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In addition to the genomic RNA, a 3’ coterminal nested set of six subgenomic mRNAs is produced in equine
arteritis virus (EAV)-infected cells. The seven viral RNAs are also 5’ coterminal, since they all contain a
206-nucleotide common leader sequence which is identical to the 5’ end of the genome. A conserved penta-
nucleotide sequence motif, 5’ UCAAC 3’, was shown to be present at the junctions between the leader and body
sequences in each of the mRNAs. In addition, two alternative junction sites were detected for mRNA 3. Seven
replicative-form (RF) RNAs (RFs I to VII), corresponding to the genomic RNA and each of the subgenomic
EAV mRNAs, could be prepared from lysates of infected cells. The minus-strand RNA contents of these RF
RNAs were analyzed by using an RNase protection assay with an RNA probe containing the mRNA 2
leader-body junction. It was established that RF II contained a negative-stranded copy of mRNA 2, including
a complementary leader sequence. The presence of subgenomic minus-strand RNA in RFs is indicative of a
function as a transcription template during the production of EAV subgenomic mRNAs.

Equine arteritis virus (EAV) is the prototype of the Arteri-
viridae, a newly established family of positive-stranded RNA
viruses (for a review, see reference 19) which contains at least
three other members: lactate dehydrogenase-elevating virus of
mice (LDV) (10), porcine reproductive and respiratory syn-
drome virus (PRRSV) (4, 17), and simian hemorrhagic fever
virus (11). The arteriviruses are evolutionarily related to coro-
naviruses and toroviruses, which is most clearly reflected by the
presence of a set of homologous replicase domains and by
common features of their genome organization and expression
(6, 10, 28).

The EAV genome is a 12.7-kb RNA molecule that contains
eight open reading frames (ORFs) (Fig. 1A). Upon infection,
only ORFs 1a and 1b are translated directly from this RNA.
Translation of ORF 1b requires ribosomal frameshifting to
occur at the ORF 1la-1b overlap region (6). As a result, two
large replicase polyproteins (1la and lab) are produced, which
are extensively processed into smaller subunits (5, 29, 30).
OREFs 2 to 7 are expressed from a 3’ coterminal nested set of
six subgenomic (sg) mRNAs (Fig. 1B) (8, 35). They encode
four structural proteins (9) and two proteins of unknown func-
tion. A common 5’ leader sequence of 206 nucleotides (nt),
identical to the 5" end of the genome, is fused to mRNA body
sequences which are colinear with the genomic 3’ end (8). For
EAV sg mRNAs 6 and 7, a conserved pentanucleotide se-
quence motif (5" UCAAC 3’) has been shown to be present at
the so-called leader-body junction site (8). In the genomic
RNA, this conserved sequence is present at the 3’ end of the
common leader sequence and at positions just upstream of
each of ORFs 2 through 7 (6). Similar sequence elements,
which are assumed to play a crucial role in sg mRNA tran-
scription, have been described for the sg mRNAs of the other
arteriviruses (3, 16, 38). A detailed analysis of the leader-body
junctions in the LDV and PRRSV sg mRNAs revealed that the
fusion of leader and sg RNA body sequences is not restricted
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to a single position within this sequence motif and that the
underlying transcription mechanism may be imprecise (3, 16).

In a previous report, we have demonstrated that EAV sg
mRNAs do not result from processing of a larger-genome-
length precursor RNA, as has been suggested in the past (35),
and that at least late in infection their synthesis is largely
independent from that of genomic RNA (7). A comparison
with the coronavirus mouse hepatitis virus (MHV) suggested
that in EAV-infected cells, sg mRNAs are generated by a
coronavirus-like discontinuous transcription mechanism (for
reviews, see references 13, 31, and 37). In coronavirus-infected
cells, negative-stranded counterparts for all viral mRNAs have
been detected (24, 25). Furthermore, these minus strands have
been shown to be present in so-called replicative-form (RF)
RNAs, which suggests that they are transcriptionally active
(22). For the arterivirus LDV, antisense genome-length RNA
has been detected in lysates of infected cells, but indications
for the presence of sg minus-strand RNA could be obtained
only by reverse transcription (RT) in combination with PCR
(2). The experiments described in this paper reveal informa-
tion about the structure and synthesis of both positive- and
negative-stranded sg RNAs of arteriviruses. We have analyzed
the leader-body junction sites of all EAV mRNAs. Further-
more, direct evidence for the presence of antileader-containing
sg minus-strand RNA and six sg RF RNAs in EAV-infected
cells is presented.

MATERIALS AND METHODS

Cells and viruses. EAV (Bucyrus strain) was grown in baby hamster kidney
cells (BHK-21 cells) at 39.5°C. MHV (A59 strain) and Sindbis virus (SIN) (HR
strain) were propagated at 37°C in Sac(—) cells and BHK-21 cells, respectively.
All experiments were carried out with a multiplicity of infection of between 10
and 50.

¢DNA synthesis and PCR. The generation of cDNA clones of EAV sg mRNAs
6 and 7 has been described previously (8). To obtain additional clones, including
those of the other viral RNA species, first-strand cDNA synthesis and PCR were
carried out with Moloney murine leukemia virus reverse transcriptase (Gibco-
BRL) and Taqg DNA polymerase, respectively, in the buffers supplied by the
manufacturers. The PCR consisted of 30 cycles, each consisting of 1 min of
denaturation at 95°C, 1 min of annealing at 5°C below the lowest of the calcu-
lated melting temperatures of the primers, and 2 to 3 min of extension at 72°C.
The oligonucleotides which were used are listed in Table 1. Because of the fact
that the EAV mRNAs form a 3’ coterminal nested set, single RT reactions could
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FIG. 1. EAV genome organization and RNAs. (A) The positions of the ORFs and all 5" UCAAC 3’ sequence motifs, numbered 1 to 18, are indicated along the
12.7-kb positive-stranded genomic RNA. Also shown is the nested set of six sg mRNAs, from which ORFs 2 to 7 are expressed. The 5 common leader sequence is
represented by a black box. (B) Hybridization analysis of intracellular EAV RNA resolved by denaturing agarose gel electrophoresis. As a probe, a 3?P-labeled
oligonucleotide which was complementary to the 3’ ends of all seven viral RNAs (oligonucleotide I [Table 1]) was used.

be used for the determination of multiple leader body-junction sites. An example
of this strategy is shown in Fig. 2.

c¢DNA cloning and sequence analysis. Standard cloning procedures were car-
ried out as described by Sambrook et al. (20). PCR fragments were cloned blunt
ended into either the Smal site of pBS™ (Stratagene) or the EcoRV site of
pUC21BM (Boehringer Mannheim). In the case of sg RNA 2, some of the clones
were obtained by digestion of the PCR fragments with 7aql and subsequent
ligation into the Clal site of pBSSK™ (Stratagene). Transcription plasmids
pRPP21 and pRPT20 were constructed by inserting RNA 2-derived cDNA
fragments downstream of a T7 promoter. With these plasmids, in vitro transcrip-
tion was carried out to generate probes and control RNA to be used in RNase
protection assays (see below). Sequence analysis was performed with the Phar-
macia T7 sequencing kit and [a->*P]dATP according to the manufacturer’s
instructions.

Analysis of intracellular RNA. The extraction of total intracellular RNA and
denaturing RNA electrophoresis were carried out as described previously (7, 32).
In order to prepare RF RNA, the lysis procedure described by Sawicki and
Sawicki (22) was applied. Lysates were treated with DNase I (Gibco-BRL; 30
min, 37°C, 5,000 U/ml) and RNases A and T, (Boehringer Mannheim; 30 min,
37°C, 5 pg/ml and 100 U/ml, respectively). For direct analysis of double-stranded
RF RNA, nondenaturing 1 to 1.25% agarose-Tris-borate-EDTA gels were used,
essentially as described by Sawicki and Sawicki (22).

Preparation of oligonucleotide probes and hybridizations. For detection of
EAV plus-strand RNA, oligonucleotide I (Table 1) was labeled with [y-*>P]JATP
and T4 polynucleotide kinase and used for hybridization in dried agarose gels as
described by Meinkoth and Wahl (15).

Metabolic RNA labeling. RNA synthesis during specific time intervals in in-
fection was monitored by metabolic labeling with H;*?PO, (100 wCi/ml) or
[*H]uridine (250 p.Ci/ml). One hour in advance and during labeling, cells were
incubated in medium to which 10 pg of dactinomycin per ml was added in order
to block host RNA synthesis. In the case of H;*>PO, labeling, cells were first
washed with a phosphate-free balanced salt solution (137 mM NaCl, 4 mM KClI,
1.6 mM CaCl,, 1 mM MgCl,, 23.8 mM NaHCO3;, 10 mM b-glucose) and were
incubated under phosphate-free conditions until lysis.

Sucrose gradient ultracentrifugation of RF RNA. To separate individual RF
RNA species prior to electrophoresis or RNase protection analysis, total RF
preparations (equivalent to 10’ EAV-infected BHK-21 cells) were loaded onto 3
to 30% nonlinear sucrose gradients buffered with 50 mM Tris HCI (pH 7.5)-100
mM LiCl-1 mM EDTA-0.1% sodium dodecyl sulfate (SDS). Centrifugation was

carried out at 50,000 rpm for 2.25 h at 15°C, using a Beckman SW55Ti rotor.
After centrifugation, 600-ul fractions were collected from bottom to top.

RNase protection assays. RNase protection assays were performed essentially
as described by Novak and Kirkegaard (18). Control target RNA was prepared
with 1 pg of linearized pRPT20 by in vitro transcription for 1 h at 37°C in a 20-pl
reaction mixture containing 40 mM Tris HCI (pH 8.0), 8 mM MgCl,, 2 mM
spermidine, 25 mM NaCl, 400 ng of bovine serum albumin, 5 mM dithiothreitol,
a 400 uM concentration of each of the four ribonucleotides, 20 U of RNAguard,
and 20 U of T7 RNA polymerase. Transcripts derived from pRPT20 were 738 nt
in length and contained 630 nt of EAV RNA 2 minus-strand-specific sequence
(nt 10214 to 9717 and 213 to 86 in the published genomic sequence [6]). To
prepare radioactively labeled probe transcripts, pRPP21 was used. The concen-
tration of each of the four nucleotides in the reaction mixture was lowered to 80
uM, and [a->*P]CTP was included at a concentration of 330 nM. pRPP21
transcripts were 508 nt long, of which 469 nt was EAV RNA 2 plus-strand specific
(leader sequence nt 86 to 213 and body sequence nt 9717 to 10053 [6]). After
transcription, reaction mixtures were diluted 10-fold in DNase buffer (40 mM
Tris HCI [pH 7.5], 6 mM MgCl,, 10 mM NaCl) containing 10 U of DNase I and
were incubated for 30 min at 37°C. Prior to use, labeled transcripts were purified
from 4% polyacrylamide gels by elution at 56°C for 1 h in a buffer containing 10
mM Tris HCI (pH 8.0), 1 mM EDTA, and 300 mM NaCl. Unlabeled transcripts
were purified from low-melting-point agarose gels.

Equal amounts of purified probe transcript were added to each of the samples
containing either RF RNA or a control transcript. Subsequently, 1 pg of tRNA
was added, and the samples were phenol extracted and precipitated with 96%
ethanol. The RNA pellets were resolved in 30 pl of hybridization buffer (80%
deionized formamide, 40 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic
acid)] [pH 6.4], 400 mM NaCl, 1 mM EDTA), denatured for 5 min at 85°C, and
incubated at 50°C for at least 8 h. The RNase treatment was carried out by
addition of 300 pl of RNase mixture (300 mM NaCl, 10 mM Tris HCI (pH 7.5),
5 mM EDTA, 15 pg of RNase A per ml, 300 U of RNase T, per ml) and
subsequent incubation at the ambient temperature for 1 h. RNase activity was
stopped by incubating the samples at 37°C for 15 min upon addition of 10 pl of
10% SDS and 10 pl of proteinase K (1 mg/ml). The samples were supplemented
with 0.25 ug of tRNA, phenol extracted, and ethanol precipitated, and the RNA
pellets were dissolved in 6 wl of loading buffer (90% formamide, 100 mM Tris
HCI [pH 8.7], 100 mM H3;BO;, 2 mM EDTA, 0.01% xylene cyanol, 0.01%
bromophenol blue). Prior to being loaded on a standard 4% polyacrylamide
sequencing gel, the RNA was denatured at 95°C for 3 to 5 min.

TABLE 1. Oligonucleotides

Oligonucleotide Sequence (5" —3') Polarity Position” Usage
A GTAAATCCTAGAGGGCTTTC + 81-100 Leader-specific PCR
B GTAGGCACGACCCAT - 10321-10307 RNA 2- and 3-specific PCR
C GGCCCAATCCATGAC - 10827-10813 RNA 4-specific PCR
D CAACGTACCAGTCGTA - 11137-11122 RNA 5-specific PCR
E CCGCGATCCGTCAGC = 11265-11251 RNA 2- to 5-specific RT
F GCTCCCATACCTCAG - 11909-11895 RNA 6-specific PCR
G ACGTGATCGTCTTGAC - 12334-12319 RNA 7-specific PCR
H TGGTTCCTGGGTGGC - 12706-12692 RNA 6- and 7-specific RT
I TTTGGTTCCTGGGTGGC - 12708-12692 3’ end-targeted hybridization

¢ According to the genomic sequence numbering published by den Boon et al. (6).
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FIG. 2. Cloning strategy for EAV leader-body junction sequences. As an example, the nested RT-PCR strategy used to analyze the leader-body junctions of EAV
sg RNAs 2 and 3 is shown. First-strand cDNA was synthesized by using an oligonucleotide primer (E [Table 1]) which was complementary to a part of the ORF 5
sequence, which is present in RNAs 1 to 5. PCR amplification with a primer (A [Table 1]) derived from the leader sequence and a second primer (B [Table 1]) specific
for the body sequences of RNAs 1 to 3 yielded DNA fragments which were subsequently cloned and sequenced.

RESULTS

The conserved leader-body junction sequence 5" UCAAC 3’
is present in all sg mRNAs. Previously, EAV sg mRNA leader-
body junction sites have been determined by using three cDNA
clones which were derived from mRNA 6 (one clone) and
mRNA 7 (two clones) (8). The sequence 5" UCAAC 3’, which
is present in both the 3’ end of the leader sequence and the
region upstream of ORF 6 and ORF 7, was found to be the site
where leader and body sequences were fused. The analysis of
the entire EAV genomic RNA sequence revealed as many as
18 copies of this pentanucleotide sequence motif (Fig. 1A) (6).
Since only six sg mRNAs are produced (Fig. 1B), this sequence
cannot be the sole determinant for leader-to-body joining dur-
ing sg mRNA transcription. Upstream of ORFs 4, 5, and 7, two
5" UCAAC 3’ sequences are present, and upstream of ORF 2,
even three 5" UCAAC 3’ sequences are present. Determining
which of those are functional in EAV sg mRNA transcription
could shed light on additional sequence requirements. Fur-
thermore, this information would allow a comparison with the
recently reported leader-body junction sequences in the sg
mRNAs of LDV, PRRSV, and simian hemorrhagic fever virus
(3, 16, 38).

The leader-body junction sites of all EAV sg mRNAs were
determined by sequence analysis of available cDNA clones and
RT-PCR clones obtained by the strategy exemplified in Fig. 2.
First, RT was carried out with an oligonucleotide primer which
was specific for a subset of the sg mRNAs. cDNA was subse-
quently amplified by PCR with a primer containing sequences
from the EAV leader sequence and a second primer, which
was selective for an even smaller subset of the sg mRNAs. To
determine whether heterogeneity in the junction sequences, as
observed in the PRRSV and LDV sg mRNAs (3, 16), also
occurs in those of EAYV, at least eight cDNA clones represent-
ing each sg mRNA were analyzed. The sequences of the var-
ious leader-body junction sites identified in these clones and
their positions in the genome (as indicated in Fig. 1A) are
listed in Fig. 3. The 5" UCAAC 3’ sequence was confirmed to
be present at the junctions in mRNAs 6 and 7 and was also
identified in sg mRNAs 2, 4, and 5. Except for in sg mRNA 6,
a conserved U was consistently present downstream of the 5’

UCAAC 3’ motif. Therefore, the consensus of the junction site
sequence can be extended to 5" UCAACu 3.

The results obtained by analyzing sg mRNA 3-derived
cDNA clones were suggestive of a mixed population of sg
mRNA 3 molecules in EAV-infected cells. The sequence 5’
UCAACU 3’ was present in some of these cDNA clones, but
junction sequence variation was detected in others (Fig. 3).
The sequence found in RNA 3 type 3.2.2 suggested that the
actual border between leader and body sequences in this par-
ticular sg RNA was located 2 or 3 nt upstream of the 5’
UCAACU 3’ motif. Interestingly, additional heterogeneity was
observed. Two types of RNA 3 junctions were detected, which
apparently were generated by use of two alternative sequences
upstream of ORF 3 that resemble the 5" UCAAC 3’ sequence
motif (Fig. 3). Because of the low level of sg mRNA 3 in
infected cells (Fig. 1B), we do not have direct evidence for the
heterogeneous nature of the EAV sg RNA 3 population. It
cannot be formally excluded that the observed heterogeneity
resulted from PCR artifacts. However, we consider this possi-
bility unlikely, since similar heterogeneity was not found in any
of the cDNA clones derived from mRNAs other than mRNA
3, including the sg mRNA 2 clones, which were derived from
the same PCR as the mRNA 3 clones. Furthermore, other
regions of the PCR-amplified RNAs were devoid of any mu-
tations. Preliminary data obtained by differential oligonucleo-
tide hybridization techniques suggest that RNA 3 molecule
junction types 3.1 and 3.3 are indeed present in infected cells
(data not shown).

Detection of a nested set of RF RNAs. The amount of neg-
ative-stranded RNA in lysates of EAV-infected cells was found
to be too small to be detected by routinely used hybridization
techniques (4a). As an alternative approach, we decided to
prepare and analyze so-called RF RNA. Replicative RNA
intermediates (RIs), which are the transcriptionally active dou-
ble-stranded RNA molecules, were isolated from infected
cells. Single-strand-specific RNases were then used to convert
RIs into RF RNA, by removing nascent stretches of RNA that
have become detached from the template RNA (27). Since the
bulk of viral RNA produced in the infected cell is of positive
polarity, it is assumed that most of the minus strands are
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FIG. 3. EAV leader-body junction sequences. For each sg mRNA, the 3’ end
of the leader sequence as it is present in the genomic RNA is aligned with the
genomic sequence region which contains the 5’ end of the sg body sequence.
Indicated are the positions to which the leader-body junction sites correspond on
the genomic RNA, as shown in Fig. 1A. For sg RNA 3, a subdivision in different
types of molecules, based on the ocurrence of multiple functional leader-body
junction sites, is shown. Those sequences which are present in the sg RNAs are
indicated by shading.

present in the form of double-stranded RIs, in which they serve
as the template for plus-strand synthesis. Therefore, RF RNAs
are thought to contain a full-length minus strand which is
protected from single-strand RNase activity by short stretches
of nascent plus-strand RNA.

EAV-infected BHK cells were metabolically labeled with
[*H]uridine, and RF RNAs were prepared upon lysis. After
nondenaturing gel electrophoresis, seven prominent RF spe-
cies could be observed, which were named RFs I to VII in
order of decreasing size (Fig. 4A). However, a number of
additional, minor bands were seen, the nature of which re-
mained unclear. To check whether the procedure which was
followed to obtain the EAV RF RNAs could have been inap-
propriate, two additional RF RNA preparations were made.
RF RNA analyses for both the coronavirus MHV and the
alphavirus SIN have been previously described. Seven RF
RNAs, which represent the genomic transcription unit and the
six sg transcription units, have been described for MHV (22).
The genome-length negative-stranded RNA of SIN is known
to be the only transcription template for production of both the
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genomic 49S RNA and the sg 26S RNA (21, 34). From lysates
of SIN-infected cells, three RFs can be prepared. RF I corre-
sponds to the full-length 49S transcription unit. RFs IT and III
are derived from RlIs involved in sg RNA transcription and
result from cleavage of an RNase-sensitive site at the position
of the 26S promoter (27). Our results obtained with lysates of
MHYV- and SIN-infected cells were consistent with the previ-
ously published data (Fig. 4B). Therefore, it was concluded
that the RF RNA preparation was carried out properly and
that the appearance of additional double-stranded RNA mol-
ecules was specific for the EAV RF RNA preparation. Fur-
thermore, the analysis of the three different samples in the
same gel allowed a comparison between the sizes of the RF
RNAs of EAV, MHV, and SIN. On the basis of the known
sizes of the single-stranded RNA species of MHV and SIN
(Fig. 4C), it was concluded that the migration of the major
EAV RF RNAs corresponded to the nested set of mRNAs
which is present in EAV-infected cells. For both EAV and
MHYV, the genomic RF RNA (RF I) was found to be most
abundant.

RF II contains negative-stranded RNA 2 with an antileader
sequence. To obtain more information about the composition
of the EAV RFs, we used an RNase protection assay to inves-
tigate the presence of minus-strand RNA. The approach was
similar to that described by Novak and Kirkegaard for polio-
virus minus-strand analysis (18) and is summarized in Fig. SA.
After denaturation of RF RNA, minus strands were hybridized
to radioactively labeled, in vitro-synthesized transcripts of pos-
itive polarity and analyzed by a second round of RNase treat-
ment.

The experiment was designed to discriminate between neg-
ative-stranded genomic and sg RNAs and at the same time to
provide information about the presence of antileader se-
quences in sg minus strands. RF RNA was prepared from two
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FIG. 4. RF RNA. (A) The RNA in EAV-infected BHK-21 cells was meta-
bolically labeled between 1.5 and 10 h postinfection. After lysis and DNase I and
RNase A and T, treatment, RF RNA prepared from 3 X 10° cells was resolved
in a nondenaturing agarose gel. Two different exposures of the same lane are
shown. (B) EAV RF RNAs I to V resolved in the same gel as RF RNAs prepared
from 5 X 10° MHV- or SIN-infected cells, which were labeled between 1.5 and
7 h postinfection. (C) Lengths of the individual single-stranded RNA species
which are present in EAV-, MHV-, or SIN-infected cells. RNA sizes were
obtained from reference 6 and from references cited in references 31 and 33.
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FIG. 5. Analysis of negative-stranded RNA 2 by RNase protection. (A) Schematic diagram of the procedure which was followed. Solid symbols indicate
positive-stranded RNA; open symbols represent minus strands. The positive-stranded in vitro-synthesized probe transcript is indicated by hatching. (B) Metabolically
labeled RF RNA, prepared from lysates of EAV-infected cells, was size fractionated in a sucrose gradient and analyzed by nondenaturing agarose gel electrophoresis
and autoradiography. (C) RNase protection assays on the unlabeled equivalents of the RF RNA gradient fractions shown in panel B. The 3?P-labeled probe transcript
containing positive-polarity sequences derived from the leader-body junction region of sg RNA 2 is shown in the leftmost lane. The next three control lanes show that
an unlabeled transcript, containing the same and extra flanking viral sequences in negative polarity, can, upon incubation with RNase A and RNase T}, fully protect
the viral sequences in the probe. In the seven RF fractions (lanes 1 to 7), protected probe fragments are detected which contain either leader (133-nt) or RNA 2 body
(342-nt) sequences, or both (470 nt), indicative of the presence of full-length minus-strand sg RNA 2 in RF II. RNA size markers are indicated on the left.

cultures of infected cells, one of which had been metabolically
labeled with H;**PO, from 5.5 to 10 h postinfection. The RF
RNAs were size fractionated by sucrose gradient ultracentrif-
ugation. Figure 5B shows a direct analysis of the labeled gra-
dient fractions in a nondenaturing agarose gel. This confirmed
once more that seven RF RNAs could be prepared from EAV-
infected cells. Corresponding fractions from the gradient con-
taining the unlabeled RFs were used in the RNase protection
assay. During this analysis, we focused on the RF RNA which
corresponded to the largest sg RNA, RNA 2.

The double-stranded RNA was denatured and hybridized to
an RNA probe which contained 128 nt of the leader, the 5’
UCAAC 3’ sequence, 337 nt of the sg mRNA 2 body sequence,
and some flanking vector-derived sequences. The result of the
assay is shown in Fig. 5C. The lengths of the various protected
RNA fragments were compared with those of in vitro-tran-
scribed RNA size markers. It was concluded that the complete
mRNA 2-specific sequence in the probe (469 nt) could be
protected from RNase degradation especially by RNA from

those gradient fractions which were enriched for RF II (Fig.
5B). This demonstrated that RF II most likely contained a
full-length complementary strand of sg RNA 2, including an
antileader sequence. Protection of parts of the probe could be
achieved with the RNAs from all gradient fractions, which was
in agreement with the facts that the anti-RNA 2 body sequence
is also present in the genome-length minus strands and that
there is a complementary leader sequence in all seven minus-
strand RNAs. A 342-nt RNA 2 body sequence (including the 5’
UCAAC 3’ sequence) was protected by the RNA from frac-
tions containing RFs I and II. This fragment was expected to
arise from hybridization of the probe to the complementary
RNA 2 body sequence which is part of the genome-length
minus strand of RF 1. Alternatively, it could originate from
binding of the probe to RF II-derived minus strands that do
not contain an antileader sequence, a possibility that could not
be investigated with this experimental setup. Two bands were
detected in the 125- to 135-nt size range, where the 133-nt
probe fragment (including the 5" UCAAC 3’ sequence) that
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could be protected by the antileader sequence was expected.
On the basis of the size markers, we assume that the upper
band is the protected leader fragment. So far, we can not
explain the presence of the lower band, which was especially
prominent when fractions containing the smallest RF RNAs
were used in the assay.

DISCUSSION

By performing UV transcription mapping analyses, we have
recently demonstrated that EAV sg RNA synthesis involves a
transcription process which most likely is similar to that of the
coronaviruses (7). The generation of the sg mRNAs of coro-
naviruses which contain a 5’ common leader sequence does not
involve conventional cis splicing but involves discontinuous
transcription. This process may take place during either plus-
strand or minus-strand transcription (for reviews, see refer-
ences 13, 31, and 37). The ability of the polymerase to termi-
nate and reinitiate transcription during RNA synthesis is the
key feature in most sg RNA transcription models that have
been proposed. By imposing a regulatory mechanism, such that
transcription reinitiation occurs at preferential positions, these
viruses are thought to utilize this polymerase ability to direct
the synthesis of sg mRNAs. The complementary sequences of
the arterivirus leader-body junction sites and those of the so-
called intergenic sequences of coronaviruses probably specify
such positions and can therefore be regarded as promoter
sequences for subgenomic plus-strand transcription. A model
in which coronavirus intergenic sequences play an additional
role as attenuators of sg minus-strand transcription has also
been proposed (37).

Base pairing between the 3’ end of the leader sequence and
the position where reinitiation of transcription takes place may
facilitate discontinuous transcription by aligning the leader-
replicase complex along the sg promoter sequence. Alterna-
tively, if it can occur in the absence of the replicase complex,
base pairing may even be the initial step in sg RNA transcrip-
tion. In that case, its function is to facilitate priming of tran-
scription by leader transcripts, which are subsequently elon-
gated by the incoming polymerase. In the case of EAV, base
pairing possibilities are present because of the conservation of
a junction site sequence at positions upstream of all ORFs
downstream of ORF 1. The consensus sequence found at the
junctions in the sg mRNAs was shown to be 5" UCAACu 3’
(Fig. 3). For other arteriviruses, similar sequence elements
have been described: the sequences 5 UnUAACC 3’ (LDV)
(3) and 5" UnAACC 3’ (PRRSV [16] and simian hemorrhagic
fever virus [38]) were identified as junction site sequence mo-
tifs. For EAV, the only deviation from the 5 UCAACu 3’
consensus was seen in sg RNA 6, which contained a C instead
of a U at the 3’ position. Examination of the 11 remaining 5’
UCAAC 3’ pentanucleotide sequences found in the genomic
sequence (Fig. 1A) (6) revealed that three of these are also
followed by a U. Thus, although the consensus EAV junction
motif displays a bias towards 5" UCAACU 3’, the demand for
additional determinants of sg promoter activity remains. So
far, no common primary or secondary sequence elements have
been detected in the sequences flanking the leader-body junc-
tion sites.

Upstream of four ORFs, multiple 5" UCAAC 3’ (or even 5’
UCAACU 3') motifs are present, and it was anticipated that
additional RNA species could be synthesized as a result. How-
ever, no indications were found for the use of more than one
junction site for the transcription of RNAs 2, 4, 5, and 7.
Surprisingly, the use of alternative leader-body junction sites
was observed in the case of sg mRNA 3. Only one of the sg
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RNA
1 5. .UCGAUCUCUA [N[INXIN ACCCUUGCGA...3' +

2 3'..UUUGGAGACA | AGUUGA |IAGAAUGUUUA..5' -
3.1 3'...GUUAAAACUC|AGUU -AIUBGGEUGUUCU... 5 -
3.2 3'...GAGCUUCGGBU AGUUGA|CAUUUAACGA..5' -
3.3 3..GUAACAUAGU A - UUAA UGGUAGUACG..5 -

4 3'..GACCGAACCC|AGUUGA AAGAAAAAGG... 5 -
5 3...CUACAGUAAC!AGUUGA ACCUUCUCCU...5 -
6 3'...CCGUCGUUU C|AGUUGE |IAACACUCCAA..5 -

7 3'..GUAGGGGGC GIAGUUGA UGAGUCCAUC...5 -

FIG. 6. Possibilities of base pairing between the 3’ end of the positive-strand
EAV leader, as it is present in the genomic RNA, and the complementary
leader-body junction sites for each of the sg RNAs. The conserved sequence
elements which are thought to be involved in discontinuous transcription are
boxed. Shading indicates base pairing possibilities.

mRNA 3 leader-body junction sites is of the consensus type 5’
UCAACu 3’ (Fig. 3, RNA 3 junction types 3.2). The most
upstream one (type 3.1) lacks the C at position 5, but five
additional nucleotides (5 UACCC 3') immediately down-
stream from this nucleotide match with those found in the 3’
end of the genomic leader sequence. This results in extended
base pairing possibilities, as shown in Fig. 6. The downstream
junction site found for EAV sg RNA 3 (Fig. 3, type 3.3), which
on the basis of hybridization results (data not shown) and the
number of cDNA clones found is likely to represent only a
minor RNA 3 subpopulation, is even less conserved. Again,
however, this seems to be compensated for by a significant
flanking sequence complementarity (Fig. 6). The junction site
used for the most abundant sg mRNA, RNA 7, also shows
extra matching sequences at this position. These observations
suggest that the extent of sequence complementarity between
the 3’ end of the leader RNA and the complementary junction
sites in the antisense template plays a role in the process of
leader-to-body joining. In terms of this base pairing, the devi-
ation of the sg mRNA 6 junction site from the 5" UCAACu 3’
consensus might be tolerated because of the fact that instead of
an A - U base pair, a G - U base pair can still be formed (Fig.
6). On the other hand, the 5" UCAAC 3’ motif located at
position 11 of the genomic map in Fig. 1A does contain three
3’ extending base pairing possibilities (6) but still is not used as
a leader-body junction site.

The occurence of leader-body junctions like those found in
sg mRNAs 3.1, 3.2, and 3.3 raises an additional point of inter-
est. The leader-derived sequences which eventually are present
in these mRNAs do not include the entire base pairing region.
If base pairing between leader transcripts and the sg promoters
on the minus-strand template was indeed involved in their
generation, a regressive polymerase or RNase activity, which
removes 3’ sequences from the leader transcript, must have
preceded the reinitiation of transcription. This suggests that
base pairing functions only to initially align the sequences and
becomes superfluous as soon as the reinitiating replicase is
positioned correctly. It also raises the question of whether the
length of priming leader transcripts extends beyond the con-
served junction site sequence. The heterogeneity in the type
3.2 leader-body junctions of the EAV mRNA 3 molecules
resembles the sequence variation found in the junctions of the
LDV and PRRSV sg mRNAs (3, 16) and can be explained by
a mechanism using the aforementioned nuclease activity. Sev-
eral observations which support a similar mechanism have
been made for coronavirus sg mRNA transcription (1, 14, 26,
36).
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Since the presence of negative-stranded counterparts for
genomic and sg RNAs in coronavirus-infected cells has been
established (24, 25), it has become feasible that discontinuous
transcription can occur during plus-strand and/or minus-strand
synthesis. For the arteriviruses, genome-length minus-strand
RNA has been detected in LDV-infected cells (2). By perform-
ing PCR to analyze intracellular negative-stranded RNA, Chen
et al. obtained indications that sg minus strands containing
antileader sequences were present as well (2). Mainly because
of their apparent extremely low abundance, the functionality of
these sg minus strands during LDV sg mRNA transcription
was doubted by those authors.

In this report, we have shown that seven RF RNAs could be
prepared from EAV-infected cells (Fig. 4A). In addition to the
seven RF RNAs, a number of minor bands were present. The
most likely explanation for their appearance was that the EAV
RI RNAs contained RNase-sensitive sites (other than the sin-
gle-stranded parts of the nascent plus strands). A second pos-
sibility was that, because of the nondenaturing conditions dur-
ing electrophoresis, the extra double-stranded RNA species
represented the same seven RF RNA molecules which dis-
played differential migrational behavior. Alternatively, they
could have arisen as a result of partial denaturation of the RF
RNAs, although in that case comigration with the single-
stranded plus strands would have been expected, which was
never observed (data not shown).

The RNase protection experiments showed that sequences
which were complementary to the leader-body junction region
of sg mRNA 2 were present in the EAV RF RNA preparation
(Fig. 5). The fact that these were present in RF II as a con-
tinuous stretch of RNA rules out the possibility that this sg RF
RNA originated from digestion of an RI that contained a
genome-length minus strand. Theoretically, the protecting mi-
nus strands could have been nascent transcripts in RF RNAs
which contained a positive-stranded transcription template.
However, the appearance of a single, uniformly sized RNase
protection fragment contradicts this hypothesis. Therefore, RF
IT must have contained a full-length sg RNA 2 minus strand,
which implies that sg minus strands can be used as templates
for positive-strand transcription, as has been postulated for
coronaviruses (22, 25). The analysis of the transcriptional ac-
tivities of a number of MHV #s mutants has recently supported
this assumption, by showing that sg minus strands are likely to
be used as transcription templates late in infection (23). As an
alternative possibility, it has been postulated that the corona-
virus sg minus-strand RNAs are dead-end products which re-
sult from negative-strand synthesis with positive-strand sg
mRNAs as a template (12).

In view of our results, it can be expected that minus strands
complementary to each of the other EAV sg mRNAs can be
found in the corresponding RF RNAs. Therefore, a nested set
of RIs containing minus strands with common 5’- and 3'-
terminal sequences must be present in EAV-infected cells. The
existence of minus strands without an antileader sequence
cannot be excluded on the basis of our results and remains an
intriguing possibility. Once more, our results underline the
previously established evolutionary relationship between the
arteri- and coronaviral replicases (6, 28), which apparently is
linked to similarities between the transcriptional mechanisms
used by these two virus groups to generate sg mRNAs.
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