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scription (5, 8, 14, 16). This process has not been unraveled
completely and may occur during plus- or minus-strand synthesis (reviewed in references 9, 23, and 26). Besides the coding regions, the PRRSV genome contains a 5⬘ untranslated
region (5⬘UTR) of 221 nucleotides (nt) (24), which carries a
cap at its 5⬘ end (15, 21), and a 3⬘UTR of 114 nt to which the
poly(A) tail is attached (17).
Little is known about the requirements for arterivirus RNA
replication and transcription. In this study, we investigated
whether genomic sequences encoding the structural proteins
are essential for viral replication and/or transcription. Parts of
this region were deleted from the infectious cDNA clone of the
Lelystad virus (LV) isolate (15) of PRRSV by using available
restriction sites (Fig. 1A). The RNA transcripts from these
constructs were transfected into BHK-21 cells (15). Their ability to transiently express the remaining viral structural protein
genes was tested by the immunoperoxidase monolayer assay
(IPMA) (31) 24 h after transfection, as an indicator for replication and transcription.
RNA transcripts lacking open reading frame 2 (ORF2)
through the 5⬘ part of ORF6 (pABV594) expressed the N
protein when transfected into BHK-21 cells (Fig. 1A), indicating that subgenomic mRNAs were still produced and that
replication and transcription were not affected. In contrast,
RNA transcripts lacking the entire ORF7 (pABV521) did not
express any of the remaining structural proteins after transfection into BHK-21 cells (Fig. 1A). To determine whether sequences in the 3⬘ part of ORF6 caused a difference, we tested
a construct from which ORF2 through ORF6 and the transcription regulation sequence of ORF7 were deleted
(pABV664). RNA transcripts lacking this region were still able
to express the N protein, albeit to a lower level, as indicated by
less intense immunostaining (data not shown).
To locate more precisely the region(s) in ORF7 responsible
for the observed effects, we constructed a collection of additional mutants that contained smaller deletions (Fig. 1B). Us-

Positive-strand RNA viruses replicate in infected cells by a
process that is mediated by RNA-dependent RNA polymerase
(RdRp). In this process, genomic RNA serves as a template for
the production of negative-strand antigenomic RNA, which is
used in turn as a template for the synthesis of new plus strands.
The process of replication requires the recruitment of the
RdRp to specific sequences or structures within the templates,
also known as cis-acting replication elements. These elements
are usually located in the noncoding regions at the termini of
the viral RNA, where RdRp complexes initiate the synthesis of
plus and minus strands (2). Only a few examples are known of
cis-acting replication elements that reside within a coding region (7, 10, 11, 20).
Porcine reproductive and respiratory syndrome virus (PRRSV)
is a positive-stranded RNA virus that belongs to the Arteriviridae family (reviewed in reference 24), together with Equine
arteritis virus (EAV), Lactate dehydrogenase-elevating virus
(LDV), and Simian hemorrhagic fever virus (SHFV) (17). On
the basis of their similar genomic organization and replication
strategy, the arteriviruses have been grouped into the order of
Nidovirales together with the coronaviruses and the toroviruses
(3).
The genome of PRRSV is 15.1 kb (17), of which the 5⬘
two-thirds is translated into two large polyproteins. These are
subsequently cleaved by virus-encoded proteases to yield at
least 12 nonstructural proteins, including the viral RdRp (reviewed in reference 24). In addition, a set of subgenomic
mRNAs, collectively expressing the viral structural proteins,
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We used an infectious cDNA clone of Porcine reproductive and respiratory syndrome virus (PRRSV) to
investigate the presence of essential replication elements in the region of the genome encoding the structural
proteins. Deletion analysis showed that a stretch of 34 nucleotides (14653 to 14686) within ORF7, which
encodes the nucleocapsid protein, is essential for RNA replication. Strand-specific reverse transcription-PCR
analysis of viral RNA isolated from transfected BHK-21 cells revealed that this region is required for
negative-strand genomic RNA synthesis. The 34-nucleotide stretch is highly conserved among PRRSV isolates
and folds into a putative hairpin. A 7-base sequence within the loop of this structure was suggested to base-pair
with a sequence present in the loop of a hairpin located in the 3ⴕ noncoding region, resulting in a kissing
interaction. Mutational analyses confirmed that this kissing interaction is required for RNA replication.
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FIG. 1. Design and analysis of deletion mutants of the recombinant cDNA clones of PRRSV. Parts of the genome were deleted by using
restriction sites present in the cDNAs (A) or by replacement of regions by truncated fragments produced by PCR mutagenesis (B) into pABV437,
a full-length cDNA clone containing a PacI site directly downstream of ORF7 (15). PCR mutagenesis was performed as described previously (6).
The outline of the constructs (boxes indicate the regions present; lines indicate the deleted regions), the deleted nucleotides, and the plasmid
numbers are indicated. Full-length cDNA constructs were linearized and transcribed, and the resulting RNA transcripts were transfected into
BHK-21 cells by the methods of Meulenberg et al. (15). Transfected cells were stained with IPMA (31) or with M- (MAb126.3) and N(MAb122.17) specific monoclonal antibodies (28) at 24 h after transfection. ⫹, positive staining; ⫺, no staining. A superscript 1 indicates that
identical results were obtained in IPMA with monoclonal antibodies against GP3 and GP4 (A) or monoclonal antibody 122.17 against the N protein
(B). A superscript 2 indicates that staining with the N-specific monoclonal antibody was most probably due to the expression of a truncated N
protein.
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TABLE 1. Sequences of the primers used to introduce deletions by PCR, to sequence the introduced mutations, and for strand-specific RT-PCR
Sequencea

CAGCCAGGGGAAAATGTGGC 3⬘
CACCTGTACCTGCTCATTGT 3⬘
GTTCTAGCCCAACAGGTATC 3⬘
AGCGGGAAGGATCCACCGAGTAT 3⬘
CCCTTGACGAGCTCTTCGGC 3⬘
CCTGATTAAAAGCTTGACCCC 3⬘
TCTAGGAATTCTAGACGATCG
TCTAGGAATTCTAGACGATCG(T)40 3⬘
CCCTGGGATGAATCTATGGT 3⬘
GACAAGATCATCAGAGTATACC 3⬘
AGAGCTTCAGGACACTGACC 3⬘
CCATTCACCTGACTGTTTAATTAACTTGCACCCTGA 3⬘
TTACCACCTACTCTCCACCG 3⬘
CCTACTGTGCCCTATAGTGTC 3⬘
ACCAGAGCCAGAAGAAAAAGAAAAGTACAGCTGGGTGCAATGAT 3⬘
ACCAGAGCCAGAAGAAAAAGAAAAGTACAGCTGCCAGTTGCTGG 3⬘
ACCAGAGCCAGAAGAAAAAGAAAAGTACAGCTTCAATCAACTGT 3⬘
ACCAGAGCCAGAAGAAAAAGAAAAGTACAGCTATGGCCAGCCAG 3⬘
ACGTGCGTTAACCTCGTCAAGTATGGCCGGTAAAAACCAGAGCCAGA 3⬘
ACGTGCGTTAACTAAGGTGCAATGATAAAGTCCCA 3⬘
ACGTGCGTTAACTAAATCCCGGCACCACCTCACCCA 3⬘
ACGTGCGTTAACTAAGGGAAGGTCAGTTTTCAGGT 3⬘
ACGTGCGTTAACTAACGCCTGATTCGCGTGACTTC 3⬘
ACGTGCGTTAACTAACCGATGGGGAATGGCCAG 3⬘
GGAGTGGTTAACCTCGTCAAGTAACCGATGGGGAATGGCCAG 3⬘
ACGTGCGTTAACGGCCGGTAAAAACCAGAGC 3⬘
GCTCGTGCTAGCCTTTAGCATCACATACAC 3⬘
ACGTGCTTAATTAACCCAGCAACTGGCACAGTTG 3⬘
ACGTGCTTAATTAAATGTCATCTTCAGCAGCCAG 3⬘
ACGTGCTTAATTAACCGCTGGATGAAAGCGACGC 3⬘
ACGTGCTTAATTAACGCACTGTATGAGCAACCGG 3⬘
ACCAGAGCCAGAAGAAAAAGAAAAGTACAGCTCCGATGGGGAGGGTGCAATGAT 3⬘
ACCAGAGCCAGAAGAAAAAGAAAAGTACAGCTCCGATGGGGA 3⬘
CTCCGATGGGGAATGGCCAGCCAGTGTTAGAACTGTGCCAGT 3⬘
TGCAAGTTAATTAAACAGTCAGGTGAATGGCCGCCTAACGCGTGTGGCCTC 3⬘

Restriction sites are underlined.
Sp., specific.

118U250
12U94R
25U101
LV2
LV17
LV20
LV75
LV76
LV78
LV79
LV84
LV112
LV118
LV132
LV151
LV152
LV153
LV154
LV155
LV188
LV189
LV190
LV191
LV195
LV196
LV197
LV198
LV200
LV201
LV202
LV203
LV216
LV268
LV269
LV270
a
b
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ing PCR mutagenesis, deletions increasing in length both at
the 5⬘ end and at the 3⬘ end of ORF7 were introduced into the
infectious cDNA clone of LV. The primers used are described
in Table 1. After transfection of the RNA transcripts of these
constructs into BHK-21 cells, we observed that large parts at
the 3⬘ end of ORF7 (up to position 14686) could be deleted
without affecting M protein expression, whereas small deletions from the 5⬘ end were already inhibitory (Fig. 1B). Detailed deletion analysis of this 5⬘ end revealed that a stretch of
34 nt (14653 to 14686) was essential for the expression of the
M protein (pABV696; Fig. 1B). As a control, the mutated
ORF7 from pABV696 was replaced by ORF7 of the wild-type
infectious cDNA clone of LV (pABV730; Fig. 1B). This restored the ability to express the M protein as well as the other
viral structural proteins, demonstrating that the lack of structural protein expression by RNA transcripts from pABV696
had not been caused by unintended mutations elsewhere in the
viral genome, possibly introduced during the cloning procedures.
Since deletions within the N gene outside the 34-nt stretch
did not abolish RNA replication, subgenomic mRNA synthesis, or viral protein expression, the N protein itself does not
play an essential role in any of these processes. These results
are in accordance with a recent study of EAV, which showed
that expression of the structural protein genes of EAV is not
required for genomic RNA replication (19).
To further characterize the role of the 34-nt stretch, we
analyzed the effects of its deletion on the synthesis of genomic
and subgenomic mRNAs of both positive and negative polarity
by strand-specific reverse transcription (RT)-PCR (Fig. 2A1 to
A4). To obtain a control construct negative for replication, we
deleted both ORF7 and the 3⬘UTR of the LV cDNA clone,

yielding pABV668 (Fig. 1A). BHK-21 cells were electroporated in parallel with RNA transcripts from pABV696,
pABV437, and pABV668, and total RNA was isolated from
these cells 12 h after transfection.
RT-PCR on viral RNA isolated from pABV668-transfected
cells yielded an amplification product only in a test detecting
positive-strand genomic RNA (Fig. 2B1). This product was
probably derived from the input RNA, because pABV668
lacks the 3⬘UTR sequences and is therefore unlikely to yield
RNA transcripts that are replication competent. RT-PCR on
viral RNA isolated from pABV437-transfected cells yielded
products of the expected sizes for both the genomic positive
and negative strands (Fig. 2B1 and 2B2) and for the subgenomic mRNA7 positive and negative strands (Fig. 2B3 and
2B4). When we examined viral RNA from cells transfected
with transcripts from pABV696, we obtained results similar to
those for pABV668 (Fig. 2B1 to 2B4), suggesting that these
transcripts do not replicate. The identity of the PCR products
was verified by their size and by restriction enzyme analyses
(data not shown).
To further confirm our RT-PCR data, an immunofluorescence assay was performed using an antiserum against the
nonstructural precursor proteins nsp2 and nsp3 of PRRSV.
These proteins are translated from genomic RNA, but their
level produced from nonreplicating transcripts is too low to be
detected by the antiserum (M. V. Kroese et al., unpublished
data). Therefore, positive staining of nsp2 and -3 by the antiserum is dependent on RNA replication. In BHK-21 cells
transfected with transcripts from pABV696, no expression of
nsp2 or -3 was detected, as was the case with transcripts from
our negative control pABV668. In contrast, when using transcripts from our positive control pABV437, we clearly detected
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FIG. 2. RT-PCR strategy for (A) and results of (B) the detection of genomic positive-strand RNA (panels 1) and genomic negative-strand RNA
(panels 2), subgenomic (sg) positive-strand mRNA7 (panels 3), and subgenomic negative-strand mRNA7 (panels 4). BHK-21 cells were electroporated with RNA transcripts from pABV437, pABV668, and pABV696, and cellular RNA was isolated 12 h after transfection (27). The viral
RNA was reverse transcribed and amplified by PCR, as outlined in panel A. Products were analyzed in a 1% agarose gel. Numbers of the constructs
from which the amplification products were derived are indicated below the lanes. The numbers on the left indicate the marker sizes (in kilobases).
The nt positions of the primers are indicated in parentheses beneath the primers.
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the expression of the nsp2 and -3 proteins (data not shown). In
conclusion, the 34-nt stretch in ORF7 is essential for genomic
minus-strand RNA synthesis.
Secondary-structure analysis using the program MFOLD
predicted a hairpin within this 34-nt region of LV (Fig. 3A,
lower part). Its existence is supported by the strong sequence
conservation of this region in PRRSV isolates. The relatively
large size of the loop of the hairpin prompted us to look for
regions of sequence complementarity that might be involved in
base-pairing interactions. Such complementarity was indeed
observed with a 7-base sequence present in the 3⬘UTR. This
sequence, again strongly conserved among PRRSV isolates,
occurred in the loop of another predicted hairpin (Fig. 3A,
upper part).
To probe for interaction between the loops (Fig. 3A), we
first deleted a 32-nt region at the 5⬘ end of the 3⬘UTR, removing almost the entire hairpin. Transcripts lacking this 32-nt
region did not replicate (29). Next, we changed a 5-nt sequence
from the loop of the putative ORF7 hairpin into its complement. This was predicted to abrogate the hypothesized kissing
interaction. When tested, this mutant failed to replicate, as
evidenced by the lack of M protein expression in BHK-21 cells
transfected with its RNA transcripts (Fig. 3B, pABV769, compare upper left with upper right panel). Consistently, mutation
of the corresponding 5-nt sequence in the loop of the 3⬘UTR
hairpin into its complement was equally detrimental for replication (Fig. 3B, pABV768, lower left panel). Interestingly,
when the 5-nt sequences in ORF7 and the 3⬘UTR hairpin were
both mutated, thus restoring the opportunity for base-pairing
between the loops, expression of the M protein was again

observed (Fig. 3B, lower right panel), indicating that the ability
to replicate had been reestablished. Apparently, it is the ability
of the two loops to base-pair, not their primary sequences per
se, that is functionally relevant. Similar kissing interactions in
RNA viruses have only been reported for coxsackievirus (12,
13, 30) and human immunodeficiency virus (4), each consisting
of 6 bp.
Though the 34-nt stretch is well conserved in PRRSV, no
significant homology with the 34-nt stretch was found in the
genomes of the arteriviruses EAV, LDV, and SHFV. However, a kissing interaction as demonstrated for PRRSV may
still occur in these viruses, since putative sites of interaction
between the 3⬘UTR and a sequence in the upstream ORF,
containing at least seven complementary bases, were observed
(data not shown). For EAV, the 353 3⬘-most nt are required
for replication and/or transcription (19). Moreover, defective
interference studies indicated that ORF7, which is partly contained within this sequence, contains elements involved in
these processes (18). These observations indicate that a kissing
interaction between the coding and noncoding sequences
might occur in this 353-nt domain.
Arteriviruses encode at least 12 nonstructural proteins (reviewed in reference 24). In concert with host proteins, they
assemble the viral replication complex, essential for replication
of the viral RNA. It is conceivable that the kissing interaction
stabilizes a three-dimensional conformation within the 3⬘-terminal region of the viral genome, onto which an RNA polymerase complex can be assembled for the initiation of negative-strand RNA synthesis (12). This same kissing interaction
may, however, also be essential for the synthesis of negative-
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FIG. 3. (A) Schematic representation of the predicted secondary structures in the 34-nt stretch (nt 14653 to 14686) in ORF7 and in the 3⬘UTR
of LV (GenBank M96262), predicted using Mfold (M. Zucker’s Mfold server at www.ibc.wustl.edu/⬇zuker/rna/), and the predicted kissing
interaction between these hairpins. Nucleotides complementary between the loops of both hairpins are boxed. (B) Complementarity requirements
in the loops of the predicted RNA hairpins within ORF7 and the 3⬘UTR. Mutated nucleotides are in lightface italic. Mutations were introduced
into the infectious cDNA clone of LV by PCR mutagenesis as described previously (6). RNA transcripts of the full-length cDNA clones were
transfected into BHK-21 cells by the methods of Meulenberg et al. (15). The expression of the M protein was analyzed 24 h later by IPMA (31)
using the M-specific monoclonal antibody 126.3.
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strand subgenomic mRNAs if produced from positive-strand
genomic RNA during discontinuous transcription (1, 22, 23,
25). Binding of proteins of either host or viral origin might
stabilize the kissing interaction or might prevent or melt the
interaction, thereby shutting off minus-strand synthesis. Essentially nothing is yet known about the structure of such RNP
complexes for any RNA virus. Elucidating these structures will
eventually be required to shed light on their function and
thereby to understand these fundamental processes of the viral
life cycle.
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