, plus-strand RNA virus genomes are first translated by host ribo-
somes to produce the enzymes required for viral RNA synthesis. nsp1 of EAV is the first
viral protein expressed and thus seems to occupy a strategic position in the viral life
cycle, which may explain the multifunctionality of this replicase subunit that is now
emerging. In addition to its critical role in replicase polyprotein processing and sg RNA
production described before®? and extended here, our new data implicate nsp1 in an
as-yet-undefined function downstream of RNA synthesis that is ultimately important for
virion biogenesis.

The data presented in this article, in particular those obtained from mutagenesis of
the putative zinc-binding residues of the ZF domain, confirm the crucial role of nsp1 in



EAV transcription. However, whereas EAV proved to be highly sensitive to replacement of
Cys-41 and Cys-44, the Cys-25—His substitution was tolerated and the constraints on the
His occupying position 27 appeared to be even more relaxed. The fact that - compared
to the distal pair of Zn-binding residues (Cys-41 and Cys-44) - mutations at the proximal
Cys-25/His-27 pair were relatively well tolerated correlates with (and supports) the align-
ment presented in Fig. 2C, which shows that the position of His-27 is occupied by Cys in
other arteriviruses.

Zinc binding by the nsp1 ZF domain remains to be verified, an issue currently pursued
by purification and characterization of recombinant nsp1 from Escherichia coli. Also, we
cannot formally exclude the theoretical possibility that this region of nsp1 contains, e.g.,
two small adjacent (or even overlapping) domains with different functions. However, the
results obtained upon mutagenesis of the four putative zinc-coordinating residues lend
credibility to the hypothesis that they are part of a single ZF domain: e.g., mutations in ei-
ther pair of proposed zinc-binding residues can produce the same transcription-negative
phenotype (compare C25A with the C41/C44 mutants [Fig. 3]). The three transcription-
positive ZF mutants (C25H, H27C, and H27A) were also the basis for a second important
observation, which was that nsp1 mutations can result in a major defect in the produc-
tion of infectious progeny, thus implicating the protein in an additional step of the viral
life cycle, downstream of transcription. The wild-type phenotype of the RNAko mutant
(Fig. 6) makes it highly unlikely that disruption of RNA structures in the nsp1 ZF-coding
region played a role in the mixed phenotypes that were observed.

Zinc finger domains are short, independently folded stretches of amino acids that
require the coordination of one or more zinc atoms to stabilize their higher-order struc-
ture®. These motifs were first identified in TFIIIA of Xenopus laevis and were implicated
in nucleic acid recognition?. Since then, ZF domains have emerged as one of the most
prevalent motifs in the mammalian proteome. They are frequently classified according
to the sequential nature of the zinc-coordinating residues, with the CCHH class being
the most common one. ZF domains are widely recognized as sequence-specific DNA-
binding motifs, but they have also been shown to bind RNA%, as well as to participate in
protein-protein interactions?-3°, including dimerization?'. Given the versatility and diver-
sity of this structural motif, it is not surprising that many viruses also encode ZF proteins.
One of the best-characterized examples is the nucleocapsid (NC) protein of onco- and
lentiviruses, which contains one or two copies of a CCHC zinc-coordinating domain that
is essential for RNA packaging during virus assembly®3'. Upon conservative replacement
of zinc-binding residues, zinc coordination is maintained and viral genome packaging is
not affected, but the resulting mutant viruses are almost completely noninfectious' .
Further analysis implicated these ZF domains in viral RNA synthesis and RNA-protein in-
teractions, thus revealing additional, previously unknown functions of these domains's2*
2, Interestingly, a structural study of zinc fingers of the CCHC type in lentiviruses showed
that an HCHC mutant was no longer able to bind zinc tetrahedrally, while the CCHH form
could still bind zinc tightly, although this resulted in important structural modifications
that could be responsible for the loss of infectivity observed for this mutant®.



Despite clear differences in protein function and origin, intriguing parallels can be
drawn between these retrovirus NC data and our analysis of EAV nsp1 mutants in which
putative zinc-coordinating residues were replaced. The transcription-negative phe-
notype of the Cys-25—A and Cys-41/Cys-44 mutants suggests a complete loss of zinc
coordination. However, the conservative replacements of Cys-25—His and His-27—Cys,
which in theory may leave the zinc-coordinating potential intact, were both largely toler-
ated in terms of sg RNA production (Fig. 3), although these mutants were significantly
impaired in a later stage of the viral life cycle, possibly virion biogenesis. The His-27—Ala
replacement might represent an intermediate that is still able to bind zinc, as described
for the distal ZF of the HIV-1 NC (61), in which the same mutant was concluded to retain
the tetrahedral coordination of the metal ion, with the vacant ligand position presum-
ably occupied by a water molecule. A similar situation has been described for the CCCH
ZF domain in another viral protease, NS3 of hepatitis C virus?.

Very little is currently known about the protein-protein and protein-RNA interactions
that regulate arterivirus sg RNA synthesis. nsp1 might be involved in the stalling of the
viral RARp complex at the body TRSs by interacting with this conserved RNA sequence.
It could also participate in the targeting of the nascent subgenome-length minus strand
to the leader TRS in the 5'end of the template or may facilitate the base pairing between
body TRS complement and leader TRS - steps that are presumed essential for arterivirus
sg RNA synthesis. Regardless of the molecular basis of nsp1 involvement in EAV transcrip-
tion, the integrity of the ZF domain was also found to be essential for virus production.

Obviously, in the arterivirus system (Fig. 1), structural protein synthesis and conse-
quently virus production are directly controlled by sg mRNA synthesis. It should also
be noted that EAV assembly involves a total of seven structural proteins, which are all
essential for the production of infectious progeny®* 7" 72, and that little is known about
the molecular interactions between these components and the kinetics of virus assem-
bly. In other words, a small disturbance at the level of sg mRNA synthesis (e.g., affecting
the ratio at which some of the structural proteins are produced) could in theory have
major consequences for virus production. Still, three of our mutants (C25H, H27C, and
H27A) coupled a deviation of not more than twofold in the ratio of genome to sg mRNA
synthesis to a 2- to 5-log drop in infectious progeny titers (Table 1). We consider it highly
unlikely, but not impossible, that this is solely due to relatively minor changes at the level
of sg mRNA production. On the other hand, ostensibly supporting a direct role of nsp1
in virion biogenesis, there are precedents both for the presence of replicase proteins of
plus-strand RNA viruses in virions® %% 46 and for a link between mutations in replicase
subunits and the production of infectious progeny?.

A role of nsp1 in translation of viral RNA also needs to be investigated, although a pre-
liminary analysis did not reveal major deviations in structural protein synthesis for mu-
tants like C25H (D. D. Nedialkova et al., unpublished data). As in the case of the function
of nsp1 in transcription, a better understanding of this phenotype and the role of nsp1
will require identification of interaction partners, which may be either RNA sequences or



other viral proteins. Such studies are currently ongoing using biochemical methods and
attempting to isolate second-site revertants for selected nsp1 mutants.

Finally, the data in this paper underlines the importance of the nsp1 PCP3 domain in
the EAV system. This enzyme is a representative of a class of papain-like “accessory prote-
ases” (a term used to discriminate them from the viral “main” protease), which are found
in evolutionarily distinct lineages of plus strand RNA viruses'? > 44, Arteriviruses contain
an array of two to four of these enzymes in the N-terminal domain of their replicase (9,
58, 60). Distant homologs of these arterivirus domains are also found in the large nsp3
product of coronaviruses*?' 75, and it has been postulated that, in the course of nidovirus
evolution, these N-terminal papain-like protease domains may have been optimally
suited for acquisition and integration of new functions into an expanding replicase.
In the case of coronaviruses, engineered deletions and mutations affecting the nsp1
to -3 region and its proteolytic processing by nsp3 accessory proteinases can induce a
variety of effects, but, remarkably, a large number of such mutations are tolerated to a
certain extent® 7874 Thus far, a strictly transcription-specific function, as documented
here for EAV nsp1, has not been identified in the coronavirus system, suggesting that
arterivirus evolution may have taken a unique turn, by first acquiring multiple accessory
PCP-containing replicase subunits and subsequently evolving a key regulatory position
for these proteins in the viral life cycle.
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