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We have analyzed the importance of specific amino acids in the cytoplasmic tail of the glycoprotein G for
packaging of ribonucleoproteins (RNPs) into virus-like particles (VLPs) of Uukuniemi virus (UUK virus), a
member of the Bunyaviridae family. In order to study packaging, we added the GL/G glycoprotein precursor
(p110) to a polymerase I-driven minigenome rescue system to generate VLPs that are released into the
supernatant. These particles can infect new cells, and reporter gene expression can be detected. To determine
the role of UUK virus glycoproteins in RNP packaging, we performed an alanine scan of the glycoprotein Gy
cytoplasmic tail (amino acids 1 to 81). First, we discovered three regions in the tail (amino acids 21 to 25, 46
to 50, and 71 to 81) which are important for minigenome transfer by VLPs. Further mutational analysis
identified four amino acids that were important for RNP packaging. These amino acids are essential for the
binding of nucleoproteins and RNPs to the glycoprotein without affecting the morphology of the particles. No
segment-specific interactions between the RNA and the cytoplasmic tail could be observed. We propose that
VLP systems are useful tools for analyzing protein-protein interactions important for packaging of viral

genome segments, assembly, and budding of other members of the Bunyaviridae family.

Uukuniemi virus (UUK virus) belongs to the Phlebovirus
genus within the Bunyaviridae family and has been a model
virus for the family for over 35 years. Bunyaviruses are nega-
tive-sense RNA viruses with three genome segments, namely,
L, M, and S, with the L segment encoding the RNA-dependent
RNA polymerase (L). The M segment of UUK virus encodes
the glycoprotein precursor p110, which is cotranslationally pro-
cessed to Gy (70 kDa) and G (65 kDa) (17). After Gy and G
have formed heterodimers in the endoplasmic reticulum (ER),
they are transported to and accumulate in the Golgi apparatus
due to a retention signal present in the Gy cytoplasmic tail (2).
The S segment encodes the nucleoprotein (N) and a nonstruc-
tural protein (NSs), utilizing an ambisense coding strategy. The
nucleoprotein (N) is a cytoplasmic protein that binds viral
RNA (VRNA) and cRNA, thereby generating a functional
template, the ribonucleoprotein (RNP), which is important for
efficient polymerase-mediated transcription and replication.
The RNPs consist of the three single-stranded RNA segments,
the N protein (25 kDa), and a few copies of the L protein
(about 200 kDa) (33). Together, the glycoproteins and the
RNPs accumulate in the Golgi complex, the site where bud-
ding of the viral particles occurs. Mature viruses are then
transported in large vesicles to the plasma membrane, where
they are released after fusion of the vesicles with the plasma
membrane (13, 18-20).

Some viruses (e.g., thabdo-, orthomyxo-, paramyxo-, and
retroviruses) also possess a matrix protein that is present in the
virus particles and interacts with both the envelope glycopro-
teins and the RNPs. These matrix proteins have been shown to

* Corresponding author. Mailing address: Ludwig Institute for Can-
cer Research, Stockholm Branch, Karolinska Institute, Box 240, SE-
17177 Stockholm, Sweden. Phone: 46 (0)8 524 871 01. Fax: 46 (0)8 33
28 12. E-mail: rpet@licr.ki.se.

1 R.F.P. and E.P.A.N. contributed equally to this work.

¥ Published ahead of print on 17 January 2007.

3198

be important for packaging, structure formation, and budding
of particles (37, 46). Remarkably, such a matrix protein is
missing in other viruses (e.g., alpha-, flavi-, rubella-, bunya-,
corona-, and arenaviruses). The Bunyaviridae family members
contain only four structural proteins, and no matrix protein,
which may assist the interaction between the glycoproteins and
the RNPs, is present. Instead, it has been suggested that the
cytoplasmic tails of the glycoproteins can interact directly with
the nucleoproteins, thereby facilitating the packaging of the
RNPs into particles in order to prevent the release of empty
particles. Such an interaction between the G/G and N pro-
teins was indeed demonstrated by coimmunoprecipitation
studies (17).

The cytoplasmic tail of UUK virus Gy is 98 amino acids (aa)
long and includes the signal sequence for G (17 aa) (Fig. 1A).
The region encompassing residues 1 to 81 contains a Golgi
targeting/retention signal between aa 10 and 40 that is re-
sponsible for the transport to and localization in the Golgi
apparatus of the G /G dimers (2). Also, two palmitylation
sites, at positions 25 and 28, were identified and shown to be
involved in the anchoring of the Gy cytoplasmic tail to the
Golgi membrane (1). It is unknown whether the G signal
sequence remains buried in the membrane or is exposed to
the cytoplasm. The carboxy terminus of Sindbis virus E2
protein is initially buried in the ER membrane and becomes
exposed to the cytoplasm during or after viral protein export
from the ER, a process critical for the interaction with the
nucleocapsids (23, 24). Since the G cytoplasmic tail of
UUK virus is only 5 aa long, with an as yet unknown func-
tion, it may very well be possible that the Gy tail is respon-
sible for the interaction with the nucleoproteins during the
budding process (1).

To study the packaging of RNPs into particles and, more
specifically, the interaction between the glycoprotein cytoplas-
mic tails and the nucleoproteins, we made use of the recently
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FIG. 1. Transfer of reporter gene activity of VLPs generated by
glycoprotein mutants. (A) Schematic representation of the glycopro-
tein precursor p110, with both glycoproteins Gy and G indicated. The
amino acid composition of the cytoplasmic tail of Gy is shown.
(B) Transfer of reporter gene activity by VLPs obtained from wt and
mutant glycoprotein-transfected cells. Cells were transfected with the
minigenome M-CAT and expression plasmids pUUK-L and pUUK-N
(lane 1) or with M-CAT, pUUK-L, pUUK-N, and wt pUUK-GL/G¢
(lane 2) or mutant pUUK-G\/G¢ plasmids where segments of 5 aa at
a time were exchanged with alanines (lanes 3 to 18), and CAT activity
was determined in the cell lysate (upper panel). The corresponding
supernatants were collected and used to infect new cells previously
transfected with pUUK-L and pUUK-N, and reporter gene activity
was measured by the CAT assay (lower panel). The asterisk indicates
the cellular background. The data are representative of three indepen-
dent experiments.

developed virus-like particle (VLP) system for UUK virus (30).
The expression of structural proteins of many nonenveloped
and enveloped viruses leads to the formation of VLPs (28).
Such VLPs frequently exhibit morphologies very similar to
those of wild-type (wt) viruses (14, 30). We have shown that the
structural proteins of UUK virus expressed from cloned
cDNAs are able to incorporate UUK virus minigenomes con-
taining reporter genes and to form infectious VLPs (30). Since
VLPs have a tropism similar to that of the wt virus and show
comparable cellular uptake and intracellular trafficking, the
formation of VLPs can be used to study various aspects of the
virus life cycle, such as assembly, morphogenesis, budding pro-
cesses, genome packaging, receptor binding, and virus entry (4,
14, 21, 22, 38, 39).

In the present study, we have used the VLP system devel-
oped for UUK virus to generate infectious VLPs containing
artificial, virus-like RNA segments. An alanine scan of the 81
aa in the cytoplasmic tail of Gy was performed in order to
study the packaging interactions between the Gy cytoplasmic
tail and the UUK virus RNPs. We demonstrate that only 4 aa
residues in the Gy cytoplasmic tail are important for RNP
packaging and that these residues do not affect budding or the
morphology of the released particles.

IDENTIFICATION OF PACKAGING DOMAINS IN Gy OF UUK VIRUS 3199

MATERIALS AND METHODS

Plasmids. pUUK-GL/G, pUUK-L, and pUUK-N are cytomegalovirus-driven
plasmids expressing the Uukuniemi viral glycoprotein precursor, RNA-depen-
dent RNA polymerase, and nucleoprotein, respectively (7). M-CAT, L-CAT, and
S-CAT are polymerase I (Poll)-driven UUK virus minigenome plasmids con-
taining the noncoding regions (NCRs) of the M, L, and S segments, respectively,
flanking a reporter gene encoding chloramphenicol acetyltransferase (CAT) (6).
pRF7 and pRF202 are Poll-driven plasmids expressing the full-length VRNA M
and S segments, respectively (7). The construction of all alanine mutant plasmids
used in the alanine scan was performed by standard PCR cloning methods, such
as overlap PCR and two- and three-fragment ligation. KOD HiFi polymerase,
KOD hot start polymerase (Novagen), restriction enzymes, and T4 DNA ligase
(New England Biolabs) were used according to the manufacturers’ recommen-
dations. A BsmBI restriction site was inserted directly after the Gy cytoplasmic
tail, at bp 1489 in pUUK-Gn/Gc (7), and this restriction site was subsequently
removed in the sequential cloning steps. All derivatives of pUUK-Gy/G were
sequenced to verify the correct introduction of mutations in the absence of
undesirable mutations. Primer sequences are available upon request.

Cell culture and transfection. BHK-21 cells (American Type Culture Collec-
tion) were grown in plastic dishes in minimum essential medium with Earle’s
salts supplemented with 5% fetal calf serum, 5% tryptose phosphate broth, 2 mM
L-glutamine, 50 IU penicillin/ml, and 50 pg streptomycin/ml (Invitrogen). For the
VLP reporter gene system, BHK-21 cells were transfected with pUUK-L,
pUUK-N, pUUK-Gn/G¢, and M-CAT, using the Lipofectamine 2000 reagent
(Invitrogen). Transfections were performed as described previously (30). Briefly,
the transfection medium was removed at 6 h posttransfection before fresh me-
dium (minimum essential medium with 2% fetal calf serum and 5% tryptose
phosphate broth) was added. Cells were analyzed for reporter gene expression at
24 h posttransfection, and the corresponding supernatants were used for VLP
infection. Twenty-four hours prior to passage of the supernatant, BHK-21 cells
were transfected with L and N expression plasmids in order to support mini-
genome replication, transcription, and detection. After a 3-h incubation period,
fresh medium was added to the VLP-infected cells, and cells were incubated for
24 h before reporter gene analysis.

CAT assays. Cells were resuspended in 50 pl of 0.25 M Tris-HCI (pH 7.4) and
lysed by two freeze-thaw cycles. The cell lysates were centrifuged for 10 min at
9,000 X g, and CAT activity was determined using a commercially available Fast
Cat kit (Invitrogen) as described previously (7). The reaction products were
visualized by UV illumination and documented by photography.

Harvesting and purification of UUK VLPs. The harvesting and purification of
UUK VLPs were done as previously described (30). Briefly, supernatants from
VLP-expressing cells were collected and clarified by centrifugation (4,000 X g, 10
min, 4°C). The particles were concentrated through a 20% (wt/vol) sucrose
cushion dissolved in TN buffer (0.05 M Tris-HCI, pH 7.4, and 0.1 M NaCl) by
centrifugation at 100,000 X g for 1 h at 4°C. The pellet was dried for 10 min
before resuspension in nonreducing Laemmli sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) sample buffer for subsequent analysis.

Western blotting. Precast 10% polyacrylamide gels (Bio-Rad) were used ac-
cording to the manufacturer’s recommendations and run under nonreducing
conditions unless indicated otherwise. Rabbit polyclonal antibodies (Abs) rec-
ognizing both Gy and G were used to detect Gy and G, and polyclonal Abs
recognizing the UUK virus N protein were used to detect the N protein (19).

Immunofluorescence microscopy. BHK-21 cells were grown on coverslips,
transfected with mutant or wt glycoprotein, and fixed at 24 h posttransfection
with 3% paraformaldehyde. After being quenched with 10 mM glycine, cells were
permeabilized with 0.1% Triton X-100, and the UUK virus glycoproteins and
Golgi marker protein were detected using a mix of polyclonal UUK virus Gn/Ge
Abs and GM130 monoclonal Ab (BD Biosciences), followed by Alexa Fluor
488-conjugated goat anti-rabbit immunoglobulin G and Alexa Fluor 594-conju-
gated goat anti-mouse immunoglobulin G (Molecular Probes). Images were
collected using a Zeiss microscope equipped with a charge-coupled device
camera.

TEM. VLPs and UUK virus used for negative staining for transmission elec-
tron microscopy (TEM) were fixed with 0.5% glutaraldehyde in phosphate buffer
at 4°C before concentration through a sucrose cushion, as described above. The
pellet was resuspended in water, and Formvar-carbon-coated copper grids were
floated on the drops of the virus or VLP suspensions and, after blotting, were
stained with 2% aqueous uranyl acetate.

Immunoprecipitation. BHK-21 cells transfected with plasmids L-CAT, pRF7,
pRF202, pUUK-L, pUUK-N, and pUUK Gy/G¢ (wt or mutants) were washed
with phosphate-buffered saline at 48 h posttransfection and cross-linked with 0.5
mM Lomant’s reagent (DSP; Sigma) for 20 min. The reaction was stopped by
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quenching with 0.1 M glycine before cell lysis (1% Triton X-100, 50 mM Tris-
HCI, pH 8, 150 mM NaCl, and protease inhibitor). The nucleoprotein-Gn/G¢
protein complex was immunoprecipitated with a mixture of two monoclonal Abs
recognizing the Gy protein (6G9 and 11C8) (32). Protein A-Sepharose beads
(Amersham Biosciences) were used to collect the Ab-protein complex, and the
proteins were resuspended in reducing Laemmli SDS-PAGE sample buffer
before Western blot analysis.

RESULTS

To determine the functional role of the Gy cytoplasmic tail
in UUK virus budding and in packaging of UUK virus RNPs,
we made use of the recently developed VLP system for UUK
virus (30). By cotransfecting the UUK virus glycoprotein pre-
cursor expression plasmid with a minigenome system (6), in-
fectious VLPs are generated and released into the medium.
These particles are a useful tool for studying different functions
in the virus life cycle. For this study, the role of the cytoplasmic
tail of Gy in the packaging of the minigenomes into VLPs was
analyzed, using an alanine scan in which 5 aa at a time in the
entire cytoplasmic tail of G (1 to 81 aa) were replaced by
alanines (Fig. 1A and B). The mutants were tested in the VLP
reporter gene system for the ability to incorporate the RNPs
into VLPs, as monitored by the transfer of CAT reporter
activity to newly VLP-infected cells. BHK-21 cells were trans-
fected with M-CAT, pUUK-N, pUUK-L, and either the wt or
a mutated pUUK-G/G expression plasmid and analyzed for
CAT activity at 24 h posttransfection (Fig. 1B, upper panel).
All mutants showed strong CAT reporter activity comparable
to that of the wt G/Gc-transfected cells, indicating efficient
amplification of the UUK virus minigenome RNA segments.
The supernatants from these transfected cells were collected
and passaged in fresh BHK-21 cells pretransfected with only
the N and L protein expression plasmids to support amplifica-
tion of the UUK virus RNA segments, thereby allowing ex-
pression of the reporter protein. These cells were harvested
24 h after infection with VLPs and analyzed for CAT activity
(Fig. 1B, lower panel). No CAT activity was detected in the
negative control, where the supernatant was taken from cells
transfected with all plasmids except the glycoprotein expres-
sion plasmid (Fig. 1B, lower panel, lane 1), and maximum
activity was observed in the positive control, containing wt
Gn/Gc (Fig. 1B, lower panel, lane 2). Only 4 of the 16 different
glycoprotein mutants, corresponding to regions 21 to 25, 46 to
50, 71 to 75, and 76 to 81, were deficient in VLP-mediated
transfer of reporter protein expression to fresh cells (Fig. 1B,
lower panel, lanes 7, 12, 17, and 18). To exclude any possible
segment-specific interaction of the Gy, cytoplasmic tail with the
M segment, all mutants were also analyzed for the ability to
package the L segment-based minigenome instead of the M
segment-based minigenome. No difference could be detected
between the M and L segment-based minigenomes regarding
the transfer of CAT activity to new cells for all 16 mutants
(data not shown). To verify protein expression of the wt and
mutant glycoproteins, the four glycoprotein mutants unable
to transfer CAT activity were analyzed by Western blotting
(Fig. 2, upper panels). No difference in expression levels of
both the G/G and N proteins could be seen in the cell lysates
of the transfected cells. Next, the protein composition of the
VLPs present in the supernatant harvested from the trans-
fected cells was analyzed (Fig. 2, lower panels). The superna-
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FIG. 2. Protein analysis of VLPs. Western blot analysis was per-
formed with transfected cells (upper panels) and the corresponding
supernatants after concentration through a sucrose cushion (lower
panels). Blots were analyzed with antibodies recognizing the glycopro-
teins (Gy and Gg¢) and the nucleoprotein (N). Control cells were
transfected with M-CAT, pUUK-L, and pUUK-N (lane 1), and cells
transfected in addition with the wt glycoproteins (Wt G\/Gc) served as
a positive control (lane 2). Only the four glycoprotein mutants that did
not transfer reporter gene activity to new cells, shown in Fig. 1B, were
analyzed for glycoprotein and nucleoprotein expression in the lysates
and supernatants from transfected cells (lanes 3 to 6). The data are
representative of three independent experiments.

tants from transfected BHK-21 cells were collected at 24 h
posttransfection, concentrated by ultracentrifugation, and ana-
lyzed by Western blotting. No UUK virus-specific proteins
(neither G\/G¢ nor N) could be detected in the supernatant
when the glycoprotein expression plasmid was omitted (Fig. 2,
lower panels, lane 1), and all three proteins were present in the
positive control containing the wt G /G plasmid (Fig. 2,
lower panels, lane 2), as also previously demonstrated (30). No
UUK virus-specific proteins were detected in the supernatant
when the Gy cytoplasmic tail was mutated at positions 21 to 25
and 46 to 50 (Fig. 2, lower panels, lanes 3 and 4), although both
mutant glycoproteins were expressed at the same levels as the
wt glycoproteins, as observed in the cell lysates (upper panels),
indicating that these cells do not release VLPs. This implies a
defect in budding of particles rather than in RNP packaging
and will be addressed in another report. The two glycoprotein
mutants with alanine substitutions at positions 71 to 75 and 76
to 81 showed no significant difference in glycoprotein release
into the supernatant compared to the wt G /Gc-transfected
cells (Fig. 2, lower panels, compare lanes 5 and 6 to lane 2).
This indicates that although particles were formed, as indi-
cated by the presence of G\/G, they did not contain any
ribonuclear protein (N).

In order to further identify the residues responsible for the
packaging interaction between the Gy tail and the RNPs, seg-
ments of 2 aa were replaced with alanine within the region of
positions 71 to 81 of the Gy cytoplasmic tail. Again, these
mutants were analyzed for the ability to transfer CAT expres-
sion through VLPs to new cells (Fig. 3A). The CAT activity
was reduced to background levels when residues 76 and 77
were mutated, while mutation of residues 78 and 79 or residues
80 and 81 severely compromised the transfer of CAT activity
(Fig. 3A, lower panel, compare lanes 6 to 8 with lane 1). No
significant difference compared to the wt was observed when



VoL. 81, 2007

. O°
S X
A oL LR
§ & AN N¥ERS
o
% L] .- @ v
(9]
R B R EEE R
50000000.
he)
9
3 ® ® o o . -
c . o *
aLle e *e o 0 o 0
S

7677 WtGyG,

78-79

80-81

FIG. 3. Reporter gene transfer and intracellular localization of
double-alanine-mutant glycoproteins. (A) Two amino acids at a time
were exchanged with alanine, and CAT activities in transfected cells
(upper panel) and VLP-infected cells (lower panel) were determined.
(B) Glycoprotein precursor plasmids (wt or mutant) were transfected
into BHK-21 cells, and the cellular glycoprotein location was deter-
mined by immunofluorescence microscopy. Cells were costained for
the glycoproteins (green) and the Golgi marker GM130 (red).

residues 70 and 71, 72 and 73, or 74 and 75 were mutated to
alanine, demonstrating that these residues did not affect the
transfer of CAT activity (Fig. 3A, lower panel, compare lane 2
with lanes 3 to 5). To confirm that these glycoprotein mutants
were correctly targeted to the Golgi apparatus, the site of VLP
formation (19), their intracellular localization was determined
by immunofluorescence microscopy. BHK-21 cells transfected
with the wt pUUK-G\/G plasmid or the glycoprotein mutant
plasmids were fixed at 24 h posttransfection and costained for
UUK virus G/G proteins and the Golgi marker GM130 (Fig.
3B). No significant difference in intracellular localization was
observed between the wt and the glycoprotein mutants 76-77,
78-79, and 80-81 (Fig. 3B), and they all colocalized with the
Golgi marker. Also, the mutants 70-71, 72-73, and 74-75 were
correctly targeted to the Golgi apparatus, the site where bud-
ding occurs (data not shown). This demonstrated that the lack
of CAT activity transfer caused by these alanine mutants was
not caused by a defect in intracellular targeting.

Finally, single-amino-acid mutants were generated to iden-

IDENTIFICATION OF PACKAGING DOMAINS IN Gy OF UUK VIRUS 3201

A o ¢

& o Q;‘” AT X &Y

& o

& & é\*’(« NS
B
2 =
g <
i)

s e L ¥ Q
§0 ® 0 9 0o 0 0 0

1 2 3 4 5 5] 7 8
B N O

€ o ¥ AT S SR SN o

& & \;s\ PASIE U S &
b= |Gy
V] - - -

& -“-—:;-Gc
Q
Q.
3
0 -— — ~N

1 2 3 4 5 6 7 8
C

— S g Ny w— " wmpy w - N

1 2 3 4 5 6 7 8
D N ©°

€ o8 & N &F F F ¥

I ) )

& & \{‘\ Q/\\i\ N} &
_8 = & *
sl ° - =
£ [3)
(0 00 00 0 0 0
=
18_‘ - *
3l | ¢ <
E (3]
§’ /0 0 00 0 0|0

1 2 3 4 5 6 7 8

FIG. 4. Reporter gene transfer and protein composition of VLPs
generated with single-amino-acid glycoprotein mutants. (A) CAT ac-
tivities in cells infected with VLPs collected from cells transfected with
single-amino-acid glycoprotein mutants. (B) Western blot analysis of
the supernatants used for infection in panel A. Blots were analyzed
with antibodies recognizing the glycoproteins (Gy and G, upper
panel) and the nucleoprotein (N, lower panel). (C) Lysates from wt
and mutant glycoprotein-transfected cells were analyzed for the pres-
ence of nucleoprotein (N). (D) Single-amino-acid glycoprotein mu-
tants were tested for the ability to transfer the L and S segment-based
minigenomes (upper and lower panels, respectively). Asterisks indi-
cate the cellular background.

tify the individual amino acid residues in the Gy cytoplasmic
tail which are critical for RNP packaging into VLPs. All single-
amino-acid mutants with substitutions in positions 76 to 81
of Gy colocalized with the Golgi marker GM130 (data not
shown), confirming their proper localization to the Golgi ap-
paratus. These single-amino-acid mutants were also analyzed
for the ability to generate VLPs, package RNPs into the par-
ticles, and infect new cells (Fig. 4). Four residues were identi-
fied to be important for transfer of CAT reporter activity to
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FIG. 5. Particle morphology of VLPs and UUK virus by transmis-
sion electron microscopy. Supernatants containing UUK virus and
VLPs generated in the presence of wt and TS80A and R81A mutant
glycoproteins were collected and concentrated through a sucrose cush-
ion, and particle morphology was determined by negative-staining
TEM. Bars, 100 nm.

new cells, namely, Met at position 76, Leu at position 79, Thr
at position 80, and Arg at position 81 (Fig. 4A, lanes 3, 6, 7, and
8), while in the cell lysates from plasmid-transfected cells no
difference in CAT activity was observed (data not shown).
Analysis of the protein content in the released particles re-
vealed no significant reduction in the amount of glycoproteins
(Fig. 4B, upper panel), demonstrating that these specific resi-
dues do not influence the generation of particles. However, no
nucleoprotein was detected in the VLPs generated in the pres-
ence of the M76A, L79A, and T80A mutants (Fig. 4B, lanes 3,
6, and 7), demonstrating that the mutated residues are essen-
tial for the incorporation of nucleoprotein into VLPs and the
subsequent transfer of reporter activity. Interestingly, only
small amounts of nucleoprotein were detected in the superna-
tant when Phe at position 77 was mutated (Fig. 4B, lane 4),
although the transfer of CAT activity by the mutant VLPs was
as efficient as that for wt glycoprotein VLPs. In contrast, VLPs
generated in the presence of the R81A mutation were unable
to transfer significant CAT activity, while similar amounts of
nucleoprotein to those generated by the F77A mutant were
present in these VLPs (Fig. 4B, lane 8). The transfected cells
were also evaluated for their nucleoprotein and glycoprotein
amounts to verify the expression of all three proteins for all
single-amino-acid mutants, and no difference could be de-
tected (Fig. 4C, lanes 1 to 8, and data not shown).

To analyze whether the glycoprotein cytoplasmic tail-RNP
interaction is RNA segment specific or only UUK virus N
protein specific, we also tested the transfer and packaging of
the other two minigenomes (L-CAT and S-CAT) into VLPs.
The transfer of activity of both minigenomes was analyzed
using the single-amino-acid glycoprotein mutants with substi-
tutions in the region between residues 76 and 81 (Fig. 4D). No
significant difference in the ability of the glycoprotein mutants
to transfer reporter gene activity could be detected between
the different minigenome segments (compare Fig. 4A and D),
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FIG. 6. Interaction of the Gy glycoprotein cytoplasmic tail with the
nucleoprotein. Cells were transfected with L-CAT and two Poll-driven
plasmids expressing the full-length VRNA M and S segments, together
with the nucleoprotein and polymerase expression plasmid (lane 2)
and, in addition, the wt (lane 3) and single-amino-acid-mutant glyco-
proteins (lanes 4 to 9). Cells were cross-linked and lysed, and proteins
were immunoprecipitated with Gy monoclonal antibodies. Immuno-
precipitated protein complexes were separated by SDS-PAGE under
reducing conditions and analyzed by Western blotting using polyclonal
antibodies to detect nucleoprotein (N) and glycoprotein (Gy). As
controls, immunoprecipitates obtained with nontransfected cells (lane
1) and UUK virus-infected cells (lane 10) are shown.

indicating that the NCRs from the different segments did not
interact specifically with the Gy cytoplasmic tail.

The morphologies of the VLPs that were generated in the
presence of the T80A and R81A mutants were analyzed
by negative-staining electron microscopy. The supernatants of
cells infected with UUK virus or transfected with wt and
mutant glycoproteins were collected and fixed with 0.5% glu-
taraldehyde, and the particles were concentrated by centrifu-
gation through a sucrose cushion. The morphology of the par-
ticles was analyzed by TEM. VLPs formed by the mutant
glycoproteins did not show any significant difference in size and
morphology compared to VLPs generated with wt glycopro-
teins or UUK virus particles (Fig. 5), even though they did not
contain significant amounts of nucleoprotein.

Previously, it was demonstrated that in UUK virus-infected
cells, the glycoproteins G/G¢ can be coimmunoprecipitated
together with the nucleoprotein, indicating that these proteins
interact with each other (17). To examine the possible inter-
action between the Gy cytoplasmic tail and the N protein,
coimmunoprecipitation studies were performed on plasmid-
transfected BHK-21 cells. Cells were transfected, cross-linked
at 48 h posttransfection, and lysed, and the glycoprotein-RNP
complexes were immunoprecipitated with monoclonal anti-
bodies recognizing the Gy protein. The immunoprecipitated
proteins were analyzed by Western blotting (Fig. 6). No nu-
cleoprotein or glycoprotein was detected in the immunopre-
cipitates from nontransfected cells (Fig. 6, lane 1) or cells
transfected with all plasmids except for the glycoprotein plas-
mid (lane 2). In cells transfected with the complete set of
plasmids, including the glycoprotein and nucleoprotein plas-
mids, the nucleoprotein could be coprecipitated with the glyco-
proteins (lane 3). As a positive control, the immunoprecipitate
from UUK virus-infected cells is shown (lane 10). As expected,
the N78A mutant, which was shown to produce infectious
VLPs (Fig. 4A), was also able to coimmunoprecipitate with the
nucleoprotein. However, such an interaction could not be ob-
served when cells were transfected with the M76A, L79A,
T80A, and R81A glycoprotein mutants previously shown to
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be unable to produce VLPs with significant CAT reporter
activity (Fig. 4A). Despite the fact that the F77A mutant was
able to generate infectious VLPs that contained nucleopro-
tein, no nucleoprotein could be coimmunoprecipitated with
this mutant.

DISCUSSION

By using our recently developed VLP system for UUK virus,
we demonstrated that the packaging of RNPs into particles is
mediated through a specific interaction between the cytoplas-
mic tail of the Gy protein and the nucleoprotein. Moreover,
we identified, by systematic mutagenesis, four residues in the
tail that are essential for this interaction, namely, M76, L79,
T80, and R81.

In some enveloped viruses, an interaction between the viral
RNP complex and envelope proteins drives and facilitates the
budding of virus particles, as shown, e.g., for Semliki Forest
virus (40), simian virus 5 (38), murine leukemia virus (27), and
Ebola virus (22). For other enveloped viruses, the RNPs are
dispensable for viral envelope formation and production of
virus particles, as demonstrated, e.g., for coronavirus (43),
Marburg virus (41), influenza virus (10), vesicular stomatitis
virus (15), and human parainfluenza virus type 1 (5). It was also
reported in the 1990s that for Hantaan virus, in the Bunyaviri-
dae family, the nucleoprotein is essential for generating VLPs
and for the initiation of budding (3). We recently demon-
strated that for UUK virus, the glycoproteins alone are suffi-
cient for VLP formation, thus excluding a role for the nucleo-
protein in the budding process (30), which was also confirmed
in the present study. It was previously suggested that the gly-
coproteins are responsible for the structural stability of the
virus, since spikeless particles were found to be highly de-
formed (44). We similarly suggest that the G /G proteins by
themselves can generate particles and bud into the Golgi com-
plex, and also the ER-Golgi intermediate compartment (13),
when a critical glycoprotein concentration is reached. It is
therefore imperative that the RNPs are present close to the
budding sites around the Golgi complex in virus-infected cells
in order to optimize RNP incorporation and to minimize the
number of empty particles released. The fact that RNPs them-
selves do not initiate budding was further confirmed by the
observation that mutation of the Gy cytoplasmic tail had no
effect on particle formation and release into the supernatant
compared to those for wt Gy, even though the mutations
resulted in particles lacking the nucleoprotein.

Our results show that four residues in the Gy cytoplasmic
tail, namely, M76, L79, T80, and R81, are crucial for RNP
packaging. VLPs generated in the presence of these glycopro-
tein mutants did not incorporate RNPs and were practically
empty, since no reporter protein activity could be transferred
to new cells. Lack of RNP incorporation was not caused by
mislocalization of the mutant glycoproteins, since the Ala mu-
tants were correctly localized to the Golgi apparatus, the site of
particle formation. In addition, as shown by TEM, the mor-
phology of the particles appeared to be unaffected. The results
from the coimmunoprecipitation experiments indicate that
the glycoprotein specifically interacts with the nucleoprotein.
Moreover, this interaction could only be observed after chem-
ical cross-linking, suggesting a weak interaction. The wt glyco-
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protein as well as the N78 A mutant, which produced infectious
VLPs containing nucleoprotein, was shown to interact with the
nucleoprotein. The F77A mutant, however, displayed wt-like
activity and produced VLPs containing little nucleoprotein
compared to the wt and the N78A mutant. We were unable to
convincingly show an interaction between this mutant glycop-
rotein and the nucleoprotein. The strong reporter gene activ-
ity, together with the small amount of nucleoprotein present in
these particles, as seen for the F77A mutant, might be caused
by the incorporation of free RNA into particles. However, this
is not likely, since free RNA would also be packaged into
particles generated with the M76A, L79A, and T80A mutants,
and no significant reporter protein activity was observed with
these mutants. The M76A, L79A, and T80A glycoprotein mu-
tants were unable to interact with the nucleoprotein, and as a
consequence, VLPs were devoid of nucleoprotein and RNPs,
resulting in very little or no transfer of CAT activity. The
particles produced in the presence of the R81A mutant con-
tained only small amounts of detectable nucleoprotein, com-
parable to that with the active F77A mutant, but were not able
to efficiently transfer CAT activity. This indicates that free
nucleoprotein could be incorporated into these particles, since
they lack the RNA segments responsible for the transfer of
activity. Free nucleoprotein has been shown to be incorporated
into UUK VLPs when particles are generated in the absence of
a minigenome (30). Our initial results using glycoprotein mu-
tants where segments of 5 aa residues at a time were mutated
to alanines suggest that the secondary structure of the Gy tail
is important for RNP packaging into viral particles. This is
illustrated by the lack of nucleoprotein incorporation and
transfer of CAT activity for the glycoprotein mutant 71-75.
However, when only two residues at a time were mutated in
this region, no effect on transfer of reporter activity was ob-
served compared to that of the wt glycoprotein.

Surprisingly, no segment-specific interaction between the
NCRs in the RNPs and the Gy cytoplasmic tail was detected.
It was previously shown for UUK virus and Bunyamwera virus
that L segment-based minigenomes have the strongest pack-
aging efficiency compared to the M and S segments (6, 16).
Defective interfering particles for the members of the Bunya-
viridae family have revealed major deletions in the L segment
leaving the terminal nucleotides intact. Such deletions have not
been found in the M or S segment (12, 25, 31, 36). This
suggested that the L segments in bunyaviruses contain unique
sequences in the terminal nucleotides which are important for
replication and packaging. We have no indication that these
unique packaging sequences in the UUK virus L segment di-
rectly interact with the Gy, cytoplasmic tail, since no differences
in packaging were observed between the M and L segment-
based minigenomes. These unique RNA sequences in the L
segment might instead interact with the other segments or the
RNA polymerase. It has been shown that reassortment is a
nonrandom process (34, 35, 42; L. Perrone, personal commu-
nication), and the L and S segments from the same strain
readily reassort together for the Orthobunyavirus genus (35)
and the phlebovirus serogroup (Perrone, personal communi-
cation). Together, these findings indicate that the packaging
mechanism for the bunyaviruses resembles that of influenza
virus. In influenza A virus, all eight segments are packaged in
an equimolar ratio clustered together in the viral particle, with



3204 OVERBY ET AL.

seven segments surrounding one in the middle (29). All seg-
ments contain sequences important for packaging in both the
NCR and the open reading frame (ORF) (8, 9, 26, 45). These
OREF sequences might serve as linking sites enhancing and
facilitating the interaction with other VRNA segments, since it
has been shown that one segment can affect the incorporation
of other segments and that the packaging efficiency is depen-
dent on all segments present (26). An analogous linking site
between the genomes is found in all retroviruses, where the
positive RNA genome forms dimers in mature virions and the
linking between the two genomes occurs in the dimer linking
site, which overlaps with the packaging signal (11). We there-
fore suggest that the three RNA segments in bunyaviruses
form a complex together with the nucleoprotein and RNA
polymerase and that these RNPs are packaged into progeny
particles via an interaction between the nucleoprotein and the
Gy cytoplasmic tail. The L segment might have an important
structural function in this complex by binding the M and S
segments.

The VLP system for UUK virus was recently developed,
enabling us to study molecular mechanisms involved in pack-
aging and budding of a bunyavirus. This system also brings us
one step closer to rescuing the UUK virus. Our focus in this
paper has been to evaluate the VLP system and its usefulness
for studying packaging mechanisms. Our results clearly dem-
onstrate that only a few aa residues in the Gy cytoplasmic tail
are important for the RNP-Gy interaction during the packag-
ing event. Also, we show that there are no segment-specific
interactions between the RNA and the Gy tail. These findings
give further clues about the packaging mechanism for UUK
virus, and it remains to be investigated whether the same
packaging mechanism is applicable for other members of the
Bunyaviridae family, such as the clinically important phlebo-,
hanta-, and nairoviruses.
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