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Abstract

We report the development of recombinant New World (Junín; JUNV) and Old World (lymphocytic choriomeningitis virus;
LCMV) mammarenaviruses that encode an HA-tagged matrix protein (Z). These viruses permit the robust affinity purification
of Z from infected cells or virions, as well as the detection of Z by immunofluorescent microscopy. Importantly, the HA-
tagged viruses grow with wild-type kinetics in a multi-cycle growth assay. Using these viruses, we report a novel description
of JUNV Z localization in infected cells, as well as the first description of colocalization between LCMV Z and the GTPase
Rab5c. This latter result, when combined with our previous findings that LCMV genome and glycoprotein also colocalize with
Rab5c, suggest that LCMV may target Rab5c-positive membranes for preassembly of virus particles prior to budding. The
recombinant viruses reported here will provide the field with new tools to better study Z protein functionality and identify key
Z protein interactions with host machinery.

Arenaviruses are enveloped, negative-strand RNA viruses
that cause severe disease in humans, although their rodent
hosts generally remain asymptomatic [1-4]. The arenavirus
proteins are highly multifunctional, as every step in the viral
life cycle must be carried out by only four gene products.
Viral entry and membrane fusion are mediated by the enve-
lope glycoprotein (GP), which allows the release of the viral
genome into the cytoplasm, where it is transcribed in an
ambisense fashion and replicated by the RNA-dependent
RNA-polymerase L, in conjunction with the nucleoprotein
(NP) [5]. The newly replicated small (S) and large (L) viral
gene segments form ribonucleoprotein (RNP) complexes
with NP and L. The viral matrix protein (Z) is composed pri-
marily of a really interesting new gene (RING) domain and
associates with both the RNPs and the glycoprotein, facilitat-
ing the formation of new virus particles [6-9]. Like many
other enveloped viruses, the arenavirus matrix protein is
multi-functional and provides the driving force for virus bud-
ding, as it has been shown to be both necessary and sufficient
to drive the release of virus-like particles (VLPs) [10-12]. Z
also mediates the recruitment of cellular machinery that

carries out membrane scission, the endosomal sorting com-
plex required for transport (ESCRT), through its late-domain
motifs. JUNV Z contains a PTAP domain near its C termi-
nus, and we have recently demonstrated that an intact ESCRT
pathway is required for efficient release of infectious virus
[13]. In contrast, LCMV Z contains a C-terminally located
PPPY domain that, along with an intact ESCRT pathway, is
dispensable for the formation of infectious virus but required
to produce defective interfering particles [14]. While recent
work has elucidated some of the molecular details [15], little
is known about the intracellular localization of arenavirus Z
during the course of infection. In particular, the cellular com-
partment(s) utilized or co-opted by the matrix protein to
drive efficient viral assembly are unknown.

Herein, to aid in our investigations of the multifunctional role
of the arenavirus matrix protein, we developed tools for the
field in the form of recombinant LCMV strain Armstrong
53b or JUNV strain Candid #1 viruses that encode an HA-
tagged matrix protein. In particular, we developed these
viruses to address the current paucity of high-quality antibod-
ies needed to purify or visualize Z in the setting of live virus
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infection. The HA epitope tag was fused directly to the C ter-
minus of LCMV (nearly adjacent to the PPPY late domain,
which is located two amino acids before the end of the wild-
type protein) (Fig. 1a). For JUNV, we added a spacer
sequence of two alanine residues in-between the Z protein
and the HA tag to avoid artificially introducing a PPPY late-
domain motif, as JUNV Z terminates in a PPP sequence and
the HA tag begins with a tyrosine (Fig. 1a). Pol-I vRNA
expression plasmids for the small (S) segment and the large
(L) segment that introduced a C-terminal HA epitope tag on
Z were transiently transfected into cells, along with protein
expression constructs driving the expression of the NP and L
proteins; infectious virus was rescued as described in [14, 16,
17] (Fig. 1a). Viruses derived from this reverse-genetics
method were rescued in parallel to wild-type Z constructs. In
both cases, Z-HA tagged viruses were readily recovered; add-
ing a tag to Z did not ablate the ability of either virus to pla-
que. The plaques formed by rLCMV Z-HA were smaller than
wild-type (WT) LCMV (rLCMV WT) (Fig. 1b), while the
plaques formed by rJUNV Z-HA were slightly larger than
WT JUNV (rJUNV WT) (Fig. 1c). We examined the fitness
of the tagged viruses in a multicycle growth assay. Both
viruses were capable of sustained growth over multiple
rounds of infection in A549 cells, with the levels being equiva-
lent to those seen in the respective wild-type viruses at each
time point. The similarity in tagged versus wild-type virus
growth for both rLCMV and rJUNV strongly suggests that
there is no major defect in Z’s ability to carry out its normal
role during the course of infection for either rLCMV Z-HA
(Fig. 1d) or rJUNV Z-HA (Fig. 1e).

Having confirmed that the addition of an epitope tag did not
impede viral growth, we next wanted to verify that the tag
would permit robust affinity purification of Z from infected
cells and/or virus particles. Accordingly, Vero E6 and A549
cells were infected with rLCMV Z-HA (Fig. 2a) or rJUNV
Z-HA (Fig. 2b) at an m.o.i. of 0.01. Infected or uninfected
(mock) cells and virus-containing supernatant were collected
at 72 h p.i. Protein bands corresponding to both LCMV and
JUNV Z-HA could be detected by an HA antibody in Vero
E6 and A549 cells, but polyclonal antibodies against the
respective matrix proteins were only able to detect Z in Vero
E6 cells by Western blot (Fig. 1a, b), likely due to greater pro-
tein production in Vero cells and increased sensitivity of the
HA antibody over the Z polyclonals. Accordingly, cell lysates
and virus-containing supernatants from Vero E6 cells were
incubated with a monoclonal antibody recognizing the HA
epitope tag for 5 h. HA complexes were captured on protein
G-coated magnetic beads by overnight incubation, extensively
washed, and probed via dual-colour Western blot with anti-
bodies against the HA epitope tag, the LCMV Z protein or
the JUNV Z protein. A single protein band of the expected
molecular weight was detected by both the HA- and LCMV
Z-specific antibodies in cellular lysates and affinity-purified
cell lysates. A band of the expected size was detected with the
HA antibody in affinity-purified supernatants from infected
but not mock-infected cells (Fig. 2a). While again we did not
detect this protein species with the LCMV Z-specific

antibody, we predict that this was due to the greater sensitiv-
ity of the HA antibody, as we have previously only been able
to detect LCMV Z in virions after both concentration and
immunoprecipitation [14, 18]. We observed similar results
with the JUNV Z-HA protein, with a band of the predicted
molecular weight being detected in both infected cells and
affinity purified lysates. In the case of affinity-purified JUNV-
containing supernatants, we were able to faintly detect the
matrix protein with an antibody against JUNV Z, although
this band was more robustly detected with an antibody
against the HA tag (Fig. 2b).

Next, we investigated whether the presence of an HA tag
would permit the visualization of the LCMV and JUNV
matrix proteins by immunofluorescent microscopy. While
previous studies have looked at the intracellular localization
of LCMV and JUNV Z, the dearth of commercially available
antibodies to Z and the lack of replication-competent tagged
viruses have restricted research in this area. We used the
tagged viruses generated in this study to infect A549 cells at
an m.o.i. of 0.01 for 48 h, before fixing cells and co-staining
for NP and HA as previously described [19]. As expected, sig-
nal was detected with both the anti-NP and anti-HA mono-
clonal antibodies in cells infected with LCMV (Fig. 2c) or
JUNV (Fig. 2d). The specificity of the Z-HA staining for both
viruses was confirmed by the absence of signal in identically
treated and imaged uninfected (mock) cells. We observed a
range of localization patterns for both NP and Z in LCMV-
infected cells, likely due to the asynchronous infection neces-
sitated by a low multiplicity of infection (Fig. 2c). LCMV in
particular produces a high level of defective interfering par-
ticles, which prevents a high-multiplicity synchronous infec-
tion [20, 21]. Due to the phenotypic heterogeneity of the
resulting asynchronous infections, further studies will be
required to follow the localization of Z through the complete
viral life cycle, as it is highly likely that Z’s distribution is
dynamic over the course of any given cell’s infection. During
the snapshot observed for this study, however, both NP and Z
appeared to be primarily located in the cytoplasm, with locali-
zation patterns ranging from diffuse to punctate, with accu-
mulations at a perinuclear location as well as in cytoplasmic
puncta. We observed a limited amount of Z localized to the
plasma membrane, although this enrichment was not
observed for NP. While we noted the colocalization of NP
and Z in what have previously been termed ‘cytoplasmic
inclusion bodies’ [22] (see inset), these structures did not
occur in every cell. In addition to cells containing such struc-
tures, we also observed populations of cells that displayed dif-
fuse localization patterns of NP and/or Z, as well as those
with distinct perinuclear or cytoplasmic puncta of either NP
or Z protein that did not colocalize with each other. This
compartment may be a conserved feature of Old World are-
navirus assembly, as other studies have confirmed colocaliza-
tion between NP and Z in specific cytoplasmic compartments
in cells transiently expressing Lassa (LASV) or Mopeia virus
proteins [22, 23]. Furthermore, the myristoylation at the G2
residue in Z generally required for virus-like particle release is
also required for the localization of the LASV matrix protein
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Fig. 1. Generation and characterization of arenaviruses containing HA-tagged Z protein. (a) Schematic depicting the introduction of the
HA tag and the location of other important motifs in the LCMV (light green) and JUNV (dark green) matrix protein and the generation of
tagged viruses by reverse genetics. Recombinant viruses were recovered following the transfection of BHK-21 cells with Pol-I vRNA
expression plasmids encoding the small (S) and large (L) gene segments containing the indicated tag (blue star), along with pC protein
expression plasmids for NP and L (note that while plasmid transcription occurs in the nucleus, this step is omitted from the schematic
for simplicity). (b, c) The plaque size of viruses encoding HA-tagged Z proteins was determined by measuring the area of plaques
formed in a standard plaque assay by rLCMV Z-HA (b) or rJUNV Z-HA (c) compared to their WT parent viruses using ImageJ.
The graphs represent the mean±SEM of seven (b) or nine (c) wells from each virus, while representative images of each virus are
shown. The mean values were compared using the Mann–Whitney non-parametric test. (d, e) A549 cells infected at a multiplicity of
infection (m.o.i.) of 0.01 were used to assess the kinetics of virus propagation via growth curve analysis. The data represent the mean
±SEM of three independent experiments and statistical analyses were performed using a two-way ANOVA with Holm–Sidak’s test for
multiple comparisons on log-transformed data. *P<0.05, ****P<0.0001 for the indicated statistical tests. In the absence of indicated
asterisks, no significant difference was detected.
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Fig. 2. Biochemical validation and visualization of arenaviruses encoding an epitope-tagged Z protein. (a, b) Vero E6 or A549 cells
were infected with rLCMV Z-HA (a) or rJUNV Z-HA (b) at an m.o.i. of 0.01. Three days later the cells (Vero E6 and A549s) and virus-con-
taining media (Vero E6) were collected and lysed in Triton lysis buffer (Input). HA-tagged Z protein from Vero E6 cells was immunopre-
cipitated (IP) from cells and virus-containing supernatants using a mouse anti-HA antibody (Covance, MMS-101P) and protein G-coated
magnetic beads. Z was detected by Licor two-colour fluorescent Western blotting using antibodies to HA and rabbit immunosera to
either LCMV Z (a) [antibody (880), generously provided by M.J. Buchmeier] or JUNV Z (b) (generously provided by Dr Sandra Goñi [46]).
A background band detected in A549 cells by the HA antibody is identified by an asterisk. (c, d) Single slices of either mock- or rLCMV
Z-HA-infected (c) or rJUNV Z-HA-infected (d) A549 cells at 48 h p.i. that were stained for viral nucleoprotein (NP) (mouse anti-LCMV NP
1–1.3; BEI Resources, mouse anti-JUNV NP NA05-AG12) and HA (Abcam, ab9110) are shown. The perinuclear region of interest in
rLCMV Z-HA-infected cells (white box) is enlarged (inset). Scale bars, 20 µm.
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at cytoplasmic aggregate structures, as well as the plasma
membrane [24, 25]. While we did not observe colocalization
of NP and Z in this compartment in every cell, it is possible
that this structure is formed transiently during a particular
step of the life cycle (especially as the necessity of a multi-
cycle, low m.o.i. infection results in an asynchronous popula-
tion of infected cells). Alternatively, it is possible that the
presence of cells in which NP and Z do not appear to colocal-
ize is an LCMV-specific feature that distinguishes it from
LASV and Mopeia.

Cells infected with rJUNV Z-HA displayed a more uniform
distribution of both NP and Z-HA (Fig. 2d). At 48 h p.i.
JUNV Z-HA was observed primarily in a diffuse cyto-
plasmic localization pattern, with some plasma membrane
staining and a perinuclear accumulation seen in a minority
of cells. The localization of JUNV Z described above is also
in accordance with previous reports that examined the local-
ization of JUNV Z expressed from plasmid [26-28]. JUNV
NP appeared to be concentrated primarily in distinct
cytoplasmic structures, as expected from previous studies

Fig. 3. LCMV Z and Rab5c colocalize in a perinuclear location and cytoplasmic vesicles. (a) Single slices of either mock- or rLCMV
Z-HA-infected A549 cells stably expressing GFP-Rab5c (48 h p.i.) stained with HA antibody (Abcam, ab9110) are shown. (b, d) Cyto-
plasmic (inset 1, b) and perinuclear (inset 2, d) regions of interest are enlarged. (c, e). Fluorescence line scan of GFP-Rab5c, Z-HA and
DAPI signals along the line indicated in the insets in (b, d). Scale bars, 20 µm.
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[19, 29]. Studies with another New World virus, Tacaribe
(TCRV), showed a similar localization pattern for plasmid-
expressed Z [28, 30], although the assembly and budding
processes of TCRV may not be generalizable to other New
World arenaviruses, as TCRV Z lacks a canonical PT/SAP
late-domain and NP significantly enhances the budding
activity of TCRV Z in VLP assays [31]. The lack of overt
colocalization between JUNV Z and NP may reflect a differ-
ence in viral assembly between New and Old World arenavi-
ruses, although to our knowledge this is the first report of
Z’s distribution in JUNV-infected cells. The exact vesicular
and motor proteins required to traffic viral components to
the site(s) of assembly and budding are still being elucidated,
although recent work has shown that the microtubule motor
protein Kif13A colocalizes with both LASV and JUNV Z
[15]. The ability to image Old and New World arenavirus
matrix proteins in tandem with detection of the genome
[32] and nucleoprotein should greatly aid this effort.

After validating our ability to image the matrix protein in
both tagged viruses, we used the rLCMV Z-HA virus to infect
A549 cells that we transduced to stably express low levels of
GFP-Rab5c (as described in [33]). Previous work by our
group and others has shown that Rab5c plays an important
role in LCMV propagation, although it appears to be dispens-
able for JUNV replication [13, 32, 34]. It is likely that Rab5c
is involved in a late step in the viral life cycle, as LCMV geno-
mic RNA closely colocalizes with Rab5c at 48 but not 24 h p.i.
[32]. Furthermore, Old World arenaviruses are thought to
enter cells primarily via a Rab5-independent mechanism,
although the studies showing this generally examined the role
of the closely related Rab5a isoform [35-37]. As expected, we
observed that GFP-Rab5c was localized in vesicular structures
throughout the cytoplasm, with a concentration of protein
being seen at a perinuclear location in the majority of both
infected and uninfected cells (Fig. 3a). Strikingly, we noted
pronounced colocalization between GFP-Rab5c and LCMV Z
in both a subset of cytoplasmic vesicles (Fig. 3b, c) and a peri-
nuclear compartment (Fig. 3d, e). Given that we have previ-
ously observed colocalization between both LCMV genomic
RNA and the glycoprotein, as well as genomic RNA and
Rab5c at a similar compartment during late steps of the viral
life cycle [32], it appears that the assembly of at least a subset
of virion components may be coordinated at a cytoplasmic
location prior to budding at the plasma membrane. While
further work is needed to fully elucidate the trafficking steps
involved in arenavirus assembly prior to budding, there is a
precedent for other negative-strand viruses co-opting cellular
membrane compartments to ensure efficient trafficking of
viral components, as well as coordinating their packaging
into mature virions. Influenza A virus, for example, hijacks
the cellular Rab11 machinery to transport its vRNPs from the
nucleus to the plasma membrane [38-40]. This pathway is
used not only for trafficking, but also to mediate the packag-
ing of individual genome segments, steps which are required
for the final budding step of virus particles [41-43]. Hepatitis
virus also utilizes a Rab GTPase during viral assembly, as

Rab18 is required to traffic the viral core protein to lipid
droplets [44, 45].

In summary, we have generated novel recombinant Old and
New World arenaviruses with tagged matrix proteins that
are easily recoverable and grow to wild-type levels. These
viruses facilitate robust affinity purification of matrix pro-
tein from cells and virus particles as well as straightforward
detection by immunofluorescent microscopy. The rJUNV
Z-HA virus generated in this study revealed the localization
of Z in infected cells, and this is the first such report to our
knowledge. We also confirmed the colocalization of LCMV
Z and NP in cytoplasmic structures in a subset of infected
cells. Finally, we presented one of the first descriptions of
colocalization between an arenavirus matrix protein and a
cellular protein (Rab5c) in infected cells. These viruses will
be useful and versatile tools for the field in elucidating the
precise roles that Z plays in the arenavirus life cycle.
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