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The virion glycoproteins Gn and Gc of Bunyamwera virus (BUNYV), the prototype of the Bunyaviridae family
and also of the Orthobunyavirus genus, are encoded by the medium (M) RNA genome segment and are involved
in both viral attachment and entry. After their synthesis Gn and Gc form a heterodimer in the endoplasmic
reticulum (ER) and transit to the Golgi compartment for virus assembly. The N-terminal half of the Gc
ectodomain was previously shown to be dispensable for virus replication in cell culture (X. Shi, J. Goli, G.
Clark, K. Brauburger, and R. M. Elliott, J. Gen. Virol. 90:2483-2492, 2009.). In this study, the coding sequence
for a fluorescent protein, either enhanced green fluorescent protein (eGFP) or mCherry fluorescent protein,
was fused to the N terminus of truncated Gc¢, and two recombinant BUNVs (rBUNGc-eGFP and rBUNGec-
mCherry) were rescued by reverse genetics. The recombinant viruses showed bright autofluorescence under UV
light and were competent for replication in various mammalian cell lines. rBUNGc-mCherry was completely
stable over 10 passages, whereas internal, in-frame deletions occurred in the chimeric Gc-eGFP protein of
rBUNGc-eGFP, resulting in loss of fluorescence between passages 5 and 7. Autofluorescence of the recombi-
nant viruses allowed visualization of different stages of the infection cycle, including virus attachment to the
cell surface, budding of virus particles in Golgi membranes, and virus-induced morphological changes to the
Golgi compartment at later stages of infection. The fluorescent protein-tagged viruses will be valuable reagents

for live-cell imaging studies to investigate virus entry, budding, and morphogenesis in real time.

Bunyamwera virus (BUNV) is the prototype of both the
family Bunyaviridae and the genus Orthobunyavirus. The char-
acteristic features shared by all viruses in the family (known as
bunyaviruses) include spherical virion morphology, possession
of a tripartite, single-stranded RNA genome of negative or
ambisense polarity, cytoplasmic site of virus replication, and
assembly and budding of progeny particles at membranes of
the Golgi complex (6, 27). The family includes a number of
significant human pathogens such as La Crosse virus (LACV),
Hantaan virus (HTNV), Sin Nombre virus (SNV), Rift Valley
fever virus (RVFV), and Crimean-Congo hemorrhagic fever
virus (CCHFV) (7). All bunyaviruses encode four structural
proteins, two surface glycoproteins called Gn and Gc, and two
internal proteins, N (nucleocapsid protein that encapsidates
the genomic RNA segments) and L (RNA-dependent RNA
polymerase). In addition, the majority of bunyaviruses also
encode nonstructural proteins. The sizes of the viral proteins
vary considerably across the family though they are relatively
well conserved between viruses within a particular genus. The
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glycoproteins form spikes on the virion surface and are in-
volved in viral attachment and cell fusion (35). They are en-
coded by the medium (M) RNA genome segment as a polypro-
tein precursor (Gn at the N terminus and Gc at the C
terminus) that is cleaved cotranslationally to yield the mature
virion glycoproteins. Both glycoproteins are type I integral
transmembrane (TM) proteins and are modified by N-linked
glycosylation. Gn and Gce form a heterodimer in the endoplas-
mic reticulum (ER) prior to trafficking and retention in the
Golgi compartment for virus assembly (31, 35). The BUNV M
segment additionally encodes a nonstructural protein termed
NSm that is sandwiched between Gn and Ge (19). BUNV NSm
is also an integral membrane protein, and the N-terminal do-
main, at least, of NSm is required for virus assembly (42).
BUNV Gn is able to target to the Golgi complex alone,
whereas correct folding, maturation, and Golgi complex tar-
geting of the Ge protein depends on the chaperone-like assis-
tance of Gn (18, 38, 44).

The BUNV Gn protein consists of 302 residues with a rather
long predicted cytoplasmic tail (CT) of 78 residues, while the
larger Gc protein comprises 957 residues with a CT of only 25
residues (Fig. 1) (8, 19). The CT domains of both Gn and Gc
play crucial roles in BUNV-mediated membrane fusion, virus
assembly, and morphogenesis (43). Functional analysis of de-
letion mutants of BUNV Gec indicated that nearly half of its
N-terminal ectodomain (453 residues out of 909 residues) is
dispensable for Golgi trafficking, cell fusion, and virus replica-
tion in cell culture (41). Similarly, characterization of mutants
of the related Maguari virus (MAGYV) also showed that the
N-terminal domain of Gc was not essential for growth in cell
culture (33). These data suggested that it might be possible to
insert foreign sequences, e.g., those encoding an autofluores-
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FIG. 1. Schematic diagrams of eGFP- and mCherry-tagged BUNV
glycoproteins. The layout of the wt BUNV glycoprotein precursor (Gn,
NSm, and Gc) is shown at the top, with positions of amino acid
residues marking the protein boundaries indicated. Below is shown the
structure of the chimeric Gce protein, with substitution of the N termi-
nus of Ge (residues 500 to 826) with the coding sequence of either
enhanced green fluorescent protein (eGFP) or mCherry fluorescent
protein (mC) attached to truncated Gc. The predicted topology of Gn
and eGFP/mCherry-tagged Gc on the viral envelope is shown at the
bottom. SS, signal peptide; TMD, transmembrane domain. The filled
diamonds indicate glycosylation sites.

cent protein, in place of the N-terminal domain to generate
recombinant viruses expressing a tagged Gc protein (41).

In this paper we report the successful insertion of the coding
region of either the enhanced green fluorescent protein
(eGFP) or mCherry red fluorescent protein into the BUNV
glycoprotein precursor to replace the dispensable region at the
N terminus of the Gc¢ ectodomain. Viable viruses with Gc
tagged by either eGFP or mCherry were rescued by reverse
genetics, and fluorescent extracellular virions were detectable
by conventional fluorescence or confocal microscopy. The pro-
cesses of virus attachment and internalization and budding of
progeny virions could be visualized in infected cells.

MATERIALS AND METHODS

Cells and viruses. BHK-21 and BSR-T7/5 (4) cells were maintained in Glas-
gow minimal essential medium (GMEM; Invitrogen) supplemented with 10%
tryptose phosphate broth, 10% fetal calf serum, and, for BSR-T7/5 cells only, 1
mg of Geneticin (G418) sulfate (Calbiochem) per ml, as described previously
(22, 44). A549 cells and Vero E6 (ATCC C1008) cells were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10% fetal calf serum.
Stocks of wild-type (wt) and recombinant BUNV (rBUNV) were plaque purified
in BHK-21 cells. Working stocks were grown by infecting BHK-21 cells in a
175-cm? flask with 500 ul of elite stock and harvesting the supernatant when
extensive cytopathic effect (CPE) was apparent.

Titers of the working stocks were determined by plaque assay as previously
described (48).

Antibodies. Rabbit antisera against BUNV particles (anti-BUN) and BUNV N
protein (anti-N) and mouse monoclonal antibody (MAb) 742 against BUNV Gc
protein were described previously (18, 49). MAbs against GM130, a Golgi
matrix protein, were purchased from BD Bioscience; MAbs against a-tubulin
(CP06) were from Calbiochem, and those against eGFP (ab1218) were from
Abcam. Goat anti-rabbit antibody conjugated with fluorescein isothiocyanate
(FITC) was purchased from Sigma, and goat anti-mouse antibody conjugated
with Cy5 was purchased from Chemicon International Inc.

Plasmids. Plasmids that generate full-length BUNV antigenome RNA transcripts
[pT7riboBUNL(+), pT7riboBUNM(+), and pT7riboBUNS(+)] have been de-
scribed previously (3, 22). pT7riboBUNMGce-eGFP and pT7riboBUNMGe-
mCherry were constructed by replacing the coding region for residues 501 to 826 of
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the glycoprotein precursor in pT7riboBUNM(+) with that of either eGFP (11) or
mCherry red protein (36). pT7riboBUNM(+) was first modified to introduce a
unique Sacl restriction site at nucleotide (nt) 2534 of the cDNA by PCR mu-
tagenesis. The coding regions for eGFP and mCherry were amplified by PCR
from plasmids pEGFP-N1 and pmCherry (both Clontech Laboratories), with the
introduction of Bsu36I and Sacl restriction enzyme sites at the 5’ and 3’ ends.
The DNA products were ligated into modified pT7riboBUNM(+) that had been
digested with Bsu36I (site at nt 1549 in the BUNV M segment cDNA) and Sacl
(Fig. 1). All constructs were confirmed by DNA sequence analysis. The primers
used and details of PCR are available upon request.

Virus rescue by reverse genetics and virus growth curves. Rescue experiments
were performed essentially as described previously (22). Briefly, BSR-T7/5 cells
were transfected with a mixture of plasmids comprising 1.0 pg each of
pT7riboBUNL(+), pT7riboBUNS(+), and either pT7riboBUNMGec-eGFP or
pT7riboBUNMGce-mCherry. At 5 h posttransfection, 4 ml of growth medium was
added, and incubation continued for 5 to 11 days at 33°C. The expression of
either eGFP- or mCherry-tagged Gc proteins by the transfectant viruses
(rBUNGc-eGFP and rBUNGc-mCherry, respectively) was initially examined
under a fluorescence microscope, and plaques were isolated on BHK-21 cells.
Elite virus stocks were produced by infecting BHK-21 cells in a 25-cm? flask with
a single plaque and growing the cultures at 33°C until CPE was evident. To
monitor virus growth, BHK-21 cells in 35-mm-diameter petri dishes were in-
fected at a multiplicity of infection (MOI) of 0.1 PFU per cell, and supernatants
were harvested at various times after infection. Virus titers were determined by
plaque formation on BHK-21 cells.

Metabolic radiolabeling, immunoprecipitation, and Western blotting. Proce-
dures for metabolic radiolabeling and immunoprecipitation of BUNV proteins
were described previously (39). Briefly, at 24 h postinfection (p.i.), cells were
labeled with [>*S]methionine (80 nCi) for 1 h and then lysed, on ice, in 300 w1 of
nondenaturing radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl
[pH 7.4], 1% Triton X-100, 300 mM NaCl, 5 mM EDTA) containing a cocktail
of protease inhibitors (Roche). BUNV glycoproteins were immunoprecipitated
with anti-BUN serum that had been conjugated to protein A-Sepharose (Sigma)
and were analyzed by SDS-PAGE under reducing conditions. For Western
blotting, cell lysates of infected BHK-21 cells were separated on 4 to 12%
gradient polyacrylamide NuPAGE gels (Invitrogen) and transferred onto a poly-
vinylidene difluoride (PVDF) membrane (Millipore). The membrane was re-
acted with appropriate antibodies, and signals were detected by chemilumines-
cence as described previously (20).

PNGase F digestion. Immunoprecipitates of infected cells were denatured in
30 pl of denaturing buffer (0.5% SDS and 1% B-mercaptoethanol) at 100°C for
10 min and cooled to room temperature. The samples were digested with 4 mU
of peptide N-glycosidase F (PNGase F; New England Biolabs) in 40 pl of
reaction buffer (50 mM sodium phosphate [pH 7.5], 0.5% SDS, 1% B-mer-
captoethanol) for 20 h at 37°C. Treated samples were analyzed by SDS-
PAGE.

Immunofluorescence and live-cell imaging of eGFP/mCherry-tagged BUNV
infection. To examine the autofluorescence of recombinant virus particles, 5 ul
of infectious supernatant, clarified by centrifugation at 3,000 X g for 5 min to
remove cellular debris, was mixed with 5 ul of Mowiol mounting medium (pH
8.5) and examined using a Deltavision 3.5 image restoration microscope (Ap-
plied Precision). Observations of virus-infected cells by immunofluorescence
were as described previously (40). Briefly, infected cells were fixed with 4%
paraformaldehyde and then permeabilized with 0.1% Triton X-100 in phos-
phate-buffered saline (PBS) before they were costained with specific primary
antibodies and secondary antibody conjugates. Localization of fluorescently la-
beled proteins was examined using either the Deltavision 3.5 restoration micro-
scope or a Zeiss LSM confocal microscope as described in the figure legends. For
three dimensional (3D) reconstructions of virus-infected cells, a series of images
was captured on the Deltavision microscope with Z-sections of 0.2 um across the
cell. Deconvolution and surface rendering for tertiary reconstruction were pro-
cessed by Huygens Deconvolution software, version 3.4 (Scientific Volume Im-
aging).

For live-cell imaging, BHK-21 cells grown on chamber slides (p-Slide with
eight wells; ibidi Gmbh, Munich, Germany) and maintained in CO,-independent
medium (Invitrogen), were infected with rBUNGc-eGFP at an MOI of 0.05
PFU/cell. From 12 h postinfection the images were collected at 10-min interval
with a Z-section setting of 1 um (11 images from top to bottom of cell). The
Z-stacked images and video clip were processed using Huygens Deconvolution
software.
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FIG. 2. Plaque morphology, growth kinetics, and autofluorescence of recombinant viruses. (A) Comparison of the plaque sizes on BHK-21
cells. Cells were fixed at 6 days postinfection with 4% formaldehyde and stained with Giemsa solution. (B) Virus growth curves on BHK-21 cells
at 33°C. Cells were infected with wt BUNV virus or the -BUNGc-eGFP (rGe-eGFP) or rBUNGce-mCherry (rGe-mC) recombinant virus at an MOI
of 0.1 PFU/cell. Virus was harvested at the indicated times after infection and titrated by plaque formation on BHK-21 cells. Results are shown
as the mean of the duplicate titrations. (C) Autofluorescence of recombinant viruses. The supernatant from infected cells containing released virus
particles was mixed with an equal volume of Mowiol mounting medium and observed in the Deltavision microscope. Left and middle panels show
the autofluorescence of rBUNGc-eGFP (green) and rBUNGc-mCherry (red) viruses, and the right panel shows the image when green and red
viruses were mixed. The enlarged inset shows aggregates of green and red viruses. rGcA-7, BUNGcA7.

RESULTS

Generation of recombinant BUNV containing Gc tagged
with eGFP or mCherry. Recently, we reported a functional
analysis of the BUNV Gc protein and observed that the N-
terminal half of the Gc ectodomain (residues 477 to 930 of the
precursor polyprotein), which forms two structural domains,
was not essential for virus replication in cell culture (41). We
created four viruses by reverse genetics carrying deletions in
Gc ranging from 218 to 450 amino acids, and while all recom-
binants were attenuated in cell culture, the virus designated
rBUNGCcA?7 that lacked amino acids 480 to 826 of the precur-
sor was the least impaired. Hence, we used this deletion as the
basis to insert a foreign protein that would be expressed on the
surface of recombinant BUNV particles (41). To facilitate
cloning of the foreign gene, we introduced a unique Sacl re-
striction enzyme site at nt 2534 in the BUNV M segment
c¢DNA and made use of the naturally occurring Bsu36I site at
position 1549. This would allow replacement of amino acids
501 to 826 of the glycoprotein precursor with foreign sequence
and would result in a chimeric protein that maintained the
authentic 23 N-terminal residues of Gc and should ensure
correct proteolytic cleavage between NSm and the chimeric
Gc protein. Therefore, we inserted the coding sequence for
either eGFP or mCherry fluorescent proteins into
pT7riboBUNM(+) (Fig. 1) and recovered two recombinant
viruses (designated rBUNGc-eGFP and rBUNGc-mCherry)

by reverse genetics (22). In BHK-21 cells, both recombinant
viruses formed smaller plaques than those of wt BUNYV or the
Gc deletion virus -BUNGcA7 (Fig. 2A). The growth charac-
teristics of the viruses were compared in BHK-21 cells infected
at a low MOI (0.1 PFU/cell) at 37°C. In accord with their
smaller plaque sizes, both recombinant viruses grew more
slowly and to lower titers than wt BUNV (Fig. 2B), with
rBUNGc-eGFP virus being more attenuated (100-fold lower
titer than wt BUNV) than rBUNGc-mCherry (10-fold lower
titer than wt BUNV).

The supernatant of infected cells was clarified by centrifu-
gation to remove cellular debris, and virus particles in the
clarified supernatant showed bright autofluorescence under
the fluorescence microscope because every copy of the esti-
mated 650 Ge molecules per viron (29) carried a fluorescent
protein moiety (Fig. 2C). Variation in size of the fluorescent
dots in both the -BUNGc-eGFP (“green virus”; left panel) and
rBUNGc-mCherry (“red virus”; middle panel) viruses was no-
ticeable, suggesting that the larger dots may represent aggre-
gated particles. When the red and green viruses were mixed,
evidence for aggregation was noted, as indicated by the yellow
signal enlarged in the right-hand panel.

Characterization of chimeric Ge proteins. The proteins syn-
thesized by the recombinant viruses were analyzed by immu-
noprecipitation of radiolabeled cell extracts (Fig. 3A). The size
of Gc in both recombinant viruses was larger than that of the
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FIG. 3. Characterization of recombinant BUNV expressing chimeric Ge proteins. (A) Comparison of protein profiles of the recombinant
viruses IBUNGc-eGFP (rGe-eGFP), rBUNGc-mCherry (rGe-mC), rBUNGcA7 (rGeA-7), and wt BUNV. BHK-21 cells were infected with wt or
mutant viruses at an MOI of 1.0 PFU/cell or were mock infected, and cells were then labeled with [**S]methionine at 24 h postinfection. Viral
proteins were precipitated with anti-BUN antibodies and analyzed on 4 to 12% polyacrylamide NuPAGE gels (Invitrogen) under reducing
conditions. The positions of viral proteins and protein molecular mass markers are indicated. (B) Western blot analysis to detect eGFP. BHK-21
cells were infected with wt BUNV, rBUNGcA7, or rBUNGc-eGFP stock from passage 2 (P2) or passage 10 (P10) or mock infected, as indicated,
and cell lysates were fractionated by SDS-PAGE. After transfer to PVDF membrane, the blots were probed with anti-GFP, anti-N, and anti-tubulin
antibodies as shown. (C) Glycosylation analysis of viral Gc proteins. Radiolabeled viral proteins were immunoprecipitated with anti-BUN
antibodies, and then precipitates were subjected to digestion with PNGase F (F), as indicated, before fractionation on 4 to 12% polyacrylamide
NuPAGE gels (Invitrogen) under reducing conditions. The positions of viral proteins are indicated.

truncated Gc produced by rBUNGcA7 (Fig. 3A). In cells in-
fected by r-BUNGc-mCherry, the chimeric Ge appeared as a
doublet, with the slower-migrating band more dominant than
the faster one (Fig. 3A, lanes 8 and 9). In the case of IBUNGc-
eGFP, the presence of eGFP sequences in virus-infected cells
was confirmed by Western blotting with anti-GFP antibody
(Fig. 3B, lane 4).

To investigate whether the two bands corresponding to the
chimeric Ge-mCherry protein arose due to differences in their
N-linked glycosylation states, [*>S]methionine-labeled viral
proteins were immunoprecipitated and subjected to PNGase F
digestion. As seen in Fig. 3C, both forms of the Gc protein
(lanes 6 and 7) decreased in size, indicating that the second
band was not the result of differential N-linked glycosylation.
As there is only one N-linked glycosylation site present on the
Gce proteins expressed by rBUNGc-eGFP and rBUNGe-
mCherry, the shift of size after the deglycosylation is smaller
than that of wt BUNV (lanes 2 and 3) that contains two
N-glycosylation sites. The genesis of the second Gc band in
rBUNGc-mCherry has not been investigated further, but the
pattern of bands remains consistent through repeated passages
of the virus (see below).

Stability of the eGFP- and mCherry-tagged recombinant
viruses. Upon passage of -BUNGc-eGFP in BHK cells, it was
noted that some of the plaques produced by the virus no longer
fluoresced under UV light. The number of fluorescent plaques
in diluted samples of the different virus passages was assessed
and showed that the percentage of fluorescent plaques de-
creased from 100% (12/12 plaques) at passage 5 to 46% (5/11
plaques) at passage 6 and to 0% (0/12 plaques) at passage 7
(data not shown). To investigate this loss of fluorescence, cells
were infected with virus from sequential passages, and viral
proteins were analyzed by immunoprecipitation and SDS-
PAGE. As seen in Fig. 4A, faster-migrating bands appeared
below the Ge-eGFP bands by passages 2 to 4 and increased in
intensity over passages 5 and 6. At passage 6, the Gc-eGFP
band showed decreased intensity, and at passage 7 no band

corresponding to Gc-eGFP was detectable. A single smaller
band was evident at passages 7 and 8 and appeared to be a
stable species up to passage 9. The loss of eGFP sequences in
virus at passage 10 was confirmed by Western blotting, where
no reactivity was observed with the anti-GFP antibody (Fig.
3B, lane 5), and by cDNA sequence analysis of the M segment
of the mutant viruses (see below).

In contrast to the observation for  BUNGc-eGFP, no loss of
fluorescence was observed in cells infected by rBUNGc-
mCherry over 10 passages (data not shown). Protein profile
analysis revealed that the banding pattern of the doublet Gce
protein was constant in cells infected with virus from different
passages, and no smaller species were generated (Fig. 4B).
Furthermore, the relative intensities of the two bands were
constant across all passages. These data indicate that the chi-
meric Ge-mCherry protein was more stable than the Ge-eGFP
protein.

The protein data suggested that IBUNGc-eGFP had deleted
the eGFP coding sequence over sequential passages. There-
fore, we determined the nucleotide sequence of the M genome
segment of recombinant virus at passage 9 by reverse transcrip-
tion-PCR (RT-PCR), which revealed that not only the com-
plete eGFP coding region was lacking but also the upstream
region coding for the remaining 23 residues at the N terminus
of Gc (residues 477 to 499 in the precursor) as well as that
encoding the C-terminal 135 residues of NSm (residues 342 to
476) (Fig. 4C). It should be noted that the N-terminal 39 amino
acid residues of NSm (residues 303 to 341 in the precursor)
were retained; these are highly conserved among different or-
thobunyaviruses and previously were shown to be required for
replication of BUNV and the related MAGYV (33, 42). Hence,
in all subsequent experiments, only early-passage stocks of
rBUNGc-eGFP were used, prepared as described in Materials
and Methods. As also shown in Fig. 4C, the deletion of the
eGFP coding region and part of NSm in the M segment of
rBUNGc-eGFP is reminiscent of the internal deletion found in
the M segment of the non-temperature-sensitive (ts) revertant



8464 SHI ET AL.

A

rGc-eGFP passage

)
o}
N ® [Tol{e]
(Qn.n.ﬁn.n.

I~ 0O O
oaa

" mock

e —— — “ﬂ‘h‘ —— — 'L

- mm- }
- e %w

-Gn
— @ EES c ao e = N

123 4567 8 910N

J. VIROL.

>
§ N, rGe-mC passage

X
Q !
S) Q e
ESQRRFERER QT
" bomilie=s)
ﬂa —— e — ————— -L
S sm—=mmsmee | g
= mC

Sada_ausuas T

12 3 45 6 7 8 9101112

Gn NS P 827
C rGe-GFP M i I 1
(Ge-GFP-R —— o n-!

Ha3s 907
MAG R2 ——— =

wtBUN M
Gc-eGFP-R

MAG M
MAG R2

/"'\
310 340
ARRLCKSKGSSLIISILLSVLILSFVTPIEGTLTNYPTDQKYTLDE

ARRLCKSKGSSLIISILLSVLILSFVTPIEGTLTNYPTDQK —————

AR LCKSKGSSLVISGLLSMLLLSFITPIEGTLTNYPNEKQYTLEE
ARMLCKSKGSSLVISGLLSMLLLSFITPIEGTLTNY--========

FIG. 4. Stability of fluorescent protein-tagged Gc in recombinant viruses. (A and B) Protein analysis. BHK-21 cells were infected with wt
BUNYV, rBUNGcA7, and stocks of rBUNGc-eGFP (rGe-eGFP) or iBUNGce-mCherry (rGe-mC) from passages 2 to 9 or 10, as indicated, at an
MOI of 1.0 PFU/cell and labeled with [**S]methionine at 24 h postinfection. Viral proteins were precipitated with anti-BUN antibodies and
analyzed on 4 to 12% polyacrylamide NuPAGE gels (Invitrogen) under reducing conditions. The positions of viral proteins are indicated.
(C) Sequence analysis. Alignment of the deduced amino acid sequences of the NSm-Gc region from wt BUNV, rBUNGc-eGFP passage 9, wt

MAGYV, and MAGV R2. Above is shown a schematic of this region, with amino acid positions indicated.

R2 virus derived from MAGYV (33). Sequence analysis of the M
segments of early and late passages of  BUNGc-mCherry re-
vealed no nucleotide differences (data not shown), in accord
with the stability of the protein profiles shown in Fig. 4B.
Visualization of BUNV attachment, assembly, budding, and
release. The creation of fluorescent protein-tagged viruses en-
abled us to visualize virus infection at different stages of the life
cycle, including attachment, intracellular trafficking, assembly,
and budding. To observe the earliest events of virus infection,
BHK-21 cells were incubated with rBUNGc-eGFP for differ-
ent time periods up to 60 min at 37°C, and then the cells were
washed with cold PBS and fixed with 4% paraformaldehyde.
To observe later replication events, cells were infected for 60
min and washed, and incubation continued at 37°C as indicated
in Fig. 5A. After fixation, the infected cells were counter-
stained with CellMask Deep Red Plasma Membrane Stain
(Invitrogen) prior to confocal examination. As shown in Fig.
5A, virus particles were found attached to the cell surface after
a 10-min incubation. Green virus particles were visible both on
the cell surface and within the cytoplasm up to 4 h after initial
infection though no new viral glycoprotein synthesis was ap-
parent. By 5 h postinfection, the Golgi complex began to show
evidence of nascent viral glycoprotein and discrete fluorescent
spots could be observed from 6 h postinfection (Fig. SA, panels
6 h and later). We interpret these spots as representing prog-
eny virus particles in Golgi complex-derived vesicles, in accord

with electron microscopy (EM) observations of infected cells
that revealed vesicles containing single or very few (three to
four) particles (28).

Bunyaviruses assemble and bud at the membranes of the
Golgi complex and then must be transported through the cy-
toplasm for release from cell. Figure 5B shows a BSR-T7/5 cell
infected with TBUNGc-eGFP at 8 h postinfection. Enlarged
sections 1 and 3 show virus particles trafficking within the cell
and being released at the cell surface, and section 2 shows the
“factory” in the Golgi complex where viruses bud and assem-
ble. Based on their sizes, which are identical to those of extra-
cellular particles, most of the intracellular virus particles ap-
pear to be individual virions rather than aggregates. In
enlarged section 3, some virus particles are seen in close asso-
ciation with, or on the tips of, microtubules, perhaps indicating
the involvement of microtubules in the intracellular trafficking
and release of virions.

Figure 6 shows the Golgi complex in cells infected with wt
BUNV or rBUNGc-eGFP. In both cases the Golgi complex
was identified by staining with an antibody to the Golgi com-
plex marker GM130, and colocalization of Gc¢ with this or-
ganelle is shown by yellow in the merged images (Fig. 6C and
G). In Fig. 6C, the Gc protein was stained with MAb 742, a
Ge-specific monoclonal antibody (18). In Fig. 6G and the en-
larged image in panel H, green virus particles in cells infected
with BUNGc-eGFP virus were shown both in the cytoplasm
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FIG. 5. Time course of rBUNGc-eGFP infection. (A) BHK-21 cells were infected with rBUNGc-eGFP at an MOI of 1 PFU/cell and incubated
at 37°C for 10 min to 8 h, as indicated, prior to fixation with 4% paraformaldehyde. Cells were counterstained in red with CellMask Deep Red
Plasma Membrane Stain (Invitrogen). Representative green virus particles that were either attached to or internalized into the cells at early stages
of infection (1 h to 4 h) are marked by arrows though in some cells multiple particles can be seen attached. (B) BSR-T7/5 cells were infected for
8 h with rBUNGc-eGFP at an MOI of 1 PFU/cell, fixed, and costained with anti-tubulin antibody (in red). Enlarged images of selected regions
1, 2, and 3 show progeny virus particles and the virus assembly site as described in the text.

and at membranes of the Golgi complex (Fig. 6 E to H).
However, no individual virus particles could be detected by
staining with MAb 742 (enlarged image in Fig. 6D). It is likely
that MAb 742 may not recognize Gc proteins that have already
been packed icosahedrally into the virion envelope, perhaps
due to conformational alteration of the glycoproteins in assem-
bled particles or spatial hindrance for access of the antibody to
the epitope, which is conformational and located at or near the
first glycosylation site on Gce (residue 424) (38).
Morphological changes to the Golgi complex in BUNV-in-
fected cells. BUNV infection of African green monkey-derived

Vero cells results in early fragmentation of the Golgi complex
(34). Using the fluorescent protein-tagged viruses, we investi-
gated Golgi complex disruption in cells derived from other
species. Cells were infected at a low MOI in order to allow
viewing of infected and uninfected cells in the same micro-
scopic field, and as shown in Fig. 7A to H, changes to Golgi
complex morphology were also observed in human (A549)-
and rodent (BHK and BSR-T7/5)-derived cells though to a
lower degree than in Vero cells that were included as a control.
For these investigations, the Golgi complex was stained with an
antibody to GM130, and we reconstructed 3D images of the
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FIG. 6. Visualization of virus budding at the Golgi complex. BSRT7/5 cells were infected with either wt BUNV (A to D) or rBUNGc-eGFP
(E to H) and costained with antibodies to the Golgi marker GM130 (red). BUNV Gec protein in wt BUNV-infected cells was detected with BUNV
Ge-specific MAb742. Colocalization between Ge proteins and the Golgi protein are shown in yellow in the merged images (C and G), and enlarged

images are shown in panels D and H.

green or red recombinant virus-infected cells from Z-stack
images obtained by Deltavision restoration microscopy using
deconvolution and surface rendering software, as described in
Materials and Methods. The Golgi structures in uninfected
cells (indicated by asterisks in Fig. 7A to H) were relatively
compact, whereas in infected cells the Golgi complex, modified
by the insertion of Gc protein, appeared rather expanded or
dispersed (indicated by solid arrows). These observations sug-
gest that Golgi complex disruption is a ubiquitous effect on cell
structure caused by BUNV infection though the extent differs
between different cell types. Figure 71 to L show a time course
of Golgi complex disruption in BHK-21 cells infected with
rBUNGc-eGFP. Changes in morphology were first seen at 6 h
postinfection, and Golgi complexes were completely disrupted
by 12 h postinfection. This timescale is much later than that
seen in Vero cells, where fragmentation is observed before the
detection of viral glycoprotein (34).

Live-cell imaging of fluorescent protein-tagged BUNYV infec-
tion. To visualize the viral replication cycle in real time,
BHK-21 cells grown in chamber slides were infected with
rBUNGc-eGFP and incubated at 33°C in an environmental
chamber on the Deltavision restoration microscope. In this
situation, which includes using CO,-independent growth me-
dium, BUNV replication proceeds considerably more slowly
than under standard growth conditions (unpublished data).
Images were taken at 10-min intervals from 12 h p.i.; Fig. 8
shows only the images taken at hourly intervals (for the com-
plete video clip, see Video S1 in the supplemental material).
Fluorescent virus particles were seen trafficking from the as-
sembly site in the Golgi region to the cell surface up to 21 h p.i.
The dynamic live-cell imaging also revealed the morphological
change in the Golgi complex from a tightly packed structure to
a loose and fragmented structure from 13 h to 16 h p.i. (based
on the colocalization with the fluorescent Ge protein). Also
noteworthy is the formation of a dense fluorescent mass which
we think is most likely accumulation of misfolded glycoproteins

in the Golgi region from 17 h p.i. BUNV replication induces
apoptosis at late stages of infection (15), and this is visualized
as the collapse of the infected cell between 21 and 22 h p.i.

DISCUSSION

The N-terminal half of the Ge ectodomain of BUNV was
previously shown to be dispensable for virus replication in cell
culture (41). Two “fluorescent” viruses were generated by re-
placing 346 amino acid residues at the N terminus of Ge with
either eGFP or mCherry fluorescent proteins. The viability and
autofluorescence of recombinant viruses indicated that both
chimeric Gc proteins were functional and could fold correctly.
Though the recombinant viruses were attenuated in cell cul-
ture, they were competent to infect as wide a range of cell lines
as wt BUNV (results not shown) and were able to produce
workable virus yields of 5 X 10° PFU/ml. The recombinant
fluorescently tagged viruses are thus valuable reagents with
which to study virus entry, assembly, intracellular trafficking,
and egress, as well as interactions with the host cell.

Recent electron tomographic studies of RVFV and Uuku-
niemi virus (UUKV) particles (both members of the Phlebo-
virus genus in the bunyavirus family) revealed that the spikes
on the virion surface comprise 720 copies of each glycoprotein,
Gn and Ge, arranged in an icosahedral lattice (T=12) (9, 30,
37). 1t is suggested that this feature might be shared by all the
viruses in the family (9, 37) and thus accounts for the intense
autofluorescence observed with the recombinant viruses (Fig.
2). It is perhaps remarkable that such a simple virion can
accommodate this gross perturbation and retain viability com-
pared to other viruses that have been created with fluorescent
protein-tagged components which have more complex virion
structures, for example, vaccinia virus (47), coronavirus (1),
amphotropic retrovirus 4070A (46), herpes simplex virus
(HSV) (21), and rabies virus (14).

Whereas rBUNGc-mCherry was quite stable upon repeated
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FIG. 7. Morphological changes to the Golgi complex in BUNV-infected cells. A549 (A and B), BSR-T7/5 (C and D), Vero (E and F), and
BHK-21 (G and H) cells were infected with either IBUNGc-eGFP (A to F) or rBUNGc-mCherry (G and H). After fixation, cells were stained with
anti-GM130 antibodies to detect the Golgi complex, and 3D images were reconstructed from Z-stack images using Huygens deconvolution and
surface rendering software. The Golgi complexes in uninfected cells are marked with an asterisk, and those in infected cells are indicated with an
arrow. Nuclei were stained in blue with 4’,6'-diamidino-2-phenylindole (DAPI). Panels I to L show the time course of Golgi complex disruption
in BSR-T7/5 cells infected with rBUNGc-eGFP. Cells were fixed at 1, 6, 8, and 12 h postinfection, and the Golgi complex was stained in red with

antibodies to GM130.

passage, T BUNGc-eGFP was less stable and shed the eGFP
coding region after six passages. It is intriguing that deletion of
the eGFP sequence was accompanied by the loss of the C-
terminal 135 residues of the NSm protein (78% of NSm was
lost, and only the N-terminal 39 residues of NSm remained).
This is reminiscent of the generation of the non-temperature-
sensitive (ts) revertant R2 of MAGV from its mutant ts8.
MAGYV ts8 has three amino acid substitutions in the N-termi-
nal domain of Gc compared to the sequence of wt MAGV. In
MAGYV R2, the N-terminal 431 residues of Gc together with
the C-terminal 130 residues of NSm were deleted (33). How-
ever, in both cases, the conserved N-terminal 39 residues of
NSm were retained, further confirming the crucial requirement
of these residues in viral replication (33, 42). It also illustrates
the remarkable plasticity of the orthobunyavirus glycoprotein
gene, and it will be of interest to determine the mechanism by
which the sequences are deleted. The instability of the eGFP-
tagged Gce chimera may be related to possible disulfide forma-
tion between the eGFP and Gc¢ domains. Both Gn and Ge
glycoproteins are cysteine-rich integral transmembrane pro-
teins that mature in the lumens of the ER and Golgi complex.
It has been reported that the two cysteine residues of eGFP
might form disulfide-bonded oligomers (12), but perhaps these

residues could form inappropriate disulfide bonds with those
of Gn and or Gc protein, resulting in misfolding. This requires
further investigation. In contrast, the mCherry protein does
not contain cysteine residues and matures more quickly than
eGFP (36). Indeed, we noticed that the rBUNGc-eGFP virus
grows more slowly than rBUNGc-mCherry, and this may be
related to the rate of the chimeric glycoprotein maturation.
Entry of many enveloped viruses is initiated by the attach-
ment of viral spike glycoproteins to molecules on the plasma
membrane of target cells, followed by receptor-mediated en-
docytosis (25, 45). Using the autofluorescent recombinant vi-
ruses, attachment and internalization of BUNV particles were
clearly visualized at the early stage of virus infection, within 10
min of incubation, and by live-cell imaging we recorded steps
in virus budding and egress. Most bunyaviruses assemble and
bud at the membrane of the Golgi complex though details of
these processes have yet to be clarified. The initial formation of
virus particles must take place by curving of the viral glyco-
protein-embedded Golgi membrane inward toward the lumen
of the organelle (inward budding) (28, 34), followed by out-
ward budding of mature virus particles from the Golgi lumen.
The outward budding at the Golgi membranes was evident in
rBUNGc-eGFP-infected cells, and it was obvious that most of
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FIG. 8. Live-cell imaging of BHK-21 cells infected with rBUNGc-eGFP. BHK-21 cells grown on microscope chamber slides were infected with
rBUNGc-eGFP at an MOI of 1 PFU/cell and incubated at 33°C in an environmental chamber mounted on the Deltavision restoration microscope.
Images were collected at 10-min intervals from 12 h postinfection with a Z-section setting of 1 pm (11 images from top to bottom of the cell).
Images taken at each hour are shown in the figure (for the complete video clip, see Video S1 in the supplemental material).

the virus particles transported individually instead of as a big-
ger cargo to the cell surface. Perhaps the intracellular traffick-
ing of virus particles is similar to the trafficking of post-Golgi
transport carriers (PGCs), dynamic and membrane-bound or-
ganelles (24), which is promoted by cytoskeletal elements, par-
ticularly microtubules and associated motor proteins (23). We
noticed contact between green virus particles and microtubules
in infected cells, suggesting involvement of cytoskeleton pro-
teins in virus trafficking. However, we did not observe the
tubule-like structures arising from membranes of the Golgi
complex in BUNV-infected cells that are characteristic in the
morphogenesis of PGCs (23, 32).

BUNV infection of Vero cells leads to early Golgi complex
fragmentation in Vero cells, before the detection of viral gly-
coproteins (34). Our results demonstrated that infection-in-
duced Golgi complex disruption is not limited to Vero cells but
is common to other cell types though it occurs later in infec-
tion, probably due to the segregation or redistribution of the
integral Golgi proteins caused by the accumulation of viral
glycoproteins or virus assembly and budding itself. Studies of
UUKV-infected BHK-21 cells showed that infection caused
expansion and vacuolization of the Golgi complex though the
disrupted Golgi complex was still functional in its ability to
glycosylate and transport glycoproteins destined for the plasma
membrane (10). Furthermore, BUNV infection can cause cell
death (15), and Golgi complex fragmentation might be a cel-
lular response due to apoptosis (17, 26).

As the recombinant BUNVs exhibit strong autofluores-
cence, we anticipate that they will be excellent candidates for
the application of advanced microscopical and single-particle
tracking techniques that have been used for visualizing infec-
tion by other enveloped viruses such influenza, vesicular sto-
matitis, and human immunodeficiency viruses (2, 5, 13, 16).
Such studies will reveal further details of the BUNV infection
cycle.
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