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The arenavirus small RING finger Z protein has been shown to be the main driving force of budding for
several arenaviruses. This Z budding activity was found to be mediated by the late (L)-domain motifs P(T/S)AP
and PPXY, located at the C terminus of Z. Here, we show that the Z protein of Tacaribe virus (TACV), a New
World arenavirus, buds efficiently from cells despite lacking the canonical L-domain motifs P(T/S)AP and
PPXY. Likewise, potential L-domain motifs ASAP and YLCL present in TACV Z did not exhibit any significant
contribution to TACV Z budding activity. Budding of TACV Z was Tsg101 independent but required the activity
of Vps4A/B. These results indicate that TACV Z utilizes a budding mechanism distinct from that reported for

other arenaviruses.

Arenaviruses are enveloped viruses with a bisegmented, neg-
ative-strand (NS) RNA genome and a life cycle restricted to
the cell cytoplasm (1). Each RNA segment uses an ambisense
coding strategy to direct the expression of two genes that are in
opposite orientations and separated by a noncoding intergenic
region. The large segment (7.2 kb) encodes the late (L) pro-
tein, an RNA-dependent RNA polymerase, and the small
RING finger protein Z, which is the counterpart of the matrix
(M) protein found in many enveloped NS RNA viruses. The
small segment (3.5 kb) encodes the viral nucleoprotein (NP)
and the glycoprotein precursor (GPC). The GPC is processed
by the cellular protease S1P into GP1 and GP2 (13). Trimers
of GP1/GP2 form the spikes that decorate the virus surface
and mediate cell entry via receptor-mediated endocytosis (12).

Arenaviruses merit significant interest both as tractable ex-
perimental model systems to study acute and persistent viral
infections (18, 28) and as clinically important human patho-
gens. The Old World virus Lassa virus (LASV) and several
New World (NW) arenaviruses cause hemorrhagic fever (HF)
disease in humans, posing a serious public health problem (1).
LASYV is estimated to infect several hundred thousand individ-
uals yearly in the regions of West Africa where it is endemic,
resulting in a high number of Lassa fever (LF) cases associated
with significant mortality and high morbidity. Notably, in-
creased travel to and from regions of endemicity has led to the
importation of LF into metropolitan areas, where the virus is
not endemic, around the globe (11). Likewise, the NW arena-
virus Junin virus causes Argentine HF, a severe illness with
hemorrhagic and neurological manifestations and a fatality
rate of 15 to 30% (7, 22, 27), while the NW Machupo and
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Guanarito arenaviruses have emerged as causative agents of
HF in Bolivia and Venezuela, respectively (22). Public health
concerns about HF arenavirus infections are exacerbated by
the lack of licensed vaccines and by the fact that current anti-
arenavirus therapies are limited to the use of the nucleoside
analogue ribavirin, which is only partially effective and is asso-
ciated with significant side effects. Therefore, it is important to
develop novel drugs to combat human pathogenic arenavi-
ruses.

Similarly to many other enveloped NS RNA viruses, arena-
virus infectious particles bud from the plasma membranes of
infected cells. Evidence indicates that the M proteins of many
enveloped NS RNA viruses play critical roles in virus budding
(3). Accordingly, many of these M proteins are, in the absence
of any other virus polypeptide, competent in budding and can
form virus-like particles (VLPs). Budding of M proteins is
often directed by L-domain motifs, which most frequently cor-
respond to one of the following sequences: P(T/S)AP, PPXY,
YXXL, or FPIV (3). Efficient M-mediated budding requires
interactions between viral L domains and host factors, many of
them involved in the cellular multivesicular body (MVB) sort-
ing pathway (3). MVB formation requires the activity of a
network of cytoplasmic protein complexes known as endoso-
mal sorting complexes required for transport (ESCRT).
Tsgl01 is a component of the ESCRT-1 complex and plays a
key role in the biogenesis of MVB. An AAA ATPase, Vps4,
which is present in humans as two isoforms, Vps4A and
Vps4B, binds to components of ESCRT-3 and mediates disso-
ciation of ESCRT-3 complex from the endosomal membrane.
We (20, 26) and others (24) have documented that Z is the
driving force of arenavirus budding. As with many other bona
fide viral budding proteins, all known arenavirus Z proteins
contain P(T/S)AP, PPXY, or both, L-domain motifs that play
a critical role in Z budding (20, 24). Tacaribe virus (TACV) Z
protein, however, constitutes a unique exception, as it lacks
both P(T/S)AP and PPXY L-domain motifs (Fig. 1A).
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FIG. 1. Arenavirus Z protein and its budding efficiency. (A) Sche-
matic representation of Z proteins from LCMV, LASV, and TACV. G
corresponds to the strictly conserved glycine residue found at position
2 of all known arenavirus Z proteins. The locations of bona fide PTAP
(LASV), PPPY (LASV and LCMV), and YXXL (LASV and TACV)
L-domain motifs are indicated, as well as that of the L-like domain
motifs STAP (LCMV) and ASAP (TACV). (B) Budding activity of
TACV Z protein. 293T cells were transfected with 0.25 g of either
pC-TACV-Z-HA or pC-LASV-Z-HA. At 36 h posttransfection, tissue
culture supernatants were collected, and VLPs and total cell lysates
were prepared as described previously (2). Levels of Z proteins in
VLPs and cell lysates were determined by WB using an antibody to HA
(sc-7392; Santa Cruz). The budding efficiency of LASV Z was set at
1.0. The data are averages and standard deviations from three inde-
pendent experiments.

Budding efficiency of TACV Z protein. To examine whether
TACV Z could bud efficiently from cells, we used the plasmid
pCAGGS (17) to express a C-terminally hemagglutinin (HA)-
tagged TACV Z protein and compared its budding efficiency
with that of LASV Z HA (20) using a previously described
method (2). Briefly, we transfected 293T cells (4 X 10°) with
0.25 wg of each plasmid, and 36 h later we collected VLP-
containing tissue culture supernatants and cells. After clarifi-
cation from cell debris (1,500 X g; 5 min), VLPs were collected
by ultracentrifugation (100,000 X g; 30 min at 4°C) through a
20% sucrose cushion. Cells and VLPs were resuspended in
lysis buffer (1% NP-40, 50 mM Tris-HCI [pH 8.0], 62.5 mM
EDTA, 0.4% sodium deoxycholate) and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, followed
by Western blotting (WB) using an anti-HA mouse monoclo-
nal antibody (sc-7392; Santa Cruz). TACV Z exhibited about
three-times-higher budding efficiency than LASV Z (Fig. 1B).
This result indicated that like lymphocytic choriomeningitis
virus (LCMV) and LASV, TACV Z is a bona fide budding
protein.

Effect of G2A mutation and 2-OHM treatment on TACV Z
budding. A wide range of viral proteins are myristoylated (16),
a posttranslational modification that can significantly influence
protein function. Data from studies on both the sequences of
known myristoylated proteins and the sequence requirements
for N-myristoyltransferase activity indicate that the N-terminal
acceptor amino acid for protein myristoylation is a glycine
residue at position 2 (G2) (15). Accordingly, the mutation
G2A prevents protein myristoylation. Previously, we showed
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FIG. 2. Effect of G2A mutation and 2-OHM treatment on TACV
Z budding. (A) 293T cells were transfected with 0.25 pg of either
pC-TACV-Z-HA or pC-TACV-Z(G2A)-HA. At 36 h posttransfec-
tion, levels of Z proteins in VLPs and total cell lysates were deter-
mined by WB as for Fig. 1. The budding efficiency of WT TACV Z was
set at 1.0. (B) 293T cells were transfected with pC-TACV-Z-HA and
treated with 2-OHM (100 wM) or vehicle alone (dimethyl sulfoxide)
for 36 h before levels of Z budding were determined. The budding
efficiency of TACV Z in vehicle-treated cells was set at 1.0. The data
are averages and standard deviations from three independent experi-
ments.

that myristoylation of the LCMV and LASV Z proteins was
essential for their budding activity (21). Notably, comparison
of all known arenavirus Z-protein sequences, including that of
TACV Z, revealed the presence of a strictly conserved G2 in
the context of a consensus myristoylation signal (5). We there-
fore sought to define the role of the G2 residue in the budding
activity of TACV Z. For this, we first compared the budding
activity between wild-type (WT) TACV Z and TACV Z(G2A)
(Fig. 2A). Consistent with our previous findings with LASV
and LCMV Z proteins (21), we observed slightly higher cellu-
lar expression levels of TACV Z(G2A) than WT TACV Z.
Likewise, the G2A mutation also resulted in a TACV Z pro-
tein with budding activity below the detection levels of our
assay (Fig. 2A). This finding indicated that G2 plays a critical
role in TACV Z budding activity, which is likely related to its
role as myristoylation acceptor site. To further evaluate the role
of myristoylation in TACV Z budding, we examined the effect
of pL-2-hydroxymyristic acid (2-OHM) on TACV Z budding.
2-OHM is a myristic acid analog that becomes metabolically
activated in cells to form 2-hydroxymyristoyl-coenzyme A, a
potent inhibitor of N-myristoyltransferase (19). Budding of
TACV Z was inhibited in cells treated with 2-OHM (Fig. 2B).
At the drug concentration used (100 wM), no effect on cell
viability or cellular expression levels of Z protein was observed.

Role of the L-like domain ASAP motif on TACV Z budding.
The budding activities of LCMV and LASV Z proteins were
reported to depend on the presence of the canonical L-domain
motifs P(T/S)AP and PPPY (Fig. 1A) (20, 24). TACV Z has
the motif ASAP instead of P(T/S)AP (Fig. 1A); hence, we
examined whether ASAP could functionally replace P(T/S)AP,
thus providing TACV Z protein with budding activity. For this,
we generated two TACV Z mutants, one with a change of
ASAP to PSAP (pC-TACV-Z ASAPPSAP) and one with a
change of ASAP to AAAA (pC-TACV-Z ASAPAAAA), and
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FIG. 3. Role of the L-like domain on TACV Z budding. (A) Sche-
matic representation of all TACV Z mutants used in this study.
(B) Budding activity of TACV Z with mutations in ASAP (panel i) and
YLCL (panel ii) motifs. 293T cells were transfected with 0.25 pg of
pC-TACV-Z, pC-TACV-Z ASAPPSAP, pC-TACV-Z ASAPAAAA,
or pC-TACV-Z YLCLAAAA; all Z-expressing constructs were HA
tagged at their C termini. At 36 h posttransfection, VLPs and total cell
lysates were prepared and Z expression levels were determined by WB
as for Fig. 1. The budding efficiency of WT TACV Z was set at 1.0. The
data are averages and standard deviations from three independent
experiments.

determined their budding activities compared to that of WT
TACV Z (Fig. 3A). The mutant and WT TACV Z proteins
exhibited similar budding activities, indicating that ASAP does
not make a significant contribution to TACV Z budding activ-
ity (Fig. 3B, panel i).

Role of the YLCL motif in TACV Z budding. The YXXL
motif has been shown to operate as an L domain in a variety of
viruses (4, 8-10, 23). Notably, Z proteins from the majority of
known arenaviruses, including TACV, have a YLCL motif
located within the RING domain of Z. To examine whether
this YLCL motif could functionally provide TACV Z protein
with budding activity, we generated a TACV Z mutant with the
change YLCL to AAAA (pC-TACV-Z YLCLAAAA) and de-
termined its budding activity compared to that of WT TACV Z
(Fig. 3B, panel ii). The mutant and WT TACV Z proteins
exhibited similar budding activities, indicating that YLCL does
not make a significant contribution to TACV Z budding activity.

Roles of Tsg101 and Vps4A/B in TACV Z budding. Next, we
examined whether, as with LCMV and LASV Z proteins,
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FIG. 4. Roles of Tsgl01 and Vps4A/B in TACV Z budding.
(A) 293T cells were cotransfected with pC-TACV-Z-HA or pC-LASV-
Z-HA (0.1 pg) and pC-Tsgl01-myc (0.2 pg) together with pS-Tsgl101
(0.2 pg) or control plasmid pSUPER (0.2 pg). Myc-tagged Tsgl01 was
detected by WB using a mouse monoclonal antibody to Myc. Levels of
Z protein in VLPs and total cell lysates were determined by WB as for
Fig. 1. (B) 293T cells were cotransfected with pC-TACV-Z-HA and
the indicated Flag-tagged Vps4-expressing constructs or control plas-
mid pcDNA3.1. Flag-tagged Vps4 proteins were detected by WB using
a rabbit serum to Flag (no. 162150; Cayman). Levels of Z protein in
VLPs and cell lysates were determined by WB as for Fig. 1. The data
are averages and standard deviations from three independent experi-
ments. (C) 293T cells were transfected with a specific Vps4A
(siVps4A) or control siRNA (100 pmol/ml), and 24 h later cells were
cotransfected with pC-TACV-Z-HA or pC-LASV-Z-HA (0.1 pg) and
pVps4A-Flag (0.03 pg), together with a specific Vps4A or control
siRNA (50 pmol/ml). Flag-tagged Vps4A was detected as described
above. Levels of Z protein in VLPs and cell lysates were determined by
WB as for Fig. 1.

TACV Z budding activity also required the interaction of Z
with members of the MVB sorting pathway. Tsg101 is a com-
ponent of the ESCRT-1 complex known to participate in the
cellular MVB sorting pathway (6). The L-domain motif P(T/
S)AP can bind to a ubiquitin E2 variant domain present within
Tsgl01, and this interaction has been shown to allow the as-
sociation of a variety of viral budding proteins, including
HIV-1 Gag, Ebola virus VP40, and LASV Z, with the MVB
sorting pathway (6, 14, 20, 26). To examine the contribution of
Tsgl01 to TACV Z budding, we used a small interfering RNA
(siRNA)-based approach. For this we used pS-Tsgl01 to direct
intracellular expression of a sSiRNA that specifically and effec-
tively targeted TsglO1 expression (20). Expression of Tsgl101
siRNA, but not a control siRNA, caused a severe reduction in
Tsgl01 expression levels in cells transfected with a plasmid
(pTsgl01) expressing a Myc-tagged Tsgl01 (Fig. 4A). How-
ever, TACV Z budding activity was not affected by reduced
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expression levels of Tsgl01 (Fig. 4A), whereas, consistent with
previous findings (20, 26), LASV Z budding in cells expressing
the Tsgl0l siRNA was decreased dramatically (Fig. 4A).
Vps4A/B is an AAA ATPase that has a key function in the
endocytic pathway for degradation of membrane proteins.
Vps4 function is closely linked to ESCRTSs, which are multi-
protein complexes required for the sorting of endocytosed
transmembrane proteins into intraluminal vesicles. Mutant
forms of Vps4 defective in ATPase activity have been shown to
be potent inhibitors of budding in a variety of viruses (3). To
assess the contribution of Vps4A/B to TACV Z budding, we
examined the effect of WT and dominant negative forms of
Vps4A and Vsp4B on TACV Z budding activity. Overexpres-
sion of WT forms of Vps4A/B slightly increased the budding
activity of TACV Z (Fig. 4B), whereas overexpression of dom-
inant negative forms [Vps4A(E228Q) and Vps4B(E235Q)]
caused a dramatic reduction of TACV Z budding activity (Fig.
4B). Consistent with these results, siRNA-mediated knock-
down of Vps4A using previously described conditions (26)
resulted in reduced budding of TACV Z and also, in agree-
ment with previous findings (26), of LASV Z (Fig. 4C).

Previous reports have shown that Z plays a key role in
arenavirus budding and that this activity was mediated by the
presence of canonical L-domain motifs [P(T/S)AP and PPXY]
within Z (20, 24, 26). Here we have shown that although
TACV Z does not possess these canonical L domains, it ex-
hibits strong budding activity. G2 of TACV Z plays a critical
role in budding, suggesting that myristoylation of TACV Z is
necessary for its budding activity, as previously reported for
LCMYV and LASV Z proteins (21, 25). We have also shown
that ASAP and YLCL motifs do not exhibit L-domain activi-
ties related to budding in the context of TACV Z protein. In
addition, our findings revealed that TACV Z does not utilize
Tsgl101 but does depend on Vps4A/B activity for its budding
activity. These findings suggest that, as with LCMV and LASV,
budding of TACV requires the participation of the ESCRT
machinery of the cell but involves different specific ESCRT
components that remain to be determined.

Progress in understanding the mechanisms underlying cell
egress of enveloped viruses has shown that different viruses can
exhibit a significant degree of commonality regarding the virus-
cell protein interactions that direct viral budding. This knowl-
edge has led to the consideration of this critical step of the
virus life cycle as a potential novel target for the development
of antiviral drugs. Budding of both the prototypic arenavirus
LCMYV and the HF virus LASV was shown to be driven by the
virus Z protein in a process mediated by the interaction be-
tween canonical L-domain motifs [P(T/S)AP and PPXY)]
within Z and members of the cellular MVB pathway (20, 24,
26). Based on sequence comparison among known Z proteins,
it is predicted that budding of pathogenic NW arenaviruses
would be driven by an interaction between the L-domain motif
P(T/S)AP of Z and components of the cellular MVB pathway.
However, our finding that the Z protein of the NW TACV
exhibits a strong budding activity that is not mediated by the
canonical L-domain motif P(T/S)AP, PPXY, or YXXL raises
the possibility that in response to antiviral drugs targeting
L-domain-MVB protein interactions, human-pathogenic
arenavirus variants resistant to these drugs could arise by ac-
quiring the ability to use a different budding pathway. It is also
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quite plausible that in the absence of functional known canon-
ical L-domain motifs, other sequence motifs could exhibit bona
fide L-domain activity. A detailed understanding of mecha-
nisms underlying TACV Z budding should facilitate the devel-
opment of targeting strategies to counteract the potential abil-
ity of arenaviruses to use more than one budding pathway.
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