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The arenavirus small RING finger Z protein is the main driving force of arenavirus budding. The primary
structure of Z is devoid of hydrophobic transmembrane domains, but both lymphocytic choriomeningitis virus
(LCMYV) and Lassa fever virus Z proteins accumulate near the inner surface of the plasma membrane and are
strongly membrane associated. All known arenavirus Z proteins contain a glycine (G) at position 2, which is
a potential acceptor site for a myristoyl moiety. Metabolic labeling showed incorporation of [*H]myristic acid
by wild-type Z protein but not by the G2A mutant. The mutation G2A eliminated Z-mediated budding.
Likewise, treatment with the myristoylation inhibitor 2-hydroxymyristic acid inhibited Z-mediated budding,
eliminated formation of virus-like particles, and caused a dramatic reduction in virus production in LCMV-
infected cells. Budding activity was restored in G2A mutant Z proteins by the addition of the myristoylation
domain of the tyrosine protein kinase Src to their N termini. These findings indicate N-terminal myristoylation

of Z plays a key role in arenavirus budding.

Arenaviruses merit significant attention both as tractable
experimental models to study acute and persistent infections
and as clinically important human pathogens, including hem-
orrhagic fever (HF) agents such as Lassa fever virus (LFV) and
the South American hemorrhagic fever viruses (6). Increased
traveling to and from areas in sub-Sahara Africa where these
pathogens are endemic has led to the importation of LFV into
unexpected areas, including the United States, Europe, Japan,
and Canada (16). Due to its severe morbidity and high mor-
tality, lack of immunization or effective treatment, and ease of
introduction into a susceptible population and transmissibility
human to human, LFV is included in Category A of potential
bioterrorism microbial weapons (3, 4); thus, developing novel
effective antiviral drugs to combat HF arenaviruses is impor-
tant. Such a task would be facilitated by a detailed understand-
ing of the arenavirus molecular and cellular biology, for which
the prototypic arenavirus lymphocytic choriomeningitis virus
(LCMV) provides us with an excellent model system.

LCMV is an enveloped virus with a bisegmented, negative-
strand (NS) RNA genome. Each RNA segment directs the
expression of two gene products, encoded in ambisense orien-
tation and separated by an intergenic region. The large seg-
ment (L; 7.2 kb) encodes the RNA-dependent RNA polymer-
ase (L; ca. 200 kDa) and the small RING finger protein Z (ca.
11 kDa), which has no homologue among other known NS
RNA viruses. Z is a structural component of the virion (34),
and in LCMV-infected cells Z it has been shown to interact
with several cellular proteins, including the promyelocytic leu-
kemia protein (2) and the eukaryote translation initiation fac-
tor 4E (7, 18). The former has been proposed to contribute to
the noncytolytic nature of LCMV infection (2), whereas the
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latter has been proposed to repress cap-dependent translation
(7, 18). Moreover, early studies suggested a role of Z in arena-
virus transcriptional regulation (14). However, it has been
shown that Z is not required for virus RNA replication and
transcription (20, 22); rather, it exhibits a dose-dependent in-
hibitory effect on RNA synthesis mediated by the arenavirus
polymerase (11, 22). The small segment (S; 3.5 kb) encodes the
viral nucleoprotein (NP; ca. 63 kDa) and the glycoprotein
precursor (GPC; ca. 75 kDa). GPC is processed into GP1 (40
to 46 kDa) and GP2 (35 kDa) by the S1P cellular protease (1,
32). Heterooligomeric structures of GP1 and GP2, nonco-
valently associated, form the virion surface spikes, and the GP1
portion of the spike is responsible for initial binding to cellular
receptor proteins (8).

A reverse genetics system for LCMV has been described
previously (21). This system is based on the intracellular coex-
pression of a LCMYV synthetic minigenome (MG) RNA and
plasmid-supplied viral proteins that allow for amplification
(RNA replication) and expression (transcription) of the MG-
encoded chloramphenicol acetyltransferase (CAT) reporter
gene. In addition, this system is also competent in assembly
and budding of virus-like particles (VLP). Using this system we
identified the Z protein as the main driving force of arenavirus
budding (30), a process that takes place at the plasma mem-
brane of infected cells (6). Both LCMV and LFV Z proteins
exhibit self-budding activity (30, 35) and substituted efficiently
for the late domain present in the Gag protein of Rous sar-
coma virus (30). These results indicate that Z is competent for
both targeting to the plasma membrane and budding activities.
Consistent with its key role in arenavirus budding, Z accumu-
lates near the inner surface of the plasma membrane. Strong
interaction of Z with cellular membranes has been observed
(30, 35). However, the mechanisms by which Z interacts and
associates with the plasma membrane of the cell have not been
determined.

A wide range of viruses express proteins that are myristoy-
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FIG. 1. Myristoylation of arenavirus Z protein is required for VLP formation. (A) Alignment of the N termini of LCMV and LFV Z protein
sequences. The arrow indicates the conserved G2 residue. Basic amino acid residues are underlined. (B) Expression levels of wt and mutant G2A
Z proteins. 293T cells were transfected with pCAGGS plasmids coding for the indicated protein. Cell lysates were prepared 48 h after transfection
and were analyzed by Western blot using an anti-HA antibody. (C) Mutation G2A eliminates VLP formation. 293T cells were transfected with the
indicated combination of plasmids. Forty-eight hours later, SP were saved and cell lysates were prepared for CAT assay. An aliquot of each SP
was used to infect a fresh monolayer of BHK-21 cells, which were subsequently infected with LCMV (MOI = 3). Seventy-two hours postinfection
cell lysates were prepared for CAT assay. Aliquots from lysates of 293T (transfection) and BHK-21 (passage) cells were assayed for CAT activity.
NAc, nonacetylated chloramphenicol; MAc, monoacetylated chloramphenicol. (D) wt, but not G2A, Z protein is myristoylated. COS-1 cells were
transfected with plasmid expressing wt or G2A mutant Z proteins, and 44 h later they were metabolically labeled with either [**S]methionine-
cysteine (*3S) or [9,10 (n)-*H]myristic acid (*H) for 4 h. Z proteins were immunoprecipitated from cell extracts by using an anti-HA antibody.
Immunoprecipitates were resolved by SDS-PAGE. The gel was then subjected to fluorography, dried, and exposed.

lated (reviewed in reference 24). Myristoylation of N-terminal
glycine residues of cellular and viral proteins changes the li-
pophilicity of these proteins and facilitates their interactions
with membranes and hydrophobic protein domains. N-termi-
nal sequence motifs that direct incorporation of fatty acids into
proteins are necessary for targeting of these proteins to mem-
branes and also have been shown to be required for the acqui-
sition of the viral envelope by several RNA and DNA viruses
(24). The nonreversible covalent attachment of myristate, a
14-carbon saturated fatty acid, to the N-terminal glycine of
myristoylated proteins is catalyzed by the myristoyl-coenzyme
A:protein N-myristoyltransferase (NMT) (33) and occurs usu-
ally cotranslationally following removal of the initiator methi-
onine by a methionine aminopeptidase (13). Data from studies
on both sequence of known myristoylated proteins and se-
quence requirements for NMT activity indicate that the N-
terminal acceptor amino acid is always a G residue (23). My-
ristoylation alone does not meet the requirements for protein
membrane targeting. Additional factors, such as the presence
of basic amino acid residues that facilitate electrostatic inter-
actions with membrane lipids, contribute to membrane associ-
ation of myristoylated proteins (13). Notably, comparison of 17
arenavirus Z protein sequences, including LCMV Z and those
of HF arenaviruses, revealed the presence of a conserved gly-
cine (G) residue on position 2 in the context of a consensus
myristoylation signal (13). In addition, clusters of basic amino

acid residues are found within the N termini of arenavirus Z
proteins (Fig. 1A).

For all myristoylated proteins examined, the mutation G2A
prevents their myristoylation, which underscores the key role
played by the G2 residue in protein myristoylation. We there-
fore sought to define the role of the G2 residue in the function
of Z. For that purpose, we generated G2A mutants for both
LCMYV and LFV Z proteins. To facilitate detection of these
proteins, they were tagged at their C termini with a hemagglu-
tinin (HA) epitope. These cDNAs were cloned into plasmid
PCAGGS under the control of a pol II promoter (27). We first
evaluated the expression levels and stability of the G2A mutant
proteins. For this evaluation, we transfected 293T cells with
plasmids encoding the different Z proteins by using Lipo-
fectamine (Invitrogen), and 48 h later cell lysates were pre-
pared and protein expression analyzed by Western blot using a
polyclonal anti-HA antibody (Santa Cruz). Mutant and wild-
type (wt) proteins were expressed to similar levels (Fig. 1B).
We next assessed the effect of the G2A mutation on Z-medi-
ated budding by using a VLP formation assay (30). This system
also allowed us to study LFV Z, as this protein substituted very
efficiently for its LCMYV counterpart (30). We transfected 293T
cells with plasmids encoding NP, L, GP, T7 RNA polymerase
(21), MG#7A2G (30), and the different wt and mutant Z
proteins. At 48 h posttransfection, supernatants (SP) were
saved and cell extracts (CE) were prepared for CAT assay as
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FIG. 2. Inhibitors of myristoylation abolish VLP formation. (A) Treatment with 2-OHM eliminates VLP production. 293T cells were trans-
fected with the indicated combination of plasmids in the presence (+) or absence (—) of 100 puM 2-OHM. Forty-eight hours later, SP were
harvested and cell lysates were prepared. The presence of VLP in the SP was assessed as described for Fig. 1C. Aliquots from lysates of the
transfected 293T (Transfection) and VLP-infected (Passage) cells were assayed for CAT activity. (B) Treatment with 2-OHM impairs self-budding
activity of LCMV and LFV Z. 293T cells were transfected with the indicated plasmids, and 48 h later SP were saved and cell lysates were prepared.
VLP-containing SP were subjected to centrifugation through a 20% sucrose cushion, and pellets resuspended in SDS-PAGE loading buffer.
Aliquots of CL and VLP pellets (VLP) were analyzed by Western blot using an anti-HA antibody. (C) The first 10 amino acids of Src are sufficient
to restore self-budding properties of G2A mutant Z proteins. 293T cells were transfected with the indicated plasmids in the presence (+) or
absence (—) of 100 M 2-OHM. Presence of Z protein in CL or medium SP was analyzed as in Fig. 2B. (D) Fusion of the myristoylation domain
of Src to the N terminus of G2A mutant Z protein restored its function in VLP production. 293T cells were transfected with the indicated plasmids,
and 48 h later SP were saved and CL were prepared. VLP-containing SP were used to infect fresh cells as described for Fig. 1C. Aliquots from
lysates of the transfected 293T (Transfection) and VLP-infected (Passage) cells were assayed for CAT activity. NAc, nonacetylated chloramphen-

icol; MAc, monoacetylated chloramphenicol.

described previously (31). Aliquots of the SP were used to
infect fresh BHK-21 monolayers. After 4 h of adsorption, cells
were infected with LCMYV strain Armstrong at a multiplicity of
infection (MOI) of 3 to supply the LCMV polymerase compo-
nents, L and NP, to all of the cells and hence allowing for
efficient detection of MG passage. CE were prepared 72 h later
and were analyzed in a CAT assay. No differences were ob-
served for levels of CAT activity between cells transfected with
wt or G2A Z constructs (Fig. 1C Lower). Nevertheless, the
mutation G2A completely abolished particle formation di-
rected by either LCMV or LFV Z mutant proteins, as deter-
mined by lack of CAT activity in the passage (Fig. 1C, Passage;
compare lanes 3 and 4 and lanes 6 and 7).

Previous studies demonstrated that there was a strong in-
hibitory effect of Z in viral RNA transcription and replication
(11) and that the N terminus of Z was not required for this
inhibitory activity (10). Consistent with this, wt and G2A mu-
tant Z proteins exhibited the same inhibitory effect on RNA
synthesis mediated by the LCMV polymerase (data not
shown).

The lack of budding activity observed with the G2A mutant
Z proteins indicated that the G in position 2 is strictly required
for Z budding activity and suggested a possible role of myris-

toylation in this process. To obtain biochemical evidence that
Z is a myristoylated protein, we conducted radiolabeling ex-
periments. COS-1 cells were transfected in duplicates with
plasmids expressing wt or G2A mutant LFV Z proteins. After
44 h, one plate of each pair was labeled with 250 wCi of
[**S]methionine-cysteine (Tran **S-label; ICN) for 4 h to de-
termine the relative levels of Z protein expression or with 250
nCi of [9,10 (n)->H]myristic acid (Amersham) for 3 h. After
labeling, the cells were lysed and nuclei were removed by
centrifugation. Z proteins were collected from the lysates by
immunoprecipitation with an anti-HA antibody, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in a 16% gel, and visualized by fluorography.
Labeling with [*H]myristic acid showed myristoylation of wt Z
protein but not the G2A mutant Z protein (Fig. 1D). We also
detected [*H]myristic acid associated with wt Z precipitated
from the SP of the transfected cells (data not shown).

These results led us to hypothesize that myristoylation of Z
was required to mediate virus budding. This hypothesis would
predict an impairment of Z-mediated budding in the presence
of myristoylation inhibitors. To test this we examined the effect
of pL-2-hydroxymyristic acid (2-OHM) on VLP formation.
2-OHM is an analog of myristic acid that becomes metaboli-
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FIG. 3. Mpyristic acid analogs inhibit LCMV multiplication.
(A) Treatment of LCMV-infected cells with 2-OHM eliminates virus
production. BHK-21 cells were infected with LCMV at the indicated
MOI in the presence (+) or absence (—) of 2-OHM (100 wM). Forty-
eight hours later, SP were harvested and viral titers were determined
by plaque assay. Virus production is represented as a percentage of the
infectivity observed in LCMV-infected untreated controls (100%).
(B) Treatment with 2-OHM does not affect LCMV transcription and
replication. RNA isolated from treated and untreated LCM V-infected
cells was analyzed by Northern blot using a **P-labeled NP DNA
probe.

cally activated in cells to form 2-hydroxymyristoyl-coenzyme A,
a potent inhibitor of NMT (28). Treatment of cells with
2-OHM results in reduced protein myristoylation while protein
synthesis remains unaffected (15). Moreover, 2-OHM specifi-
cally inhibits myristoylation, whereas other protein acylation
events, such as posttranslational palmitoylation, are not altered
(28). Production of LCMV VLP in transfected 293T cells was
eliminated in the presence of 2-OHM (100 uM) (Fig. 2A,
Passage; compare lanes 1 and 2). At this drug concentration no
effect was observed in cell viability, and only a very modest
effect was seen on MG expression mediated by the LCMV
polymerase (Fig. 2A, Transfection). To test whether Z was the
target of the inhibitory effect of 2-OHM on VLP formation, we
transiently expressed LCMV and LFV Z-HA in the presence
or absence of 2-OHM (100 pM). As a control we used a
plasmid expressing a truncated (amino acids 30 to 485) version
of the nonmyristoylated protein a-dystroglycan, lacking also its
transmembrane domain and tagged with an HA epitope
(«DGH) (19). Forty-eight hours after transfection cell lysates
were prepared, culture media SP was harvested and clarified by
centrifugation at low speed, and VLP were collected by ultra-
centrifugation through a 20% sucrose cushion. Viral particles
in the pellet produced by high-speed centrifugation were ana-
lyzed by Western blotting using an antibody to HA. The pres-
ence of 2-OHM did not affect steady-state expression levels of
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Z proteins (Fig. 2B, CL) but completely inhibited self-budding
of LCMV and LFV Z proteins (Fig. 2B, VLP). Likewise, and
as predicted, mutant Z G2A proteins were not detected in the
SP. These results indicate that the self-budding property of Z
requires its myristoylation; hence, the strict requirement of a G
residue in position 2 for Z-mediated budding. The amount of
oDGH protein detected in the SP of transfected cells was not
significantly affected by the treatment with 2-OHM (Fig. 2B,
VLP), a finding supporting the idea that inhibition by 2-OHM
of Z-mediated budding was not due to a nonspecific impair-
ment of protein trafficking and secretion.

We next sought to rule out that the phenotype of the G2A
mutation was related to its effects on the structure of the Z
protein or other Z functions associated with its most N-termi-
nal sequence and affected by the G2A mutation. For this goal,
we fused the first 10 amino acids of the N terminus of the
cellular Src tyrosine protein kinase to the N terminus of the
LCMV and LFV Z G2A proteins, maintaining also the HA
epitope at their C termini. These proteins would be expected
to be myristoylated, because it has been shown that the first
seven amino acids of Src are sufficient for myristoylation and
have been used to direct myristoylation and membrane target-
ing of heterologous proteins (17, 36).

293T cells were transfected with plasmids encoding different
srcZ G2A fusion proteins in the presence or absence of
2-OHM (100 pM). After 48 h, SP were harvested and cell
lysates were prepared. VLP were obtained as previously de-
scribed and were analyzed by Western blotting using the an-
ti-HA antibody. Both fusion proteins were expressed at the
same level as the parental wt protein (Fig. 2C, CL, and data not
shown). Addition of the Src myristoylation signal restored self-
budding activity of LFV Z protein (Fig. 2C, VLP) as well as
LCMV Z protein (data not shown). Self-budding of the srcZ
protein was sensitive to treatment with 2-OHM (Fig. 2C,
VLP). In addition, Z-mediated formation of MG-containing
VLP was restored by fusing the myristoylation domain of Src to
the N termini of the G2A mutant LCMV or LFV Z proteins
(Fig. 2D, Passage, and data not shown).

We detected small amounts of srcZ-HA protein in the SP of
cells transiently expressing the protein in the presence of
2-OHM (Fig. 2C, VLP). This was likely due to the significantly
higher amount of protein expressed by the corresponding cell
lysates (Fig. 2C, CL) and the fact that in some cases complete
inhibition of myristoylation is required to abolish budding (26).
It is plausible that 2-OHM inhibits myristoylation of Z to a
greater degree than srcZ G2A; hence, the residual srcZ G2A-
mediated budding detected in our assay.

Inhibitors of myristoylation, like 2-OHM, have been re-
ported to affect the multiplication of viruses known to produce
myristoylated proteins, such as human immunodeficiency virus
(5), Varicella-Zoster virus (15), and hepatitis B virus (29). In
addition, two New World arenaviruses, Junin and Tacaribe,
were inhibited by treatment with inhibitors of myristoylation
(9), although the viral proteins targeted by the inhibitors were
not identified. Our data indicated that Z is the viral protein
targeted by the myristoylation inhibitor 2-OHM, and this re-
sults in impaired budding of VLP. This model would predict
that 2-OHM affects production of infectious virus without al-
tering virus RNA synthesis. To test this we examined the effect
of 2-OHM on LCMV-infected BHK-21 cells. We infected
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BHK-21 cells with LCMV at low (0.1 PFU/cell) and high (1
PFU/cell) MOI in the presence of 0 or 100 M 2-OHM. At
48 h after infection, cell SP were collected for determination of
viral titers as described previously (12), and total cellular RNA
was isolated using TriReagent and analyzed by Northern blot
hybridization using a [**P]-labeled NP DNA probe.

Cells treated with 100 puM 2-OHM produced only 0.01%
(MOI = 0.1) or 1% (MOI = 1) of the virus released from the
respective untreated infected cells (Fig. 3A). This represents a
reduction of 4 log,, (MOI = 0.1; from 10° to 10*) and two log,,,
(MOI = 1; from 107 to 10°) in virus production. In contrast,
2-OHM had no significant effect on viral transcription and
replication, as treated or untreated cells infected at a high
MOI (MOI = 1) showed no differences in levels of S RNA and
NP mRNA, which represent replication and transcriptional
biosynthetic processes, respectively (Fig. 3B). The dramatic
reduction in LCMV RNA replication and transcription ob-
served in the cells infected at a low MOI and treated with
2-OHM reflects a defect in virus production by the small frac-
tion of the cell population initially infected. This would nega-
tively affect subsequent rounds of virus infection required to
reach levels of viral RNA synthesis seen at high-MOI infection,
where the majority (>99%) of the cells are infected during the
first round.

Protein myristoylation has been shown to play an important
role in different steps of the life cycle of several viruses, in-
cluding entry, replication, assembly, and budding. Therefore,
interfering with protein myristoylation in virally infected cells,
either by inhibiting NMT or by using myristic acid antagonists,
would be expected to cause severe impairment or elimination
of virus multiplication. The high stability of cellular myristoyl-
proteins (25) raises the prospect of using transient inhibition of
protein myristoylation as a potential antiviral targeting strategy
compatible with acceptable adverse side effects on cell physi-
ology. Our results indicate that such an approach, if imple-
mented, might be used to combat arenaviruses.
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excellent technical assistance.
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