JOURNAL OF VIROLOGY, Nov. 2010, p. 11145-11151
0022-538X/10/$12.00 doi:10.1128/JVI.00036-10

Vol. 84, No. 21

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Structural Evidence of Glycoprotein Assembly in Cellular Membrane
Compartments prior to Alphavirus Budding"'f

Pan Soonsawad,"*” Li Xing," Emerson Milla,' Juan M. Espinoza,' Masaaki Kawano,' Michael Marko,?
Chyongere Hsieh,” Hiromitsu Furukawa,” Masahiro Kawasaki,> Wattana Weerachatyanukul,*
Ranjana Srivastava,® Susan W. Barnett,® Indresh K. Srivastava,® and R. Holland Cheng'*

Department of Molecular and Cellular Biology, University of California, Davis, California 95616-8536"; Resources for
Visualization of Biological Complexity, Wadsworth Center, Albany, New York 12201% Japan Electron Optics Laboratory System and
Technology Co., 3-1-2 Musashino, Tokyo, Japan®; Department of Anatomy, Faculty of Science, Mahidol University,
Bangkok, Thailand®; Faculty of Dentistry, Mahidol University, Bangkok, Thailand®; and Novartis Vaccines and
Diagnostics, Inc., 350 Massachusetts Ave., Cambridge, Massachusetts 02139°

Received 8 January 2010/Accepted 17 August 2010

Membrane glycoproteins of alphavirus play a critical role in the assembly and budding of progeny virions.
However, knowledge regarding transport of viral glycoproteins to the plasma membrane is obscure. In this
study, we investigated the role of cytopathic vacuole type II (CPV-II) through in situ electron tomography of
alphavirus-infected cells. The results revealed that CPV-II contains viral glycoproteins arranged in helical
tubular arrays resembling the basic organization of glycoprotein trimers on the envelope of the mature virions.
The location of CPV-II adjacent to the site of viral budding suggests a model for the transport of structural
components to the site of budding. Thus, the structural characteristics of CPV-II can be used in evaluating the

design of a packaging cell line for replicon production.

Semliki Forest virus (SFV) is an enveloped alphavirus
belonging to the family Togaviridae. This T=4 icosahedral virus
particle is approximately 70 nm in diameter (30) and consists
of 240 copies of E1/E2 glycoprotein dimers (3, 8, 24). The
glycoproteins are anchored in a host-derived lipid envelope
that encloses a nucleocapsid, made of a matching number of
capsid proteins and a positive single-stranded RNA molecule.
After entry of the virus via receptor-mediated endocytosis, a
low-pH-induced fusion of the viral envelope with the endoso-
mal membrane delivers the nucleocapsid into the cytoplasm,
where the replication events of SFV occur (8, 19, 30). Repli-
cation of the viral genome and subsequent translation into
structural and nonstructural proteins followed by assembly of
the structural proteins and genome (7) lead to budding of
progeny virions at the plasma membrane (18, 20). The synthe-
sis of viral proteins shuts off host cell macromolecule synthesis,
which allows for efficient intracellular replication of progeny
virus (7). The expression of viral proteins leads to the forma-
tion of cytopathic vacuolar compartments as the result of the
reorganization of cellular membrane in the cytoplasm of an
infected cell (1, 7, 14).

Early studies using electron microscopy (EM) have charac-
terized the cytopathic vacuoles (CPVs) in SFV-infected cells
(6, 13, 14) and identified two types of CPV, namely, CPV type
I (CPV-I) and CPV-II. It was found that CPV-I is derived from
modified endosomes and lysosomes (18), while CPV-II is de-
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rived from the frans-Golgi network (TGN) (10, 11). Signifi-
cantly, the TGN and CPV-II vesicles are the major membrane
compartments marked with E1/E2 glycoproteins (9, 11, 12).
Inhibition by monensin results in the accumulation of E1/E2
glycoproteins in the TGN (12, 26), thereby indicating the origin
of CPV-II. While CPV-II is identified as the predominant
vacuolar structure at the late stage of SFV infection, the exact
function of this particular cytopathic vacuole is less well char-
acterized than that of CPV-I (2, 18), although previous obser-
vations have pointed to the involvement of CPV-II in budding,
because an associated loss of viral budding was observed when
CPV-II was absent (9, 36).

In this study, we characterized the structure and composition
of CPV-II in SFV-infected cells in situ with the aid of electron
tomography and immuno-electron microscopy after physical
fixation of SFV-infected cells by high-pressure freezing and
freeze substitution (21, 22, 33). The results revealed a helical
array of E1/E2 glycoproteins within CPV-II and indicate that
CPV-II plays an important role in intracellular transport of
glycoproteins prior to SFV budding.

MATERIALS AND METHODS

Cell culture and virus infection. Baby hamster kidney-21 (BHK-21) cells were
maintained in minimum essential medium (MEM; Gibco) supplemented with
10% fetal bovine serum (Sigma), 100 TU/ml penicillin-streptomycin, and 50 ml
tryptose phosphate broth in an atmosphere of 5% CO,. Subconfluent monolay-
ers of BHK-21 cells were first washed twice with phosphate-buffered saline (PBS;
Gibco) and then mixed with SFV at a multiplicity of infection (MOI) of 200.
After 30 min of adsorption, the virus-containing medium was replaced with fresh
minimum essential medium (MEM) after washing with PBS twice and the cells
were further incubated at 37°C for 3, 5, or 8 h postinfection (hpi) (5, 15).

Preimmunolabeling. The SFV-infected cells were incubated with anti-E2
monoclonal antibody (1:100 dilution) for 45 min on ice and washed 3 times with
PBS-bovine serum albumin (BSA) (29). This was followed by the addition of
protein A-conjugated 10-nm gold (1:300 dilution), followed by the washing steps
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described above. Subsequently, the cells were transferred on ice before high-
pressure freezing.

High-pressure freezing and freeze substitution. Infected BHK-21 cells were
loaded into flat specimen holders and mounted on a PACT HPF station (Leica
Microsystems, Vienna, Austria), directly frozen, and transferred into liquid ni-
trogen (34). The samples were freeze substituted in 0.2% glutaraldehyde and
0.1% uranyl acetate in acetone at —90°C for 72 h and then warmed up slowly to
—20°C (automatic freeze substitution [AFS] system; Leica Microsystems). After
being rinsed several times in acetone, the cells were infiltrated in a resin-ethanol
mixture with a gradually increasing ratio of Lowicryl to ethanol (1:3, 1:1, and 3:1)
and in pure Lowicryl for the final infiltration. The resin polymerization was
performed at 50°C with UV light. The sample blocks were thin sectioned with a
Leica microtome, and serial sections (80 nm to 150 nm thick) were collected on
Formvar-coated, carbon-stabilized, one-slot copper grids.

Postimmunolabeling. Sections of embedded sample were first treated with 0.1
M ammonium chloride for 10 min followed by blocking with 1% PBS-BSA for 15
min. After incubation with primary antibodies (at a 1:50 dilution for both anti-E1
and anti-E2 antibodies) overnight at 4°C, the section was washed with PBS and
then incubated for 1 h with protein A-conjugated 10-nm gold (1:300 dilution)
followed by another wash with PBS. For better binding of gold to the target
antigen, the labeled section was further fixed with 1% glutaraldehyde for 10 min
and then washed with deionized water.

Electron tomography. The EM sections were first screened using a JEOL 1230
electron microscope operated at 120 kV. The electron dose for each image was
500 to 1,000 e ~/nm?, and the micrographs were recorded with a charge-coupled-
device (CCD) camera (TVIPS Gauting) with a pixel resolution of 2,000 by 2,000.
The magnification of the microscope was calibrated by using tobacco mosaic
virus as a standard, and the CPV-II size was normalized accordingly. After image
screening, tomographic data acquisition was done using a JEOL 2100F EM with
a field emission gun (FEG) operated at 200 kV. The recording and reconstruc-
tion scaling factor was 1.0 nm/pixel, and the electron dose per image was 500
e”/nm? (3, 22, 34). Tomograms were collected at one-degree tilt intervals be-
tween —60° and +60° at X15,000 magnification with a CCD camera (TVIPS
Gauting) with a pixel resolution of 4,000 by 4,000, using automated recording
software (JEOL System Technology Co., Ltd.) that utilized cross-correlation to
center the images. The collected images in the tilt series were aligned by using
10-nm gold particles as markers to eliminate image displacement and to refine
the relative tilt angle. After alignment, the image reconstruction was performed
and the tomogram was computed to a resolution of 4 nm by weighted back
projection (17, 23, 34). The obtained tomogram was then analyzed with visual-
ization programs. Volume rendering of density maps were done with UCSF
Chimera (http://www.cgl.ucsf.edu/chimera) and Amira (Visage Imaging, San Di-
ego, CA) (35). Movies were prepared with both the JEOL visualization program
(JEOL System Technology Co., Ltd.) and UCSF Chimera.

RESULTS

Presence of CPV-II near the cell surface at late stages of
infection. To better understand the function of CPV-II, we
investigated the distribution of CPV-II in relation to the in-
tensity of SFV replication. There appeared to be no uniform
shape of CPV-II in the cytosol of SFV-infected baby hamster
kidney-21 (BHK-21) cells. CPV-II was found throughout the
cytosol and interspersed among other empty vacuoles (see Fig
S1 in the supplemental material), particularly near the cell
surface (Fig. 1A). A higher multiplicity of infection (MOI) did
not induce an earlier appearance of CPV-II: no CPV-II was
found in the cells at 3 h postinfection (hpi) regardless of what
MOI we used (Fig. 1B). At 5 hpi, the cells that were infected
at an MOI of 200 revealed clusters of CPV-II at the perinu-
clear region (Fig. S1A). At this time point, the CPV-II number
in the cells infected at an MOI of 200 was found to be 3-fold
higher than that in the cells infected with an MOI of 2 (P value,
0.0022) (Fig. 1B). At 8 hpi, CPV-II was found throughout the
cytoplasm, and some of the CPV-II was located close to the
plasma membrane (Fig. 1A; see Fig. S1B in the supplemental
material). At this time point, the CPV-II numbers of the cells
infected with an MOI of 200 and the cells infected with an
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MOI of 2 did not appear to be significantly different (P value,
0.355). When the virus adsorption at an MOI of 2 was in-
creased from 0.5 h to 1 h, the number of type II CPVs at 5 hpi
gradually increased above that corresponding to an MOI of 2
for 0.5 h but was still significantly different from that corre-
sponding to an MOI of 200 for 0.5 h (P value, 0.077). However,
at 8 hpi, the number of type II CPVs appeared no different
from that corresponding to an MOI of 200 (P value, 0.996)
(Fig. 1B). Therefore, intensive viral infection results in rapid
increase of CPV-II numbers in the cytoplasm.

Morphological features of CPV-II. To get insights into
CPV-II morphology, we traced a type II CPV in a series of
consecutive sections. CPV-II was first observed as a cluster of
electron-dense particles (~30 nm in diameter), then as a vac-
uole containing multiple tubular structures in the next few
slices, and then again as a cluster of electron-dense particles
(Fig. 1C). Therefore, CPV-II is a spindle-like compartment
that encloses tubular structures and is decorated with electron-
dense particles on the exterior surface. While the diameter of
CPV-II was observed to be on average 100 to 400 nm (Fig. 1C
and D), the longitudinal dimension occasionally exceeded 1
pm (Fig. 1E). The internal tubules were roughly 50 nm in
diameter (Fig. 1D to F) and had no particular orientations
relative to the boundary membrane of CPV-II (Fig. 1C), al-
though some tubules were observed to vertically contact the
membrane of CPV-II (Fig. 2).

Protein arrangement of the tubular structure inside CPV-IIL.
The tubular structure is one of the characteristic features of
CPV-II, and its composition was investigated by using immu-
nogold labeling with either anti-E1 or anti-E2 monoclonal
antibodies. By using anti-E2 antibody, we found that the gold
particles were selectively attached to the tubular structures
within CPV-II (Fig. 2A), indicating that the tubules contained
E2 glycoproteins. The same result was observed when anti-E1
antibodies were used (see Fig. S2 in the supplemental mate-
rial). This observation agrees well with the findings that the
E1/E2 heterodimer formed in the endoplasmic reticulum (ER)
and transported as a dimer via the cell secretory pathway (26).
We then investigated the three-dimensional (3D) structure of
CPV-II with electron tomography. A tilt series was collected
with this type II CPV, which was immunogold labeled with
anti-E2 antibody, and a 3D tomogram was computed after the
images were aligned into a common coordinate system by using
the gold particles as fiducial register for image alignment. The
tomogram revealed that the tubular structure is in a quasihe-
lical arrangement, as it was clearly seen during slicing of the
tomogram along the z axis with an interval of 0.67-nm slices
(Fig. 2B; see Video S1 in the supplemental material).

Correlation between tubular structure and the isolated SFV.
Detailed tomographic analysis of tubules within CPV-II showed
that the density nodes, bright spots in the images representing
high electron density, arranged into a hexagonal lattice with
one density node per hexagonal vertex (Fig. 2C). The helical
lattice on the tubule was found to resemble the surface lattice
of the glycoproteins on the envelope of a mature virion (Fig.
2D), as revealed by the reconstruction of mature viruses from
cryo-electron microscopy (cryo-EM) (15). The average dis-
tance between nodes measured from the hexagonal lattice on
the CPV-II tubule was ~7 nm, similar to the distance between
glycoprotein trimers on the mature virus (Fig. 2C and D), the
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FIG. 1. CPV-II distribution and morphology in SFV-infected BHK-21 cells. (A) CPV-II can be found close to the plasma membrane at the late
stage of SFV infection. Tubular structures were well preserved in CPV-II and attached by gold particles (white arrowheads) that registered the
location of anti-E2 antibodies. The gold particle was identified by its unique profile, the darkest-contrast and sharply defined edge. A few gold
particles located on the plasma membrane are not marked. (B) The plot shows the CPV-II density in the BHK-21 cells that were infected with
SFV at an MOI of 2 for 30 min, an MOI of 2 for 60 min, and an MOI of 200 for 30 min. The number of type II CPVs was counted after fixation
of the cells at 3, 5, and 8 h postinfection and normalized relative to the measured specimen area. The average CPV-II density (number per
um?) * standard deviation (SD) at each time point is shown. There was no CPV-II observed in mock-infected BHK-21 cells; thus the mock
infection data were omitted from the graph. ads, adsorption. (C) Five consecutive sections (95 nm thick) of the same type II CPV, showing the
CPV from the top to bottom. (D) A view of a CPV-II enclosed tubular structure (white arrowhead), attached by dense circular particles on the
exterior surface. The two tubules within CPV-II are approximately 50 nm in diameter. (E) A longitudinal section of CPV-II shows its dimension
(exceeding 1 pm). (F) A zoomed-in image of the area enclosed in a white box in panel E, showing the dense particles attached to the external
membrane layer of CPV-II and the tubules. Scale bars, 200 nm (panels A, C, and E) and 50 nm (panels D and F).

glycoprotein network observed just outside the viral mem- while the viral envelope is still associated with the plasma
brane. Therefore, the density nodes at the tubular structure membrane, the capsid-membrane interface is semiopen, and
may represent the location of the E1/E2 trimers. the budding particles appeared as an incomplete circular pro-

The relevance of the cytopathic vacuole in SFV budding file (Fig. 3A and B). The SFV-infected cell labeled with
at the plasma membrane. At a late stage of virus budding, anti-E2 antibodies revealed that the conjugated gold markers
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FIG. 2. The composition of a CPV-II tubular structure. (A) The gold particles (arrowheads) were attached to the tubular structures of the
tomogram of CPV-II during immunolabeling with anti-E2 antibody. Additional short tubules were observed lying vertically to the long tubules, and
one of them (asterisk) appears to make contact with the CPV-II membrane. (B) An orthoslice (0.67 nm in thickness) was taken from the tomogram
of the same CPV-II as in panel A, showing two tubules that appeared to have helical turns. The gold particle on the short tube is omitted from
the slice, as it was positioned on the other side of the section (see also Video S1 in the supplemental material). Note that the gold labeling was
performed on both sides, and it resulted in an uneven distribution of gold particles in the z dimension. Scale bar, 100 nm. (C) Volume rendering
of CPV-II tubule tomogram shows the hexagonal array (asterisks) of the density nodes. Scale bar, 15 nm. The node-to-node distance (between the
pair of arrowheads) is approximately 7 nm. (D) A planar array of five adjacent hexagonal rings of SFV glycoprotein trimers indicates that the

trimer-to-trimer distance is 7.2 nm. Scale bar, 7 nm.

were located in the areas proximal to the budding site (Fig. 3;
see Video S2 in the supplemental material), indicating that
some glycoprotein-capsid interactions occur concurrently on
the plasma membrane with virus budding, consistent with pre-
vious observations (27, 28, 31). As gold-particle-conjugated
anti-E2 antibodies were similarly observed at the surface of
budded SFV virions, the viral envelope should indeed be de-
rived from the plasma membrane of the infected cell (Fig. 3B).
On the outer leaflet of the plasma membrane around the virus

budding region, the majority of gold particles were observed
marking the viral glycoproteins, with an average distance of ~7
nm in spacing.

The envelope of budding virions on the plasma membrane.
To better understand SFV assembly at the plasma membrane,
we characterized the morphology of SFV particles during bud-
ding with electron tomography and compared the intertrimer
distance on the envelope of nearly mature virions with that of
the mature virions. The spike feature on the budding particle
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FIG. 3. Arrangement of viral glycoproteins at the site of budding
on the plasma membrane. (A) A volume projection of SFV budding
site reveals that the budding virus (arrowhead) was in proximity to the
gold particles that registered the location of the E2 glycoprotein on the
plasma membrane. Scale bar, 200 nm. (B) The stereo pair of projection
views above plasma membrane illustrates the budding region around
an exiting virion (arrowhead in panel A). This close-up view shows the
exterior surface of the plasma membrane with detailed arrangement of
an associated group of gold markers, with the majority of them ob-
served with an average spacing of ~7 nm. The conjugated gold parti-
cles are located on the plasma membrane with the brightest density as
a result of the high-angle electron scattering in electron microscopic
imaging.

(Fig. 4C) appeared to have a hexagonal lattice and distance
between the spikes similar to those on the mature viral parti-
cles (Fig. 4B), although the symmetry of the budding virion
from the tomogram is not perfect. This defective symmetry
could come from the stage of budding, where the viral particle
was partially formed and had not been released from the host
cell. The nearly budded virions appeared to have protruding
spikes, which were on average 5 to 6 nm in height. Importantly,
the distance between adjacent spikes was measured to be 7 to
8 nm (Fig. 4C). These dimensions correspond well with the
hexagonal lattices measured from the cryo-EM density map of
the mature virions (15, 35).

DISCUSSION

Infection by enveloped viruses, like SFV, induces membrane
reorganization within the cell and the appearance of cytopathic
vacuoles (CPVs). Here, we reported the structure and compo-
sition of CPV-II, a membrane vacuole appearing at later stages
of SFV infection, in order to reveal its function in SFV repli-
cation. CPV-II appeared as spindle-shaped vacuoles that were
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not found within 3 hpi and were distributed in correlation with
the time of postinfection. Tubular structures are one of the
characteristic features within CPV-II and are composed of
E1/E2 glycoproteins. The viral glycoproteins arrange them-
selves in hexagonal arrays (Fig. 2; see Video S1 in the supple-
mental material), in which the distance between the density
nodes matched that between the glycoproteins on the budding
viral particles (see Video S2 in the supplemental material),
resembling the organization of E1/E2 trimers on the envelope
of the mature virion (3, 15). The results described above sug-
gest that the well-organized viral lattices may be initiated from
clusters of E1/E2 hexagonal arrays inside the CPV-II com-
partment and transfer into the adjoining E1/E2 hexameric
rings in part of viral envelope upon virus budding (Fig. 5).
Any subsequent budding assembly of the virus would benefit
from the predominant E1/E2 arrays on the plasma mem-
brane and the E1/E2 hexagonal patches on the tubular struc-
ture. Over the course of SFV budding, the hexagonally orga-
nized glycoproteins could in turn organize the capsid proteins
and the associated viral genome underneath the cell mem-
brane to fulfill a stoichiometric 1:1 ratio of E1/E2 heterodimer
to the capsid protein (3). CPV-II thus provides a transport
vehicle to send the E1/E2 viral glycoproteins from the TGN to
the viral budding sites on the plasma membrane. This theory is
further substantiated by the observation of abundant CPV-II at
the region close to the plasma membrane at a later time point
of virus infection and is in good agreement with a previously
report (36). CPV-II could also provide a reservoir of glycopro-
teins destined for the plasma membrane to eventually assem-
ble into the mature virus by budding.

Here, the icosahedral symmetry on the nucleocapsid may
occur concurrently with the budding in the guidance of the
glycoprotein lattice (3, 5). The binding of capsid protein to
single-stranded RNA occurs quickly after protein synthesis,
and the appearance of the 150S nucleoprotein complex was
detected from the cytoplasm (4, 32). The dense particles ob-
served on the CPV-II membrane appeared similar in size and
appearance to those nucleocapsids in the budding virions (see
Fig. S3 in the supplemental material). It is tempting to specu-
late that CPV-II transports both the viral glycoprotein and the
nucleocapsid complex to the plasma membrane. This would
increase the concentrations of both capsid protein and gly-
coproteins at the site of budding and perhaps lead to the
subsequent interactions of the capsid protein with the viral
glycoproteins to complete the SFV assembly at the plasma
membrane (3, 8, 29). Such speculation is supported by the
finding on membrane-protein-directed SFV assembly, for
which the glycoproteins were observed to direct the assembly
of nucleocapsid core, regardless of the deficient formation of
preformed nucleoprotein core in the cytoplasm (4, 5). How-
ever, more-detailed evidence, which includes direct tracking of
viral structural proteins during the process of budding and
exploring the transition of the budding capsid from a flexible to
a stable particle, is still required. Nevertheless, the hexagonal
arrangement of E1/E2 seen in the CPV-II tubules can provide
a structural basis to organize the underlying capsid protein into
a T=4 nucleocapsid (3, 5) while the plasma membrane is
embedded into a curvature wrapping the nucleocapsid.

In conclusion, SFV infection induced the reorganization
of the host-cell membrane and the appearance of cytopathic
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FIG. 4. Array of glycoproteins on budding SFV. (A) A volume rendering of the tomogram on the budding viruses on the plasma membrane
of a cell infected with SFV. Several budding virions (~70 nm in diameter) were captured before scission from plasma membrane. (B) Surface
rendering of this tomogram showing the interstices of the spikes on the outer envelope of the virion. A budding virion clearly shows the hexagonal
array of the glycoproteins (arrowheads), where the node-to-node distance is measured as 7 nm. PM, plasma membrane. (C) A slice section from
the tomogram of the same budding virus demonstrates clearly the hexagonal density, corresponding well to the glycoprotein network in the
cryo-EM density map of isolated virus. Scale bar, 5 nm.
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Hexagonal array of viral glycoproteins

on envelope of mature virion

on budding particle

FIG. 5. The SFV glycoproteins arrange into a hexagonal array
within CPV-II while in transport to the plasma membrane. A similar
array dimension between glycoproteins is observed on the plasma
membrane adjacent to the budding virion and subsequently organized
into the envelope of a T=4 lattice through the virion assembly to
perform membrane budding. These well-defined glycoprotein arrays
may help playing important roles in organizing the symmetry of the
nucleocapsid in forming a mature virion.

vacuoles (CPV-II) which in turn compartmentalize viral glyco-
proteins E1 and E2. These glycoproteins are arranged in a
tubular structure inside CPV-II during transport to the site of
budding on the plasma membrane. To facilitate viral capsid
formation through the membrane budding, E1/E2 is likely in-
troduced on the cell surface as a form resembling the pattern
of the viral surface lattice at the side of budding. This under-
standing of the role of CPV-II in SFV particle replication will
further facilitate the development of a criterion to engineer
productive cell lines packaging heterologous genes with alpha-
virus replicon systems (16, 25).
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