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Virus particles self-assemble from coat monomers

membrane proteins themselves or with an inner symmetric protein layer. Non-
enveloped viruses normally have either helical or icosahedral symmetry. Some
have a more complex shape. One group of viruses, the large DNA phages, have
icosahedral or elongated heads and helical tails. In phage T4, these parts are com-
plemented with other protein complexes forming fibers and other structures
important in the infection process (Sec. 15.4).

15.1.2 Quasi-Equivalence
The icosahedron is an object formed by 20 equilateral triangles, and it has five-
fold, three-fold and two-fold symmetry. Sixty identical units with the same envi-
ronment are needed to generate an icosahedron (Fig. 15.2). This is the highest
possible symmetry in a closed object. (The dodecahedron formed by 12 pentagons
has the same type of symmetry.)

Some virus shells are formed by 60 copies of a coat protein, but most virus par-
ticles are formed by larger numbers of identical subunits. In 1962, long before
detailed structures of viruses were known, Caspar and Klug presented the quasi-
equivalence theory, which tried to explain how large numbers of coat proteins
could be arranged with icosahedral symmetry. If multiples of 60 subunits are
packed in a shell, identical protein molecules will have different environments.
The theory is based on the assumption that the contacts between protein subunits
are similar, quasi-equivalent, and use the same bonds with slight deformations.
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FIGURE 15.1 � Schematic drawings of virus particles. Left: Poliovirus, a simple icosahedral virus
with a diameter of about 300 Å (based on a crystal structure). Right: Flavivirus, an enveloped
virus with a crystal diameter of about 470 Å (based on a cryo-EM model with models of coat
protein molecules from a crystal structure fitted into the cryo-EM density). The colors denote
subunits in different environments as discussed below. From VIPER (http://viperdb.scripps.edu/).
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Icosahedral coats are the most common ones

The basis of the theory is that it is possible to form six-fold and five-fold inter-
actions with similar contacts between subunits. A plane triangular net with
six-fold contacts can be transformed into an icosahedron if some of the six-fold
contacts are replaced by five-fold contacts in a regular manner. The five-fold
contacts create curvature, and depending on the position of these five-fold axes,
icosahedra with different numbers of triangles are formed. Caspar and Klug
found that certain multiples of 60 subunits could be arranged in this way and
thereby maintain icosahedral symmetry. These multiples correspond to the
triangulation numbers T = 1, 3, 4, 7, 9, 13, 19, 21, 25 and so on, following the
scheme T = h2 + k2 + hk, where h and k are integers (Fig. 15.3). The total number
of subunits in the shell is 60T.

The predictions of the quasi-equivalence theory regarding the arrangement of
protein subunits have mostly been confirmed by structural studies. Crystal struc-
tures of virus particles with triangulation numbers 1, 3, 4, 7 and 13 have made it
possible to analyze quasi-equivalence at the atomic level (Fig. 15.4). In some cases,
the subunit contacts are indeed quasi-equivalent in the sense predicted by Caspar
and Klug. In other cases, the quasi-equivalent contacts are mostly formed between
different sets of atoms even though the positions of the subunits on the surface of
the virus follow the rules of the theory. There are also some cases where the devi-
ations from the predicted similarity of contacts are still larger. In the polyomavirus
and SV40, which have shells with T = 7 quasi-symmetry, the six-fold positions as
well as the five-fold positions are occupied by pentamers of subunits. The particle
thus has 360 protein subunits rather than the predicted 420. In the bluetongue
virus and related viruses with two layers of proteins, the inner layer has 120
copies of a coat protein. This would correspond to a triangulation number of T = 2,
which is not allowed by the theory. For these viruses, the interactions of the two
subunits are widely different from each other.
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FIGURE 15.2 � An icosahedron showing the positions of the five-, three- and two-fold symmetry
axes. The repeated unit is marked in gray. This is only one of many possible choices of the
repeated unit.
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Interactions can be viewed in two dimensions

15.1.3 Controlling Particle Assembly and Stability
In many simple viruses, the particles form from their components without the
involvement of other molecules. This self-assembly must therefore somehow be
an inherent property of the components. The coat protein molecules of icosahedral
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FIGURE 15.3 � Triangular nets where points of six-fold symmetry have been selected in a regular
manner to be replaced by five-folds. Twenty triangles (in green) correspond to the surfaces of
the icosahedron, where each corner of the triangles corresponds to a five-fold axis. The asym-
metric unit (as in Fig. 15.2) is shown. The arrangements for triangulation numbers 1, 3, 4 and
7 are shown. The six-fold symmetry becomes a quasi-six-fold that coincides with the icosahedral
three-fold (T = 3) or two-fold (T = 4). In T = 1, only five-fold symmetry is found and in T = 7 the
quasi-six-fold does not coincide with any of the icosahedral symmetry axes. Bottom: The h, k
coordinate system in the net, showing one triangle for each of these triangulation numbers
(orange: T = 1, blue: T = 3, green: T = 4, red: T = 7).
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Various triangulation numbers

viruses are mainly responsible for the shape and size of the virus particles and
are able to form five-fold, three-fold and two-fold contacts. When multiples of
60 chemically identical subunits form the shell, the molecules must be able to
form at least slightly different contacts in a correct way to make well-ordered
capsids with icosahedral symmetry. The first structures of virus particles to be
determined were plant viruses with T = 3 quasi-symmetry. The coat proteins had
globular domains and an extended segment at the N-terminal end of the
polypeptide chain.

The globular domain of the coat protein of these and most other non-
enveloped icosahedral viruses has a fold formed by two antiparallel four-stranded
β-sheets with the jellyroll topology (Fig. 15.5). The lengths of the strands and the
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FIGURE 15.4 � Viruses with triangulation numbers 1, 3, 4, 7 and 13 showing their relative sizes.
The surface of the virus particles is shaded according to its distance from the center, darker being
closer. Some particles have an icosahedral shape, but the particles all have icosahedral sym-
metry. The drawings are based on the crystal structures (from left to right) of satellite tobacco
necrosis virus, phage MS2, Nudaurelia capensis ω virus, phage HK97 and the bluetongue virus.
From VIPER (http://viperdb.scripps.edu/).

FIGURE 15.5 � The jellyroll fold in a viral coat protein subunit (satellite tobacco necrosis virus,
PDB: 2BUK).
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Virus particles self-assemble from coat monomers
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Interdigitation often stabilizes coats

arrangement of subunits where there are no extended arms. In these cases, the
fold of the coat protein is not the common jellyroll. The extended arms might thus
be characteristic of the jellyroll type of fold. The fact that the disordered arms are
so common might be due to the common ancestry of these coat proteins rather
than a functional necessity.

15.2 Mechanisms for Host Cell Entry

15.2.1 Membrane Fusion

Viruses have evolved to enter their host cells in many of ways. Once inside the
host cell, they shut down the production of cellular components and gear the cel-
lular machinery to produce new virus particles. Animal viruses need to pass the
cell membrane, and for enveloped viruses this is achieved by membrane fusion: the
membrane of the virus and the cellular membrane are joined, and the nucleocapsid
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FIGURE 15.7 � The arrangement of 18 subunits around the three-fold (quasi-six-fold) axis in the
southern cowpea mosaic virus. The partially ordered arm in one of the subunits (marked in red)
interacts with arms from symmetry-related subunits at the three-fold axis (beta annulus, indicated
with an arrow). In this virus, the N-terminal 23 amino acids are disordered in all subunits. This
region contains several positively charged residues and probably interacts with the viral RNA,
which is asymmetric.
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Cell entry: hemagglutinins

completely different conformation to the influenza virus hemagglutinin (Fig. 15.9).
The fusion peptide is a loop between two beta strands. In its non-activated form,
the protein forms a dimer with a tangential orientation with the fusion peptide
bound to one domain of the other subunit. At low pH the subunit contacts are
changed completely, leading to exposure of the fusion peptide. The mechanism
for this conformational change is not clear, but the fusion mechanism might be
similar in all enveloped viruses using fusion peptides.

15.2.2 Entry Mechanisms for Non-enveloped Viruses

Non-enveloped viruses have to use methods other than fusion to penetrate a
membrane in the host cell. One possibility is that the virus is able to form a pore
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FIGURE 15.8 � Influenza virus hemagglutinin. Left: The trimer at neutral pH after cleavage into
the HA1 and HA2 peptides (PDB: 1RU7). The membrane anchor if it were present would be
attached to the C-terminus of HA2 (at the end of the dashed red lines). Middle: A monomer at
neutral pH. The fusion peptide (N-terminus of HA2) is at the center of the molecule, hidden by
interactions with the other proteins in the trimer. Right: The low pH form (PDB: 1HTM). The fusion
peptide is disordered, but must be located on top of the three helices. Large conformational
changes have occurred. The lower part of the long helix in the neutral pH form (red) is now bent
and packed at the side of the long helix. The upper part of the long helix (green-yellow) forms
a long loop and a helix in the neutral pH form.
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Cell entry: simple viruses

in the host cell that allows the particle or the viral genome to pass through the cel-
lular or endosomal membrane.

Picornaviruses, including poliovirus and rhinovirus (the common cold
virus), are simple viruses with only a few structural and non-structural pro-
teins. Their entry mechanisms have been studied as one of the possible
ways of finding drugs to prevent viral infections. The mature poliovirus parti-
cle is built up of sixty copies of each of the three coat protein molecules VP1,
VP2, and VP3. All three coat proteins have jellyroll folds and relatively long
N-terminal extensions that form a network on the inside of the particle
(Fig. 15.10). A separate polypeptide, VP4, is found inside the protein shell. This
peptide is initially an N-terminal extension of VP2 but is cleaved by auto-
catalysis after particle formation. This type of “maturation cleavage” is com-
mon in viruses. The virus particles provide an environment that favors the
cleavage. They are not very efficient as catalysts, but there is no need for a fast
turnover.

Infection starts with the virus particle binding to a receptor molecule on the
surface of the host cell. For the poliovirus, the receptor is a cell adhesion protein
called CD155 or PVR, poliovirus receptor. Interaction of the virus with the recep-
tor appears to induce large conformational changes in the virus. The N-terminal
tail of VP4 is myristoylated and will therefore have an affinity for membranes.
Experiments have shown that after binding to the receptor, VP4 is lost from
the particles and the N-terminal tail of VP1 is externalized. This shows that the
particles are very dynamic, allowing holes to be created in the capsid, which
leads to the release of the peptides from the interior. These changes might there-
fore be steps in the formation of a pore in the membrane through which the RNA
can enter the cytoplasm. The details of this entry process are, however, still
unknown.
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FIGURE 15.9 � The E1 protein from the Semliki Forest virus, an alphavirus (PDB: 1I9W). The col-
oring is from N-terminal (blue) to C-terminal (red). The fusion peptide is the loop at the extreme
right of the molecule and is hidden through contacts to another protein in a homodimer. The
anchor to the viral membrane is at the C-terminus of the protein, but this part of the protein was
removed before crystallization and is therefore not seen here.
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Cell entry: poliovirus architecture

15.3 Binding to Nucleic Acid

In the assembly process, it is important that the correct nucleic acid molecule is
incorporated into the infectious particle. Different mechanisms might be used for
this, but one of the best-known cases is phage MS2. This virus is a small, simple
T = 3 virus composed of 180 copies of a coat protein and a single-stranded RNA
molecule of about 3500 bases. The coat protein acts as a translational repressor of
one of the viral genes by binding to an RNA hairpin of about 19 nucleotides,
which includes the initiation codon of the replicase gene. This binding is also the
initial step in particle assembly. The RNA hairpin is thus both a translational oper-
ator and an encapsidation signal.

The MS2 coat protein has a unique fold with a single sheet and two helices.
Two monomers form a dimer through very strong interactions, where the helices
are inserted in a pocket in the other subunit (Fig. 15.11).

Many RNA-binding proteins are built up of an antiparallel sheet and a few
helices. Although similar to them, the MS2 coat protein does not have the same
topology as other RNA-binding proteins. It binds RNA at the surface of the sheet
(Fig. 15.12). The binding of the RNA is through single-stranded regions of the
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FIGURE 15.10 � N-terminal arms in the poliovirus. Left: The repeating unit (protomer) as seen
from the inside of the shell. The N-terminal extensions are shown in dark shading, while the main
part of the subunit is pale. The N-termini of VP1 and VP3 are bound to the main parts of VP3
and VP1, respectively, while the remaining N-terminal of VP2, after cleavage of VP4, is bound
to the subunit itself. Right: Packing of subunits around the five-fold axis as seen from the
inside of the particle. VP1 forms the outside surface and the hole at the axis is “plugged” by
the N-terminus of VP3 (red). Upon receptor binding, VP4 (turquoise) leaves the particle and
the N-terminus of VP1 (blue) becomes exposed.

b541_Chapter-15.qxd  12/29/2008  2:44 PM  Page 460



Getting the right RNA back into the virus
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FIGURE 15.11 � The MS2 coat protein dimer as seen in a radial direction from the outside of the
particle. A segment of bound RNA is shown (purple) (PDB: 2BU1).

FIGURE 15.12 � The binding of the RNA hairpin by the MS2 dimer (PDB: 1ZDI). Adenine
bases −10 and −4 are bound in corresponding pockets in the two monomers of the dimer,
and uracil base −5 is stacked to a tyrosine sidechain in one of the subunits. To the right, the
secondary structure of the hairpin is shown. The initiation codon of the replicase subunit is
boxed.
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Genome packaging in bacteriophage

molecule, i.e. the four-nucleotide loop closing the hairpin and a bulged A
nucleotide in the stem.

15.4 Structure of a Complex Virus: Phage T4

Bacterial viruses do not enter into their hosts but are able to deliver their genome
to the inside of the bacterial cells using different mechanisms. The small RNA
phages described above insert their RNA through pili that normally are used for
exchange of genetic material between bacteria. A very large group of DNA phages
have tails that are used to inject the viral DNA. The most complex family of tailed
phages is the myoviruses, to which phage T4 belongs (Fig. 15.13). This virus has a
head that is a T = 13 icosahedron where an extra ring of subunits makes it elon-
gated. The tail ends with a baseplate to which two types of fibers are attached. The
baseplate has partial six-fold symmetry and is formed by at least 14 different pro-
teins, most of them present in several copies. The understanding of the tail struc-
ture and its function comes from a combination of electron microscopy, crystal
structures of individual proteins or protein oligomers, and a vast number of bio-
chemical experiments (Figs. 15.14 and 15.15).

The assembly of the complete particle follows a specific pathway where each
component is added in turn. The head is assembled using scaffolding proteins that
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FIGURE 15.13 � Phage T4. To the left is an electron micrograph of the phage (courtesy of R.
Duda, Pittsburgh). The main parts of the virion are labeled in the schematic view to the right.

b541_Chapter-15.qxd  12/29/2008  2:45 PM  Page 462



Some details of the packing apparatus

are degraded and leave before a portal protein injects the DNA. The tail is assem-
bled separately and joined to the DNA-packed head.

In the mature virion, the tail is loaded like a spring. Interactions between the
short tail fibers and the bacterium lead to conformational changes in the baseplate.
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FIGURE 15.15 � Fitting of several proteins from the T4 baseplate into a cryo-EM map. The gp5-
gp27 complex is at the center of this model. gp5 is in yellow and gp27 (barely visible) in
turquoise. The other proteins that are modeled are gp9 (blue), gp8 (red), gp11 (orange), and
gp12 (purple). (Courtesy of Thomas Goddard, University of San Francisco.)

FIGURE 15.14 � The trimeric gp5-gp27 complex. The three monomers of gp5 are in red, blue
and yellow, and the monomers of gp27 in green, brown and purple. The lysozyme domain of
gp5 is at the upper part of the triple beta helix that forms the stalk of the molecule.
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The T4 “baseplate”

are degraded and leave before a portal protein injects the DNA. The tail is assem-
bled separately and joined to the DNA-packed head.

In the mature virion, the tail is loaded like a spring. Interactions between the
short tail fibers and the bacterium lead to conformational changes in the baseplate.
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