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Arenaviruses, such as Tacaribe virus (TacV) and its closely related pathogenic Junin virus (JunV), are
enveloped viruses with a bipartite negative-sense RNA genome that encodes the nucleocapsid protein (N), the
precursor of the envelope glycoprotein complex (GP), the polymerase (L), and a RING finger protein (Z), which
is the driving force of arenavirus budding. We have established a plasmid-based system which allowed the
successful packaging of TacV-like nucleocapsids along with Z and GP of JunV into infectious virus-like
particles (VLPs). By coexpressing different combinations of the system components, followed by biochemical
analysis of the VLPs, the requirements for the assembly of both N and GP into particles were defined. We found
that coexpression of N with Z protein in the absence of minigenome and other viral proteins was sufficient to
recruit N within lipid-enveloped Z-containing VLPs. In addition, whereas GP was not required for the
incorporation of N, coexpression of N substantially enhanced the ratio of GP to Z into VLPs. Disruption of the
RING structure or mutation of residue L79 to alanine within Z protein, although it had no effect on Z
self-budding, severely impaired VLP infectivity. These mutations drastically altered intracellular Z-N inter-
actions and the incorporation of both N and GP into VLPs. Our results support the conclusion that the
interaction between Z and N is required for assembly of both the nucleocapsids and the glycoproteins into
infectious arenavirus budding particles.

The family Arenaviridae currently comprises at least 22 spe-
cies of largely rodent-borne viruses that can be divided into
Old and New World complexes (4, 7). The Old World complex
includes the human pathogens lymphocytic choriomeningitis
virus (LCMV) and Lassa fever virus (LFV). Within the New
World group, the viruses can be classified into three phyloge-
netically distinct clades. One of those clades includes Tacaribe
virus (TacV), the prototype of the New World complex, and
the known South American pathogens that produce severe
hemorrhagic disease in humans: Junin (JunV), Machupo,
Guanarito, and Sabia viruses (4, 7). JunV is the etiological
agent of Argentine hemorrhagic fever and has been recognized
as a serious public health problem (13). Despite its close rela-
tionship with the pathogenic JunV and Machupo virus, TacV
has not been associated with human illness (7, 28).

Arenaviruses are enveloped viruses whose genomes consist
of two single-stranded, negative-sense RNA segments named S
(ca. 3.4 kb) and L (ca. 7.2 kb). The S RNA contains two genes
encoding the nucleoprotein (N; ca. 64 kDa) and the glycopro-
tein precursor (GPC; ca. 70 kDa) (5). Posttranslational pro-

teolytic processing of GPC yields three noncovalently associ-
ated subunits which form the envelope glycoprotein complex
(GP): the peripheral receptor-binding (G1) and the transmem-
brane (G2) proteins and a stable signal peptide (5). The L
RNA encodes the RNA-dependent RNA polymerase (L pro-
tein; ca. 200 kDa) and a protein with a RING finger motif (Z;
ca. 11 kDa), which exhibits an inhibitory effect on viral RNA
replication and transcription (8, 9, 27) through its interaction
with the L protein (21, 48). In both S and L RNAs, the genes
are arranged in opposite orientation and are separated by a
noncoding intergenic region. Genomes and antigenomes are
found tightly bound to the N protein forming nucleocapsids,
which are the functional templates for transcription and rep-
lication (2, 16, 41).

Several lines of evidence indicate that Z protein, in addition
to its role as a potent inhibitor of virus RNA synthesis, is
involved in arenavirus assembly and budding from the plasma
membrane. Specifically, LCMV and LFV Z proteins, which
contain PTAP and/or PPPY late domains that are necessary
for efficient budding, are able by themselves to direct the bud-
ding of lipid-enveloped virus-like particles (VLPs) from the
cell surface (37, 46). Late domains in matrix proteins of many
other enveloped RNA viruses mediate the recruitment of cel-
lular proteins that assist in the late stages of budding (31, 44).
Accordingly, both LFV and LCMV Z proteins use cellular
proteins of the multivesicular body pathway in budding (37,
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47). In addition, like other viral matrix proteins, LCMV and
LFV Z proteins are associated with the plasma membrane (37,
46). Indeed, cryoelectron microscopy analysis supports a mem-
brane-proximal location of Z within arenavirus virions (33).

On the basis of observations indicating that Z and N pro-
teins in purified LCMV form a complex after chemical cross-
linking (42) and that Z and N proteins of LFV interact in vivo,
it has been suggested that the interaction between Z and N
might be implicated in the recruitment of nucleocapsids to
cellular membranes during virus maturation (12). In this re-
port, we studied the molecular determinants that are involved
in Z-N interactions and their role in arenavirus assembly and
budding. To this end, we established a plasmid-based system
that allows the encapsidation, replication, and packaging of a
synthetic TacV S genome analog (minigenome) into infectious
VLPs. Using this system, we demonstrated that Z protein is
necessary and sufficient to recruit N protein into Z-induced
particles that are surrounded by a lipid envelope and showed
that the RING structure and residue L79 of Z are required for
intracellular Z-N interactions and are critically important for
the recruitment of both N and GP into infectious particles.

MATERIALS AND METHODS

Cells and virus. BSR (a clone of BHK-21) cells and CV1 cells were grown in
a 5% CO2 atmosphere at 37°C by using Glasgow minimum essential medium
(Invitrogen) and Dulbecco’s modified Eagle’s medium (Invitrogen), respectively.
Growth medium was supplemented with 10% fetal calf serum (FCS; Invitrogen)
and penicillin (100 U/ml)-streptomycin (100 �g/ml) (Invitrogen). Recombinant
vaccinia virus vTF7-3, which expresses the T7 RNA polymerase (18), was kindly
provided by Bernard Moss (National Institutes of Health, Bethesda, MD).

Plasmids. Plasmid pS-CAT expresses a TacV S RNA analog consisting of the
entire S genome 5� untranslated region (UTR) sequence, followed by 171 nu-
cleotides of the 3� terminal region of the GPC open reading frame (ORF) plus
the complete S intergenic sequence, then the chloramphenicol acetyltransferase
(CAT) ORF in an antisense orientation, and the complete S genome 3� UTR
sequence. Plasmid pS-CAT was generated by PCR amplification using plasmid
pWT (26) as a template. The forward primer included (5� to 3�) a sequence
comprising a BbsI site, followed by a G residue to provide for a 5� extra G in the
genomic transcript (as reported for the 5� termini of arenavirus genomic and
antigenomic RNAs [23]), and then a sequence corresponding to positions 1 to 19
of the TacV S genomic 5� UTR. The reverse primer comprised (5� to 3�) a BbsI
site followed by a sequence complementary to positions 3422 to 3397 of the TacV
S genome (numbers indicate positions relative to the 5� end of the S genome-
sense sequence). The purified PCR amplification product was digested with BbsI
and then inserted between the BbsI sites of plasmid pRF42, provided by Ramon
Flick (University of Texas, Galveston, TX). The location of the expression
cassette between the murine RNA polymerase I promoter and terminator allows
the generation of a transcript with no additional nucleotides at the 5� and 3�
termini (15). The ORFs corresponding to TacV Z, TacV N, TacV L, TacV GPC,
and JunV GPC were obtained from previously described constructs (25, 27),
either by digestion with the appropriate restriction enzymes or by PCR amplifi-
cation, and then cloned between the NcoI and SmaI sites of pTM1 vector (a gift
of B. Moss), yielding plasmids pTacV Z, pTacV N, pTacV L, pTacV GP, and
pJunV GP, respectively. The JunV Z ORF was amplified by reverse transcrip-
tion-PCR using total RNA extracted from JunV XJ strain-infected Vero cells
(obtained from Elsa Damonte, University of Buenos Aires, Argentina) and
primers designed on the basis of reported JunV sequences (GenBank accession
number AY358022), such that an NcoI site at the AUG and a SmaI site after the
stop codon were introduced. After digestion with NcoI and SmaI, the PCR
product was cloned between the same sites of pTM1, generating plasmid pJunV
Z. To allow their detection, both JunV Z and TacV Z proteins were joined at
their C termini with a sequence comprising an influenza hemagglutinin (HA)
epitope (GSYPYDVPDYA). To this aim, both HA-tagged ORFs were obtained
by PCR using either pJunV Z or pTacV Z as a template and then cloned between
the NcoI and SacI sites of pTM1, generating plasmids pJunV Z-HA and pTacV
Z-HA, respectively. Transfection of parallel cell cultures with comparable
amounts of pJunV Z-HA and pTacV Z-HA leads to similar Z protein expression

levels, as determined by Western blotting (data not shown). To construct TacV
N protein tagged at its N terminus with either the Flag epitope (DYKDDDDK)
or a c-Myc epitope (MAEQKLISEEDL), pTacV N was used as a template to
amplify the corresponding PCR fragments, which were purified, digested with
NcoI and SmaI, and then cloned between the NcoI and SmaI sites of pTM1
vector, obtaining plasmids pTacV N-Flag and pTacV N-myc, respectively. Both
N-Flag and N-myc proteins supported infectious VLP production at levels sim-
ilar to those of untagged N protein, indicating that the tags did not interfere with
the functions of N (not shown).

Mutations in the JunV Z ORF were introduced by using a QuickChange PCR
mutagenesis kit (Stratagene) with primers containing the mutated sequences and
plasmid pJunV Z-HA as a template. All constructs were checked by
dideoxynucleotide double-strand DNA sequencing (Macrogen Inc.). All primer
sequences and vector maps are available upon request. Plasmid pCMV-T7pol
expresses the bacteriophage T7 RNA polymerase under the control of the cyto-
megalovirus promoter (38) and was kindly provided by Martin A. Billeter (Uni-
versity of Zurich, Irchel, Switzerland).

DNA transfections, VLP generation and purification, and infectivity assay.
BSR cells grown in 12-well plates were transfected using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions. For VLP
generation, the transfection medium was removed after 4 h of incubation, cells
were washed twice, fresh medium supplemented with 2% FCS was added, and
the incubation was continued. For the infectivity assay, the transfected cell
monolayers were collected at 72 h posttransfection and analyzed for reporter
CAT expression (Fig. 1, Transfection; see also Fig. 4). The corresponding su-
pernatants were clarified by low-speed centrifugation (4,000 � g for 10 min at
4°C) and transferred to CV1 cells grown in 12-well plates. After 2 h of adsorp-
tion, the inoculum was removed, and cells were washed with fresh medium and
subsequently transfected with 1 �g each of pCMV-T7pol, pTacV N, and pTacV
L per well. The transfection medium was replaced by fresh medium (2% FCS) at
4 h posttransfection, and 48 h later cells were analyzed for CAT expression (Fig.
1, Passage; see also Fig. 4). CV1 cells were chosen for these assays because this
cell line is susceptible to TacV and JunV infections (25) and also because higher
levels of CAT activity passage were achieved than in VLP-infected BSR cells
(data not shown). The amounts of plasmid DNA used for complete VLP pro-
duction were the following: 1 �g of pCMV-T7pol, 3 �g of pS-CAT, 3 �g of
pTacV N, 1 �g of pTacV L, 0.15 to 0.3 �g of either pTacV Z-HA or pJunV
Z-HA, and 2 �g of either pTacV GP or pJunV GP, per well, as determined under
our experimental conditions (data not shown). All other transfections, with the
exception of those performed for coimmunoprecipitation assays (see Fig. 5C),
also included 1 �g of pCMV-T7pol per well in addition to the indicated plasmids.
In all transfections, the total amount of transfected DNA was kept constant by
the addition of vector pTM1 DNA. All plasmids were purified by Qiagen tip-100
(Qiagen Inc.).

For VLP purification, the supernatants from transfected cells were collected,
clarified by centrifugation as described above, layered over 20% (wt/vol) sucrose
cushions in TNE buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM
EDTA), and then centrifuged at 34,000 rpm for 2 h at 4°C in a Beckman SW 50.1
rotor. The pelleted VLPs were resuspended and analyzed as indicated below.

Metabolic labeling and immunoprecipitation. Transfected BSR cell monolay-
ers were washed twice at 16 h posttransfection and then metabolically labeled by
the addition of [35S]methionine-cysteine mix (150 �Ci/ml; NEN Perkin Elmer) in
cysteine-methionine-free medium supplemented with 2% FCS. Following 7 h of
labeling, supernatants were saved, and the incubation of the monolayer was
continued with regular growth medium. After an additional 16-h incubation, the
medium was harvested and pooled with the corresponding previously collected
supernatant, and VLPs were purified as indicated above. Labeled VLPs were
resuspended in radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.5], 150
mM NaCl, 1.0%, NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate), supplemented with protease inhibitors (2 �g/ml aprotinin, 20 �g/ml phen-
ylmethylsulfonyl fluoride, 50 �g/ml N-�-tosyl-L-lysine chloromethyl ketone [Sig-
ma-Aldrich]). Cell monolayers were washed twice with 1� phosphate-buffered
saline (PBS) and then lysed by the addition of TNE-N (0.2% Nonidet P-40 in
TNE buffer) containing protease inhibitors. Cell lysates were clarified at
16,000 � g for 20 min at 4°C. Aliquots corresponding to about 1 � 105 to 4 � 105

cells of both cell extracts and VLPs were used for immunoprecipitation with
appropriate antibodies, as described previously (21). Antisera used were the
following: rabbit anti-TacV N polyclonal serum (40), rabbit anti-HA polyclonal
antibody (Santa Cruz Biotechnology), mouse monoclonal antibody (MAb)
QC03-BF11 directed against the G1 subunit of JunV GP (43) (obtained through
the NIH Biodefense and Emerging Infections Research Resources Repository,
National Institute of Allergy and Infectious Diseases, NIH), and mouse anti-Flag
M2 MAb (Sigma-Aldrich). Proteins were analyzed by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) on 10% (for N) or 12% (for Z and
G1) polyacrylamide gels together with 14C-labeled markers and then visualized by
exposure to X-ray films (Kodak), as described before (25). When indicated, quan-
tification of the gels was performed by densitometry using ImageJ software (1).

Western blotting. Transfected BSR cells were lysed at 48 h posttransfection in
nonreducing SDS-PAGE sample buffer (Invitrogen). The corresponding culture
supernatants were collected, and the VLPs, purified as indicated above, were
resuspended in nonreducing SDS-PAGE sample buffer. After addition of 0.1%
�-mercaptoethanol, samples were boiled for 5 min, and amounts of cell lysates
corresponding to 0.5 � 105 to 1 � 105 cells or amounts of resuspended VLPs
corresponding to 1 � 105 to 2 � 105 cells were loaded per lane and fractionated
by SDS–12% PAGE. Resolved proteins were transferred to Hybond-ECL nitro-
cellulose membranes (GE Healthcare), and blots were stained with Ponceau-S
(Sigma-Aldrich) before being blocked overnight at 4°C with 5% skim milk in
PBS-T (0.1% Tween 20 [Sigma-Aldrich] in PBS). Blots were then incubated with

primary antibody for 2 h at 37°C, washed five times with PBS-T, and incubated
with secondary antibody for 1 h at room temperature. Next, blots were washed
five times with PBS-T, followed by incubation with SuperSignal West Pico chemi-
luminescent substrate (Thermo Scientific) for detection of horseradish peroxi-
dase, according to the manufacturer’s specifications. Finally, blots were exposed
to X-ray films, and protein bands were quantified by densitometry as indicated
above.

Primary antibodies were the following: rabbit anti-HA polyclonal antibody
(Santa Cruz Biotechnology) and mouse anti-Flag M2 MAb (Sigma Aldrich) or
rabbit anti-TacV N polyclonal serum (40). Horseradish peroxidase-conjugated
anti-mouse or anti-rabbit (Jackson ImmunoResearch) was used as a secondary
antibody, according to protocols of the suppliers. For Z self-budding estimation
(see Fig. 4D), the amount of Z was normalized to the amount of �-tubulin in cell
extracts by probing blots with an anti-�-tubulin MAb (Sigma-Aldrich), followed
by enhanced chemiluminescence and densitometry, as described above.

Protease protection assay. Transfection of BSR cells, metabolic labeling, and
purification of VLPs were performed as described above. Labeled VLPs were
resuspended overnight at 4°C in STE buffer (10 mM Tris-HCl [pH 7.5], 100 mM
NaCl, 1 mM EDTA [pH 8.0]). This resuspension was divided into three equal
aliquots: aliquot 1 was left untreated, aliquot 2 received trypsin (Sigma-Aldrich)
to a final concentration of 0.1 mg/ml, and aliquot 3 was adjusted with Triton
X-100 to a final concentration of 1% prior to the addition of trypsin (0.1 mg/ml).
Samples were incubated at room temperature for 30 min, and then N-�-tosyl-L-
lysine chloromethyl ketone (0.25 mg/ml) and aprotinin (0.6 mg/ml) were added
to each aliquot. All reaction mixtures were adjusted to a final concentration of
1% of Triton X-100 in STE buffer and then diluted with radioimmunoprecipi-
tation assay buffer prior to immunoprecipitation, as indicated before.

Coimmunoprecipitation analysis. CV1 cells grown in 12-well dishes were
infected with 3 to 5 PFU per cell of vaccinia virus vTF7-3 expressing the T7 RNA
polymerase (18) and then transfected with (amounts per well) 1 �g of pTacV
N-myc together with 1.5 �g of either pJunV Z-HA or each of the mutant
Z-expressing plasmids, as indicated in Fig. 5C. Parallel cultures were transfected
with either 1.5 �g of pJunV Z-HA or 0.3 �g of pTacV N-myc alone. Transfected
cells were metabolically labeled, clarified cell lysates were obtained, and aliquots
of the cell extracts corresponding to 1 � 105 to 2 � 105 cells were immunopre-
cipitated using either anti-HA or anti-c-Myc polyclonal antibody (Santa Cruz
Biotechnology), as previously described (21). Labeled immunoprecipitated
proteins were resolved by SDS–12% PAGE, visualized by autoradiography,
and quantified by densitometry. Z-N binding was estimated as indicated
before (21).

CAT activity assay. CAT activity was assayed in extracts from transfected BSR
cells or from VLP-infected CV1 cells, as described before (27). CAT activity was
calculated by determining the percentage of radioactivity associated with mono-
acetylated chloramphenicol species relative to total radioactivity. Quantification
was performed as previously described (27).

Immunofluorescence and confocal microscopy. BSR cells grown on glass cov-
erslips within 12-well dishes were transfected with 0.5 �g per well of either
pTacV N, pJunV Z-HA, or each of the mutant Z-expressing plasmids; alterna-
tively, cells were transfected pairwise with 0.5 �g of each plasmid, as indicated in
the legend for Fig. 5B. At 24 h posttransfection, cells were washed twice with 1�

PBS and fixed with 4% paraformaldehyde for 10 min at room temperature. After
cells were washed with PBS, they were permeabilized using 0.2% Triton X-100
for 10 min at room temperature, blocked with PBS containing 3% bovine serum
albumin (BSA) for 1 h, and incubated with a mix of primary antibodies for 1 h
at 37°C. Cells were then washed extensively in PBS–3% BSA and incubated with
a mix of secondary antibodies for 1 h at 37°C. After the cells were washed, they
were mounted on FluorSave (Calbiochem). Confocal images were collected with
a Carl Zeiss LSM5 Pascal laser scanning confocal microscope (Carl Zeiss), using
a 63� (1.4 numerical aperture) Plan-Apochromat oil immersion objective (Carl
Zeiss) or a 100� UPlanSApo oil immersion objective (1.4 numerical aperture;
Olympus) with an appropriate pinhole to obtain 1 Airy unit (optical slice, 0.8
�m). Emission filters set for fluorescein and rhodamine were previously de-
scribed (20).

The primary antibody mixture consisted of rabbit anti-HA polyclonal antibody
(Santa Cruz Biotechnology) and mouse anti-TacV N (2.52.2) MAb (19) (kindly
provided by Michael Buchmeier, The Scripps Research Institute, La Jolla, CA)
in PBS containing 3% BSA. The secondary antibody mixture contained Alexa
Fluor 488 chicken anti-mouse immunoglobulin G (Invitrogen) to detect N pro-
tein and Alexa Fluor 568 goat anti-rabbit immunoglobulin G (Invitrogen) to
detect the HA-tagged Z proteins.

FIG. 1. Generation of infectious VLPs. (A) BSR cells were trans-
fected with plasmids expressing S-CAT minigenome and TacV N,
along with the plasmids encoding the proteins indicated at the top of
the panel (�) at the amounts indicated in Materials and Methods. At
72 h posttransfection, cell supernatants were harvested, and cell ex-
tracts were prepared for determination of CAT activity (Transfection).
The supernatants collected from transfected cells were clarified and
added to CV1 cell monolayers, which were then assayed for CAT
activity (Passage), as indicated in Materials and Methods. CAT activ-
ities in transfections were quantified, and the mean values from three
independent experiments are presented (CAT activity %) as a per-
centage of that corresponding to lane 2, taken as 100%. (B) Inhibition
of CAT activity passage by incubation with anti-JunV neutralizing
antibodies. Equivalent aliquots of clarified culture supernatant col-
lected from cells transfected as in lane 7 in panel A were mixed with
the indicated dilutions of a rabbit anti-JunV serum (provided by E.
Damonte) (lanes 1 and 2), a control rabbit serum (lanes 3 and 4),
anti-JunV G1 QC03-BF11 MAb (43) (lanes 5 and 6), or normal ascites
(lanes 7 and 8). Following incubation at 37°C for 60 min, mixes were
used to inoculate CV1 cell monolayers, which were then assayed for
CAT activity as indicated in Materials and Methods. Reaction prod-
ucts from untreated supernatant-infected cell lysates are shown in lane
9. �, anti.
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RESULTS

Generation of infectious VLPs. By using a reverse genetic
approach, we have previously demonstrated that TacV L and
N are the only viral proteins required for full-cycle RNA rep-
lication and transcription and that Z protein is a powerful
inhibitor of these processes (27). We now use reverse genetics
to study the mechanisms regulating TacV morphogenesis. To
develop a system reproducing the complete virus life cycle,
genes encoding TacV proteins were cloned downstream of the
T7 promoter and the internal ribosome entry site of encepha-
lomyocarditis virus into the cap-independent pTM1 expression
vector (32). The expression of plasmids encoding viral proteins
was driven by the T7 RNA polymerase supplied upon cotrans-
fection with plasmid pCMV-T7pol (38). A synthetic minige-
nome, designated S-CAT, encoding a CAT reporter gene
flanked by the TacV S-genome noncoding sequences, was ex-
pressed under the control of the RNA polymerase I from the
plasmid pS-CAT (Materials and Methods). The amounts of
plasmids encoding TacV N and L proteins used in the trans-
fections were optimized along with the amount for the S-CAT
minigenome to maximize CAT expression in transfected cells
(data not shown). To generate VLPs, we included a tagged
version of TacV Z (TacV Z-HA), carrying an influenza HA
epitope at its C terminus (Materials and Methods) as it has
been demonstrated that C-terminal tags do not interfere with
the functions of Z protein (37). Consistent with our previous
findings (27), coexpression of TacV Z-HA protein together
with N and L reduces the levels of CAT activity to about 4% of
that exhibited by cells expressing N and L alone (Fig. 1A,
Transfection, compare lanes 2 and 3). Expression of TacV GP
in the absence of Z had almost no effect on CAT activity
relative to the control (lane 5), whereas coexpression of both
TacV GP and TacV Z-HA with N and L proteins slightly
diminished the inhibitory effect of Z protein from about 95%
to near 80% (compare lanes 3 and 4). To evaluate whether
infectious VLPs were generated, aliquots of the culture me-
dium from these cells were then used to inoculate CV1 cells
that were subsequently transfected with N- and L-expressing
plasmids to support transcription and replication of the even-
tually transferred minigenome. The successful assembly of the
minigenome into the VLPs and its transfer through infection
were monitored by measuring CAT activity (Fig. 1A, Passage).
No CAT activity was transferred by the supernatants from cells
coexpressing all four TacV proteins (lane 4) or by those from
cells coexpressing N and L proteins with either Z-HA or GP
(lanes 3 and 5). Consistently, undetectable levels of CAT pas-
sage were obtained by using either different amounts of TacV
Z- and/or GP-expressing plasmids or the untagged version of
TacV Z in transfection. Further, these results were reproduced
by using either BSR or BHK-21 cells for passage (data not
shown).

A possible explanation for the failure of TacV Z and GP to
mediate detectable infectious VLP formation could be related
to the low levels of minigenome replication observed in VLP
producer cells (Fig. 1A, Transfection lane 4). As preliminary
experiments revealed that JunV Z fused at its C terminus to an
HA epitope (JunV Z-HA [Materials and Methods]) displayed
a lower inhibitory effect on S-CAT minigenome synthesis than
comparable amounts of TacV Z-HA, we exchanged TacV

Z-HA with JunV Z-HA in the system (Fig. 1A, lanes 6, 7, and
9). Quantification of the results showed that JunV Z-HA ex-
hibits an inhibitory effect on S-CAT expression nearly 10-fold
lower than that of TacV Z-HA (Transfection, compare lanes 3
and 6). Further, coexpression of both JunV GP and JunV
Z-HA together with the support N and L proteins raised CAT
activity to levels twofold higher than those achieved when GP
and Z were omitted (Transfection, compare lane 7 with lane
2), and when the supernatants from these cells were used to
inoculate CV1 cells, high levels of CAT activity passage were
detected (Fig. 1A, Passage, lane 7), whereas no CAT activity
could be transferred when plasmids expressing either JunV
Z-HA or JunV GP were omitted (lanes 8 and 6). However,
almost undetectable levels of reporter gene transfer were ob-
served upon coexpression of support proteins together with
either JunV Z and TacV GP or TacV Z and JunV GP (Pas-
sage, lanes 9 and 10). Similar results were obtained by using the
untagged version of JunV Z or when BHK-21 cells were used
for VLP production and/or to perform the VLP infectivity
assays (not shown), confirming that TacV-like nucleocapsids
can be successfully packaged into infectious VLPs together
with JunV Z and JunV GP. We then adopted this combination
of proteins for further experiments.

To evaluate the ability of the system to produce VLPs able
to initiate infection in the same manner as authentic JunV, we
examined whether JunV-neutralizing antibodies could inhibit
VLP infection and the consequent passage of CAT activity to
new cells (Fig. 1B). Results showed that the transmission of
CAT activity was inhibited upon incubation of supernatants
from cells expressing TacV N, TacV L, JunV Z, and JunV GP,
with either anti-JunV polyclonal serum (lanes 1 and 2) or a
JunV G1-directed MAb (lanes 5 and 6). The same dilutions of
preimmune serum (lanes 3 and 4) or normal mouse ascites
(lanes 7 and 8) did not affect infectivity compared to untreated
supernatants (lane 9). These results clearly indicated that in-
fection was mediated by the JunV GP, suggesting that the VLP
envelope would be similar to that of the standard Junin virions.

Biochemical characterization of VLPs. To investigate the
individual contribution of viral proteins to VLP assembly, we
characterized the particles released into the culture medium of
cells expressing the S-CAT minigenome and TacV L protein
along with different combinations of TacV N, JunV GP, and
JunV Z-HA proteins. To this end, radioactively labeled VLPs
were analyzed by immunoprecipitation with specific sera, fol-
lowed by gel electrophoresis (Fig. 2, lanes 1 to 4). As a control,
aliquots of the VLP-producing cell extracts were also immu-
noprecipitated (Fig. 2, lanes 5 to 8). Results showed that N as
well as G1 and Z proteins were clearly detected when the
supernatants from cells coexpressing the complete set of pro-
teins in addition to the S-CAT minigenome were immunopre-
cipitated using either serum against N or a mixture of anti-G1
and anti-HA antibodies (lane 4). When Z protein was not
coexpressed, no N and almost undetectable amounts of G1
were found in the supernatants (lane 3). In addition, the re-
lease of Z into the culture medium was not affected by the
omission of either pTacV N or pJunV GP from the transfec-
tion mixture (Fig. 2, lower panel, lanes 1 and 2). Immunopre-
cipitation of the supernatants with serum to TacV N revealed
that coexpression of N and Z with the S-CAT minigenome and
L allowed the release of N (panel �-N, lane 2), indicating that
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GP was not required. By contrast, the omission of N caused a
severe reduction in the amount of G1 immunoprecipitated
from the culture medium compared to that detected in super-
natants from cells coexpressing GP along with N and Z (Fig. 2,
compare lanes 1 and 4 of panel � G1�� HA). The results from
three independent experiments revealed that cells cotrans-
fected with the complete set of plasmids produced VLPs with
a ratio of G1 to Z about 5- to 10-fold higher than the ratio
observed in VLPs produced in the absence of N. Immunopre-
cipitation of the cell lysates with specific serum (lanes 5 to 8)
showed that the omission of pTacV N from the transfection
mixture did not affect the intracellular accumulation or stabil-
ity of GP (panel � G1, lane 5). Further, control experiments
revealed that intracellular levels of Z in cells coexpressing N
and GP were similar to those detected in cells in which N was
omitted, as determined by Western blotting using anti-HA
antibodies (not shown).

Taken together, these results demonstrated that JunV Z is
strictly required for the release of N and showed that, whereas
GP is not required for the incorporation of N, coexpression of
N substantially enhanced the ratio between GP and Z detected
in Z-directed VLPs, suggesting a critical role of N in the in-
corporation of GP into budding particles.

N is recruited into VLPs upon coexpression with Z protein.
We then investigated whether the release of TacV N is depen-
dent on the coexpression of S-CAT minigenome. To address
this point, BSR cells were transfected with the complete set of
plasmids (encoding L, N, Z, GP, and S-CAT RNA) or with a
mixture in which either the Z- or the minigenome-expressing
plasmid was omitted. Culture supernatants were collected, and
VLPs were purified and analyzed by Western blotting (Fig.
3A). Results showed, as expected, that no N protein was de-
tected in the culture medium of transfected cells when the
Z-expressing plasmid was omitted from the transfection mix
(lane 6) and revealed that cells transfected with the complete
VLP-producing system released levels of N as good as those

released from cells in which the minigenome was omitted
(compare lane 5 with lane 4). Moreover, as seen in Fig. 3B,
when Z and N were coexpressed in the absence of other viral
proteins or RNA analogs, N was released into the supernatant
of transfected cells together with Z (lane 2) while N expressed
alone was not released (lane 3), indicating that Z is sufficient to
drive the release of N. Control cultures expressing JunV Z
alone released Z into the supernatant (lane 1), demonstrating
that JunV Z displays an intrinsic budding ability, as previously
shown for LCMV and LFV (37, 46). To confirm that N was
incorporated into Z-induced VLPs, supernatants from cells
coexpressing N and Z were subjected to a protease protection
assay, followed by immunoprecipitation of N protein (Materi-
als and Methods). As seen in Fig. 3C, N protein remained
largely protected from protease digestion (compare lanes 1
and 2) while the addition of detergent resulted in the complete
degradation of N by the protease (lane 3). These results dem-
onstrated that N is incorporated into Z-induced particles that
are surrounded by a lipid envelope. Interestingly, results also
revealed that a protein comigrating with Z-HA (Fig. 3C,
arrow) coimmunoprecipitated together with undegraded N

FIG. 2. Immunoprecipitation of VLPs with specific sera. BSR cells
were transfected with pS-CAT and pTacV L, together with the plas-
mids encoding the proteins indicated at the top of the panel (�) at the
amounts used to generate complete VLPs (Materials and Methods).
Cells were metabolically labeled, and VLPs were prepared as de-
scribed in Materials and Methods. Aliquots of both cell lysate and
VLPs were immunoprecipitated using antibodies against either JunV
G1 (� G1), TacV N (� N), the HA epitope (� HA), or a mix of
anti-JunV G1 and anti-HA antibodies (� G1�� HA). Precipitated
polypeptides were resolved by SDS-PAGE, visualized by autoradiog-
raphy, and quantified (Materials and Methods). The positions of G1,
N, and Z-HA (Z) are indicated by arrowheads. �, anti.

FIG. 3. Recruitment of N into VLPs. (A) BSR cells were trans-
fected with the complete set of plasmids at the amounts indicated in
Materials and Methods. When indicated (�), either the S-CAT mini-
genome- or the JunV Z-HA-expressing plasmid was omitted from the
transfection mix. Cell lysates and VLPs were prepared as described in
Materials and Methods. Samples of both cell lysates (lanes 1 to 3) and
purified VLPs (lanes 4 to 6) were analyzed by SDS-PAGE, followed by
immunoblotting using anti-TacV N serum. (B) BSR cells grown in
12-well plates were transfected with 0.5 �g of pJunV Z-HA together
with 1 �g of pTacV N-Flag (lane 2). As a control, the same amounts
of pJunV Z-HA (lane 1) or pTacV N-Flag (lane 3) were solitarily
transfected. Cell lysates and VLPs were prepared as in panel A, and
proteins were resolved by SDS-PAGE and analyzed by Western blot-
ting, using specific serum against either TacV N or the HA epitope.
(C) Cells grown in 12-well plates were transfected as in lane 2 in panel
B and then metabolically labeled as indicated in Materials and Meth-
ods. Labeled VLPs, purified from the supernatant of about 1.5 � 106

transfected cells, were resuspended in STE buffer and then divided
into three equal aliquots, which were either left untreated (lane 1) or
treated with either trypsin (lane 2) or a mix of Triton X-100 and trypsin
(lane 3). Labeled proteins were then immunoprecipitated with serum
against the Flag epitope (� Flag), resolved by SDS-PAGE, and visu-
alized by autoradiography. Arrowheads in panels A to C indicate the
positions of Z-HA (Z) and either N or N-Flag (N).
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(lanes 1 and 2), suggesting that Z and N interact with each
other within VLPs in the absence of the minigenome and other
viral proteins.

Effect of the mutations in Z protein on Z release and VLP
infectivity. Comparison of the currently available deduced pro-
tein sequences of all arenavirus Z genes reveals a similar or-
ganization, with a central RING domain surrounded by less
conserved N- and C-terminal regions. In order to identify
amino acids in Z relevant for VLP infectivity, we modified
residues in the JunV Z protein that are strictly conserved
among all known arenavirus Z proteins. We replaced the gly-
cine residue at position 35 within the N-terminal region, as well
as both L79 and P80 within the C-terminal region, with alanine
(Fig. 4A). To disrupt the folding and function of the RING
domain (3), we also replaced residues C39 and C42 with gly-

cines, obtaining mutant C39/42G (Fig. 4A). To validate the
analysis, Z mutants predicted to display reduced or impaired
budding activities were generated. For this, we introduced ala-
nine substitutions in the proline residues of the canonical
PTAP motif of JunV Z, obtaining the mutant ATAA. In ad-
dition, we replaced the strictly conserved glycine at position 2
with alanine, generating the mutant G2A (Fig. 4A). It has been
shown that this modification abolishes LFV and LCMV Z
protein myristoylation, the association of Z with the plasma
membrane, and Z-mediated budding (36, 45).

To test the ability of Z mutants to display self-budding,
either wild-type JunV Z-HA (hereafter, Z WT) or each of the
Z mutants containing a C-terminal HA tag was individually
expressed in BSR cells, and aliquots of both cell lysates and
VLPs were analyzed by Western blotting followed by densito-

FIG. 4. (A) JunV WT and mutant Z proteins. The amino acid sequence of Z WT is shown on top. Amino acids within the RING domain are
indicated by an empty box. The PTAP motif is underlined. Residues strictly conserved outside the RING domain in all sequenced arenavirus Z
proteins are indicated by stars. Z mutant sequences are below, the substitutions are shown at the corresponding positions, and unmodified residues
are indicated by dashes. The C-terminal HA epitope sequence was omitted from both WT and mutant Z proteins. (B) Z self-budding. BSR cells
grown in 12-well plates were transfected with 0.5 �g of either pJunV Z-HA (Z WT) (lanes 1 and 5) or each of the Z mutant-expressing plasmids
as indicated (lanes 2 to 4 and 6 to 9). Aliquots of both cell extracts and purified VLPs were analyzed by Western blotting (Materials and Methods).
It should be noticed that the slightly retarded electrophoretic mobility observed for mutants G2A, LP79/80AA, and L79A (lanes 2, 6 and 7) was
consistently observed among all the experiments. Results shown in lanes 1 to 4 and lanes 5 to 9 correspond to two independent experiments.
(C) Infectivity of VLPs. BSR cells were transfected with plasmids expressing S-CAT minigenome, TacV L, TacV N, and JunV GP together with
either pJunV Z-HA (Z WT) (lanes 1 and 7) or each of the Z mutant-expressing plasmids as indicated (lanes 2 to 6 and 8 and 9) at the amounts
used in the experiments shown in Fig. 1 and 2. The corresponding supernatants were collected, and cell extracts were prepared for determination
of CAT activity (Transfection), as indicated in Materials and Methods. Clarified culture supernatants were added to CV1 cell monolayers, which
were then assayed for CAT activity (Passage). Quantification of CAT activity was performed as indicated in Materials and Methods. Results shown
in lanes 1 to 6 and lanes 7 to 9 correspond to two independent experiments. (D) Z self-budding corresponds to the ratio between Z protein detected
in VLPs and total (VLP plus cellular) Z protein. The amount of Z in cell extracts was normalized for �-tubulin as indicated in Materials and
Methods. VLP infectivity was calculated as CAT activity in Passage normalized for CAT activity in Transfection. Values correspond to the mean
from at least three independent experiments and are expressed as the percentage of Z WT, set as 100%. Standard deviations ranged from 0%
(G2A) to 21% (ATAA) for Z self-budding and from 2% (G2A) to 20% (P80A) for VLP infectivity.
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metric quantification of the bands. The results showed equiv-
alent expression of all Z mutants in the cell lysates (Fig. 4B,
bottom panels). As predicted, the amounts of Z released from
the cells expressing the mutant G2A or the mutant ATAA
were undetectable (for G2A) or markedly lower (for ATAA)
than those released from Z WT-expressing cells (Fig. 4B, lanes
2 and 9, and D). In contrast, nearly WT levels of Z were
released from cells expressing either G35A or LP79/80AA
mutant or from cells expressing the single point mutants L79A
or P80A (Fig. 4B, compare lane 3 to lane 1 and lanes 6, 7, and
8 to 5, and D), showing that residue G35, L79, or P80 is not
critically involved in Z self-budding. In addition, the observa-
tion that the replacement of both residues C39 and C42 with
glycine (Z mutant C39/42G) had no adverse effect on the
amount of Z released indicated that the integrity of the RING
domain is not strictly required for the efficient release of Z-
containing particles (Fig. 4B, compare lanes 4 and 1, and D).

We then evaluated the ability of the Z mutants to form
infectious VLPs. To this end, the supernatants collected from
BSR cells transfected with the complete set of plasmids, in-
cluding either pJunV Z-HA or each of the Z mutant-express-
ing plasmids, were used to inoculate CV1 cells, which were
then monitored for passage of S-CAT minigenome (Fig. 4C,
Passage). VLP-producing BSR cells were also tested for CAT
expression (Fig. 4C, Transfection). The comparison between
VLP infectivity, assessed as indicated in the figure legend, and
the self-budding ability of each mutant is shown in Fig. 4D. It
can be seen, as expected, that the abilities of mutants ATAA
and G2A to direct the production of infectious VLPs corre-
lated with their limited self-budding capacities. Among all the
mutants showing nearly WT levels of self-budding (G35A, C39/
42G, LP79/80AA, L79A, and P80A), only mutants G35A and
P80A displayed WT ability to form infectious VLPs, whereas
mutants C39/42G and LP79/80AA as well as L79A exhibited a
dramatic reduction in ability to direct CAT activity passage
(Fig. 4C and D). These results demonstrated that disruption of
the RING structure or the replacement of L79 with alanine
dramatically impairs the infectivity of VLPs without modifying
the self-budding property of Z.

Disruption of the RING structure or mutation of residue
L79 of Z severely impairs intracellular Z-N interactions and
the incorporation of N into VLPs. As the above results dem-
onstrated that Z protein is sufficient to drive the incorporation
of N protein into Z-induced particles (Fig. 3), we analyzed the
ability of the Z mutants to recruit N protein into budding
particles in the absence of other viral components. To this end,
either Z WT or each of the Z mutants displaying impaired
abilities to generate infectious VLPs or mutant P80A as con-
trol was coexpressed with N, and the released VLPs were
purified and analyzed by Western blotting. The results con-
firmed that, upon coexpression with Z WT, N is recruited into
Z-directed VLPs (Fig. 5A, lane 1). Likewise, coexpression of N
and the mutant P80A resulted in the release of N into the
supernatant (lane 5). In contrast, mutants C39/42G, L79A, and
LP79/80AA failed to recruit N into the released particles
(VLPs, lanes 2, 3 and 4) even though similar expression levels
of both N and Z proteins were detected under all transfection
conditions (Fig. 5A, Cell lysate, lanes 1 to 5). Thus, disruption
of the RING structure or mutation of L79 to alanine abolishes
the ability of Z to mediate the incorporation of N into VLPs.

To further investigate the effect of L79A and C39/42G mu-
tations on the association between Z and N, we first examined
the intracellular localization of N and either Z WT or each
mutant Z protein by confocal microscopy (Materials and
Methods). Figure 5B shows that, when expressed individually,
the N protein exhibited diffuse staining and presented discrete
structures of various sizes all over the cytoplasm (frame A). Z
mutants appeared similar in distribution to Z WT, mostly lo-
calizing at the plasma membrane and in discrete structures
throughout the cytoplasm (compare frames C and D with B).
Coexpression with N did not affect the distribution of Z WT or
Z mutants compared with single expression of these proteins
(Fig. 5B, compare frames E, H, and K with B, C, and D,
respectively). On the other hand, upon coexpression of N with
Z WT, a fraction of N was localized at the plasma membrane
(compare frames F and A), where N and Z WT appeared to
colocalize (frame G). However, when either the C39/42G or
L79A mutant was coexpressed with N, no major changes in the
subcellular distribution of N compared to cells expressing N
alone were evident (compare frames I and L with A), and no
plasma membrane localization of N was observed (frames J
and M). These phenotypes were present in �90% of the ana-
lyzed cells. Similar results were observed when transfections
were performed into CHO cells (data not shown), supporting
the notion that residue L79 and the RING structure within Z
may be involved in direct Z-N interactions.

To further substantiate these results, we analyzed Z-N interac-
tions by means of a coimmunoprecipitation assay. Briefly, CV1
cells coexpressing TacV N-myc and either Z WT or each of the Z
mutants (C39/42G or L79A) were metabolically labeled, and ali-
quots of the cell lysates were immunoprecipitated with specific
serum to detect N or Z, followed by SDS-PAGE (Materials and
Methods). As a control, a similar procedure was performed with
extracts from cells expressing N-myc or Z WT alone (Fig. 5C).
Coimmunoprecipitation analyses using anti-HA antibody showed
that upon coexpression with N, each of the Z mutants was syn-
thesized at levels similar to WT Z (compare lanes 3 and 4 to lane
2). In addition, coimmunoprecipitation of N and Z WT was ob-
served (lane 2). The specificity of the interaction was demon-
strated by the fact that no N was detected when extracts from cells
expressing comparable amounts of N alone were analyzed (lane
5). Results also indicated that mutants C39/42G and L79A (lanes
3 and 4) displayed a reduced ability to interact with N compared
to that of Z WT (lane 2). This observation was confirmed by
immunoprecipitation with serum against c-Myc. Quantification of
the results showed that mutants C39/42G and L79A each exhib-
ited binding abilities to N of no more than 40% compared to the
binding ability of Z WT.

Overall, these results demonstrated that the disruption of
the RING structure or the mutation of residue L79 to alanine
within Z drastically affects both intracellular Z-N interactions
and the ability of Z to direct the incorporation of N into VLPs.

It is noteworthy that in previous reports we provided the first
evidence that Z, at expression levels producing inhibition of
viral transcription and replication, interacted with L but not
with N. In those studies 50 to 150 ng of Z-expressing plasmids
was used (21, 48). At higher levels (about 10-fold) of either the
JunV Z-expressing plasmid (present report) or the plasmid
expressing TacV Z (M. Wilda, unpublished data), Z-N inter-
actions were readily detected.
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Z-N interactions are required for the assembly of GP into
VLPs. To assess whether the Z mutants C39/42G and L79A
were able to recruit GP into budding particles, cells were
cotransfected with pTacV N and pJunV GP together with
either pJunV Z-HA or each of the Z mutant-expressing plas-
mids. Control cultures in which either the N-, GP-, or Z WT-
expressing plasmid was omitted were also included in these
experiments (Fig. 6). Transfected cells were metabolically la-
beled, cell extracts were prepared, and culture supernatants
were ultracentrifuged for VLP purification (Materials and
Methods). Aliquots of both purified VLPs and cell lysates were
analyzed by SDS-PAGE after immunoprecipitation with spe-
cific serum to detect either JunV Z-HA, N, or G1 protein. The
results revealed that in addition to N and Z proteins, G1 was
released into the supernatants of cells coexpressing TacV N,
JunV GP, and Z WT (Fig. 6, VLPs, lane 4). The data also
indicated that these VLPs displayed G1-to-Z ratios about 7- to
14-fold higher than those in VLPs released from cells coex-
pressing GP and Z WT in the absence of N (compare lanes 4
and 1 of the VLP panel). These results confirmed our findings

(Fig. 2) that coexpression with N enhances the incorporation of
GP into WT Z-directed VLPs and revealed that neither the L
protein nor the minigenome was required for the assembly of
GP into VLPs. Results also showed that coexpression of either
the C39/42G or L79A mutant with GP and N resulted in the
release of VLPs which displayed no N and in which nearly WT
levels of mutant Z protein along with background amounts of
G1 were detected (VLPs, lanes 5 and 6). Intracellular levels of
N and G1 in Z mutant-expressing cells were similar to those
detected in cells expressing Z WT (Cell lysate, compare lanes
5 and 6 with lane 4), showing that these results were not due to
a different intracellular accumulation of N or GP. Thus, Z
mutants L79A and C39/42G, which display impaired abilities
to interact with N (Fig. 5), direct a strongly diminished incor-
poration of G1 into VLPs.

DISCUSSION

We have established here a transfection-based system for
generating arenavirus VLPs. In this system, TacV-like nucleo-

FIG. 5. (A) Recruitment of N into Z-containing VLPs. BSR cells grown in 12-well plates were transfected with 1.5 �g of pTacV N-Flag together
with 0.5 �g of either pJunV Z-HA (Z WT) (lane 1) or each of the Z mutant-expressing plasmids, as indicated (lanes 2 to 5). Cell lysates and VLPs
were prepared as indicated in Materials and Methods. Samples of both VLPs and cell lysates were analyzed by Western blotting using either
anti-Flag or anti-HA antibodies. The positions of N-Flag (N) and Z-HA (Z) proteins are indicated by arrowheads. (B) Intracellular distribution
of N and Z proteins. BSR cells expressing individually either N (frame A), Z WT (frame B) or Z mutants (frames C and D) or coexpressing N
with either Z WT (frames E to G) or each Z mutant (frames H to M) as shown were fixed, permeabilized and then probed with a mouse anti-TacV
N (green) and a rabbit anti-HA antibody (red), as indicated in Materials and Methods. Frames G, J, and M show merged images of the signals
for N and Z proteins, as indicated. (C) Coimmunoprecipitation analysis. Cells coexpressing TacV N-myc and either Z WT or each of the Z mutants
as indicated (lanes 2 to 4) or expressing either Z WT (lane 1) or TacV N-myc (lane 5) alone were radioactively labeled as indicated in Materials
and Methods. Aliquots of the cell lysates were immunoprecipitated using serum against either c-Myc (panel � cMyc) or HA (panel � HA), and
the immunoprecipitated proteins were resolved and visualized as described in Materials and Methods. The positions of Z-HA (Z) and N-myc
(N) are indicated by arrowheads. In lane 5, the amount of transfected pTacV N-myc plasmid DNA was adjusted (Materials and Methods) such
that equivalent amounts of N-myc protein relative to lanes 2 to 4 were expressed. �, anti.
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capsids were assembled into VLPs together with Z and GP of
the closely related JunV. These VLPs are infectious and can be
neutralized by specific anti-JunV antibodies (Fig. 1), indicating
that key molecular interactions between the coexpressed TacV
and JunV proteins are conserved. This is consistent with pre-
vious studies showing that LFV Z can substitute for LCMV Z
in formation of infectious VLPs and that LFV GP can replace
LCMV GP in generation of a recombinant LCMV variant
(37, 39).

The failure of TacV Z to mediate detectable minigenome
passage (Fig. 1A) could be attributed to the strong inhibition
displayed by TacV Z on reporter gene expression. Notably,
cells expressing TacV Z and TacV GP along with N and L
proteins displayed about 10-fold lower levels of reporter gene
expression than cells coexpressing comparable amounts of
JunV Z and JunV GP (Fig. 1A, Transfection). Thus, a lower
intracellular accumulation of encapsidated minigenome to be
assembled into VLPs could explain the undetectable transfer
of CAT activity to new cells. Additionally, since TacV Z does
not contain a canonical proline-rich late motif, a lower ability
of TacV Z protein to drive VLP formation could also contrib-
ute to the observed low levels of TacV Z-mediated minige-
nome passage.

We also found that, when assembled into complete JunV
Z-driven VLPs, TacV GP mediated lower levels of CAT ac-
tivity passage than JunV GP (Fig. 1A). Taking into account
that TacV GP can be incorporated into JunV Z-directed VLPs
at levels comparable to those of JunV GP (J. C. Casabona et
al., unpublished results), this observation could be attributed
to differences in entry efficiencies and/or receptor usage be-
tween TacV and JunV GPs (14, 35).

Our results showing that JunV Z displays self-budding, that
the omission of JunV Z protein prevents the production of
VLPs (Fig. 2 and 3), and that Z-mediated budding is severely
affected by the mutation of either the myristoylation site or the
PTAP late motif of Z (Fig. 4) are consistent with previous
reports on LFV and LCMV (36, 37, 45, 46), further supporting
the notion that Z is the driving force for arenavirus particle
release.

Direct interaction between the nucleoprotein and the matrix
protein has been associated with the incorporation of nucleo-
capsid-like structures into matrix protein-driven VLPs of other
negative-stranded RNA viruses such as human parainfluenza
type 1 and Ebola viruses (10, 24, 34). Similarly, our finding that
Z protein in the absence of minigenome and other viral pro-
teins was sufficient to recruit N within lipid-enveloped Z-con-
taining VLPs (Fig. 3) supported the idea that Z-N interactions
could facilitate the packaging of nucleocapsids into VLPs. To
address this point, we generated Z mutants carrying substitu-
tions in residues strictly conserved in all arenaviruses and eval-
uated the ability of Z mutants to drive self-budding, to interact
with N in vivo, and to direct the formation of infectious VLPs.
We demonstrated that replacing the strictly conserved G35 or
P80 with alanine has little or no effect in either Z self-budding
or VLP infectivity. By contrast, disruption of the RING struc-
ture or mutation of residue L79, although it did not affect Z
self-budding, dramatically impaired the ability of Z to direct
infectious VLP formation (Fig. 4). Further, these mutations
abrogated the capacity of Z to recruit N into Z-containing
VLPs and severely affected intracellular Z-N interactions, as
evidenced by coimmunoprecipitation analyses. Consistent with
these results, confocal microscopy suggested that the RING
structure and residue L79 of Z are required for N localization
at the plasma membrane (Fig. 5). We also examined the re-
quirement of different viral components for the incorporation
of GP into budding particles. We demonstrated that coexpres-
sion of TacV N highly increased the levels of GP incorporated
into VLPs (Fig. 2), a result that was reproduced when both
S-CAT minigenome and L protein were omitted (Fig. 6) and
also when JunV GP was replaced with TacV GP in the system
(data not shown). More important, residue L79 and the integ-
rity of the RING structure of Z are necessary for the assembly
of GP into VLPs (Fig. 6). Taken together, these results showed
that the RING structure and residue L79 of Z are critically
important for its binding to N and led us to propose a model in
which Z-N interactions govern the localization of viral nucleo-
capsids to the sites of budding at the plasma membrane, con-
tributing to their subsequent packaging into viral particles. In
addition, the data support the suggestion that interactions be-
tween GP and Z-N complexes may be involved in the efficient
incorporation of GP into infectious virions. Based on recent
evidence showing that Z and GP from both LCMV and LFV
interact in vivo, it has been speculated that the Z-GP associa-
tion might contribute to arenavirus particle assembly (6) in a
similar way that the matrix protein-glycoprotein interactions
are important for glycoprotein incorporation in other virus
systems such as human immunodeficiency virus type 1, rabies,
and Marburg viruses (11, 17, 29, 30). Considering that the
integrity of the Z RING domain is not required for either
LCMV or LFV Z-GP interactions (6), our results suggest that

FIG. 6. Effect of mutations in the Z protein on the assembly of GP
into VLPs. BSR cells were transfected with plasmids expressing TacV
N, JunV GP, and either Z WT or each of the Z mutants, as indicated,
at the amounts used for the experiments shown in Fig. 1 and 2. Cells
were metabolically labeled, and aliquots of both cell lysate and purified
VLPs were immunoprecipitated with antibodies against JunV G1 (�
G1) or TacV N (� N) or with a mixture of anti-JunV G1 and anti-HA
antibodies (� G1�� HA). Precipitated polypeptides were resolved by
SDS-PAGE, visualized by autoradiography, and quantified, as indi-
cated in Materials and Methods. The positions of N, G1, and Z-HA
(Z) are indicated by arrowheads. �, anti.
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Z might have different GP-binding properties when complexed
with N during particle assembly.

It is unclear whether residue L79 and the RING structure
are both involved in direct interactions between N and Z.
However, as destabilization of the first zinc-binding site of the
RING structure abolishes the capacity of either LCMV or
LFV Z to self-associate in vitro (22), it is also possible that the
binding of N at the putative N-binding site of Z could require
the RING-dependent oligomerization of Z protein. Current
efforts are under way to define further residues of Z and the
regions of N that participate in Z-N interactions important for
the assembly of viral particles. A better understanding of the
molecular determinants involved in the assembly of infectious
particles will be helpful for the design of new strategies for
controlling pathogenic human arenaviruses.
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