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The genome expression of positive-stranded RNA viruses starts
with translation rather than transcription. For some viruses, the
genome is the only viral mRNA and expression is regulated pri-
marily at the translational level and by limited proteolysis of
polyproteins. Other virus groups also generate subgenomic mRNAs
later in the reproductive cycle. For nidoviruses, subgenomic mRNA
synthesis (transcription) is discontinuous and yields a 5* and 3*

coterminal nested set of mRNAs. Nidovirus transcription is not
essential for genome replication, which relies on the autoprocess-
ing products of two replicase polyproteins that are translated from
the genome. We now show that the N-terminal replicase subunit,
nonstructural protein 1 (nsp1), of the nidovirus equine arteritis
virus is in fact dispensable for replication but crucial for transcrip-
tion, thereby coupling replicase expression and subgenomic mRNA
synthesis in an unprecedented manner. Nsp1 is composed of two
papain-like protease domains and a predicted N-terminal zinc
finger, which was implicated in transcription by site-directed mu-
tagenesis. The structural integrity of nsp1 is essential, suggesting
that the protease domains form a platform for the zinc finger to
operate in transcription.

Positive stranded (1) RNA viruses, as their name implies,
possess genomes of mRNA polarity. In contrast to other

RNA viruses, including retroviruses, 1RNA-virus particles do
not contain the viral polymerase (1). Because of these proper-
ties, and unlike all other forms of life, 1RNA viruses start their
genome expression with RNA translation. The viral genome
enters the cellular translation machinery and directs the expres-
sion of a set of protein functions, always including a unique
RNA-dependent RNA polymerase (RdRp) activity. This RdRp,
with the probable involvement of viral and cellular factors,
utilizes the genome as template for replication, which proceeds
via a minus-strand RNA intermediate.

To regulate gene expression, 1RNA viruses have evolved
sophisticated (post)translational control mechanisms includ-
ing cap-independent initiation of translation at internal ribo-
some entry sites (IRESs), read-through translation of non-
sense codons, ribosomal frameshifting, and limited proteolytic
processing of precursor polyproteins. In addition, many
1RNA-virus genomes contain 39 proximal ORFs that remain
silent upon genome translation. These ORFs encode structural
polypeptides and sometimes also auxiliary proteins, which are
not essential for genome replication (2–4) and can be ex-
pressed only after the synthesis of subgenomic (sg) mRNAs.
The latter process exclusively serves to regulate gene expres-
sion and thus, functionally, it is transcription. Consequently,
sg-mRNA synthesis should be distinguished from replication,
which amplifies an RNA molecule with a dual role as genome
and mRNA.

Although RNA signals with specific functions in transcrip-
tion have been identified in a number of viruses, the viral-
protein functions involved remain understood poorly. We have
been studying the genome replication and expression of
1RNA viruses by using equine arteritis virus (EAV), which

belongs to the family Arteriviridae (5). Based on a similar
polycistronic genome organization, common transcriptional
and (post)translational strategies, and a conserved array of
nonstructural domains, the arteriviruses have been united with
the Coronaviridae in the order Nidovirales (Fig. 1A; refs. 5–7).
One of the most striking features of the nidovirus life cycle is
the synthesis of an extensive nested set of sg mRNAs. The
protein functions required for the synthesis of genomic and sg
RNAs are encoded by two ORFs (1a and 1b) in the 59 proximal
three-quarters of the genome (4). The ORF1b polyprotein,
which includes the putative RdRp activity, can be translated
only after ribosomal frameshifting (6). In EAV, this strategy
yields ORF1a and ORF1ab polyproteins of 187 and 345 kDa,
respectively, which are processed autocatalytically into 12
nonstructural proteins (nsps 1 to 12; Fig. 1 A) by proteases
residing in nsp1, nsp2, and nsp4 (reviewed in ref. 8). The
nidovirus nsps are described commonly as ‘‘replicase,’’ al-
though they may include domains that are not involved in
genome replication per se (see below).

To express structural proteins and some nsps, nidoviruses
employ a nested set of 4 to 8 sg mRNAs. With exception of the
smallest transcript, these sg mRNAs are structurally polycis-
tronic (Fig. 1 A), although generally only their most 59 prox-
imal ORF is translated. The sg transcripts share a common 59
‘‘leader’’ sequence (211 nt in EAV) that is identical to the 59
end of the genome (Fig. 1 A). The sequences downstream of
the mRNA leader (the mRNA ‘‘bodies’’) represent different
but 39 coterminal parts of the genomic 39 terminal region. Most
likely, genome replication and transcription proceed through
different minus-strand intermediates (9, 10). For genome
replication, a full-length minus-strand template is used. In
contrast, sg mRNAs were proposed to be synthesized from sg
minus-strand templates generated by discontinuous minus-
strand synthesis (Fig. 1B) in a process resembling similarity-
assisted RNA recombination (10–12). During sg minus-strand
synthesis, leader and body sequences that are noncontiguous
in the full-length minus strand are ‘‘fused’’ at conserved
sequence elements, termed TRSs. In the genomic plus strand,
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TRSs are present at the 39 end of the leader and at the 59 end
of each of the sg-RNA bodies. As suggested originally for
coronaviruses (13, 14), EAV discontinuous transcription was
shown to depend on base pairing between the body TRS
complement in the nascent minus strand and the leader TRS
of the genomic positive-strand template (Fig. 1B; ref. 10). The
TRS base-pairing interaction may be promoted by a predicted
stem–loop structure in the 59 end of the EAV genome, the
LTH, which appears to ‘‘expose’’ the leader TRS at the top of
its loop (ref. 10; Fig. 1B).

The first product of EAV replicase autoprocessing is nsp1
(15), a 260-aa protein that cotranslationally releases itself by a
papain-like cysteine protease (PCP) b in its C-terminal half. We
now show that EAV nsp1 is fully dispensable for genome
replication but crucial for sg-RNA synthesis. Consequently,
transcription is linked directly to and controlled by a protein, the
expression of which is determined at the level of genome
replication and translation. These findings are compatible with
the evolution of transcription in a primitive self-replicating

system in which the regulation of gene expression was confined
initially to the (post)translational levels.

Methods
Mutagenesis of the EAV Full-Length cDNA Clone. Site-directed PCR
mutagenesis (16) was used to engineer mutations. After
complete sequence analysis, DNA fragments containing mu-
tations were cloned back into infectious cDNA clone
pEAV030 (17) or into pEAV030-derived replicons. Mutant
Dnsp1 (Fig. 2) was constructed by mutating the original
ORF1a ATG start codon to TAG (TATG3CTAG mutation
at position 224–227) and deleting nucleotide T-297 to C-1004
of the EAV genome. The sequence 59-TCCATG-39 was in-
serted at the position of the deletion, thereby providing an
ATG codon immediately upstream of (and in frame with) the
nsp2-coding sequence. The DITRAC replicon (for discontin-
uous transcription complementation) was based on construct
pEnsp10 (18), a derivative of pEDBal (18) in which nucleotide
10,023 to nucleotide 11,638 of the EAV genome (ORFs 2b-5)
were replaced with the encephalomyocarditis virus (EMCV)
IRES (19) and the coding sequence for EAV nsp10. We now
replaced the nsp10-coding sequence with the nsp1-coding
sequence (nucleotides 225–1,004 of the EAV genome) and
introduced the 59 deletion of construct Dnsp1 (see above and
Fig. 4A). In control-construct pDICAT, the chloramphenicol
acetyl transferase (CAT) reporter gene (17) was inserted
downstream of the IRES.

Transfections and RNA Analysis. In vitro-transcribed RNA was
transfected into BHK-21 cells by electroporation (17). Intracel-
lular RNA for reverse transcription (RT)–PCR analysis was
isolated at 24 h after transfection by using the acidic phenol-
extraction method (20). Northern blot analysis of intracellular
RNA and RT-PCR analysis of plus- and minus-strand RNA1 and
sg-RNA7 synthesis were described by van Marle et al. (10, 20).
To examine the stability of the Dnsp1 deletion, we performed an
additional RT-PCR and sequence analysis by using antisense
oligonucleotide E054 (complementary to nucleotides 1,335–
1,354 of the EAV genome) and the described sense leader primer
E157 (20). For the analysis of the IRES-nsp1 cassette, an
RT-PCR analysis was performed by using antisense oligonucle-
otide E296 (complementary to nucleotides 11,643–11,662 of the
EAV genome) and sense primer EMCV083 (59-CTAGGC-
CCCCCGAAC-39), which maps to the 39 end of the EMCV
IRES.

Protein Analysis. Immunofluorescence assays (IFAs; ref. 21) were
performed with antisera specific for the EAV replicase (22–24),
the ORF7-encoded nucleocapsid protein (25), and the CAT
protein (purchased from 5 Prime33 Prime). For immunopre-
cipitation analysis, transfected cells were labeled with [35S]me-
thioniney[35S]cysteine from 8 to 12 h after transfection (20). Cell

Fig. 1. (A) Schematic diagram of EAV genome organization and expres-
sion. The nested set of sg mRNAs (RNAs 2 to 7) is shown, with the leader
sequence represented as a black box and the ORF(s) expressed from each
mRNA depicted in gray. (Lower) The ORF1a and ORF1ab replicase polypro-
teins and their processing maps are depicted with protease domains and
corresponding cleavage sites indicated. Abbreviations for conserved do-
mains: ZF, nonstructural protein- (nsp) 1 zinc finger; a, nsp1 papain-like
cysteine protease (PCP) a; b, nsp1 PCPb; C, nsp2 cysteine protease; H,
hydrophobic domain; S, nsp4 serine protease; RdRp, RNA-dependent RNA
polymerase; M, predicted metal-binding domain; Hel, helicase; D, con-
served nidovirus-specific domain. (B) Model for nidovirus discontinuous
minus-strand synthesis, yielding sg minus-strand RNAs that function as a
template for sg mRNAs in transcription (9, 10). Discontinuous minus-strand
synthesis involves attenuation of the RdRp complex at the body transcrip-
tion-regulating sequence (TRS), translocation of the nascent minus strand
to the leader TRS in the genomic template [exposed by the leader TRS
hairpin (LTH)], base pairing between the minus-sense body TRS and plus-
sense leader TRS, and reinitiation of RNA synthesis to complete the sg
minus strand with the complement of the leader sequence.

Fig. 2. Construction of knockout mutant Dnsp1. Depicted is a schematic
overview of the important elements in the 59 end of the EAV genome: the
genomic leader sequence (L), LTH, ORF1a and its translation-initiation codon
(circle), the nsp1 zinc finger (ZF) and PCP domains (see Fig. 5), and the nsp2
coding region. The replicase ORF is shown as a solid bar.

1890 u www.pnas.org Tijms et al.



lysis and immunoprecipitation of labeled EAV nsps have been
described before (22, 26).

Results
Construction of an EAV nsp1 Knockout Mutant. To investigate the
role of nsp1 in the EAV life cycle, we engineered an nsp1
knockout mutant of the EAV infectious cDNA clone (17).
Because the 59 end of the nsp1-coding sequence (nucleotides
225–262) was postulated previously to be part of the LTH stem
(Fig. 2; ref. 10), we expected that deletion of the entire nsp1-
coding sequence (nucleotides 225–1,004) would be deleterious
for genome replication andyor transcription. The results ob-
tained with a set of 59 deletion constructs, which will be described
in detail elsewhere, indeed confirmed the importance of RNA
sequences that overlap with the 59 end of ORF1a (unpublished
data). Surprisingly, the in-frame deletion of nucleotides 297–
1,004 (mutant D0310; Fig. 2) abolished sg-mRNA synthesis but
did not affect genome replication (data not shown). Mutant
D0310 expressed only the N-terminal 24 residues of nsp1, fused
to nsp2 by means of a connecting Ser-Met dipeptide. To create
a true nsp1 knockout mutant (Dnsp1; Fig. 2), in which the
expression of all nsp1-related sequences was inactivated without
compromising the predicted LTH, the ORF1a translation initi-
ation codon (nucleotides 225–227) of mutant D0310 was re-
placed with UAG. Consequently, nucleotides 225–296 were no
longer translated and replicase translation started with nsp2
from an engineered AUG codon upstream of the nsp2-coding
sequence.

Nsp1 Is Dispensable for Genome Replication but Not Transcription.
Wild-type and Dnsp1 RNA were transfected into BHK-21 cells
and the viral phenotype was analyzed by using three different
assays. First, genome replication and sg-RNA synthesis were
monitored indirectly by using our previously described double
IFA (data not shown; ref. 17) for nonstructural and structural
protein expression, in this case a double labeling with a rabbit
(anti-nsp3) replicase antiserum and a mouse monoclonal
antibody against the mRNA7-encoded nucleocapsid protein.
Second, the expression and processing of the EAV replicase
was monitored by immunoprecipitation analysis (Fig. 3A).
Third, intracellular viral RNA was isolated and analyzed
directly by using Northern blot analysis (Fig. 3B) and RT-PCR
assays (Fig. 3C). The latter are the most sensitive method to
detect the synthesis of genomic and sg plus and minus strands
(20).

According to the assays described above, replication of the
somewhat smaller Dnsp1 genomic RNA was similar to that of the
wild-type EAV genome (Fig. 3). The immunoprecipitation
analysis confirmed that Dnsp1 did not produce nsp1 and yielded
a 61-kDa nsp2 protein that comigrated with its wild-type coun-
terpart. The replicase IFA revealed that Dnsp1, although it was
fully replication-competent, did not express the RNA7-encoded
nucleocapsid protein (data not shown). The Northern blot
analysis (Fig. 3B) confirmed the efficient replication of the
Dnsp1 genome, whereas synthesis of sg mRNAs could not be
detected. Finally, a sensitive RT-PCR aimed at the amplification
of the sg-RNA7 leader-body junction region (Fig. 3C) was used
to confirm that Dnsp1 was completely deficient in the synthesis
of sg RNA7, which normally is the most abundant sg-RNA
species of EAV. Thus, we concluded that nsp1 expression was
not essential for genome replication, but that either the RNA
sequence between nucleotides 297 and 1,004 (which was lacking
from Dnsp1) or the nsp1 protein itself played a pivotal role in
transcription.

Nsp1 Can Trans-Activate EAV Transcription. To investigate the role
of EAV nsp1 in sg-mRNA synthesis, we designed an assay to
trans-complement the Dnsp1 mutation on the basis of the

previously developed autonomous replicon EDBal (18). EDBal
is unable to produce infectious progeny because of a large
deletion in the ORF2b-5 region. Nevertheless, it expresses a
full-length replicase, is not impaired in genome replication, and
transcribes sg RNAs from its 39 end. The site of the ORF2b-5
deletion in EDBal can be used to insert a gene under the
translational control of the EMCV IRES (18), allowing the
direct expression of the inserted gene from the 39 end of the
replicon RNA. We now created the Dnsp1 deletion in the 59 end
of the EDBal replicon, thereby inactivating its transcription (data
not shown). As an expression and specificity control, we first
inserted the CAT reporter gene downstream of the IRES
element (replicon DICAT). As expected, DICAT produced
abundant CAT expression (Fig. 4B) in the absence of sg-mRNA
synthesis (Fig. 3), thus confirming that the IRES-driven gene
indeed was expressed from the 39 end of the replicon. Subse-
quently, we engineered nsp1 trans-complementation construct
DITRAC by replacing the CAT gene downstream of the DICAT
IRES element with the nsp1-coding sequence (Fig. 4A). Thus,
DITRAC carried the Dnsp1 deletion in its 59 end and could
express nsp1 from the 39 proximal IRES, which indeed was
confirmed by immunoprecipitation (Fig. 3A).

The ability of IRES-driven nsp1 to trans-activate sg-mRNA
synthesis (Fig. 4A) was detected initially by an IFA aimed at the
detection of the mRNA7-encoded nucleocapsid protein in
DITRAC-transfected cells (Fig. 4C). Next, the generation of sg

Fig. 3. Nsp1 is an essential factor for transcription but not replication of the
EAV genome. (A) Immunoprecipitation analysis of nsp1 (29 kDa) and nsp2 (61
kDa) expression. (B) Northern blot analysis of intracellular RNA (24 h after
transfection) with a probe complementary to the 39 end of all EAV mRNAs (10).
The positions of the EAV genome and six sg mRNAs are indicated. The band
labeled E in the DITRAC lane represents an extra sg RNA transcribed from a
cryptic TRS in the EMCV IRES (see text). (C) RT-PCR analysis of sg-RNA7
synthesis. The generation of minus- (Upper) or plus-stranded (Lower) sg RNA7
in transfected cells was tested by RNA7-specific RT-PCR. One of the primers was
located in the RNA7 body and the other in the leader sequence, thereby
generating an RNA7-specific PCR product of 540 bp (arrowhead). Mutant
EAV030F, which generates about 500-fold reduced levels of sg RNAs (17, 20),
was included to confirm the sensitivity of the assay.
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mRNAs 6 and 7 was confirmed by Northern blot analysis of
intracellular RNAs from DITRAC-transfected cells (Fig. 3B).
Finally, the synthesis of sg RNA6 (data not shown) and -7 (Fig.
3C) was confirmed by RT-PCR and sequence analysis. These
results clearly demonstrated that the transcription defect of the
nsp1 knockout mutant could be trans-complemented by expres-
sion of nsp1 from the 39 end of the genome.

The IFA data suggested that complementation levels in
individual DITRAC-transfected cells were variable, and that
some cells remained nucleocapsid protein-negative even after
72 h. Also, the synthesis of an sg mRNA from the RNA2 body
TRS, which was retained in the DITRAC RNA, was not
apparent. Furthermore, an extra sg transcript was generated
from a cryptic TRS-like sequence within the IRES-nsp1 cassette,
a phenomenon that has been observed more frequently after
insertion of sequences in the 39 end of the EAV genome
(unpublished data). Most likely, the explanations for these
(as-yet) poorly understood properties of DITRAC are of a
purely technical nature. They could, for instance, be related to
the mutations in the DITRAC 59 end andyor the insertion of the
IRES-nsp1 cassette immediately downstream of the RNA2 TRS
(Fig. 3B). Also, DITRAC may be somewhat instable, although
sequence rearrangements could not be detected by RT-PCR
analysis of intracellular RNA from transfected cells (see Meth-
ods). Alternatively, the incomplete complementation could be
linked to the artificial mode of nsp1 expression.

Arterivirus nsp1 Contains a Putative N-Terminal ZF. A renewed
computer-assisted comparison of arterivirus nsp1 sequences
revealed a weak conservation in their N-terminal domain up-
stream of the previously identified PCPa and PCPb proteases
(Fig. 5). The PCPb enzyme is responsible for cleavage of the
nsp1ynsp2 site (15). The upstream-located PCPa is defective
proteolytically in EAV but cleaves the junction between the
PCPa- and PCPb-containing subunits in other arteriviruses (8,
27). The alignment of the N-terminal domains revealed only a
few conserved positions, four of which are occupied by Cys or

CysyHis residues in an arrangement that is typical for the
zinc-coordinating residues of a ZF. Different variants of this
structure are ubiquitous in transcription factors (28). The puta-
tive nsp1 ZF has the C3H formula in EAV, but is of the C4 type
in other arteriviruses.

Mutagenesis Suggests a Pivotal Role for the nsp1 ZF in Transcription.
To analyze the role of specific nsp1 domains in transcription, we
first engineered a set of three DITRAC derivatives containing
39 truncated nsp1 genes downstream of the IRES (Table 1). All
these mutants retained the ZF domain. The smallest deletion
(D1) removed only the 47 C-terminal codons of nsp1, including
the PCPb catalytic His residue (His-230). The second deletion
(D2) removed the entire PCPb. The largest deletion (D3) left
only the N-terminal 124 residues of nsp1. None of these C-
terminally truncated nsp1 proteins was able to trans-activate
transcription (Fig. 6; Table 1), suggesting that the full-length
nsp1 protein is required for trans-activation of sg-RNA synthesis.

Subsequently, the functions of the three nsp1 domains were
probed by mutagenesis of conserved residues (Fig. 6; Table 1).
In two mutants, predicted zinc-coordinating residues of the ZF
domain (Cys-25 and Cys-44) were replaced by Ala. In the third
mutant, His-122, which resides in the most conserved region of
PCPa (Fig. 5), was mutated to Ala. This residue is the counter-
part of the active-site His in the PCPa of other arteriviruses.
His-122 likely is associated with an unknown nonproteolytic
activity of the inactivated PCPa protease of EAV, the catalytic

Fig. 4. Trans-complementation of the function of nsp1 in transcription. (A)
Outline of the DITRAC replicon and complementation assay. The expression of
nsp1 from the 59 end of the genome was inactivated (see Fig. 2A), and an
IRES-nsp1 cassette was inserted in the structural gene region. Complementa-
tion of nsp1 function should restore sg-RNA synthesis from the DITRAC 39 end.
(B) Reporter-gene expression from the IRES in control-replicon DICAT, which
is fully negative for sg-mRNA synthesis (Fig. 3). (C) Trans-complementation of
nsp1 function. Cells were transfected with wild-type EAV030 RNA or with
DITRAC, fixed at 24 h after electroporation, and double stained for nsp3 and
the nucleocapsid protein to monitor genome replication and transcription,
respectively. The nucleocapsid protein is expressed from sg mRNA7 (see A).

Fig. 5. Identification of a ZF motif in the N-terminal domain of the arterivirus
replicase. The sequences of lactate dehydrogenase elevating virus [LDV-C (44)
and LDV-P (45)], porcine reproductive and respiratory syndrome virus [PRRSV-
LV (46) and PRRSV-VR2332 (47)], and EAV (6) were compared. Alignments of
the complete ZF domain and selected conserved regions of PCPa and PCPb

containing the active-site Cys and His residues (bold) are shown. Invariant (*)
and conserved (:) positions are highlighted. Conserved His and Cys residues in
the nsp1 ZF that are proposed to be involved in zinc binding are shown in
reverse shading, and mutated residues (Table 1) are indicated with ‘‘#.’’

Table 1. Results of mutagenesis of the nsp1 gene in the context
of the DITRAC trans-complementation replicon

Construct Nsp1 mutation
Affected

nsp1 domain
Trans-complementation

of sg-mRNA synthesis

DITRAC none none yes
DITRACD1 amino acids

214–260 deleted
PCPb no

DITRACD2 amino acids
155–260 deleted

PCPb no

DITRACD3 amino acids
125–260 deleted

PCPa, PCPb no

DITRAC/C25A Cys-25 to Ala ZF no
DITRAC/C44A Cys-44 to Ala ZF no
DITRAC/H122A His-122 to Ala PCPa yes
DITRAC/C164S Cys-164 to Ser PCPb yes
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Cys residue of which was replaced in the course of evolution (27).
Finally, we replaced the PCPb active-site Cys (Cys-164) with Ser,
a mutation that was shown previously to block PCPb proteolytic
activity completely (15). The mutations were tested in the
DITRAC background (Table 1) and analyzed for sg-mRNA7
synthesis. Strikingly, both ZF-Cys mutants were completely
transcription negative (Fig. 6), supporting the theoretical iden-
tification of this nsp1 motif and strongly suggesting its involve-
ment in discontinuous transcription. This result was highly
specific, because both PCP active-site mutants still efficiently
trans-activated sg-mRNA synthesis. Thus, we conclude that the
two protease domains of nsp1 are not involved enzymatically in
transcription; rather, nsp1 may use the combined PCP domains
as a unique structural platform for its ZF domain.

Discussion
EAV nsp1 Is a ‘‘Discontinuous Transcription Factor.’’ The progression
of the RNA-virus life cycle is secured through the coordination
of three basic, but complex processes: the replication, expression,
and encapsidation of the viral genome (29–32). Viral proteases
were implicated previously in coupling picornavirus-genome
translation and replication (33), in the temporal regulation of
alphavirus minus- and plus-strand RNA synthesis (34, 35), and
in coupling expression of two birnavirus-genome segments (36).
We have demonstrated here that in the nidovirus EAV, yet
another protease, nsp1, directly connects the two main levels at
which the expression of a nidovirus genome is regulated: the
level of genome translation and replicase processing and that of
sg-RNA synthesis. To our knowledge, nsp1 is the first example
of such a 1RNA virus ‘‘transcription factor,’’ although the exact
role of the protein remains to be elucidated. Often the coupling
of two processes results in a switch from one process to the other,
but the up-regulation of EAV transcription is not accompanied
by a shutoff of genome translation andyor replication. Still, the
precise effect of nsp1 on the latter two processes remains to be
examined and we cannot exclude that they are influenced by nsp1
in a more subtle manner.

The recent characterization of EAV nsp10-mutant 030F (17,
18, 20) had revealed already that nidovirus sg-mRNA synthesis
could be impaired selectively (about 500-fold) without affecting
genome replication. The mechanism underlying this phenotype
remains to be established, but it is most plausible that nsp10 is
a constitutive helicase of both replicative and transcriptional
complexes (18). An EAV mutant that lacked nsp10 was found to
be impaired completely in both replication and transcription
(18), and thus nsp10 clearly falls into a different category than
nsp1. We have shown here that as long as the 59 proximal RNA
signals were not affected, the complete nsp1-coding sequence
could be deleted from the EAV genome without a detectable
effect on genome replication. However, at the same time, the
synthesis of sg RNAs was abolished (Fig. 3). The DITRAC
trans-complementation assay (Fig. 4) provided the ultimate
proof that nsp1 is required for transcription.

Nsp1 may be part of the EAV transcription complex or it may
affect its composition or performance indirectly, for instance, by
recruiting a cellular factor. The discontinuous minus-strand
synthesis model (9) defines several potential targets for tran-
scriptional regulation. Clearly, body and leader TRSs play a
central role in this process, because their function may rely on
specific protein–protein or protein–RNA interactions that are
dispensable for genome replication. Such interactions could
direct attenuation of minus-strand synthesis at the body TRS,
release of the nascent transcript, or targeting and base paring of
the incomplete minus strand, with or without the RdRp complex,
to the leader TRS (10).

EAV nsp1 Is a Multidomain Protease. EAV nsp1 is composed of (at
least) three domains (ZF, PCPa, and PCPb) that are all required
for trans-activation of sg-RNA synthesis, although their precise
roles remain to be established. Apparently, PCPb not only
controls the release of nsp1 by cleaving the nsp1–2 junction but
also, along with PCPa, supplies nonproteolytic activities in-
volved in transcriptional control. RNA-binding properties have
been described for other viral proteases such as the poliovirus
3C(D)pro (33) and the hepatitis C virus NS3pro (37). Also,
highly specialized protein-binding proteins appear to have
evolved from proteolytic enzymes by accepting active-site and
other mutations (38). Likewise, the PCPa and PCPb domains of
arteriviruses may have developed RNA- andyor protein-binding
activities essential for sg-RNA synthesis.

Protease domains are not common in transcription factors
(39), but the presence of a ZF domain in nsp1 is hardly
surprising. ZF-containing proteins form one of the most ubiq-
uitous protein classes in eukaryotes, binding to e.g., nascent
RNA, template DNA, or subunits of the transcription machinery
(28). Although the EAV nsp1 ZF remains to be characterized
experimentally, zinc binding was demonstrated already for a
distant relative: the coronavirus papain-like protease 1 (40). The
conserved coronavirus ZF was predicted to adopt a variant of
the Zn-ribbon fold, a conserved architecture also found in the
transcription elongation factor TFIIS and related proteins (41).
Accordingly, a role for coronavirus papain-like proteases in
RNA synthesis was suggested. Our results strengthen this hy-
pothesis and indicate that all nidoviruses may employ ZF-
associated proteases to control transcription.

A Link Between the Evolution of Transcription and Proteases? Nsp1
belongs to the so-called 1RNA-virus accessory proteases (8). In
contrast to main proteases, these are not involved directly in
proteolytic processing of key replicative proteins like the RdRp
and helicase. Accessory proteases are predominantly of the
papain-like type and are found mostly in the N-terminal region
of 1RNA-virus polyproteins (42). They seem to be expendable
for the basic process of genome replication but indispensable for
virus reproduction, and seem able to influence different types of
virus–host interactions. Here, we have demonstrated a crucial
role for an accessory protease in transcriptional control. Why are
accessory proteases so widespread among 1RNA viruses?

The logic behind this choice may be multifaceted: proteases
can (i) specifically control processes by recognizing a limited
number of targets; (ii) be used as a platform for specific
interactions with other molecules (see above); and (iii) auton-
omously ensure their own controlled expression. These com-
bined properties make them suitable ‘‘building blocks’’ for
1RNA viruses, which heavily rely on (post)translational regu-
lation of gene expression. The polyproteins of many 1RNA
viruses, like nidoviruses (8), include multiple accessory pro-
teases upstream of the core replicative domains (42). This
organization suggests that their replicases have evolved in a
complex manner by adding proteolytically autonomous building

Fig. 6. RT-PCR analysis of sg-mRNA7 synthesis by DITRAC derivatives con-
taining either a truncated nsp1 gene or specific point mutations (Table 1) in
the ZF, PCPa, or PCPb domains. See Fig. 3C for RT-PCR details.
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blocks to an existing polyprotein that already contained the key
replicative domains.

In 1RNA viruses, sg-mRNA synthesis depends on both
translation and replication of the genome, but not vice versa.
Thus, transcription probably has evolved after these two more
basic biosynthetic processes. It is reasonable to speculate that,
like a number of contemporary 1RNA viruses, the ancestral
nidovirus derived all its proteins from a single polyprotein.
Although the nidovirus ancestor did not employ sg-mRNA
synthesis, its replicative machinery essentially was primed for it,
because genome replication and transcription are assumed to be
enzymatically very similar in 1RNA viruses. Given the low
fidelity of RNA synthesis in RNA viruses, specific transcription
signals may have evolved readily from sequences involved in
genome replication. Their efficient use probably required the
development of specialized factors, e.g., in the form of a protease
acquired by intra- or intergenomic RNA recombination. Thus,
the possibilities for regulated gene expression were diversified
considerably and provided the ‘‘sg mRNA -competent’’ ancestral
virus with a selective advantage.

Although entirely speculative and scarce on details, the above
scenario takes into account a number of important peculiarities
of the 1RNA-virus life cycle. Because not all 1RNA viruses that

employ sg mRNAs encode proteases, alternative systems to
control transcription also must have evolved. An intriguing
remaining issue is the moment at which the postulated invention
of transcription may have occurred. This question is related
ultimately to the enigma of the time scale of RNA-virus origin
and evolution. Many features of 1RNA viruses suggest that they
originated from primitive self-replicating entities in the primor-
dial RNAyprotein world (43). Thus, the invention of 1RNA-
virus transcription may well have been an early event with
important implications for the evolution of both viral and
cellular systems.
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