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Abstract

The program RIVEM (Radial Interpretation of Viral Electron density Maps) was developed to project density radially onto a sphere
that is then presented as a stereographic diagram. This permits features resulting from an asymmetric reconstruction to be projected and
positioned onto an icosahedral virus surface. The features that constitute the viral surface can also be simultaneously represented in terms
of atoms, amino acid residues, potential charge distribution, and surface topology. The procedure can also be adapted for the investiga-
tion of various molecular interactions.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The combination of X-ray crystallography and cryo-
electron microscopy (cryo-EM) has proven to be an eVec-
tive technique to analyze macromolecular assemblies
(Baker et al., 1999; Chiu et al., 1999; Grimes et al., 1999;
Rossmann et al., 2005). Examples include studies of various
viruses (Baker et al., 1999; Böttcher et al., 1997b; Conway
et al., 1997; Leiman et al., 2004; Morais et al., 2005; Zhou
et al., 2000), virus/receptor complexes (Belnap et al., 2000;
Bubeck et al., 2005; Hewat et al., 2000; Rossmann et al.,
2002; Xiao et al., 2005a), many important cellular com-
plexes such as ribosomes (Allen et al., 2005; Matadeen
et al., 1999), nuclear pores (Beck et al., 2004), bacterial
Xagella (Yonekura et al., 2005), GroEL (Ludtke et al.,
2004), membrane Ca2+ channels (Serysheva et al., 2005),
ATPases (Bernal and Stock, 2004; Chen et al., 2004), and
many large protein complexes (Acehan et al., 2002; Cheng
et al., 2004; Ishikawa et al., 2004; Zhou et al., 2001). Cryo-
EM has signiWcantly improved in the last 10 years to
achieve sub-nanometer resolution, where secondary struc-
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tural features become visible (Böttcher et al., 1997b; Con-
way et al., 1997; van Heel et al., 2000; Zhou et al., 2000).
Better cryo-EM images can now be recorded using high
voltage electron microscopes equipped with Weld emission
guns, which provide brighter and more coherent electron
beams than were previously possible. Furthermore, taking
advantage of modern parallelized computer clusters, more
than 103–105 individual particle images can be included in
cryo-EM reconstructions, making it feasible to reach
greatly improved resolution limits. Over the last decade,
many computer programs (Baker and Cheng, 1996; Gri-
gorieV, 1998) and software packages (Frank et al., 1996;
Ludtke et al., 1999; van Heel et al., 2000) have been devel-
oped or improved with better algorithms and better user
interfaces. These have facilitated the image reconstruction
process to be routine and eYcient. On the other hand, inter-
pretation and visualization of the cryo-EM maps has
become more diYcult as the detail within higher resolution
maps increases. Various programs have been developed to
help analyze higher resolution cryo-EM results. These
include programs for the Wtting of X-ray crystallographi-
cally determined structures into cryo-EM densities
(Roseman, 2000; Rossmann et al., 2001; Volkmann and
Hanein, 2003; Wriggers et al., 1999) and programs for the
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visualization of macromolecules in cryo-EM density maps
(Gillet et al., 2005; Pettersen et al., 2004). Nevertheless,
interpretation of the Wnal results of cryo-EM reconstruc-
tions can sometimes be helped by alternate methods of pre-
sentation.

Because of their exceptionally high symmetry, icosahe-
dral viruses (Rossmann and Johnson, 1989), virus/receptor
complexes (Rossmann et al., 2002), and icosahedral protein
complexes (Fotin et al., 2004; Liu et al., 2004; Walz et al.,
1999) have been successfully analyzed by X-ray crystallog-
raphy and cryo-EM. However, recent studies have shown
that some macromolecular assemblies that had been
assumed to be icosahedral do not have perfect symmetry or
have their symmetry broken during certain stages of their
life cycle (Rossmann et al., in press). Some examples are
tailed bacterial phages, which have incomplete icosahedral
symmetry due to the attachment of a tail (Cerritelli et al.,
2003; Jiang et al., 2006; Lander et al., 2006; Morais et al.,
2005; Orlova et al., 2003); nucleocytoplasmic large DNA
viruses, which also can have a unique vertex (Van Etten
et al., 1991; Xiao et al., 2005b); and some parvoviruses,
which can attach their receptors in an asymmetric manner
(Hafenstein et al., 2006). In order to locate the position of
asymmetrically distributed densities in an icosahedral virus
capsid, a program (Radial Interpretation of Viral Electron
density Maps or RIVEM) was developed for projecting the
asymmetric density in the context of the assumed symmetry
axes onto a spherical surface.

The surfaces of icosahedral viruses (Kolatkar et al.,
1999; Rossmann et al., 2002) have been conveniently dis-
played as “roadmaps” (Chapman, 1993; Rossmann and
Palmenberg, 1988). However, the earlier roadmap pro-
grams, which projected the viral surface onto a plane, had
limitations that led to inaccuracies and distortions. Here,
we present a “roadmap” algorithm using spherical coordi-
nates that allows the accurate localization of ligands bound
to icosahedral or asymmetric virus surfaces.

2. Results and discussion

2.1. The technique

The RIVEM program was designed to project density
within a radial shell surrounding a selected center onto
the surface of a sphere. The positions of grid points within
the input EM map are usually presented with respect to a
Cartesian coordinate system (x, y, z), which can be rede-
Wned in terms of a spherical coordinate system (�, �, R)
(Fig. 1). The electron densities between the radii R1 and R2
can be sampled at Rstep intervals along a radius-vector
(�, �). The density at each sampling step can be interpo-
lated from the eight surrounding grid points in the origi-
nal (x, y, z) map. The interpolated density values at the
sampled points can be averaged and projected onto a
sphere (Fig. 1). The averaged density is then plotted onto
a stereographic projection (Tong and Rossmann, 1997).
The resultant plot can be contoured to show the position
and height of the density relative to the orientation of the
icosahedral axes (Fig. 2).

The same procedure can be used to plot the exposed
surface area in terms of speciWc atoms or residues. Each
atom is considered to be a sphere with a given van der
Waals radius, RVDW. If desired, the atom’s temperature
factor, B, can be applied to extend the atom radius to
Rexd,where RexdDRVDW ¤ [B/(8�2)]1/2. An additional over-
all temperature factor can be used to further increase the
radii of the atomic spheres to simulate a low resolution
cryo-EM map. The sphere around a single atom might be
intercepted by several radius-vectors depending on the
angular step intervals in � and � and the assumed atomic
radius. Each of these vectors will intercept the sphere
twice from which the larger distance from the center of
the sphere (Rmax) is selected (Fig. 1). The atom closest to
the external surface along the speciWc radius-vector will
then be the one with the largest Rmax (atom A1 in Fig. 1)
and will be chosen to represent the surface at this (�, �)
position on the stereographic projection. Areas with
atoms that belong to the same residue can be outlined by

Fig. 1. The spherical coordinate system and the plotting procedure in the
RIVEM computer program. The relationship is shown between a Carte-
sian and spherical coordinate system as used in the program RIVEM. The
electron density (gray area) between radii R1 and R2 or at a Wxed radius
(R

Wx) can be projected onto the sphere. Two atoms A1 and A2 surrounded
by their van der Waals radii are shown as Wlled circles. When a surface is
plotted onto a spherical roadmap, atom A1, whose maximum distance
from the origin (Rmax) is greater than that for atom A2, will be projected
onto the sphere, thus identifying the atoms on the molecular surface.
However, if a spherical section is being plotted at a radius RWx, atom A2

(but not atom A1) would be chosen as its van der Waals sphere intersects
the sphere with a radius of R

Wx to the center of the virus.
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Fig. 2. Determination of the icosahedral axis positions in an asymmetric reconstruction of an icosahedral virus. (A) Self-rotation function calculated for
an asymmetric reconstruction of CPV. Rotation function peaks of the Wvefold (�D 72°), threefold (�D 120°), and twofold (�D 180°) sections are shown as
contours and colored red, blue, and green, respectively. The position of the symmetry axes for the mean orientation of an icosahedron is labeled with cor-
responding symbols. Icosahedral asymmetric units are outlined in black. (B) Densities in the shell between 110 and 130 Å radii of a cryo-EM diVerence
map projected onto a sphere and plotted as a stereographic projection. The map was of the diVerence between an asymmetrically reconstructed and icos-
ahedrally reconstructed CPV capsid. Positive and negative densities are shown in blue and red, respectively. Contours are at intervals of one sigma above
and below the mean value of the diVerence map.
Fig. 3. A spherical roadmap of CPV surface residues. Basic, acid, polar, and hydrophobic residues are colored blue, red, yellow, and green, respectively. A little

more than one icosahedral asymmetric unit is shown. The borders of the asymmetric unit are outlined in black, and the icosahedral symmetry axes are labeled
with corresponding symbols.
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a border and associated with the residue name and num-
ber, resulting in a roadmap representation of the pro-
jected external surface (Figs. 3 and 4). The angular
intervals used to explore � and � can be suYciently small
(a useful increment is about 0.1°) to allow a good repre-
sentation of the actual exposed area of each residue (Figs.
3 and 4) in contrast to the Wxed square unit area used by
the earlier roadmap programs (Chapman, 1993; Ross-
mann and Palmenberg, 1988). By superimposing the pro-
jected density contours onto the roadmap of surface
residues, the positional relationship between the amino
acid residues and the density can be accurately interpreted
(Fig. 4C).

Sometimes, it is useful to plot the density on the surface
of a deWned sphere (radius RWx), as opposed to projecting
a shell of density. In this case, it is more appropriate to
plot only the atoms that are within their van der Waals
distance of the surface with radius R

Wx (Fig. 4B). In addi-
tion, the projected density can also be of a polygonal
instead of spherical shell, which is useful when the shape
of the virion or its membrane is an icosahedron (Böttcher
et al., 1997a; Yan et al., 2000).

Various coloring schemes can be used to represent an
assortment of features on spherical roadmaps. SpeciWc
residues, such as those studied by mutagenesis, can be
colored to emphasize their position relative to a bound
ligand. The atomic distance from the center of the virus
can be used as a coloring scale to show the surface topol-
ogy (Fig. 4A). Other coloring schemes can be used to
represent the height of projected density (Fig. 2B),
amino acid types (Fig. 3), or electrostatic potential
(Fig. 4C).

Information about the orientation of symmetry elements
(icosahedral operators for many viruses, Wvefold symmetry
for phage heads, and so forth) that can be used, for
instance, to deWne the limits of an asymmetric unit is often
helpful for the interpretation of EM maps. Furthermore, it
is necessary to use the symmetry information to generate all
symmetry related atoms before determining surface resi-
dues. Another use of the symmetry information is to
impose averaging between equivalent density features.

Although the program RIVEM was initially developed
for studying asymmetric features on icosahedral spherical
viruses, it can also be used to investigate symmetry mis-

Fig. 4. Structure of CVA21 and its interaction with ICAM-1. (A) Surface
residues of CVA21 are plotted onto a stereographic projection and col-
ored from blue (135 Å) to red (165 Å) based on their maximum radial dis-
tance from the center of the virus. (B) The location of the “pocket factor”
in a 3.2 Å resolution electron density map of CVA21 crystals (Xiao et al.,
2005a) shown as a spherical section at a Wxed radius (R

Wx D 129.6 Å) is out-
lined in black based on the coordinates of a myristate molecule that was
Wtted to the density. (C) The footprint of ICAM-1 onto the CVA21 sur-
face. The diVerence density between 145 and 160 Å radii, isolating the
ICAM-1 receptor, is projected onto a stereographic diagram and con-
toured in green at 1.5 sigma intervals above the mean density. The road-
map is colored according to the charge potential of CVA21 calculated by
the program Delphi (Gilson and Honig, 1988).
matched features in bacteriophages and other molecular
complexes. Currently, the program supports only the
X-Plor map format (Brünger et al., 1998), but other map
formats can be added easily. Various plotting options com-
bined with appropriate symmetry operators allow RIVEM
to be used for globular protein studies, such as plots of elec-
trostatic potential maps (Baker et al., 2001; Gilson and
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Honig, 1988) (Fig. 4C) for each of the two surfaces of a
protein–protein interaction.

2.2. Application to parvoviruses

The structure of canine parvovirus (CPV) was analyzed
by means of an asymmetric cryo-EM reconstruction whose
resolution had been estimated to be 30 Å (Hafenstein et al.,
2006). The orientation of the viral capsid in the Wnal asym-
metric reconstruction was determined with a self-rotation
function (Tong and Rossmann, 1997) using structure factors
calculated by Fourier transformation of the cryo-EM density
map (Fig. 2A). Although no icosahedral symmetry had been
applied during the cryo-EM reconstruction, dominant, icos-
ahedrally distributed, rotation function peaks were found
(Fig. 2A). A diVerence map was then calculated between a
cryo-EM reconstruction assuming icosahedral symmetry and
an asymmetric reconstruction that had been re-oriented to
the same standard icosahedral axial system (Fig. 2B). The
diVerence density between 110 and 130Å radii, correspond-
ing to the protein shell, was plotted onto a stereographic pro-
jection using RIVEM (Hafenstein et al., 2006) (Fig. 2B). This
projection could be readily interpreted in terms of possible
conformational changes relative to the symmetry axes,
although the heights of the diVerences were too low to estab-
lish the signiWcance of the results at 30 Å resolution. A similar
procedure had been used to investigate the icosahedral char-
acter of the heavy atom distribution in the analysis of south-
ern bean mosaic virus (Rayment et al., 1978).

2.3. Application to picornaviruses

The interaction between picornaviruses and their
receptors has been studied by combining X-ray crystallog-
raphy and cryo-EM image analysis (Rossmann et al.,
2002). Many of the cellular receptors used by picornavi-
ruses belong to the immunoglobulin superfamily and bind
into a canyon-like depression on the viral surface sur-
rounding each icosahedral Wvefold vertex (Fig. 4A). The
diVerence density between the cryo-EM determined struc-
ture of the virus/receptor complex and the crystallograph-
ically determined virus structure calculated at the same
resolution can be accurately projected onto a roadmap of
the virus surface. One example given here is the projection
of the density corresponding to the intercellular adhesion
molecule-1 (ICAM-1) as seen projected onto the surface
residues of the crystallographically determined coxsackie-
virus A21 (CVA21) structure (Xiao et al., 2005a)
(Fig. 4C). Another example is a plot of the density at a
Wxed radius R

Wx to visualize the position of the “pocket
factor” in CVA21 (Xiao et al., 2005a). This factor is a
fatty acid-like molecule that is bound into a pocket imme-
diately below the Xoor of the canyon, critical to the stabil-
ity of the virion (Rossmann et al., 2002) (Fig. 4B). The
projected section provides an easy to interpret and accu-
rate plot of the environment of the pocket factor within
an icosahedral axial system.
2.4. Availability of program

The program RIVEM and its source code are freely
available at http://structure.bio.purdue.edu/~viruswww/
Rossmann_home/softwares.shtml.
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