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Flaviviruses have imperfect icosahedral symmetry
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Flaviviruses assemble initially in an immature, noninfectious state
and undergo extensive conformational rearrangements to gener-
ate mature virus. Previous cryo-electron microscopy (cryo-EM)
structural studies of flaviviruses assumed icosahedral symmetry
and showed the concentric organization of the external glycopro-
tein shell, the lipid membrane, and the internal nucleocapsid core.
We show here that when icosahedral symmetry constraints were
excluded in calculating the cryo-EM reconstruction of an immature
flavivirus, the nucleocapsid core was positioned asymmetrically
with respect to the glycoprotein shell. The core was positioned
closer to the lipid membrane at the proximal pole, and at the distal
pole, the outer glycoprotein spikes and inner membrane leaflet
were either perturbed or missing. In contrast, in the asymmetric
reconstruction of a mature flavivirus, the core was positioned
concentric with the glycoprotein shell. The deviations from icosa-
hedral symmetry demonstrated that the core and glycoproteins
have varied interactions, which likely promotes viral assembly
and budding.
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laviviruses, such as dengue virus (DENV), Zika virus (ZIKV),

and West Nile virus (WNV), are enveloped positive-strand
RNA viruses. These viruses can cause severe disease in humans.
For example, DENV elicits muscle and joint pain referred to as
breakbone fever, and ZIKV induces microcephaly in developing
fetuses. WNV, first introduced to the United States in 1999,
causes encephalitis in adults.

Flavivirus virions mature as they pass through the secretory
system, acquiring their membrane when they bud into the en-
doplasmic reticulum (ER) (1). There are 60 copies of the tri-
meric glycoproteins present as spikes on the immature virus (2—
4). After exposure to low pH in the trans-Golgi network, the
glycoproteins undergo a conformational rearrangement from 60
trimers to 90 dimers, which lie flat on the virus surface (5, 6). In
the structures of mature flaviviruses, the glycoproteins are
arranged in a herringbone pattern that forms the outer shell of
the virus (7-11). In contrast, flavivirus cores appear to lack a
discernable organization, and icosahedrally averaged recon-
structions of flaviviruses show no structure for the core other
than a roughly spherical shell (2-4, 7-12). The crystal and NMR
structures of the capsid protein suggest that the capsid associates
with genomic RNA on one side and membrane on the other side
(13-15).

Asymmetric cryo-EM reconstructions of bacteriophages have
proven useful to elucidate the structure of portals and tails at
unique vertices (16, 17). Asymmetric reconstructions have also
been used to determine unique features of genomic and protein
architecture inside virions (18-23). The antibody reactivity of
flaviviruses suggests that virions exhibit conformational vari-
ability (24). To study unique structural features that may have
been hidden by icosahedral averaging, an asymmetric re-
construction was performed of immature Kunjin virus (KUNV),
a WNV strain with low virulence. It was found that the viral core
was asymmetrically positioned with respect to the glycoprotein
shell. In contrast, an asymmetric reconstruction of mature
KUNYV showed concentric positioning of the core. However, both
structures showed perturbations in the glycoprotein organization.
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Results

Cryo-EM movies of immature and mature KUNV were collected
on an FEI Titan Krios equipped with a K2 direct electron de-
tector. Immature and mature KUNV showed characteristic spiky
and smooth particles, respectively (SI Appendix, Fig. S1 A and
B). An asymmetric reconstruction (Materials and Methods) of
immature KUNV was performed with the program RELION 2.1
(25), starting with an icosahedral reconstruction (Fig. 1.4 and B)
as an initial model. The asymmetric reconstruction was refined
to ~20 A resolution (Fig. 1C and SI Appendix, Fig. S2). The
position of the majority of the glycoprotein trimers in the
asymmetric reconstruction of the immature virus correspond to
their position in the icosahedral reconstruction, demonstrating
that the glycoprotein shell has approximate icosahedral symme-
try. In addition, the position of the transmembrane densities of
these glycoproteins in the asymmetric reconstruction is essen-
tially the same as in the icosahedral reconstruction.

However, unlike the icosahedral reconstruction in which the
nucleocapsid core density is situated concentric with the glyco-
protein shell, in the asymmetric reconstruction, the nucleocapsid
core is positioned eccentrically, coming closer to the membrane
on one side (the proximal pole) than on the other side (the distal
pole) of the glycoprotein shell. The eccentricity of the core was
also observed in an independent asymmetric reconstruction of
immature ZIKV (SI Appendix, Fig. S3). To verify that the
asymmetric method did not induce artificial asymmetry into the
reconstruction, simulations were performed in which projections
of an icosahedral object were reconstructed without imposing
symmetry. The reconstruction was icosahedral, as expected.

The core density in the asymmetric reconstruction is an oblate
spheroid, with an approximate diameter of ~260 A stretching

Significance

Icosahedral symmetry has generally been assumed during cryo-
electron microscopy reconstructions of most spherical viruses,
including flaviviruses. However, unlike other viruses, the fla-
vivirus core appeared to lack an ordered structure. By removing
symmetry constraints, it was found that in immature flaviviruses,
the nucleocapsid core is asymmetrically positioned with respect to
the lipid membrane and glycoprotein shell. Thus, the assembly
and budding process leads to imperfect icosahedral symmetry,
which may affect virus maturation. Similarly, in the study of many
other viruses, icosahedral averaging may have hidden biologically
significant events.
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Fig. 1. Cryo-EM reconstructions of immature KUNV. (A) Surface view of the icosahedral reconstruction, colored radially as indicated in the color key. The
icosahedral asymmetric unit is indicated by a black triangle. (B) Central cross-section of the icosahedral reconstruction. (C) Surface view of the asymmetric
reconstruction. (D) Central cross-sections of the asymmetric reconstruction shown in three orthogonal views. The black arrow indicates the proximal pole,
where the nucleocapsid core approaches closer to the glycoprotein shell, whereas the red arrow indicates the distal pole, where the core is farthest from the
shell. The solid line in A and C and the dotted line in B and D are defined by joining the points where the proximal and distal poles would be in the asymmetric

reconstruction, as shown in D. All reconstructions are contoured at ~3 o.

from pole to pole (SI Appendix, Fig. S4). The gap between the
core and the inner leaflet of the membrane is ~23 A at the
proximal pole, which is slightly smaller than the gap observed in
the icosahedral reconstruction. The maximum external diameter
of the glycoprotein shell is ~560 A. There are density protrusions
from the core connecting it to density that represent presumably
transmembrane helices of the prM and E glycoproteins.

At the distal pole, where the core is farthest from the glyco-
protein shell, there are significant distortions in the glycoprotein
organization (Fig. 1D). Density for the inner leaflet of the
membrane and the transmembrane helices is missing in this re-
gion, resulting in a large gap between the core and membrane of
~64 A. A radial density plot shows there is a density peak at the
distal pole, near the expected radius for the inner leaflet, which is
not observed at the proximal pole (SI Appendix, Fig. S5). This
suggests there is distinct density at the distal pole region.

A ~35-A (Fig. 2C and SI Appendix, Fig. S6) asymmetric re-
construction of mature KUNV was calculated using an icosahedral

reconstruction as an initial model (Fig. 2 4 and B). This re-
construction has layers of membrane and glycoproteins at the
same radial distance as in the icosahedral reconstruction. The vi-
rus is roughly spherical, and has an uneven surface, with a large
patch of distorted density. The core in the asymmetric re-
construction of the mature virus (unlike in the immature virus) is
positioned concentric with the glycoprotein shell (Fig. 2D). Pro-
trusions extend from the core in the mature virus into the glyco-
protein layer, but the density is noisy and less well resolved than
for the immature virus.

Discussion

Cells infected with a flavivirus synthesize glycoproteins that
probably form trimers in the membranes of the endoplasmic
reticulum. As these trimers aggregate in the ER membrane, each
with essentially the same structure and in identical environments,
they will tend to form icosahedral structures, as predicted for the
assembly of viruses by Crick and Watson (26). However, what

Fig. 2. Cryo-EM reconstructions of mature KUNV. (A) Icosahedral reconstruction of mature virus colored radially, as indicated by the color key, with the
asymmetric unit indicated by a black triangle. (B) Cross-section of the icosahedral reconstruction. (C) Asymmetric reconstruction of the mature virus. (D) Cross-
sections of the asymmetric reconstruction shown in three orthogonal views. All reconstructions are contoured at ~3 c.
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determines the triangulation number and size of the final as-
sembled virus is unclear. One determinant that may influence
particle size is the nucleocapsid core. In the absence of a core,
recombinant subviral particles containing prM and E have been
reported to have a triangulation number of T =1 (27). The core in
immature KUNV contacts the glycoproteins at their trans-
membrane domains, as was also observed for immature ZIKV (4),
and these interactions could influence particle assembly and size.
There are likely multiple determinants of particle size, as subviral
particles lacking cores have been observed that separate into two
distinct size classes of approximately the same size as infectious
virions, as well as the smaller T = 1 predicted particles (28).

The tendency to form 3D icosahedral structures of any size in
a membrane is inconsistent with the normal planar structure of a
membrane. As more trimeric glycoproteins are recruited into the
nascent icosahedral structure, there is pressure for the partially
formed glycoprotein shell to grow and finally close at what will
become the distal pole (Fig. 3). The closing of the shell is likely
impeded by the high membrane curvature and steric clashes with
adjacent spike glycoproteins at the bud neck, and probably re-
sults in missing trimers at the distal pole. In agreement with this
hypothesis, a simulation of icosahedral virus budding determined
that the final one to three subunits were not incorporated into
nascent particles (29). Alternatively, one or more host proteins
that might promote budding could be incorporated into the virus
particle at the late stage of viral budding. It is unknown what
viral and host machinery is involved in membrane scission during
the final moments of budding, but the ESCRT proteins may play
a role, as these were implicated in flavivirus budding (30).

Cytoplasm

ER

Maturation

Trans-Golgi
Network

Glycoproteins A Nucleocapsid core @

Fig. 3. Model for flavivirus budding. (7) The glycoproteins (red) assemble
on the ER membrane and form the beginning of an icosahedron. (2) The
nucleocapsid core (blue), which has an unknown structure, interacts with the
glycoproteins on the ER membrane. (3) As the bud grows, more glycoprotein
trimers are recruited into the virion. (4) At late-stage budding, virions are
unable to incorporate the final copies of the trimeric glycoprotein spikes,
which results in (5) fewer glycoproteins and distortions in the glycoprotein
shell (top three trimers). The newly formed immature virus then leaves the
ER and traffics through the Golgi and encounters low pH in the trans-Golgi
network. (6) Maturation in the trans-Golgi network results in a large con-
formational rearrangement and distortions across the particle. As a result of
maturation, the nucleocapsid is repositioned to be concentric with the gly-
coprotein shell.
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The nucleocapsid core was found to be eccentrically posi-
tioned in an immature flavivirus, similar to its positioning in
herpesvirus and HIV (31, 32). However, the flavivirus core is
unique, in that it repositions as a result of maturation. During
the maturation process, the glycoproteins undergo conforma-
tional rearrangements from trimers to dimers, possibly loosening
capsid—glycoprotein interactions and leading to the release and
centering of the nucleocapsid core. The connections between
glycoprotein transmembrane domains and the core in immature
ZIKV suggested that the core had icosahedral symmetry (4). On
the basis of the asymmetric reconstructions of KUNV and ZIKV,
there is, at a minimum, partial icosahedral symmetry in the core,
at the capsid-glycoprotein contact sites. Partial icosahedral
symmetry in nucleocapsid cores is not limited to flaviviruses. The
cores of alphaviruses and hepatitis B virus were assumed to be
icosahedral, but have been found to assemble with imperfect
icosahedral symmetry (33, 34).

By avoiding the assumption of icosahedral symmetry, it has
here been possible to determine the structure of an immature
particle during early stages of assembly and budding. It would
seem probable that other enveloped viruses might have a similar
assembly process within a cell.

Materials and Methods

Cell Lines. C6/36 were grown in Minimum Essential Media (MEM) supple-
mented with 25 mM Hepes at pH 7.3 and 10% FBS at 30 °C. Vero cells were
grown in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 1x
nonessential amino acids and 10% FBS at 37 °C.

Immature KUNV Infection. KUNV virus, strain MRM61C, was added to ~7 x 107
C6/36 cells at a multiplicity of infection (MOI) of 8 in twenty, 150-mm dishes.
The passage of the virus was P3, and of the cells was P11. The cells were
infected with virus in 5 mL PBS with 1% FBS, 1% CaCl,, and 1% MgCl,, and
rocked for 45 min at room temperature, followed by a 15-min incubation at
30 °C. Fifteen milliliters MEM, 25 mM Hepes at pH 7.3, and 2% FBS was
added to the cells. The cells were then incubated at 30 °C overnight. At 17 h
postinfection (hpi), the inoculum was removed, and the cells were washed
twice with PBS and incubated with new media including 20 mM NH4Cl. The
wash and media replacement was repeated at 19 hpi. Virus was harvested at
30, 48, and 70 hpi. Cytopathic effect was first observed at 48 hpi.

Mature KUNV Infection. Approximately 1 x 107 Vero cells at P11 were infected
by KUNV virus P3 at an MOI of 8. The cells were infected as described for
immature virus, with the following changes: incubations were performed at
37 °C, and the media used during the infection was DMEM with 1x non-
essential amino acids and 2% FBS. Virus was harvested at 24, 50, and 70 hpi,
and cytopathic effect was first observed at 24 hpi.

Virus Purification. The 400 mL of media containing virus was clarified at
9,500 rpm in the JA-10 rotor (Beckman Coulter, Inc.) for 20 min. Forty percent
(wt/vol) polyethylene glycol (PEG) 8,000 was added to the media to a final
concentration of 8%. The media was then stirred slowly at 4 °C overnight.
The media was spun at 9,500 rpm in a JA-10 rotor (Beckman Coulter, Inc) for
50 min. The supernatant was removed, and precipitated virus was resus-
pended in 15 mL cold TNE at pH 8 (12 mM Tris at pH 8, 120 mM NacCl, 1 mM
EDTA). The virus was then added to a polycarbonate bottle in which 2 mL of
a 22% sucrose solution in TNE was underlaid with a Pasteur pipette. The
virus was spun in a Type Ti50.2 rotor (Beckman Coulter, Inc.) at 32,000 rpm
for 2 h. The supernatant was removed and the pellet was resuspended in 1
mL TNE. A potassium tartrate-glycerol gradient was made with 10-15-20-
25-30-35% tartrate in TNE in an Ultra-Clear tube (Beckman Coulter, Inc). To
make the gradient, 1.5 mL of each layer was overlaid using a 1-mL pipette
tip that was cut with scissors to reduce mixing of the layers during layering.
The virus was spun for 1 min at 3,000 x g to remove PEG aggregates, and
then layered on top of the gradient. The layer interfaces were marked and
the gradient was spun for 2 h at 32,000 rpm in a Type SW-41 rotor (Beckman
Coulter, Inc.). The virus was visualized under a blue light. A blue band was
observed near the 20%/25% interface, and was extracted with a 22-gauge
needle and syringe. The virus was buffer exchanged and concentrated in a
100-kDa concentrator four times with TNE, to a final volume of ~50 pL. Virus
purity and the relative concentration of E protein was assessed by SDS/PAGE
with BSA standards.
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Cryo-EM. Next, 2.5 pL of virus was added to the carbon side of nonglow
discharged ultrathin lacey carbon grids No. 01824 (Ted Pella) and plunge-
frozen into liquid ethane using a CP3 plunger (Gatan) at 85% humidity.
Blotting times used were between 6 and 8 s.

Data were collected using a Titan Krios microscope (FEI) operated at 300 kV
and equipped with a K2 Summit direct electron detector (Gatan). The
magnification used was 18,000x in superresolution counting mode, which
corresponded to a pixel size of 0.81 A per pixel. The objective lens astig-
matism was corrected with s2stigmator (35). Frames were recorded every
0.2 s for 8 s, with a dose rate of ~8 electrons per physical pixel per second.
The total dose for each image stack of 40 frames was ~24 electrons per A2,
The defocus range used was —0.5 to —3 pm.

There were 387 and 369 movies collected for immature and mature virus,
respectively. The Appion (36) and Leginon (37) systems were used for data
collection and preprocessing. Individual frames of raw movies were aligned
and distortion corrected with MotionCor2 (38). CTF values were estimated
with CTFFIND4 (39). Particle picking was done with FindEM (40), resulting in
12,567 immature particles and 23,145 mature particles. A box size of 1,280 x
1,280 pixels was used for both particles, and the particles were binned 4x.

Icosahedral Reconstructions. Reconstructions were performed with a beta
release of the RELION 2.1 program (25). For the immature virus reconstruction,
a particle mask of 650 A in diameter was used. Two rounds of 2D alignment
and classification were performed to remove “junk” particles from the data-
set. The first round was run with 50 classes. Fifteen “good” classes were se-
lected, which contained a total of 9,368 particles. A second round of 2D
classification with 40 classes was run. Ten classes contained particles with de-
fined features, which in total contained 7,396 particles. A random subset of
2,000 particles was selected from this dataset for initial model generation.

Five iterations of stochastic gradient descent were performed in RELION
with the 2,000 particle subset to generate an initial model. Two rounds of
refinement of the initial model were then performed using auto-refinement
mode, which was run with all 7,396 particles while icosahedral symmetry was
imposed. Sampling was initiated with 3.75° global sampling and local sam-
pling starting at 0.9°. The reconstruction reached 9.3 A, using the gold-
standard Fourier shell correlation of 0.143.

The reconstruction for mature virus was performed similarly. A particle
mask of 550 A in diameter was used for the mature particle. Two rounds of
2D classification were performed to remove junk particles. In the first round,
50 classes were used, and 11 classes were selected that contained 16,938
particles. A second round of 2D classification resulted in two major classes
that that were selected with a total of 9,206 particles. The particle set was
used for stochastic gradient descent initial model generation in RELION.
Refinement was carried out in auto-refinement mode, using the initial
model low-pass filtered to 80 A. The resolution was estimated to be 6.4 A,
using the gold-standard Fourier shell correlation.

Asymmetric Reconstructions. Asymmetric reconstructions were performed
with RELION 2.1. The icosahedral reconstruction of the immature virus was
used as an initial model and low-pass filtered to 35 A. Sampling was initiated
with 3.75° global sampling and local sampling starting at 0.9°. The angles for
the 9,638 particles used in the icosahedral reconstruction were matched to
the icosahedral density without imposing symmetry. As the map is icosahedral,
it would not be expected to change greatly, as each of the 60 icosahedral
positions are equally valid for a given image. However, the nucleocapsid core
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repositioned itself from the center to one side of the glycoprotein shell within
five iterations, which suggests its signal was strong enough to select a unique
orientation. The reconstruction reached 19 A resolution.

The refinement was repeated in 3D classification mode, with a T factor of
0.5. A low T factor was suggested to promote the emergence of asymmetric
features in the refinement of other viruses (22). This structure also resulted in
the same asymmetric positioning of the nucleocapsid core.

Mature virus was reconstructed using the icosahedral mature virus, low
pass filtered to 40 A resolution, as an initial model. The refinement, using
9,206 particles, reached 35 A resolution. The asymmetric reconstruction of
immature KUNV likely reached a higher resolution because the immature
virus has recognizable spiky features compared with the smooth surface of the
mature virus, which made alignment more accurate for the immature virus.

Asymmetric Reconstruction of Immature ZIKV. An asymmetric reconstruction
was calculated for immature ZIKV, using previously published data (4). The
reconstruction was performed using the standard refinement procedure in
cryoSPARC (41) and reached ~20 A resolution. Similar to the immature KUNV
reconstruction, asymmetric features such as the eccentric positioning of the
core were observed in the immature ZIKV reconstruction.

Simulations. To validate the asymmetric reconstruction method, simulations
were performed with RELION. The icosahedral reconstruction of immature
KUNV was projected using relion_project for the 7,396 orientations de-
termined for the icosahedral reconstruction. Noise was added to the simu-
lated projections. The simulated projections were then used to refine the
icosahedral reconstruction, without imposing symmetry. The reconstruction
maintained its icosahedral symmetry and did not have an eccentrically positioned
core. Thus, the reconstruction procedure did not introduce asymmetrical artifact.

A similar simulation was performed to confirm that known asymmetry was
properly aligned and averaged during the asymmetric reconstruction. The
asymmetric reconstruction of immature KUNV was projected at the orien-
tations determined for the asymmetric reconstruction, and noise was added.
The asymmetric refinement of an icosahedral initial model led to the
emergence of features observed for the asymmetric reconstruction within
five iterations.

Image Generation, Local Resolution Estimates, and Measurements. Inmature
and mature reconstructions were contoured at 3 ¢ in UCSF Chimera (42).
Local resolution maps of immature KUNV were generated using ResMap
(43), with a maximum resolution of 12 A for the icosahedral reconstruction
and 45 A for the asymmetric reconstruction. JSPR (44) was used to calculate
radial density distributions. Figures were prepared with UCSF Chimera and
Affinity Designer (Serif). UCSF Chimera and IMOD (45) were used to perform
measurements of the particles.
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