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Abstract

Coordinated interplay between membrane proteins and the lipid bilayer is required for such
processes as transporter function and the entrance of enveloped viruses into host cells. In this
study, three-dimensional cryo-electron microscopy density maps of mature and immature
flaviviruses were analyzed to assess the curvature of the membrane leaflets and its relation to
membrane-bound viral glycoproteins. The overall morphology of the viral membrane is
determined by icosahedral scaffolding composed of envelope (E) and membrane (M) proteins
through interaction of the proteins’ stem-anchor regions with the membrane. In localized regions,
small membrane regions exhibit convex, concave, flat or saddle-shaped surfaces that are
constrained by the specific protein organization within each membrane leaflet. These results
suggest that the organization of membrane proteins in small enveloped viruses mediate the
formation of membrane curvature.
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Introduction

Cellular membrane surfaces can assume a variety of different shapes and curvatures,
including spherical, flat, cylindrical and saddle-shaped. Membrane remodeling and the
resultant changes in surface curvature are key events that enable cells to fulfill important
functions such as communication, movement, division, and vesicle fission and fusion
(McMahon and Gallop, 2005). Although the chemical properties of the different lipid
headgroups and acyl chains can intrinsically favor particular membrane curvatures, the
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coordinated interplay between the membrane proteins and the lipid membrane has been
implicated to be critical for remodeling of the membrane curvature (McMahon and Gallop,
2005; Zimmerberg and Kozlov, 2006).

It has been suggested that membrane proteins influence the curvature through interaction
with the headgroups and acyl chains, or through insertion into one or both leaflets of the
membrane bilayer (McMahon and Gallop, 2005; Zimmerberg and Kozlov, 2006). For
example, an amphipathic a-helix embedded in one membrane leaflet may displace nearby
lipid headgroups and reorient the acyl chains to favor the formation of a membrane with a
high degree of curvature. Such an event has been implicated in the function of the endocytic
accessory protein epsin 1 during membrane invagination associated with clathrin-coated
vesicle formation (Ford et al., 2002). In addition, oligomers of peripheral membrane proteins
can act as scaffolds meditating dynamic changes in the membrane. For example, dynamin
forms a helical structure that enables the production of a cylindrical membrane inside a
protein tunnel that can be constricted through structural rearrangements induced by GTP
hydrolysis (Chen et al., 2004; Zhang and Hinshaw, 2001). Inevitably, proteins influence
membrane curvature through both specific and non-specific interactions between amino acid
residues and lipid molecules.

To date, the high-resolution structures of numerous membrane proteins embedded in
detergents have been documented; however, only a few high-resolution structures of
proteins embedded in lipid membranes have been reported (Gonen et al., 2005; Grigorieff et
al., 1996; Hite et al., 2007; Mitsuoka et al., 1999; Reichow and Gonen, 2009; Unwin, 2005).
These structures within lipid membranes demonstrate that amino acid residues can influence
the positions of the lipid headgroups and the thickness of the bilayer through electrostatic
interactions and hydrophobic matching. For example, if a tryptophan residue is positioned
near the membrane, its positively charged indole ring can interact with and dictates the
position of the negatively charged headgroups of the lipids in one leaflet (Grigorieff et al.,
1996; Mitsuoka et al., 1999). In addition, the hydrophobic transmembrane domains of
proteins can influence the positions of the acyl chains of lipid molecules, thereby
influencing the thickness of the bilayer. Such structural lipid-protein interplay provides
insight into how membrane proteins modulate the positions of lipid molecules.

Studies of these membrane-embedded proteins using electron-crystallography have shed
light on the nature of protein-lipid interactions, however they have not addressed the effect
of proteins on membrane curvature, since the proteins were crystallized and embedded in a
planer membrane. On the other hand, cryo-electron microscopy (cryo-EM) reconstruction
maps of enveloped viruses can provide sufficient resolution to study the viral membrane
curvature in the context of the protein organization (Laurinmaki et al., 2005). Here we
present a study of the curvature of each membrane leaflet in the medium-resolution cryo-EM
structures of West Nile virus (WNV, ~10 A resolution), dengue virus (DENV, 9.5 A
resolution) (Zhang et al., 2003a) and immature DENV (~16 A resolution) (Zhang et al.,
2004). The overall morphology of the viral membranes is stabilized by icosahedral
scaffolding composed of E/M or E/prM glycoproteins through insertion of their stem-anchor
regions into the viral membrane. Within these virus particles, each membrane leaflet
contains localized regions exhibiting a convex, concave, flat or saddle-shaped surface. These
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small membrane modules are constrained by E/M or E/prM proteins arranged in specific
oligomerization patterns. The quantitative measurement of membrane curvature in this study
demonstrates that the organization of membrane proteins mediates the formation of
membrane curvature.

Materials and Methods

Cryo-electron microscopy and image processing

Mature WNV was propagated and purified as previously described (Kaufmann et al., 2006).
Micrographs of a flash-frozen virus sample were recorded at a magnification of 47,440x
using a Philips CM300 field emission gun transmission electron microscope under low-dose
conditions (~30 e~/A2). The micrographs were digitized on a Zeiss SCAI scanner using a 7-
pum interval. Sets of four neighboring pixels in the scanned images were averaged to give an
effective sampling step of 2.95 A at the specimen. A total of 8,066 particles were initially
selected from 83 micrographs with defocus levels ranging from 1.12 to 3.21 ym. A
previously reported (Zhang et al., 2003a) 24 A resolution DENV cryo-EM structure was
used as an initial model for determining the orientation of the virus particles using the polar
Fourier transform method (Baker and Cheng, 1996). Thereafter, the model-based reciprocal
space refinement procedure PO2R (Ji et al., 2006) was used to refine the orientation and
origin of each particle. The iteration steps for orientation refinement and 3D reconstruction
were handled automatically using the program AUTO3DEM (Yan et al., 2007). A total of
1,556 particle images from 68 micrographs were used to compute the final reconstruction.
The resolution was determined to be about 10.3 A, based on where the Fourier shell
correlation (FSC) coefficients between reconstructions using independent half-data sets fell
below 0.5.

Fitting of the atomic structure of the WNV E protein into the cryo-EM density map

The ectodomain of the WNV E protein (PDB accession no. 2HGO) (Nybakken et al., 2006)
was divided into two rigid bodies, DI (residues 1-47, 137-194, 286-297)/DIII (residues
298-400) and DII (residues 48-136, 195-285), which were fitted independently into the 3D
density map using the program EMfit (Rossmann, 2000). All atoms, excluding hydrogen
atoms, were used for the fitting process. The loop residues 256 to 260 in DII, which include
three conserved glycine residues and have high temperature factors in the crystal structure of
E monomers (Nybakken et al., 2006), were removed to avoid clashes during the fitting
procedure. The first E molecule was fitted in the position closest to the icosahedral two-fold
axis. A “difference” map was then produced by setting the densities within a 3.5 A sphere of
any atom in the fitted E molecule to zero. This map was used to fit the other two
independent E molecules in the same icosahedral asymmetric unit. The second molecule to
be modeled was nearest the already fitted molecule. The third and final molecule was then
placed into the remaining space within the icosahedral asymmetric unit. The structural
similarity between WNV and DENV was used to manually position the stem and anchor
regions (pdb accession no, 1P58) (Zhang et al., 2003a) into the appropriate electron densities
of the WNV cryo-EM map.
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A 3D map that stores the radii of the membrane leaflets

The radial positions of the membrane leaflets were stored in their respective 3D sampling
maps (SAMP-map). A SAMP-map had the same dimension as the cryo-EM map of the
virus. The center of the SAMP-map, (Xg, Yo, Zg), represented the center of the virus. The
pixels within a 11-pixel-thick shell of the SAMP-map (ranging between 66 to 77 pixel radii)
were used as the sampling points. These sampling points were close enough to allow precise
measurement of the membrane curvature. The coordinate of each sampling point, (x, y, z),
corresponded to a unit direction vector v;i.e. (u, v, w), pointing from (Xq, Yo, Zo) to (X, Y, 2).
The value of the SAMP-map at (X, y, z) represented the radii of the membrane leaflets along
the direction v.”

Determination of the positions of the membrane leaflets in a spherical enveloped virus
cryo-EM map

Radial density plots were calculated using the pixels within 1-pixel-thick spherical shells for
cones having a semiangle of 5° radiating from the center of the virus. The wave-shaped
radial density plots had two maxima above zero with one less-than-zero peak in between.
The two maximum density peaks, located at radial distances of about 150 and 210 A from
the center of the WNV and DENV maps, and 160 and 210 A from the center of the
immature DENV density map, were identified in each cone as the radial positions of the
inner (Rj,) and outer (R,1) membrane leaflets, respectively (Fig. 1C). The center of the
bilayer (Rmiq) was defined as the lowest density position between R;j, and Rqt. The radial
positions of each membrane entity (the inner, outer leaflets and the center of the bilayer)
were determined similarly for all sampling points in the respective SAMP-map.

The pixelation effect caused by representing a geometric curve or surface in a discrete space
introduces errors into the calculation of curvature. For an example in 2D, if a circle were
represented as a set of points and short lines, the curvature at any point on the short lines
would be zero, rather than the real curvature of the circle. Similarly, because the radii of the
membrane leaflets were calculated based on a discrete 3D density map, the set of sampling
points for each membrane entity in a raw SAMP-map convey information of a pixelated
surface and was not adequate for calculating the curvature. Therefore, the radii stored in a
raw SMAP-map of each membrane entity were fitted in a sextic polynomial function using
the Levenberg-Marquardt least square fitting method (Press et al., 1992):

R= Z AjL]"k 111 VJ Wk,

where (u, v, w) is the unit direction vector v'pointing from the center of the SAMP-map, (Xo,
Yo, Zg), towards any sampling point (X,y,z); R is the radius of a membrane entity along v, ie.
the value of the SAMP-map at the point (x,y,z); and i, j and k vary between 0, 1 and 2. The
fitting boundary along the X, y or z direction was arbitrarily set to +20 pixels from (x,y,z),
which was equivalent to +60 A in the virus structure.

After least square fitting, each sampling point in a refined SAMP-map of a membrane entity
was associated with its original unit direction vector and a refined radius. Let Sj,, Soyt and
Smid, represent the surfaces of the inner, outer leaflets and the center of the membrane

J Struct Biol. Author manuscript; available in PMC 2014 July 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 5

bilayer, respectively, the sampling points of the refined SAMP-maps allowed for calculating
the curvatures of these surfaces, as well as the electron densities of the virus structure on
these surfaces. The radii and the electron densities at these surfaces were projected onto a
plane using the program RIVEM (Xiao and Rossmann, 2007).

Determination of Gaussian and average curvatures in discrete 3D space

The Gaussian curvature Kg and the average curvature Kp (See supplementary document)
can be estimated using the geometric parameters of the triangles that approximate the
surface (Rugis, 2008). In Fig. 2A, P is a point on the surfaces of the inner, outer leaflet, or
the middle of the membrane, ie. Sin, Sout OF, Smid, and Vs the unit vector from the virus
center to P. The points Q; (i=1,6) represents the position on the same membrane surface as P
along the directions and vj (i=1,6), respectively. Let f; represents the triangle (Qj, P, Qij+1) (i
=1, 6). These triangles (f; — f5) approximate the shape of the membrane surface at point P.

The Gaussian curvature Kg at P can then be estimated (Rugis, 2008) by using the equation

6
3 (2W—Zaj)
K (P)=—F5———,

> S(f)
i=1

where q; is the angle (£ Qj, Pj j, Qj+1), and S(fj) is the surface area of the triangle f;. Note
that if the point P is located on a saddle-shaped surface, the sum of q; is greater than 2x, and
the Gaussian curvature at that point is a negative value.

The average curvature Kp at P (Fig. 2B) was estimated to be (Rugis, 2008)

6
32(”61\\@)

K, (P)= 6
4%y S(f)
i=1

b

where ||j|| is the distance between points P and Q;, and p; is the angle between the vectors n;”
and nj;1, normal to triangles f; and fj.1. The point Oj is taken to be at the intersection point
of njand ni11. Bj is defined as being positive when O; and the center of the virus are on the
same side of the membrane surface. Then a positive average curvature at point P means that
the virus membrane surface will appear to protrude outward. A negative curvature at point P
means the membrane surface will appear invaginated looking from the outside of the virus
particle.
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Determination of the surface area and the average electron density of lipids

The surfaces of the membrane entities (Sin, Sout OF Smig) in One asymmetric unit was placed
into an array that had sampling points at 0.1° intervals in polar angles 6 and ¢ (Baker and
Cheng, 1996). For each polar angle direction (6;, j), the physical location of any membrane
surface entity can be obtained from the respective fitted SAMP-map. The total surface area
(S) of each membrane leaflet in one asymmetric unit could then be determined by summing
the area of all the elementary triangles forming that surface.

Szz [S(Ti1)+S(Ti2)],

where S(Tj1) and S(T;,) represented the areas of the membrane surface of two neighboring
triangles: T j; (the triangle formed by the positions of a membrane entity at the directions

defined by the polar angles (6;, ¢;j), (0i+1, @j) and (6, ¢j+1)) and Tj, (the triangle formed by
the positions of a membrane entity at the directions of (0j+1, @;), (0;, 9j+1) and (Bj+1, ©j+1))-

The surface area occupied by the lipid molecules was calculated by excluding any sampling
points located within 6 A of the Ca atoms (Zhang et al., 2003a) in the fitted pseudo-atomic
model of the E and M stem-anchors. The average electron densities of the lipid headgroups
in each membrane leaflet were calculated using the electron densities of nonprotein-
associated sampling points on Sj, and Sqt.

Determination of the thickness of the membrane bilayer

Because the viral membrane is not an ideal sphere, the thickness of the membrane bilayer
needs to be calculated along a direction that is normal to the viral membrane. Assuming the
normal of the viral membrane is the same as the normal vector of the surface Spig (NTn Fig.
2C), the thickness of the bilayer was defined as the distance between P4 and P, which is
different than the difference between the radii of Sy and Sjp, [i.€., (Rout — Rin)]- The two
numbers would be the same if the two membrane surfaces Sq;t and S, are concentrated
spheres. N was calculated as being the average of the vectors normal to the triangles (Qq,

Q3, Qs) and (Q, Q4, Qg) of the surface Spig (Fig. 2A).

Program implementation

The procedures described in this manuscript were implemented into a FORTRAN program.
The input of the program includes a 3D reconstruction map of a spherical enveloped virus in
the Purdue Image Format (PIF), the modeled membrane-assoicated protein coordinate file
(in PDB format), and the necessary numerical parameters such as the pixel size of the 3D
map and the approximate radial position of the membrane bilayer. The center of the virus
structure ought to be at the center of the 3D map. The output of the program includes the 3D
maps that record the radius, Gaussian and average curvatures, electron density distribution
and surface areas of the bilayers and the midpoint of the membrane, as well as the thickness
of the membrane. The current version of the program is designed to characterize the
membrane properties of the spherical enveloped viruses. The program is available free from
the authors.
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Results and Discussion

Protein organization in mature WNV

The new reconstruction of WNV reported here has a higher resolution (10.3 A) (Fig. 1A)
than the earlier 17-A reconstruction (Mukhopadhyay et al., 2003), and resembles the closely
related DENV structure (Zhang et al., 2003a; Zhang et al., 2013). The virus has a 40-A-
thick, spikeless E protein shell (radius 210-250 A), a lipid bilayer (~150-210 A) and an
unstructured nucleocapsid core (Fig. 1B) (Zhang et al., 2003a; Zhang et al., 2007b; Zhang et
al., 2003Db). Fitting the atomic coordinates of the monomeric WNV E ectodomain
(Nybakken et al., 2006) into the cryo-EM WNV map shows that the E protein makes dimers,
similar to the mature DENV E dimer (Zhang et al., 2004). Furthermore rafts formed by three
nearly parallel head-to-tail E dimers are organized into a herringbone-like pattern on the
viral surface and formed a tightly packed protein shell as is also the case for mature DENV
(Kuhn et al., 2002). Lastly the M protein is mostly buried under the E ectodomain layer also
as in DENV (Kuhn et al., 2002).

Position and surface area of the membrane leaflets in mature WNV

The E protein shell of WNV is located at a radial distance of between 205 and 240 A
everywhere in the particle. However the radial positions of the mid point of the membrane
varies substantially from 170 A near the five-fold axes to 190 A at the two-fold axes (Fig.
1B and 3A). The inner membrane leaflet has its largest radius (180 A) at an icosahedral two-
fold axis, where the E and M protein transmembrane helices traverse the membrane (Fig.
3D). The smallest radius (156 A) of the inner leaflet is observed at the five-fold axis, where
no membrane proteins are present. The radial position of the outer membrane leaflet (Fig.
3E) also reaches its largest radius at the two-fold axis (203 A) and its smallest at the five-
fold axis (187 A). These observations suggest that the radial positions of the membrane
leaflets are dependent on the distribution of the stem-anchors of the E/M proteins.

The thickness of the membrane varies significantly within the virus particle (Fig. 1C, 3F).
The viral membrane is thickest around the five-fold axes. The approximate 33 A peak-to-
peak distance between the maximum density heights of the of the membrane leaflets, is
similar to the peak-to-peak distance between the headgroups in the membrane of PRD1
crystal structure (Cockburn et al., 2004). The WNV bilayer is thinnest (~22 A) around the
two-fold axes, where the E and M transmembrane helices span the membrane. The radial
positions of the inner lipid leaflet at these two-fold axes, and consequent reduction of the
thickness of the viral membrane, are probably constrained by the length of the E and M
hydrophobic transmembrane helices.

Lipid components cover about 75% of the inner leaflet area (~4,700 A2 per icosahedral
asymmetric unit covered by lipids) and about 40% of the outer leaflet (~3,400 A2 per
asymmetric unit). The average electron density of the lipid molecules in the inner leaflet is
higher than that in the outer leaflet (182.8+20.5 vs. 155.8+20.8). A similar lipid density ratio
between the inner and outer membrane leaflets is also observed for WNV reconstruction
maps rendered to lower resolutions and the DENV cryo-EM maps (Supplementary Table 1).
The difference in the average lipid densities in the two leaflets could reflect the
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polymorphism of lipid compositions (Frolov et al., 2011) or different packing density in the
respective membrane layer. The WNV particles obtain their membrane from the
endoplasmic reticulum (ER) of baby hamster kidney cells (BHK) cells which is rich in
phosphatidylcholine (PC, 64%) and phosphatidylethanolamine (PE, 20%) (Allan, 1996).
Another study using DENV propagated in mosquito cells found that PC and PE were up-
regulated when the cells were infected with the virus (Perera et al., 2012). Therefore, it is
likely that the WNV membranes are rich in PC and PE. Molecular modeling of egg PC
suggested that the molecular area of the headgroup was estimated to be 61 A2 in the inner
membrane leaflet and 74 A2 in the outer membrane leaflet (Huang and Mason, 1978). The
crystal structure of PRD1, whose membrane is rich in PE (53%), suggests a similar average
distance (8.5 A) between lipid headgroups in the outer membrane leaflet, which in turn
suggests each headgroup occupies ~72 A2 of surface area (Cockburn et al., 2004). Assuming
the lipid headgroups in the WNV membrane occupy an average area of ~60-75 A2, the inner
and outer membrane leaflets contain ~60-80 and ~45-60 lipid molecules per asymmetric
unit, respectively.

Curvature of the membrane leaflets in mature WNV

The average membrane curvature in mature WNV reflects how much the viral membrane
deviates from an ideal sphere. The average radii of the inner and outer membrane leaflets are
~168 A and ~195 A. At the icosahedral two-fold axes, the average curvatures of both inner
(Fig. 4A) and outer (Fig. 4B) membrane leaflets are positive and equivalent to much smaller
spheres (47 A and 93 A radii), suggesting both membrane leaflets protrude outwards from
their average radii. At the icosahedral five-fold axes, both the inner and outer membrane
leaflets have negative average curvatures, indicating the membrane surfaces are concave and
rounding inward when looking from outside of the viral particle. At the three-fold axes, the
inner leaflet has a negative average curvature, whereas the outer leaflet has a curvature close
to zero suggesting the membrane leaflet is close to a flat plane. The deviation of the mature
WNV membrane from a spherical morphology is probably due to the specific herringbone-
like arrangement of the E and M proteins within each membrane leaflet. In general both the
inner and outer membrane leaflets appear to be pulled outwards near the icosahedral two-
fold axes where the stem and transmembrane domains of the E and M proteins locate.

The Gaussian curvatures of the viral membrane leaflets suggest that saddle shaped
membranes surfaces occur under two circumstances. One type saddle shaped surface locates
midway between a five-fold and its nearby three-fold axes (red regions in Fig. 4C). This
saddle shaped membrane surface bends either up or down along two perpendicular
directions. Along the direction “a” in Fig. 4C and 4E, the viral membrane surface bends
inwards and reaches higher radii at the two-fold axes, on the other hand, along the line that
connect a five-fold and the closest three-fold axes (“b” in Fig. 4C and E), the membrane
surface protrudes outward to accommodate the overall spherical shape of the virus particle.
Another type saddle-shaped membrane surface in a mature WNV particle locates at the outer
membrane leaflet near a fivefold axis (Fig. 4D). Because the outer membrane leaflet rounds
inward at the five-fold axis, this saddle-shaped surface mimics the neck region of an
invaginated vesicle. Around the central five-fold axis, five sets of the E protein rafts assume
a circular arrangement that dictates the curvature of the membrane in a circular direction
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around the central five-fold axis (direction “a” in Fig. 4D and F). The membrane which is
constrained inside the groups of circularly arranged proteins adopts a curvature with a
smaller radius than the surrounding membrane area, which reflects the bending of the
membrane in the opposite direction (direction “b” in Fig. 4D and F). In summary, saddle-
shaped membrane surfaces appear to occur near regions that are confined within a group of
transmembrane proteins or between neighboring E/M rafts, where the proteins counteract
the natural shape and curvature of the lipid layers in a spherical virus particle.

The shape and curvature of the membrane leaflets in mature and immature DENV particles

The membrane property of mature DENV is very similar to that in WNV in terms of the
radial positions, curvatures as well as the surface area of each membrane leaflet
(Supplementary Table 1). The viral envelope in the 16-A resolution DENV immature
cryoEM map (Zhang et al., 2003b) is roughly spherical with radial distance varying only
~10 A in the membrane leaflets (Fig. 5), which is significantly less than that in the mature
DENV particle (18 A and 24 A for the outer and inner leaflet, respectively). This is probably
because the transmembrane helices are more evenly distributed across the viral sphere in the
immature particle (Fig. 5B and 5C) (Zhang et al., 2007a; Zhang et al., 2003b). The smallest
radii of the inner and outer membrane leaflets in immature DENV are not at the five-fold
axes, as in the mature virion, but are beneath the center of each trimeric protein spike (Fig.
5B). These areas, about 6 A closer to the viral center than the surrounding membrane plane
(Fig. 5D-E) and has a negative average curvature (Fig. 5F-G), suggesting the membrane is
concave or curving inward toward the viral center. Interestingly, these indented membrane
areas are bordered by three sets of E/M protein stem-transmembrane domains. Such
observation was also made in Sindbis virus, where membranes curve inward within the
circularly arranged E1/E2 transmembrane domains at the icosahedral two-fold and five-fold
axes (Supplementary Fig. 2).

The surface area occupied by the lipid molecules in the immature DENV membrane was
calculated by subtracting the surface area occupied by the E and M transmembrane domains
from the total area of the membrane (calculated at the mid-point of the membrane). This was
about 6% smaller than in the mature DENV virions. It is possible that the change in pH that
occurs during maturation alters not only the local chemical environment between associated
viral surface proteins, but also affects the electrostatic interactions between these proteins
and the viral membrane. If so, these chemical changes could promote not only the formation
of new protein-protein interactions in a different oligomeric arrangement, but also the
reorganization of lipid molecules and the establishment of new lipid-protein interactions.
Because immature flavivirus particles can undergo reversible conformational changes to the
mature particle morphology at low pH provided there is no cleavage of the pr peptide, the
topological changes in the lipid membrane during the maturation process are presumably
also reversible. The calculation of flavivirus membrane curvatures suggests that the
flavivirus viral membrane elastically and dynamically accommaodates the changes in protein
organization that occur during maturation.
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Structure accession numbers

The cryoEM density map for WNV was deposited in the EM databank under accession
number EMD-5296, and the fitted atomic coordinates were deposited in the Protein Data
Bank under PDB accession number 3J0B.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Cryo-EM map of mature WNV at 10.3 A resolution. (A) The reconstruction map showing

the external protein shell in blue and the N-linked carbohydrates in red. The numbers mark
the positions of the icosahedral two, three- and five-fold axes. (B) The fitted E dimers
arranged as a herringbone-like raft structure on the surface of WNV. The icosahedral two-
fold dimer is in orange, the two other quasi-related E molecules in the same asymmetric unit
are colored in blue and green. The fusion peptide is colored in red. The line “p” represents
the position of the cross section in C. (C) Cross section of the cryo-EM density map. The
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lines labeled “a” (icosahedral two-fold), “b” and “c” indicate the directions of the
corresponding radial density plots displayed in panel C. (D) Radial density plots along “a”,
“b” and “c” in C. The green bar represents the peak-to-peak distance between the centers of
the inner and outer membrane leaflets.
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Fig. 2.
Diagrams illustrating the calculation of membrane curvature and thickness. (A) Six

elementary triangles (f; to fg) that approximate a membrane surface at point P. O represents
the center of the virus particle. (B) Side view of two neighboring triangles that approximate
a membrane surface. (C) Diagram showing the calculation of membrane thickness. Sq; and
Sin are surfaces symbolizing the outer and inner membrane leaflets. Spiq is the surface
representing the lowest density region between the two leaflets. O is the center of the virus
particle in the reconstruction map.
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Fig. 3.
Positions of and distance between the centers of the inner and outer membrane leaflets in

WNV. (A) Cut-away view showing the E protein shell (blue), membrane bilayer (green) and
the nucleocapsid core (purple). (B—C) Radial projections of the WNV cryo-EM map at a
radius corresponding to the stem (B) and the transmembrane helices of the E and M proteins
(C), respectively. (D) Radial position of the inner membrane leaflet color-shaded (blue) and
contoured at 3.0 A intervals. The blue contour lines closest to the five-fold axes demarcate
positions of 159 A radii. The highest electron densities, corresponding to the transmembrane
helices of the E and M proteins in the inner membrane leaflet, are contoured (red lines) at
0.30 intervals and 2.10 above the background of the cryo-EM map. (E) Radial position of
the outer leaflet color-shaded (blue) and contoured at 3.0-A intervals. The blue contour lines
closest to the five-fold axes demarcate positions of 188 A radii. The electron densities
corresponding to the stem regions of E and M proteins in the outer membrane leaflet are
contoured (red lines) at 0.3c intervals and 1.90 above the background of the reconstruction
map. (F) Distance between the centers of the inner and outer membrane leaflets in WNV.
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The green contour lines are displayed at 2.0 A intervals with the one closest to the two-fold
axis representing 22.6 A. The red contour lines show the electron densities of the E and M
transmembrane helices at a position midway between the outer and inner membrane leaflet.
These densities were contoured at 0.3c level intervals and 1.30 above the background in the
reconstruction map.
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Membrane curvature in mature WNV particles. (A—B) The average curvatures of the inner
(A) and outer (B) membrane leaflets superimposed on the red contour lines that represent

the protein densities at the respective membrane leaflet. The positive curvatures (blue),

represent the convex areas viewing from outside of the particle. The negative curvatures
(red) represent the concave areas. (C—-D) The Gaussian curvatures of the inner (C) and outer
(D) membrane leaflets. The negative Gaussian curvatures (red) correspond to local saddle-
shaped surfaces. “a” represents the direction either pointing to two neighboring rafts (C), or
circling the five-fold axis of the membrane (D). “b” represents the direction perpendicular to
“a”. (E) A saddle-shaped membrane formed in a region where proteins (blue and orange)
bend the membrane away from its natural curvature. “a” and “b” represent two bending
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directions of the membrane depicted as dark green and purple (applicable to F). (F) A
saddle-shaped membrane area (dark green circles) located at the edge of an invaginating
membrane area surrounded by a group of proteins (blue).
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Fig. 5.

M?embrane position and curvature in the immature DENV particle. (A) Cryo-EM
reconstruction of an immature DENV particle at 16 A resolution (Zhang et al., 2003b) with
the outer membrane leaflet colored in green and the protein shell in orange. The line “P”
represents the position of the cross-section shown in panel B. (B) Cross-section of the
immature dengue virus cryo-EM density. “g3” represents the center of the protein spike
which has a quasi-threefold symmetry. The arrows point to the protein spikes that cover the
membrane areas having distinctly smaller radii. The scale bar is 100 A. (C) Radial
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projection of the immature DENV cryo-EM map at a radius of 180 A, which corresponds to
the center of the viral membrane. The dark densities correspond to the transmembrane
domains of E and M proteins. (D) Radial position of the inner leaflet shaded (blue) and
contoured at 3 A intervals. The blue contour lines closest to the g3 axes demarcate the
positions of 164 A radii. The red contour lines represent the electron densities of the E and
M transmembrane helices at the inner membrane leaflet. These densities are contoured at
0.30 interval and are 2.00 above the background level of the reconstruction map. (E) Radial
position of the outer leaflet shaded (blue) and contoured at 3 A intervals. The blue contour
lines closest to the q3 axes demarcate the positions of 191 A radii. The electron densities of
the E and M proteins at the outer membrane leaflet are contoured (red lines) at 0.3c intervals
and 2.2¢ above the background of the reconstruction map. (F-G) The average curvatures of
the inner and outer membrane leaflets superimposed on the contours of the highest electron
densities within the respective leaflet.
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