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Tacaribe virus (TV), the prototype of the New World group of arenaviruses, comprises a single phylogenetic
lineage together with four South American pathogenic producers of hemorrhagic disease. The TV genome
consists of two single-stranded RNA segments called S and L. A reconstituted transcription-replication system
based on plasmid-supplied TV-like RNAs and TV proteins was established. Plasmid expression was driven by
T7 RNA polymerase supplied by a recombinant vaccinia virus. Plasmids were constructed to produce TV S
segment analogs containing the negative-sense copy of chloramphenicol acetyltransferase (CAT) flanked at the
5� and 3� termini by sequences corresponding to those of the 5� and 3� noncoding regions of the S genome
(minigenome) or the S antigenome (miniantigenome). In cells expressing N and L proteins, input minigenome
or miniantigenome produced, respectively, encapsidated miniantigenome or minigenome which in turn pro-
duced progeny minigenome or progeny miniantigenome. Both minigenome and miniantigenome in the pres-
ence of N and L mediated transcription, which was analyzed as CAT expression. Coexpression of the small
RING finger Z (p11) protein was highly inhibitory to both transcription and replication mediated by the
minigenome or the miniantigenome. The effect depended on synthesis of Z protein rather than on plasmid or
the RNA and was not ascribed to decreased amounts of plasmid-supplied template or proteins (N or L). N and
L proteins were sufficient to support full-cycle RNA replication of a plasmid-supplied S genome analog in which
CAT replaced the N gene. Replication of this RNA was also inhibited by Z expression.

Tacaribe virus (TV) is the prototype of the New World
group of arenaviruses. Within this group the viruses form three
phylogenetically distinct clades, one of which includes TV to-
gether with the four known South American pathogens that
produce severe hemorrhagic disease (Junin, Machupo,
Guanarito, and Sabia viruses) (5). TV, however, seems not to
be a human pathogen.

TV, like all arenaviruses, is an enveloped virus with its ge-
netic information contained in two single-stranded RNA seg-
ments called S (ca. 3.4 kb) and L (ca. 7.1 kb). The S RNA
contains two genes encoding, respectively, the nucleoprotein
(N, 64 kDa) and the glycoprotein precursor (GPC) (55 kDa)
(10). The L RNA also posseses two genes which encode the
presumptive RNA-dependent RNA polymerase (L protein,
240 kDa) (16) and a small protein with a RING finger motif
(Z, 11 kDa; this protein was originally named p11 [17]). The
genes in both the S and L RNAs are arranged in opposite
orientations and are separated by a noncoding sequence that
has the potential to form stable secondary structures in the
form of hairpins (11) (the organization of the S RNA is shown
in Fig. 1A). Although the 5� region of arenavirus genomes and
antigenomes are positive stranded, they are not in fact trans-
lated directly into proteins. Rather, genomes and antigenomes
are found only as nucleocapsids tightly bound to N protein (11,
20), and the coding sequences are expressed from mRNAs
transcribed from the 3� region of the genomes or antigenomes

(2, 11, 26). These mRNAs contain short stretches of nontem-
plated nucleotides at their 5� end and appear to be capped, as
they react with anticap antibodies (20). Transcription termina-
tion in TV occurs at the base of the hairpin on the distal side.
This determines a hairpin structure at the 3� end of the tran-
scripts that has been suggested to operate as a signal for the
termination of transcription (18). By analogy with other neg-
ative-strand RNA viruses, it is assumed that L constitutes the
viral polymerase together with N when this protein is associ-
ated with RNA in nucleocapsid structures. Studies in TV-
infected cell extracts immunodepleted with antiserum to Z led
to the proposal that this protein is required for TV transcription
and RNA replication (13). However, it was recently reported
that in cells transfected with a lymphocytic choriomeningitis
virus (LCMV)-like RNA containing the chloramphenicol
acetyltransferase (CAT) reporter gene, CAT activity was gen-
erated in cells expressing only N and L (21). Z might also play
other roles in arenavirus biology, as suggested in recent reports
on interactions between Z and several cellular proteins (3, 4,
7).

Reconstitution of transcription and RNA replication from
plasmid-supplied RNAs and proteins would open TV to the
analysis of cis-acting signals on the RNA genome, such as those
required for encapsidation, initiation, and termination of RNA
synthesis, and would render each of the TV proteins accessible
to reverse genetic analysis.

In this study we describe the establishment of a reconstituted
system based on plasmid-supplied TV RNAs and proteins.
Using this system we demonstrate that (i) the noncoding se-
quences at the 5� and 3� termini of the S genome and S
antigenome contain all of the cis-acting signals required for
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transcription, RNA replication, and encapsidation; (ii) both N
and L proteins are sufficient to drive transcription and full-
cycle replication mediated by the S genomic and antigenomic-
like RNAs; and (iii) Z protein is a potent inhibitor of tran-
scription and replication.

MATERIALS AND METHODS

Cells and viruses. CV1 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 5% fetal calf serum (GIBCO-BRL, Gaithersburg,
Md.). Recombinant vaccinia virus vTF7-3, which expresses the T7 RNA poly-
merase, was kindly provided by B. Moss (National Institutes of Health, Bethesda,
Md.) (12). Cells were routinely infected with 3 to 5 PFU of vTF7-3 per cell so
that more than 90% of the cells were infected. A TV working stock, prepared as
indicated previously (19), was used to infect CV1 cells at a multiplicity of
infection of 1 PFU per cell, and cell extracts were prepared at 2 days postinfec-
tion, when the virus is actively engaged in transcription and replication (19).

Plasmids expressing TV-like RNAs. Plasmids were constructed in transcription
vector pTV2.0, a generous gift of Andrew Ball, University of Alabama at Bir-
mingham. This vector provides a T7 RNA polymerase promoter sequence im-
mediately upstream of a unique StuI restriction site and a unique SmaI site 5� of
the hepatitis delta virus ribozyme sequence (HDV Rz) preceding a T7 polymer-
ase terminator sequence (T�) (23). To eliminate the SacI site from pTV2.0, the

plasmid was digested with SacI, treated with Klenow, and religated. The modi-
fied vector, named pTV2.0(SacI�), was used for the construction of two plasmids
transcribing TV S genome analogs (pGenCAT and pS-GenCAT) and one plas-
mid expressing a TV S antigenome analog (pAgenCAT) (Fig. 1B). Construction
of pGenCAT was performed as follows: the 5� and 3� regions of TV S RNA,
comprising, respectively, nucleotides (nt) 1 to 334 and 3031 to 3422 (numbers
indicate positions relative to the 5� end of the genome-sense sequence) (10, 18),
were amplified by reverse transcription-PCR (RT-PCR) using total RNA from
TV-infected cells. The PCR product corresponding to the 5� region of the S
genome was inserted into the StuI site of pTV2.0(SacI�), downstream of the T7
RNA polymerase promoter, and that corresponding to the 3� region was inserted
into the SmaI site, 5� of the HDV Rz sequence. This construction, designated
p13-6, was cleaved with NcoI, treated with Klenow to fill in the end, and digested
with SacI. Cleaved sites (which corresponded, respectively, to nt 67 and 3381 of
the TV S genome) were used to position the CAT open reading frame (ORF) in
an antisense polarity with respect to the T7 RNA polymerase promoter as
follows: CAT ORF was obtained by PCR using plasmid pCAT3-Basic Vector
(Promega, Madison, Wis.) as template and a forward primer containing (5� to 3�)
a short linker sequence with a SnaBI site (inserted for cloning purposes), a
sequence corresponding to nt 1614 to 1633 of TV S genome, and a sequence
complementary to positions 660 to 636 of the CAT ORF. The reverse primer,
designed so that CAT ORF would replace the TV N ORF, encompasses (5� to
3�) a sequence complementary to nt 3390 to 3347 of the TV S genome plus nt 1

FIG. 1. Schematic diagram (not to scale) showing the TV S RNA organization and expression (arrows show the direction of RNA synthesis)
(A) and plasmids used to generate TV RNA analogs (B). The position of T7 polymerase promoter (T7Pr), the HDV Rz, and the T7 RNA
polymerase terminator (T�) are indicated. Constructions were performed as indicated in Materials and Methods. pGenCAT transcript (842 nt)
contains (5� to 3�) the entire TV S genome 5� NCR sequence (68 nt), a short linker (16 nt) including a SnaBI site, a short sequence (nt 1614 to
1633) of the S genome intergenic region (IGR) which is not involved in the hairpin structure (18), CAT ORF in an antisense orientation (660 nt),
and the complete S genome 3� NCR sequence (76 nt). pAgenCAT transcript (810 nt) contains (5� to 3�) the entire TV S antigenome 5� NCR
sequence, a SnaBI site, CAT ORF in an antisense orientation, and the complete S antigenome 3� NCR. pS-GenCAT (2,343 nt), contains (5� to
3�) nt 1 to 1633 of the TV S genome followed by the negative-sense copy of CAT and the entire S genome 3� NCR sequence. Sizes of transcripts
refer to the processed RNA, which includes two nonviral Gs at the 5� end (23). Nucleotides were numbered considering as 1 the 5� end of the S
genome. Open lines represent positive-sense coding regions; negative-sense coding regions are indicated in blackened thicker lines. S RNA IGR
is represented as a black box, and the 3� and 5� NCR termini are indicated as shaded boxes. Key restriction endonuclease sites used in the assembly
of the DNA constructs are shown.
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to 27 of the CAT ORF. The PCR product was digested with SacI, purified, and
inserted into p13-6 excised as indicated above. To generate plasmid pS-GenCAT,
the complete TV S genomic sequence was first cloned into pTV2.0(SacI�) by
insertion of a NcoI-BstEII DNA fragment from plasmid p2b2 (10) into p13-6 that
had been digested with the same enzymes. The resultant plasmid (pS-Gen) was
then used to introduce the CAT ORF instead of the N ORF. To this end, a
SnaBI-SacI fragment from pGenCAT was cloned into pS-Gen that had been
previously cleaved with SacII, treated with Klenow, and digested with SacI.
Construction of pAgenCAT was performed as follows: the 5� and 3� regions of
TV S RNA were amplified by RT-PCR as described above and cloned into
pTV2.0(SacI�) so that the PCR product corresponding to the 5� region of the S
antigenome was inserted immediately downstream of the T7 RNA polymerase
promoter and the fragment corresponding to the 3� region of the S antigenome
was cloned immediately upstream of the HDV Rz sequence. The plasmid was
designated p15-2 and was used to insert the CAT ORF in an antisense orienta-
tion with respect to the T7 RNA polymerase promoter. The CAT ORF was
amplified by PCR from pCAT3-Basic Vector using a forward primer which
included (5� to 3�) a sequence complementary to positions 3388 to 3347 of the
TV S genome and 4 nt which complete a SnaBI site (added for cloning purposes),
all followed by a sequence complementary to nt 660 to 638 of the CAT ORF. The
reverse primer consisted (5� to 3�) of nt 60 to 68 of the TV S genome plus nt 1
to 30 of the CAT ORF. The PCR product was digested with NcoI and SacI and
inserted into p15-2 that had been cleaved with the same enzymes.

Plasmids expressing TV proteins. Plasmids expressing TV L, N, and Z pro-
teins (designated, respectively, pL, pN, and pZ) were constructed as follows: (i)
for construction of pL, the L ORF was engineered from plasmids p96 and p14.
These plasmids harbor inserts covering, respectively, positions 161 to 2240 and
2025 to 7102 relative to the 5� end of the L genome (16). To serve as a bridge
between p96 and p14 inserts in the cloning procedure, a region covering nt 1586
to 2806 of the L genome was amplified by RT-PCR using total RNA from
TV-infected cells. The reverse primer included a BamHI site at its 5� end. The
RT-PCR product was digested with SnaBI and BamHI and cloned into p96
cleaved with SnaBI and BamHI, the latter site corresponding to the polylinker of
p96. The resultant plasmid was digested with PvuII and BamHI and used to
insert a PvuII-BamHI fragment excised from p14. This last construction was
finally digested with BamHI and SmaI, and the 6,669-bp fragment containing the
complete L ORF plus 22 nt of the noncoding region (NCR) 5� of the L AUG was
inserted into the corresponding sites of pGEM-4 (Promega). (ii) For construc-
tion of pN, a DNA fragment containing the complete N ORF plus 31 nt of the
NCR 5� of the N start codon was obtained by cleavage of p2b2 (10) with SacI,
treatment with Klenow, and digestion with SmaI. The fragment was then cloned
into pGEM-3 (Promega) previously digested with SmaI. (iii) For pZ construc-
tion, a cDNA covering the entire Z ORF and 43 nt of the NCR 5� of the Z start
codon (kindly provided by D. Kolakofsky, University of Geneva, Geneva, Swit-
zerland) was cloned into the SmaI site of pGEM-3. (iv) Plasmid pZmut is a
mutant of pZ plasmid in which the Z start codon has been replaced by a stop
codon. This mutation was inserted by PCR with plasmid pZ as the template and
with a forward primer containing (5� to 3�) an EcoRI restriction site followed by
nt 27 to 93 of the L genome, which included changes at positions 70 and 71. This
resulted in the replacement of the Z start site by a stop codon (AUG for UAG).
The reverse primer contained (5� to 3�) a BamHI site followed by a sequence
complementary to nt 372 to 354 of the L genome. The PCR product, containing
the complete copy of the Z ORF with the mutated Z start site, was inserted into
the EcoRI-BamHI sites of pGEM-3 downstream of the T7 RNA polymerase
promoter. Plasmid constructions were verified by DNA sequencing of the junc-
tions. DNA fragments obtained by PCR were totally sequenced. All plasmids
were purified by using Qiagen Tip-100 (Qiagen Inc., Valencia, Calif.).

Radiolabeling, immunoprecipitation, and protein gel electrophoresis. CV1
cells transfected or infected with TV were radiolabeled as indicated in the
legends for Fig. 3 and 7, below. Harvesting of the cells, radioimmunoprecipita-
tion using monospecific serum to each protein (25), and analysis by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were per-
formed as indicated previously (22).

DNA transfections. Subconfluent monolayers of CV1 cells were infected with
vTF7-3 for 1 h at 37°C. The inoculum was removed and the cells were washed
and then transfected using Lipofectamine 2000 reagent (GIBCO-BRL), accord-
ing to the manufacturer’s specifications. Specifically, the amount of plasmid
added to approximately 4 � 105 cells grown in a 12-well dish was as follows: 2 �g
of minigenome or miniantigenome plasmid, 2 �g of pN, and 50 ng of pL per well.
When pS-GenCAT was transfected, the amount of plasmid was increased to 2.6
�g per well. The amount of transfected pZ and pZmut is indicated below in the
respective figure legends. The total amount of transfected DNA was kept con-
stant by addition of the appropriate amount of empty pGEM-3 DNA. Under

these conditions of transfection, accumulation of CAT activity (data not shown)
and amplification of plasmid-supplied template by the TV polymerase (see Fig.
5) proceeded for at least 2 days.

CAT assay. Cells (approximately 4 � 105) were washed twice with ice-cold
phosphate-buffered saline and once with TNE (10 mM Tris-HCl [pH 7.4], 150
mM NaCl, 1 mM EDTA), harvested by scraping into TNE, and recovered by
centrifugation. Cells were lysed in 60 �l of 250 mM Tris-HCl (pH 7.4) by three
cycles of freezing and thawing. Cell lysates were clarified by centrifugation
(13,000 � g for 5 min at 4°C), and endogenous CAT was inactivated by heating
for 10 min at 65°C. For the assay, 5 �l of cell extract was mixed with 0.2 �Ci of
[14C]chloramphenicol (57 mCi/mmol; New England Nuclear, Boston, Mass.), 15
�l of 4 mM acetyl coenzyme A (Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, England) adjusted to 250 mM of Tris-HCl (pH 7.4) in a total
volume of 130 �l, and incubated for 1 h at 37°C. Products of the CAT assay were
analyzed by ascending thin-layer chromatography (TLC) developed with 19:1
chloroform-methanol followed by autoradiography. The amount of cell extract
assayed was determined so that the assay was in the linear range of enzyme
activity (conversion of nonacetylated to monoacetylated chloramphenicol less
than 30%). CAT activity was calculated by determining the percentage of counts
that were the monoacetylated chloramphenicol species relative to total counts,
achieved by cutting the appropriate pieces of TLC and counting in scintillation
fluid (14).

Analysis of RNA. Total RNA from infected-transfected cells was purified at
the indicated times by the procedure of Chomczinski and Sacchi (8). For ob-
taining nucleocapsid-associated RNA, cells were harvested by scraping into cold
phosphate-buffered saline. Pelleted cells were lysed in TNEN (TNE containing
0.2% Nonidet P-40), and the cytoplasmic fraction was recovered after centrifu-
gation. Encapsidated RNAs were immunoselected as follows: for each sample,
35 �l of protein A-Sepharose 4B fast flow (Sigma-Aldrich, St. Louis, Mo.) was
incubated with 25 �l of antiserum to N protein for 90 min at room temperature
(RT) in a total volume of 100 �l. After four washes with cold TNEN, the
antibody-coupled protein A-Sepharose mixture was incubated with cell lysates
(6 � 105 cells in a total volume of 300 �l) for 30 min at RT followed by 60 min
at 4°C. Beads containing immunoselected nucleocapsids were washed six times as
above and treated with 1% SDS, and the associated RNA was phenol extracted
and ethanol precipitated with 70 �g of tRNA as carrier. When the proportion of
antibody-coupled beads relative to cell extract was increased twofold, the amount
of RNA recovered remained unchanged, indicating that the immunoselection
was carried out under limiting conditions. As seen in Fig. 2, when this procedure
was applied to cytoplasmic extracts from TV-infected cells, analysis of the im-
munoselected RNAs revealed only genomes and antigenomes but not sub-
genomic RNAs.

Purified RNA (corresponding to 3 � 105 cells per lane) was separated on 1.5%

FIG. 2. Northern blot analysis of immunoselected and total RNA
from TV-infected cells. Cells were infected with TV as described in
Materials and Methods. Immunoselection of nucleocapsids (Nc) and
extraction of Nc-associated and total RNA from infected cell extracts
were performed as indicated in Materials and Methods. RNAs were
analyzed by Northern blotting using 32P-labeled negative-sense GPC
or N riboprobes which detected, respectively, S genome and GPC
mRNA or S antigenome and N mRNA. Comigration of 28S rRNA
with genome and antigenome RNA in the total RNA preparation
leads to a higher mobility of these RNAs than that observed for the
genome and antigenome RNA extracted from immunoselected nu-
cleocapsids.
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agarose-morpholinepropanesulfonic acid gels containing 2.2 M formaldehyde
and transferred onto a Hybond-N membrane (Amersham Pharmacia Biotech) as
instructed by the manufacturer. Blots were prehybridized for 2 h at 65°C in a
solution containing 50% formamide, 5� SSPE (1� SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA) (pH 7.7), 5� Denhardt’s solution, 0.5% SDS, 100
�g of boiled salmon sperm DNA/ml, and 100 �g of yeast tRNA/ml. 32P-labeled
riboprobes were then added directly to the hybridization bag and allowed to
hybridize for 18 h at 65°C. The filters were washed two times for 10 min each in
2� SSPE, 0.1% SDS at RT and subsequently for 15 min in 1� SSPE, 0.1% SDS
at 65°C followed by two washes for 10 min each in 0.1� SSPE, 0.1% SDS at 65°C.
Filters were exposed to film (BioMax Film; Kodak, Rochester, N.Y.) with an
intensifying screen at �70°C.

CAT riboprobes were synthesized by in vitro transcription of a linearized
pGEMCAT, using either SP6 or T7 polymerase and [32P]CTP. This plasmid was
obtained by inserting the CAT ORF (without any TV sequence) between the SP6
and T7 promoters into pGEM-3 vector. Similar total incorporation was obtained
with either positive- or negative-sense CAT probe. GPC and N riboprobes were
synthesized similarly by using linearized pGEMGPC and pGEMN plasmids and
SP6 polymerase.

RESULTS

The present model concerning arenavirus replication as-
sumes that both genomes and antigenomes serve as a template
for RNA replication and for transcription of a single mRNA
(Fig. 1, S RNA). There is a high degree of sequence identity
between the 3� ends of the arenavirus genomes and antig-
enomes. Specifically, the TV S genome and antigenome are
identical up to nt 20 with the exception of positions 6 and 8,
whereas the first 20 nt of the TV L genome and antigenome
differ only with regard to position 8. After nt 21, there is no
sequence relatedness. As a result of these conserved se-
quences, both genomic and antigenomic RNAs have a high
degree of complementarity between the 3� and 5� ends and
thus are potentially able to form a panhandle structure (11).
The conserved primary sequence at the 3� end (or the con-
served base pairing between the 3� and 5� ends) of the genomes
and the antigenomes are more likely to represent a conserved
promoter for transcription and replication. These sequences
might also specify encapsidation signals in the nascent RNA.
Assuming this hypothesis to be correct, plasmid-derived TV-
like RNAs containing the 3� and 5� end sequences of either the
genome or the antigenome should be both transcribed and
replicated in cells in which the viral transcription-replication
proteins are also expressed. To obtain these templates, we
constructed the plasmids pGenCAT and pAgenCAT (Fig. 1).
pGenCAT directs the synthesis of a TV S genome analog
containing the negative-sense copy of the reporter CAT gene
flanked, at its 5� and 3� ends, by the 5� and 3� NCR sequences
of the TV S genome. pAgenCAT expresses a TV S antigenome
analog in which the negative-sense CAT coding sequence is
surrounded at its 5� and 3� ends by the 5� and 3� NCR se-
quences of the S antigenome. These constructions were per-
formed in transcription vector pTV2.0 downstream of the T7
RNA polymerase promoter. As shown by Pattnaik et al. (23),
pTV2.0 permits the obtention of precise termini of the tran-
scribed RNA. The 5� end is determined by the position of the
T7 promoter relative to the insert, whereas the exact 3� end of
the transcript is generated by autocatalytic cleavage mediated
by the HDV Rz placed immediately downstream of the insert
(Fig. 1B). The TV-like RNAs expressed by pGenCAT and
pAgenCAT are hereafter called minigenome and minianti-
genome, respectively.

Genes encoding TV proteins that are likely involved in tran-
scription and replication —those of the putative RNA poly-
merase (L), the nucleocapsid protein (N), and the Z protein—
were cloned under the control of the promoter for T7 RNA
polymerase. To analyze the proteins expressed by these plas-
mids, each plasmid was transfected in CV1 cells that had been
infected with vaccinia virus vTF7-3 expressing T7 RNA poly-
merase to drive plasmid expression. At 18 h posttranfection,
plasmid-expressed proteins were examined by metabolic label-
ing and SDS-PAGE following radioimmunoprecipitation with
monospecific serum to each protein. TV-expressed proteins
were simultaneously analyzed. As shown in Fig. 3, plasmid-
expressed proteins showed electrophoretic mobility identical
to those of authentic TV proteins.

Transcription of minigenome and miniantigenome by plas-
mid-expressed TV proteins. Transcription mediated by the
minigenome or the miniantigenome was analyzed as CAT ex-

FIG. 3. Analysis of TV proteins expressed in virus-infected and
plasmid-transfected cells. CV1 cells were infected with TV (lanes TV),
vTF7-3 (lanes VV), or vTF7-3 and transfected with a mixture of pGen-
CAT, pL, and pN as indicated in Materials and Methods (lanes Mix)
without (A and B) or with the addition of 10 ng (C, lane 1) or 100 ng
(C, lane 2) of pZ. Lanes Z and Mut in C, correspond to cells infected
with vTF7-3 and transfected, respectively, with 1 �g of pZ or 1 �g of
pZmut. Transfected cells were incubated for 18 h and TV-infected
cells were incubated for 40 h and then labeled for 1.5 h with [35S]cys-
teine (150 �Ci/ml) and cell extracts were prepared. At the time of
labeling, both TV-infected and transfected cells were actively engaged
in transcription and replication (see Materials and Methods). Cyto-
plasmic extracts were immunoprecipitated with monospecific serum
against N (panel A), L (panel B), or Z (panel C) proteins. Immuno-
precipitated proteins (corresponding to 2 � 105 cells per lane) were
separated on an SDS-PAGE gel containing 10% (A), 7% (B), or 17%
(C) polyacrylamide, followed by direct exposure to X-ray film for 2, 6,
and 4 days (panels A, B, and C, respectively), using intensifying screen
(Biomax, Kodak). Molecular masses of 14C-labeled markers (lanes M)
are indicated in kilodaltons.
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pression. After transfection of either the minigenome or min-
iantigenome together with support plasmids, CAT activity
would only be detected if the RNAs were recognized and
transcribed into message-sense RNA by the TV polymerase.
CAT mRNA copied off the minigenome or the minianti-
genome contained, 5� of the CAT start codon, the 5� NCR of
the N mRNA or the GPC mRNA, respectively (Fig. 1). These
sequences share 70% overall identity, and each start codon is
surrounded by a sequence very favorable for initiation by eu-
karyotic ribosomes (10). This implies that the translational
efficiency of CAT mRNA transcribed from the minigenome or
the miniantigenome would be very similar. In preliminary ex-
periments, we detected CAT activity when the minigenome or
the miniantigenome was transfected in cells expressing L and
N. Then, we studied the amounts and ratios of transfected
plasmids to obtain the highest level of CAT activity. The best
conditions were obtained when the plasmid-supplied template
(either the minigenome or the miniantigenome) and pN were
transfected in equal amounts at a pN/pL ratio of about 40 (see
Materials and Methods). Under these conditions, the expres-
sion levels of N and L proteins in plasmid-transfected cells
were lower than those observed in TV-infected cells and the
proportion of N to L in transfected cells and in TV-infected
cells was quite similar (Fig. 3A and B).

The experiment depicted in Fig. 4 was performed under the
optimum conditions for obtaining maximal reporter gene ex-
pression. Cells were infected with vTF7-3 and subsequently
transfected with pGenCAT, expressing the minigenome (Fig.
4A), or with pAgenCAT, expressing the miniantigenome (Fig.
4B), together with various combinations of plasmids encoding
the TV L, N, and Z proteins. At 24 h posttransfection, cell
extracts were prepared and CAT activity was assayed. In cells
expressing L, N, or Z proteins individually (lanes 1, 2, and 3) or
expressing Z in combination with L or N (lanes 4 and 5), CAT
activity was undetectable. In cells expressing N and L together,
CAT expression was readily detected (lane 6), indicating that L
and N are the minimal trans-acting viral factors required for
CAT expression mediated by the minigenome or by the min-
iantigenome. Estimations from three independent experiments
indicated that CAT activity produced by transfected minianti-
genome was 4 to 7% of that yielded by input minigenome (not
shown). Unexpectedly, inclusion of 10 ng of pZ in cells ex-
pressing L and N caused a significant reduction of CAT activity
mediated by either the minigenome or the miniantigenome,
and cotransfection with 100 ng of pZ almost abolished CAT
expression (lanes 7 and 8). CAT activity expressed from the
minigenome or the miniantigenome appeared almost equally
reduced (Fig. 4C).

We then investigated whether the inhibition associated with
cotransfection with Z plasmid depended upon its ability to
express Z protein or whether the inhibitory effect might be an
artifact of transfection of the Z plasmid or synthesis of Z
mRNA. To distinguish between these possibilities, we first
mutated pZ in order to preclude synthesis of Z protein. This
was done by replacing the Z start site by a stop codon. As
expected, Z protein was not expressed in cells transfected with
the mutant plasmid (designated pZmut), while the original
plasmid produced Z protein (Fig. 3C). When pZmut was eval-
uated for its effect on CAT activity, it was found that CAT
expression was undiminished in cells cotransfected with 10 ng

and 100 ng of pZmut, whereas inclusion of these amounts of
pZ strongly inhibited CAT expression (Fig. 4, compare lanes 7
and 8 with lanes 9 and 10). Note that inhibition by pZ was
associated with very small amounts of transfected plasmid and
was observed at levels of Z protein synthesis barely detected by
radioimmunoassay (Fig. 3C) and below the limit of detection
by Western blotting (results not shown). Intriguingly, the pro-
portion of expressed Z protein relative to N or L in the trans-
fected cells when the inhibitory effect occurred was lower than
that observed in TV-infected cells (Fig. 3, A to C).

RNA encapsidation and replication. Transcription of CAT
mRNA implied that the added templates (minigenome or min-
iantigenome) had associated with the N protein in the form of
nucleocapsid structures that, together with L protein, formed
functional nucleocapsids. We speculated then whether these
putative nucleocapsids would also support RNA replication.
Thus, the plasmid-supplied minigenome would produce, in the
first step of replication, an encapsidated CAT(�) minianti-
genome that would serve in turn as the template for the second
step in RNA replication, namely, the production of progeny
encapsidated minigenome. Conversely, the plasmid-supplied
miniantigenome would first produce an encapsidated CAT(�)
minigenome that would be the template for synthesis of prog-
eny encapsidated miniantigenome. To analyze RNA replica-
tion, we performed the experiment depicted in Fig. 5. Plasmids
encoding either the minigenome (Fig. 5A) or the minianti-
genome (Fig. 5B) were transfected, together with support plas-
mids, into CV1 cells that had been infected with vTF7-3 to
drive plasmid expression. The amounts of transfected plasmids
used were those previously found to be optimum for CAT
expression. At 24 and 40 h posttransfection, total intracellular
RNA was extracted directly from a set of transfected wells,
whereas cell extracts for nucleocapsid analysis were prepared
from duplicate transfections. Nucleocapsids were selectively
immunoprecipitated with antibody to TV N protein, followed
by purification of the RNA present in the immunoprecipitate.
This procedure was shown to be reliable for the analysis of TV
nucleocapsids, since only TV genomes and antigenomes—
which are always encapsidated (18)—were present in the im-
munoprecipitate, whereas mRNAs were excluded (Fig. 2). To-
tal intracellular RNA and nucleocapsid-associated RNA were
then analyzed by Northern blotting using strand-specific
probes.

To visualize RNA products copied from the supplied tem-
plates, blots shown in the upper panels of Fig. 5 were hybrid-
ized with a 32P-labeled negative-sense CAT riboprobe. Trans-
fection of both minigenome and miniantigenome would
produce CAT(�) miniantigenome and CAT(�) minigenome,
respectively. Each input template would transcribe, in addi-
tion, CAT mRNA. Since plasmid-supplied RNAs did not in-
clude the intergenic region (IGR) hairpin structure thought to
be responsible for transcription termination (18), CAT mRNA
and the corresponding replication product would be of the
same size (ca. 800 nt) and, therefore, indistinguishable when
total RNA is analyzed (lanes 1 to 5). As shown in lanes 3 and
5, a band of the size and polarity predicted for TV polymerase
products appeared in cells expressing both N and L proteins
but not when N or L were expressed individually (lanes 1, 2,
and 4). The fact that a fraction of CAT(�) RNA products was
associated with N protein to form nucleocapsids (lanes 7 and
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9) demonstrated that the reconstituted system derived from
either the minigenome or the miniantigenome supported the
first step of RNA replication, namely, the production of en-
capsidated miniantigenome or encapsidated minigenome, re-
spectively.

In order to recognize progeny minigenome and progeny
miniantigenome as well as any plasmid-expressed RNAs,
Northern blots were hybridized with a positive-sense CAT
riboprobe (Fig. 5, lower panels). Analysis of total cellular RNA
(lanes 1 to 5) showed a band that migrated slightly more slowly
than expected for correctly sized minigenome or miniantig-
enome. This band appeared independently of whether L or N
were expressed individually or coexpressed. The size estimated

for these larger-than-expected RNAs corresponded to that
predicted for the uncleaved minigenome or the uncleaved min-
iantigenome T7 transcripts (ca. 1,000 nt). Levels of plasmid-
supplied minigenome or miniantigenome were quite similar,
with each level decreasing at 40 h posttransfection. In cells
expressing both N and L (lanes 3 and 5), a band of the size
predicted for the minigenome or the miniantigenome was
clearly detected at 40 h posttransfection, when the background
of T7 transcript had decreased. Analysis of nucleocapsid-asso-
ciated RNA (lanes 6 to 9) confirmed that minigenome or
miniantigenome had accumulated in cells expressing the TV
polymerase complex (N and L) (lanes 7 and 9) but not in cells
expressing N individually (lanes 6 and 8). In the latter cells,

FIG. 4. Detection of CAT activity mediated by the minigenome or the miniantigenome. Duplicate dishes were transfected with pGenCAT (A)
or pAgenCAT (B) with (�) or without (�) the addition of pN and pL as indicated. When pZ or pZmut was included, its amount is indicated in
nanograms. At 24 h posttransfection, cell extracts were prepared, CAT activity was assayed, and the reaction products were analyzed as described
in Materials and Methods. Films were exposed for 18 h (A) or 48 h (B). (C) CAT activity expressed from the minigenome (Œ) or the
miniantigenome (F) was quantified in three independent experiments in which cells were transfected as in lanes 6 to 8. The mean values obtained
are shown as the percentage of the corresponding value without added pZ.
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correctly sized RNA was not detected even after overexposure
of the film. At the earliest posttransfection time, the nucleo-
capsid-enriched fraction revealed barely detectable levels of
uncleaved T7 transcript (lanes 6 and 7) (note that films for
lanes 6 to 9 were exposed for 10-fold longer than were lanes 1
to 5). These results showed that plasmid-supplied templates
accumulated intracellularly in the larger uncleaved form and
that these RNAs were not encapsidated. The results also
showed that the amount of plasmid-expressed template that
was cleaved and encapsidated was too low for detection, as the
only encapsidated minigenome or miniantigenome detected
was that amplified by TV polymerase (Fig. 5, lower panels,
compare lanes 6 and 8 with lanes 7 and 9).

Effect of pZ cotransfection on RNA replication. We also
examined the effect of pZ cotransfection on RNA replication.
In the experiment depicted in Fig. 6A and B, the plasmid-
supplied templates (minigenome or miniantigenome) were
complemented with support plasmids pN and pL as indicated,
with or without the plasmid expressing Z (pZ). pZ was in-
cluded at the amounts shown to inhibit transcription, mea-
sured as CAT activity. Hybridization with a negative-sense

CAT riboprobe (Fig. 6A, upper panel, lanes 1 to 4) showed
that cotransfection with 10 ng and 100 ng of pZ resulted in a
growing decrease of the accumulation of nucleocapsid-associ-
ated CAT(�) miniantigenome from transfected minigenome.
The inhibitory effect of Z was also detected when total cellular
RNA was analyzed (lanes 5 to 7). As shown in Fig. 6B, pZ
inclusion similarly reduced accumulation of nucleocapsid-as-
sociated CAT(�) minigenome from transfected minianti-
genome.

Hybridization with a positive-sense CAT riboprobe (lower
panels) confirmed the above results, indicating that both en-
capsidated minigenome (Fig. 6A) and encapsidated minianti-
genome (Fig. 6B) represent RNAs amplified by TV polymer-
ase, since they appeared only when L was included (lanes 1 and
2), and demonstrated that cotransfection with pZ reduced both
progeny minigenome and progeny miniantigenome accumula-
tion (lanes 2 to 4). Analysis of total cellular RNA (Fig. 6A,
lanes 5 to 7) showed that while accumulation of minigenome
had decreased as result of pZ inclusion, the amount of un-
cleaved T7 transcript remained unchanged. This indicated that
the lower levels of RNA replication as result of pZ cotrans-

FIG. 5. Replication of plasmid-supplied minigenome or miniantigenome. Subconfluent cultures of CV1 cells were infected with vTF7-3 and
transfected with pGenCAT (A) or pAgenCAT (B) and pN and/or pL, as indicated. At 24 h (lanes 1 to 3, 6, and 7) and 40 h (lanes 4, 5, 8, and
9) posttransfection (h.p.t.), total RNA (lanes 1 to 5) or nucleocapsid-associated RNA (Nc RNA, lanes 6 to 9) was purified and analyzed by
Northern blotting. Duplicate blots were hybridized either with an antisense CAT riboprobe [CAT(�)] (upper panels) or a sense CAT riboprobe
[CAT(�)] (lower panels). Films were exposed for 30 h with the exception of lanes 1 to 5 in lower panels that were exposed for 3 h. Arrows on
the left side of the panels indicate the position of the RNAs synthesized by the TV polymerase or the T7 polymerase. Sizes (in kilobases) of marker
RNAs (Promega) are indicated on the right side of the panels.
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fection cannot be ascribed to decreased amounts of plasmid-
supplied template.

Considering that the minigenome and the miniantigenome
did not include the IGR sequence and that their length is
approximately 25% that of TV S RNA, we sought to examine
replication of a TV RNA analog more closely resembling the
authentic TV S genome and to study the effect of pZ inclusion
on this process. To this end, we constructed plasmid pS-Gen-
CAT (Fig. 1), which expressed a TV S genome analog in which
the negative-sense N ORF was replaced by the negative-sense
copy of CAT. Cotransfection of pS-GenCAT together with

support plasmids pN and pL (Fig. 6C) produced a positive-
sense CAT RNA of the predicted size, S-AgenCAT(�), which
was encapsidated (upper panel, lane 2). Synthesis of this RNA
was not detected when pL was omitted (lanes 1 and 5). In blots
hybridized with a positive-sense CAT riboprobe (lower panel),
an encapsidated RNA of the predicted size for S-GenCAT
appeared only in cells expressing the TV polymerase complex
(N plus L) (compare lanes 1, 2, and 5). Cotransfection with pZ
inhibited production of both S-AgenCAT(�) and progeny S-
GenCAT (lanes 2 to 4).

Finally, the possibility that pZ cotransfection inhibited syn-

FIG. 6. Effect of pZ cotransfection on RNA replication. Subconfluent cultures of CV1 cells previously infected with vTF7-3 were transfected
with minigenome (A), miniantigenome (B), or pS-GenCAT (C) together with pN with or without pL. When pZ was included, its amount is
indicated in nanograms. Total RNA (A, lanes 5 to 7) was obtained at 24 h posttransfection, whereas nucleocapsid-associated RNA (Nc RNA; A
and B, lanes 1 to 4; and C, lanes 1 to 5) was immunoselected at 40 h posttransfection. Purified RNAs were then analyzed by Northern blotting.
Duplicate blots were hybridized either with an antisense CAT riboprobe [CAT(�)] (upper panels) or a sense CAT riboprobe [CAT(�)] (lower
panels). Arrows show the positions of the RNAs synthesized by the TV polymerase or the T7 polymerase (T7 transcript). “kb” indicates the sizes
of RNA markers resolved in parallel. In panels A and B, films were exposed for 20 h, with the exception of lanes 5 to 7 (A), which were exposed
for 2 h. In panel C, films were exposed for 4 days.
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thesis of N and L proteins from T7 polymerase-based expres-
sion plasmids was considered. As shown in Fig. 7, inclusion of
pZ in amounts producing substantial inhibition of transcription
and replication did not affect expression of the polymerase
complex proteins.

DISCUSSION

In this article, we report the establishment of a transcription
and replication system based on plasmid-supplied TV RNAs
and proteins. Using this system we demonstrated that in cells
expressing both N and L proteins, the 3� and 5� NCR se-
quences of each the genome or the antigenome were sufficient
to promote transcription, measured as CAT activity, and rep-
lication, analyzed as nucleocapsid formation. In arenavirus, as
in other negative-strand RNA viruses, the nucleocapsids
should serve as the functional templates for transcription and
replication. This implies that in the reconstituted system, plas-
mid-supplied RNAs should become encapsidated to form an
active template. When Northern blots were hybridized in order
to examine plasmid-supplied RNAs (Fig. 5), we detected an
abundant accumulation of an RNA of the size expected for T7
transcripts linked to uncleaved ribozyme. These RNAs were
not encapsidated, indicating that a correct 3� end sequence is
critical for encapsidation. However, plasmid-transcribed mini-
genome or miniantigenome of the correct size were undetect-
able despite the concurrent transcription and N protein syn-
thesis (lanes 2, 4, 6, and 8). These results might be explained by
the low self-cleavage efficiency of the transcripts and perhaps
by the rapid degradation of the cleaved products. We found
that less than 1% of the RNA transcribed in vitro by pGenCAT

or pAgenCAT was autolytically processed (not shown). Other
authors have reported that RNAs transcribed by the T7 RNA
polymerase could be encapsidated very inefficiently (9, 23, 24).
Nevertheless, a fraction of plasmid-supplied RNAs were en-
capsidated in amounts sufficient to initiate replication (and
possibly transcription), as demonstrated by the abundant ac-
cumulation of RNA in the presence of L (Fig. 5, lanes 3, 5, 7,
and 9). The products of replication by the TV polymerase were
readily encapsidated. In summary, in cells expressing L and N,
the input minigenome or the input miniantigenome were am-
plified producing, respectively, miniantigenome or mini-
genome, which were in turn encapsidated and amplified, pro-
ducing progeny minigenome or progeny miniantigenome.
Similarly the minigenome, L and N proteins but not Z, sup-
ported full-cycle replication of an S genome analog in which
the N gene had been replaced by CAT (Fig. 6C). This RNA
replicated somewhat less efficiently than the minigenome. A
possible reason for this behavior might be a very low self-
cleavage efficiency of the T7 transcript. Another feature of
RNA replication by the reconstituted system deserves further
comment, namely, that whatever the input template, genomes
appear to accumulate to a greater extent than antigenomes.
This has been repeatedly observed in all experiments to date,
mainly at 40 h posttransfection when multiple rounds of full-
cycle replication by the TV polymerase have occurred (i.e., Fig.
5A and B, lane 9, and Fig. 6, lanes 2 to 4, compare lower and
upper panels). In this particular aspect, RNA replication by the
reconstituted system appears to reflect TV RNA replication,
since in the infected cells S genome is always more abundant
than S antigenome (unpublished observations).

Both genome and antigenome specify transcription signals,
as evidenced by CAT activity, mediated by the minigenome or
the miniantigenome. However, in cells transfected with the
miniantigenome, CAT activity comprises less than 10% of that
in cells expressing the minigenome. Since CAT mRNAs would
be translated with similar efficiency, lower CAT expression
implies a lower level of transcription mediated by the minianti-
genome relative to that with the minigenome. This result most
likely reflects the different intracellular accumulation of tem-
plate to be transcribed by the polymerase, as miniantigenome
accumulation comprises 5 to 20% of that of the minigenome
(Fig. 5, lower panels, compare lanes 7 and 9 in panels A and B;
also, Fig. 6, lower panel, compare lane 2 in panels A and B).
This could be a feasible mechanism for the regulation of gene
expression.

Our results with TV are in agreement with a recent finding
showing that LCMV L and N proteins are sufficient to support
CAT expression and synthesis of positive-sense CAT RNA
from an LCMV genome analog containing the 3� and 5� ter-
mini together with the IGR of the S genome (21). We went
further by demonstrating that all cis-acting signals required for
transcription, replication, and encapsidation are contained in
the 3� and 5� NCR sequences of the S genome or the S anti-
genome. In addition, the recreation of full-cycle RNA replica-
tion in our system made possible the analysis of certain fea-
tures of transcription and replication not contemplated in the
study with the LCMV-reconstituted system.

Using the reconstituted system, we demonstrated that TV Z
protein is a potent inhibitor of RNA replication mediated by
the minigenome and the miniantigenome, with an input pZ

FIG. 7. Effect of Z protein expression on the synthesis of N or L
proteins. CV1 cells (4 � 105) were infected with vTF7-3 and those
indicated (�) were transfected with: 2 �g of pGenCAT, 2 �g of pN,
and 50 ng of pL (Mix) without or with the addition of 10, 25, or 50 ng
of pZ as indicated. At 24 h posttransfection, cells were labeled for 1.5 h
with a mixture of [35S]cysteine (80 �Ci/ml) and [35S]methionine (80
�Ci/ml), cytoplasmic extracts were prepared, and proteins were immu-
noprecipitated with monospecific serum directed to N (�N) or L (�L)
proteins. Immunoprecipitated proteins (corresponding to 2 � 105 cells
per lane) were subjected to SDS-PAGE gels containing 12% (�N) or
7% (�L) polyacrylamide. Gels were exposed to X-ray film using an
intensifying screen (Biomax, Kodak). Molecular masses according to
14C-labeled markers are indicated on the right.
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plasmid concentration of 100 ng per dish almost suppressing
replication (Fig. 6). The Z inhibitory effect was not restricted
to the minireplicons, as replication of a larger TV-like RNA
containing all of the noncoding sequences of the S genome was
similarly affected (Fig. 6). Our results also showed that Z
affected transcription as analyzed as CAT expression (Fig. 4).
However, since RNA replication involved extensive amplifica-
tion of the plasmid-supplied template by the TV polymerase
(Fig. 5 and 6), it is not possible to determine whether the
reduced CAT activity was due to a direct effect on mRNA
synthesis or was an indirect effect of reduced template avail-
ability for transcription because of reduced RNA replication
(Fig. 6). Our results did rule out certain trivial possibilities as
causing the effect of pZ cotransfection. It was demonstrated
that inhibition by pZ depended on Z protein synthesis rather
than on perturbation by pZ transfection or synthesis of Z
RNA, since replacement of the Z start codon by a stop codon
abolished the Z effect (Fig. 4). In addition, cotransfection with
pZ did not affect the synthesis of plasmid-supplied template or
proteins required for replication and transcription (Fig. 6 and
7). It is noteworthy that the inhibitory effect of Z was associ-
ated with levels of Z expression barely detectable by radioim-
munoprecipitation and with ratios of Z to L or N lower than
those observed in TV-infected cells (Fig. 3). Taken together,
our results support the notion that the effect of Z could be an
actual effect which could operate during TV infection. The
inhibitory action of Z is not restricted to TV, as it was recently
reported that LCMV Z protein strongly inhibits transcription
and replication in an LCMV minigenome model system (T.
Cornu and J. C. de la Torre, Abstr. 20th Annu. Meet. Am. Soc.
Virol., abstr. W48-8, 2001). Precedents for other negative-
stranded viruses encoding proteins with roles as negative reg-
ulators can be found, including Sendai virus (6), respiratory
syncytial virus (1), and Bunyamwera virus (27).

Coding for a negative regulatory protein could be one of the
reasons why arenavirus shows slow replication and gene ex-
pression and readily establishes persistent infections in both its
natural hosts and cells in culture. In support of this idea, we
would like to mention previous results indicating that TV
stocks producing noncytopathic infections characterized by low
levels of synthesis of viral RNAs and proteins contained a
higher proportion of Z to L RNAs than virus stocks producing
cytopathic infections associated with high levels of viral gene
expression (19).

At variance with our results indicating that N and L were
sufficient to support transcription and replication in the recon-
stituted system, Garcin et al. (13) proposed that TV Z is re-
quired for both processes. This suggestion was supported by
the finding that immunodepletion of TV-infected cell extracts
with antiserum to Z strongly reduced mRNA and S genome
synthesis and that extracts from Z-expressing cells restored
these activities. Considering the probable implication of host
cell factors in arenavirus replication (15) and recent findings
indicating that LCMV Z interacts with several cellular proteins
(3, 4, 7), a possible explanation of these results is that treat-
ment of the TV-infected cell extracts with antibody to TV Z
could have been depleted through its interaction with Z, a
cellular activator required for RNA synthesis which might have
been restored by the Z-expressing cell extracts. However, it is
difficult to explain the lack of inhibition by the Z protein

included in the extracts. On this regard it should be considered
that in the authentic infection, the effect of Z was studied in
extracts prepared from cells that were infected for 2 days prior
to the experiment and that the measurement of RNA synthesis
might have reflected RNA chains already initiated in vivo,
whereas in the reconstituted system we added Z from the onset
of the replication process and evaluated its effect on multiple
rounds of RNA replication. Under these two conditions, the
interplay between Z and viral and cellular proteins could differ
substantially. It is likely that the apparent discrepancy between
the results of Garcin et al. (13) and those reported in this study
simply reflects the poor understanting of the role of viral and
cellular proteins on the arenavirus replication cycle.

The system described in this report opens the possibility for
studying the molecular bases of TV transcription and replica-
tion and their regulation, and it provides the foundation for the
establishment of rescue systems for TV and its closely related
pathogens. This will be useful in studying the attenuating ef-
fects of defined mutations and might eventually facilitate the
generation of new vaccines.
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