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Gene product (gp) 24 of bacteriophage T4 forms the pentameric
vertices of the capsid. Using x-ray crystallography, we found the
principal domain of gp24 to have a polypeptide fold similar to that
of the HK97 phage capsid protein plus an additional insertion
domain. Fitting gp24 monomers into a cryo-EM density map of the
mature T4 capsid suggests that the insertion domain interacts with
a neighboring subunit, effecting a stabilization analogous to the
covalent crosslinking in the HK97 capsid. Sequence alignment and
genetic data show that the folds of gp24 and the hexamer-forming
capsid protein, gp23*, are similar. Accordingly, models of gp24*
pentamers, gp23* hexamers, and the whole capsid were built,
based on a cryo-EM image reconstruction of the capsid. Mutations
in gene 23 that affect capsid shape map to the capsomer’s periph-
ery, whereas mutations that allow gp23 to substitute for gp24 at
the vertices modify the interactions between monomers within
capsomers. Structural data show that capsid proteins of most tailed
phages, and some eukaryotic viruses, may have evolved from a
common ancestor.

evolution � gene product 24 � major capsid protein

The protein shells of viral capsids are remarkably stable, yet
dynamic structures. They have to protect the genome during its

transfer between hosts, withstand the high pressure of the con-
densed nucleic acid, and be able to release the genome once a
susceptible host has been recognized. To reconcile both stability
and dynamic requirements, assembled procapsids of many viruses
undergo large conformational changes during genome packaging
and maturation (1).

The capsid of the dsDNA tailed bacteriophage T4 is a prolate
icosahedron (Fig. 1) whose capsomers form a Tend � 13 laevo
hexagonal lattice in the end caps and a Tmid � 20 lattice in the
cylindrical midsection (2). The protein shell consists of the major
capsid protein gene product (gp) 23*, the pentameric vertex protein
gp24*, the portal protein or ‘‘connector’’ gp20, and the two acces-
sory proteins, gp hoc (highly antigenic outer capsid protein) and gp
soc (small outer capsid protein) (3), that decorate the outside of the
shell. The dodecameric connector replaces a pentamer of gp24* at
one of the 12 vertices and serves as a special portal for DNA
packaging, tail attachment, and DNA exit (4, 5).

During procapsid assembly, gp23, gp24, and gp20 form a shell
around the core structure composed primarily of the scaffolding
protein gp22 and assembly protease gp21 (3). The protease activates
once procapsid assembly has been completed and cleaves the
proteins of the core into small peptides, most of which leave the
maturing procapsid, freeing space for the genome. The gp21
protease also cleaves a 65-residue-long, amino-terminal fragment
from the 56-kDa gp23, generating the 48.7-kDa gp23* (3). In
addition, the 10-residue, amino-terminal region of the 48.7-kDa
gp24 is cleaved, giving rise to the 47.6-kDa gp24* (3). These

cleavages trigger a large conformational rearrangement in the
procapsid, resulting in expansion and causing the capsid’s facets to
flatten and the capsid’s wall to become thinner.

A number of mutations in different genes coding capsid proteins
lead to various abnormalities in assembly ranging from formation
of isometric and�or giant capsids to substitution of all gp24 pen-
tamers with gp23 pentamers at the vertices (3, 6). The latter
observation suggests that the structures of gp23 and gp24, as well
as the character of interactions between them, are probably similar.

In the present study, we have crystallized recombinant, assembly-
naı̈ve gp24, which, unlike gp23 (7), does not have the propensity to
assemble into large polymers. These crystals were used to solve the
structure of gp24 to 2.9-Å resolution from which it was possible to
build a homology model of gp23*. The gp24 structure was found to
be similar to the mature capsid protein of phage HK97 (8), apart
from having a 60-residue insertion domain. The structures of gp24
and gp23 were combined with the cryo-EM map of the T4 capsid
(2) to build a pseudoatomic-resolution model, allowing identifica-
tion of the interactions within and between gp24* pentamers and
gp23* hexamers. The model also provided a framework for ratio-
nalizing the morphogenetic mutants that have been characterized
for the T4 capsid proteins (3). The association of the insertion
domain with symmetry-related subunits in the gp24 pentamer
might play a role similar to the chain-mail interactions between the
HK97 capsid subunits (9). Furthermore, the presence of hexameric
and pentameric building blocks of HK97-like molecules in several
other tailed phages establishes that capsid proteins of tailed phages
probably have evolved from a common ancestor.

Methods
Protein Expression, Purification, Crystallization, and Data Collection.
DNA encoding gp24 was cloned into the pET-23 expression vector
(Novagen) without using the C-terminal His tag. The Se-
methionine (SeMet) protein was expressed in the B834(DE3) strain
of Escherichia coli, which is a methionine-requiring auxotroph (10).
The modified M9 medium used for expression of the SeMet protein
contained each amino acid at a concentration of 40 �g�ml�1, the
EAGLE medium vitamin complex (ICN) at 1 �g�ml�1, 0.4%
(wt�vol) glucose, 0.1 mM CaCl2, and ampicillin at 200 �g�ml�1.
MALDI-MS showed that there were five SeMet residues in the
protein, of six in the sequence, thus confirming the cleavage of the
amino-terminal methionine. The protein was purified by ammo-
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nium sulfate precipitation and ion exchange chromatography by
using a DEAE-cellulose column.

The initial crystallization screening was performed by using
Hampton Crystal Screens 1 and 2 (11) and the sitting-drop vapor-
diffusion method at 20°C. Drops containing 1 �l of gp24 in 10 mM
Tris�HCl (pH 7.5) were mixed with 1 �l of reservoir solution and
equilibrated against 100 �l of reservoir solution. The protein
crystallized in four different conditions. The best crystals were
obtained in 2–3 days from 0.1 M Hepes-Na (pH 7.5), 10% (vol�vol)
isopropanol, and 0.2 M sodium citrate. The crystals were washed in
a cryoprotectant solution [20% glycerol, 0.1 M Hepes-Na (pH 7.5),
30% (vol�vol) isopropanol, and 0.2 M sodium citrate] and flash-
frozen in liquid nitrogen. The multiwavelength anomalous disper-
sion diffraction data (Table 1) were collected at BioCARS beam-
lines 14C and 14D of the Advanced Photon Source (Argonne
National Laboratory, Argonne, IL). The data were processed with
the program HKL2000 (12). The crystals belonged to space group
P65, with cell dimensions a � 107.614 Å and c � 82.636 Å.

The diffraction data for an Au derivative of another crystal form
were collected at beamline X9B at the Brookhaven National
Laboratory Synchrotron Light Source (Upton, NY) (Table 1) and
processed with the program HKL2000. The crystals belonged to space
group 65, but, with a � 107.8 and c � 111.8 Å, had a much longer

c axis. Although these crystals also contained only one monomer
per asymmetric unit, the longer c axis implied a much higher solvent
content.

Structure Solution, Model Building, and Refinement. The determina-
tion of selenium positions and the initial phasing were performed
with the program SOLVE (13), by using four-wavelength data
collected at beamline 14D (Table 1). The phases were then im-
proved by solvent flattening (14), using the CNS program (15). The
resulting electron density map was interpreted in terms of an atomic
model, using the program XFIT (16). Crystallographic refinement of
the atomic model was accomplished with the program CNS (15) by
using the data collected to 2.9-Å resolution at beamline 14C (Table
1). The resulting Rworking and Rfree values were 0.27 and 0.30,
respectively. The rms deviations of bond lengths and bond angles
from idealized values were 0.01 Å and 1.66°, respectively.

The structure phases for the Au-containing crystals were deter-
mined by using three-wavelength anomalous dispersion followed by
solvent flattening. There appears to be only little difference in the
map quality produced by the two types of crystals, although the map
based on the initial Se phasing was perhaps a little easier to
interpret.

Results and Discussion
Crystal Structure of gp24. The T4 gene 24, coding for amino acid
residues 1–427, was cloned into a high-expression E. coli vector
pET-23 and overexpressed in BL21(DE3) cells, as well as in the
methionine-auxotrophic strain B834(DE3). The identity of the
purified recombinant gp24 was confirmed by N-terminal sequenc-
ing and MS. The native and SeMet-substituted proteins were
purified to homogeneity and crystallized. The structure was solved
by the multiwavelength anomalous dispersion technique applied to
two crystal forms. One of these was a crystal of the SeMet
derivative; the other was a crystal of the WT protein soaked in 10
mM KAu(CN)2.

The gp24 polypeptide amino acid sequence, from residues 2–422,
could be built into the electron density map of the SeMet crystals,
although residues 63–81 and 143–154 were found to be disordered
(Fig. 2). The electron density derived from the Au-containing
crystals was entirely consistent with this interpretation. The struc-
ture of gp24, except for residues 63–154, could be superimposed
onto the structure of the HK97 capsid protein (8, 17) with an rms
deviation of 2.7 Å for 149 equivalenced C� atoms (Figs. 2 and 3).
However, the amino acid identity of the structurally aligned se-
quences was only 17%. The HK97 capsid protein structure consists
of the amino-terminal arm (N-arm), the elongated loop (E loop),
the peripheral domain (P domain), and the axial domain (A
domain) (8) (Fig. 2). The P domains are on the periphery of a
capsomer, surrounding a central ring of wedge-shaped A domains.
The superimposable parts between T4 gp24 and the capsid protein
of HK97 consist of the P and A domains.

In the mature HK97 capsid protein, the N-arm assumes an

Fig. 1. A cryo-EM reconstruction at 22.5-Å resolution of the T4 head capsid
is shown. The gene products 23, 24, hoc, and soc are colored blue, magenta,
yellow, and pink, respectively. The reconstruction used 5-fold averaging about
the long axis of the head. The features of the tail (green) appear blurred
because the tail has six-fold symmetry. [Adapted from Fokine et al. (2).]

Table 1. Crystallographic data for the SeMet solution and Au derivative

SeMet solution Au derivative

Radiation source APS, 14BMD, BioCARS APS, 14BMC, BioCARS NSLS, X9B
Wavelength, Å 0.9414

(high-energy
remote)

0.9791 (peak) 0.9794
(inflection

point)

1.0188
(low-energy

remote)

0.9000 1.0345
(high-energy

remote)

1.0385 (peak) 1.0419
(inflection

point)
Detector ADSC Quantum-4 ADSC Q315 ADSC Quantum-4
Resolution, Å 3.40 2.90 3.35 3.35 3.30
No. of unique reflections 14,579 14,580 14,676 14,721 11,621 20,931 22,990 21,492
Redundancy, ratio 6.24 6.29 6.32 6.24 14.12 2.8 2.6 3.1
Completeness, % 97.6 97.6 98.2 98.4 97.7 98.9 98.7 98.3
Rmerge, % 5.4 6.7 5.6 5.5 7.3 7.9 9.5 9.2
�I��(I)� 28.1 23.0 25.2 24.8 24.6 12.78 14.75 10.07
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extended ordered conformation (Fig. 2) (8) and invades two
neighboring subunits, one in the same capsomer and the other
in a neighboring capsomer. However, in the assembly-naı̈ve
state, the conformation of the N-arm is unknown, and it is
preceded by the 102-residue-long delta domain, which is cleaved
during capsid maturation. The N-terminal region of assembly-
naı̈ve gp24 (residues 2–40) is compact and contains two �-helices
that pack against the �-sheet and the long �-helix of the P
domain (Fig. 2) within the same subunit. The consensus cleavage
site in gp24, inferred from experimentally determined sites in
other T4 capsid proteins, is after Glu-10 (3). This position
corresponds to an only partially exposed site close to the end of
the first helix, consistent with only some of the gp24 molecules
in the mature T4 capsid having been cleaved (6, 18).

A striking feature of the HK97 capsid protein is that during
maturation the E loop becomes covalently crosslinked to a hairpin
loop in a neighboring subunit. This crosslinking generates hexam-
eric and pentameric rings of subunits catenated like the Olympic
rings, producing a ‘‘chain-mail’’ capsid structure (8, 19). The E loop
in gp24 does not crosslink with another subunit, but it has an
additional domain (residues 82–142) inserted between two linker
regions that are disordered in both crystal forms. A DALI search (20)
showed that the 60 aa of the gp24 insertion domain has a topological
similarity to the chitin binding domain of chitinase (21, 22),
although the residues implicated in chitin binding are not the same
as those in gp24. On superposition, it was found that there are rms
deviations of 1.9 and 1.8 Å for 41 and 43 equivalenced C� atoms for
chitinase A1 and B, respectively. The corresponding levels of amino
acid identity are 22% and 12%.

The insertion domain interacts with the neighboring, 65 symme-
try-related subunit in both the Se- and Au-containing crystals via
matching hydrophobic patches, flanked by polar and charged
residues (Fig. 4). The area of contact between the insertion domain

and the HK97-like fold is 788 Å2, which constitutes �19% of the
total surface area of the insertion domain. The distributions of
electric potential (23) calculated for the two contacting surfaces
were found to be complementary. The hydrophobic nature and the
surface area of this interface are typical for oligomeric interfaces,
but not for protein crystal lattice contacts (24) and, therefore, are
likely to be of biological significance, suggesting that interactions of
the insertion domain with the HK97-like domain in the crystal and
in the capsid are similar.

The connecting peptides leading to and from the insertion
domain are disordered and are sufficiently long to create some
uncertainty as to which symmetry-related insertion domain is
connected to a given HK97-like domain. This ambiguity can be
resolved by comparing the gp24 crystal packing with the crystal
structure of the HK97 mature head, where in each hexamer and
pentamer the E loop of a given monomer extends to and over the
neighboring counterclockwise symmetry-related monomer when
viewed from outside the virus. Analogously, the insertion domain
in gp24 extends to and over a molecule related by a crystallographic
65 screw axis. Thus, the insertion domain interacts with the coun-
terclockwise, symmetry-related molecule, creating an arrangement
in the gp24 crystal similar to the intersubunit interactions as in an
HK97 capsomer.

Comparison of the gp24 Crystal Structure with the Cryo-EM Recon-
struction of the T4 Capsid. Based on the similarities in structure and
function between gp24 of T4 and the capsid protein of HK97,
pentamers of gp24 were modeled by superimposing the HK97-like
domain of the gp24 structure onto the HK97 pentamers found in
Prohead II and mature Head II (1, 8). The position of the insertion
domain was determined by assuming the same interaction between
it and the HK97-like domain of the neighboring subunit, as found
in the crystal structure. This modeling procedure substantially
altered the spatial relationship between the HK97-like domain and
insertion domain belonging to the same polypeptide chain in the
gp24* pentamer model derived from Head II, but not in the model
derived from the Prohead II pentamers. These structural alter-
ations are justified by the flexibility of the linker peptides that
connect the two domains, as observed in the crystal structure. These
considerations also suggest that the spatial relationship between the
HK97-like domain and insertion domain in the gp24 crystal struc-
ture corresponds to their arrangement in the immature T4 capsid.

Fig. 3. Stereo diagram shows the superposition of the C� backbones of T4
gp24 (red) and the HK97 capsid protein (blue).

Fig. 2. Ribbon diagrams compare the structure of T4 gp24 (Upper) with the
structure of the HK97 capsid protein (Lower). Colors range from blue at the
amino end to red at the carboxyl end of the polypeptides. Amino acid
sequence numbers are marked in strategic positions. The P, A, and insertion (I)
domains, as well as the E loop (E) and the N-terminal domain (N), are indicated.
The entrance and exit linker polypeptides to the insertion domain of gp24 are
disordered.
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As the mature T4 virion contains the posttranslationally cleaved
gp24* structure rather than the complete gp24 molecule, the first
10 aa (corresponding to the first helix of the N-terminal region)
were removed from the HK97 Prohead II-based and Head II-based

pentameric models. These gp24* pentamers were fitted into the
22-Å resolution cryo-EM map of the WT T4 head (2) (Fig. 5 A and
B). The fitting procedure starting with the structure derived from
the HK97 Prohead II pentamers did not result in a satisfactory fit.
However, the fitting procedure starting with the structure derived
from the HK97 Head II pentamers was consistent with visual and
computational interpretation of the map.

The protein shells of many large dsDNA viruses with isometric
or prolate capsids are composed of a major hexameric or
pseudohexameric capsid protein with a different pentameric pro-
tein at the five-fold vertices. In the case of T4, gp23 (the major
capsid protein) and gp24 have similar molecular weights and have
21% overall sequence identity, with 25%, 18%, and 7% sequence
identity corresponding to the P, A, and insertion domains, respec-
tively (Fig. 6). Therefore, the structures of these proteins should be
similar with both proteins containing a HK97-like domain and an
insertion domain. This conclusion is supported by the observation
that point mutations in gene 23 allow gp23 to substitute for gp24 (6).
A precedent for the major capsid protein and the vertex protein
having a similar fold occurs in the lipid-containing icosahedral
phage PRD1, in which both molecules are composed of two
consecutive jellyrolls (25). Accordingly, a model of the gp23*
hexamer was built based on sequence alignment with gp24*, the
HK97 mature virus structure, and the gp24 crystal structure. This
hexamer (Fig. 5C) was fitted into the cryo-EM reconstruction
giving a pseudoatomic model of the capsid shell minus gp hoc, gp
soc, and the portal protein.

In the pseudoatomic model of the T4 capsid, the center-to-center

Fig. 4. Stereo diagram shows the interactions of the insertion domain with
the HK97-like domain of the crystallographic, 65 symmetry-related molecule.
The insertion domain of the blue molecule interacts with the A and P domains
of the red molecule.

Fig. 5. The pentamer and hexamer struc-
tures that form the building blocks of the
T4 capsid are shown. (A) Ribbon drawing of
a gp24* pentamer determined by superim-
posing the gp24* HK97-like domain struc-
ture onto an HK97 pentamer. Each of the
five molecules is shown in a different color.
The P, A, and insertion (I) domains are
shown. (B) Fit of the gp24* pentamer into
the cryo-EM vertex density of the T4 capsid.
(C) Stereo diagram of the C� backbone
showing one hexamer. Residues affecting
the head morphology are shown in red,
and residues that obviate the need for the
gp24 vertex protein are shown in blue.

7166 � www.pnas.org�cgi�doi�10.1073�pnas.0502164102 Fokine et al.
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distance between a pentamer and a neighboring hexamer is 135 Å,
whereas the average distance between adjacent hexamers is 140 Å.
The distance between the closest C� atoms of a hexamer and a
pentamer is �8 Å, whereas the distance between the closest C�

atoms between hexamers is �16 Å. The gp soc molecules were
found to bind to the interfaces between hexamers, but not between
hexamers and pentamers (2, 18). Nevertheless, the cryo-EM struc-
tures of the mature capsid and the gp soc� capsid are essentially the
same except for the absence of the gp soc molecules. Thus, this
additional space between the hexameric capsomers could be caused
by differences in the structure of loops around the periphery of the
gp24* and gp23* capsomers, and possibly error in the calibration of
the electron microscope magnification. However, gp soc does
stabilize the capsid against the effects of high pH or elevated
temperatures (26, 27), presumably by serving as a molecular clamp
to strengthen the contacts between gp23* capsomers.

Spatial Distribution of Mutations That Affect Capsid Morphology.
Point mutations in gene 23 alter the shape of the head, producing
petite and giant heads (28–30). These are mostly confined to the
better conserved P domain (Figs. 5C and 6). As this domain
determines the interactions between capsomers, it is consistent with
the observation that mutations in this domain alter the shape of the
capsid. Other mutations in gene 23 allow gp23 to substitute for gp24
at the vertices, in the absence of gp24 (6, 29). These mutations are
positioned mostly in the A domain where they are likely to affect
the association of monomers into pentamers or hexamers or both.
As a special vertex protein probably has evolved more recently (6),
and as these changes are now demonstrated to be mostly in the A

domain, the A domain must have accepted more changes in the
course of evolution to allow the specialization of gp24.

Evolution of Tailed Bacteriophages. The major capsid protein of the
P22 (31), �29 (32), and T4 (this study) tailed phages have been
shown to have HK97-like folds. However, whereas HK97 uses
crosslinking and the chain-mail mechanism for capsid stabilization,
other phages have an additional protein domain that is probably
used to achieve the same result. Furthermore, the tailed phage � has
many characteristics in common with HK97, and these character-
istics are likely to extend to the fold of the major capsid protein
(33–35). T4 not only has an insertion domain, but also uses the
capsid protein gp soc to bind adjacent capsomers together, analo-
gous to the glue proteins in large icosahedral dsDNA viruses whose
capsomer structures are based on a pseudohexameric arrangement
of jellyroll domains (25).

Apart from the similarity of their capsid protein structures, there
are other similarities that point to a common ancestor for the
assembly and structure of dsDNA phage heads. In particular, these
viruses have a portal protein at one vertex that has been shown to
be structurally similar for �29 (36) and SPP1 (37), and probably also
for human herpes simplex virus (38). Furthermore, they possess
similarly structured and functioning scaffolding proteins. Although
absent from the mature virus, these proteins participate in deter-
mining the head shape during assembly. Similar structures of
scaffolding proteins have been discovered for the T4 (39), P22 (40),
and �29 (41) tailed phages.

It has long been recognized that 3D structure is conserved over
much longer timespans than nucleotide or amino acid sequences

Fig. 6. Sequence alignment of
gp24 and gp23 is shown. Residues
belonging to the P, A, and insertion
(I) domains are colored in red, blue,
and green, respectively. Residues
belonging to the N-terminal region
are colored in cyan. Mutations in
gp23 that affect head shape are
marked in red within the sequence
and mutations that obviate the
need for gp24 are marked in blue
within the sequence, using the no-
menclature of Black et al. (3). Sec-
ondary structural elements are also
indicated by arrows (�-strands) and
open boxes (�-helices). The matura-
tion cleavage site is indicated by an
arrow. (Inset) A ribbon diagram in
which the different domains are
colored with the same code is
shown.
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(42). Thus, the large number of structural and functional similarities
of tailed phage capsids makes it probable that these and the capsids
of other related viruses have diverged from a common ancestral
source. Considering the high abundance of phages on Earth (43),
the HK97 capsid fold must be one of the most frequently occurring
structures in the Earth’s biomass.

The HK97-like motif creates perfectly symmetric hexameric
capsomers separated by �140 Å (2, 8). In contrast, numerous other
types of icosahedral viruses use two repeated copies of the jellyroll
motif within a single polypeptide to create trimers with pseudohex-
americ symmetry that are separated by �73 Å (44–47). The walls
of capsids built with the HK97 motif are invariably quite thin, with
a width of �24 Å, whereas capsids using the jellyroll motif are much
thicker with a width of �40 Å.

The concept of quasiequivalence developed by Caspar and Klug
(48) was based on having exact hexagonal lattices folding into
icosahedra with infinitely thin walls, thus approximating the case of
the HK97-based capsids. The jellyroll-based capsomers, as a result
of their large thickness, will require greater flexibility to accom-
modate themselves to quasiidentical environments made possible
by the departure from true hexagonal symmetry. However, these
thick-walled capsids should produce larger binding surfaces be-
tween subunits and, hence, greater stability. Thus, the thin-walled
HK97-based capsomers need strengthening by such devices as

crosslinking, insertion domains, and glue proteins, such as gp soc.
Both classes of viruses, however, require further stabilization for
very large capsids, encapsulating large genomes, by evolving vertex
proteins from their major capsid protein to accommodate the
accumulation of strain analogous to the buttresses in Gothic
churches.
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