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ABSTRACT Assembly of bacteriophage P22 procapsids requires the participation of ;300 molecules of scaffolding protein
in addition to the 420 coat protein subunits. In the absence of the scaffolding, the P22 coat protein can assemble both
wild-type-size and smaller size closed capsids. Both sizes of procapsid assembled in the absence of the scaffolding protein
have been studied by electron cryomicroscopy. These structural studies show that the larger capsids have T 5 7 icosahedral
lattices and appear the same as wild-type procapsids. The smaller capsids possess T 5 4 icosahedral symmetry. The two
procapsids consist of very similar penton and hexon clusters, except for an increased curvature present in the T 5 4 hexon.
In particular, the pronounced skewing of the hexons is conserved in both sizes of capsid. The T 5 7 procapsid has a local
non-icosahedral twofold axis in the center of the hexon and thus contains four unique quasi-equivalent coat protein
conformations that are the same as those in the T 5 4 procapsid. Models of how the scaffolding protein may direct these four
coat subunit types into a T 5 7 rather than a T 5 4 procapsid are presented.

INTRODUCTION

Under the principles of quasi-equivalence theory (Caspar
and Klug, 1962), the assembly of viruses containing more
than 60 coat protein subunits requires conformational
switching of the subunits to different quasi-equivalent con-
formations. The total number of subunits within an icosa-
hedral virus capsid isT 3 60, whereT is the number of
quasi-equivalent conformations. Thus conformational
switching is intimately related to determination of capsid
size, a critical issue, because the capsid must be large
enough to encapsulate the entire viral genome. Various
mechanisms of conformational switching exist (Johnson,
1996).

Size regulation by conformational switching is well un-
derstood for smaller viruses, such as theT 5 3 RNA viruses
(Rossmann and Johnson, 1989; Johnson, 1996). In several
of these viruses, switching is regulated by a terminal protein
segment that adopts an ordered conformation in one subunit
type (Harrison et al., 1978; Abad-Zapatero et al., 1980;
Fisher and Johnson, 1993). The presence or absence of this
structured polypeptide segment affects subunit interactions
at the quasi-twofold contacts, determining whether these
contacts will be either flat or bent. When this regulatory
segment is removed by proteolytic cleavage, the protein can

form only T 5 1 capsids in which all contacts are bent
(Erickson and Rossmann, 1982). In someT 5 3 viruses,
ordered RNA makes up part of the switch (Fisher and
Johnson, 1993; Wery et al., 1994).

The structure of the nominallyT 5 7 papilloma virus
SV40 reveals that contacts between subunits of different
capsomeres are also regulated by conformational switching
in a C-terminal arm of the coat protein (Liddington et al.,
1991). The lattice of SV40, however, differs from the quasi-
equivalent model in that both pentavalent and hexavalent
positions are occupied by pentamers (Liddington et al.,
1991). Thus the conformational switching mechanisms ob-
served in this structure are probably not a general model for
other classes ofT 5 7 viruses.

The conformational switching of larger viruses, such as
the double-stranded DNA bacteriophages (T 5 7), herpes-
viruses (T 5 16), and adenoviruses (T 5 25), appears to be
more complex, and its mechanism is currently unknown.
These viruses have assembly pathways that proceed through
the formation of a non-DNA-containing precursor capsid
(Casjens and Hendrix, 1988; Rixon, 1993; Edvardsson et
al., 1976; D’Halluin et al., 1978). In place of the DNA, these
procapsids contain up to several hundred molecules of scaf-
folding proteins, which are required for assembly but are not
found in the mature virions. The functions of scaffolding
proteins have been particularly well characterized for the
dsDNA phages, including the coliphages T4, T3, T7, P2,
andl; theBacillus subtilisphageF29; and theSalmonella
typhimuriumphage P22 (Casjens and Hendrix, 1988). Pos-
sible functions of scaffolding proteins include capsid mor-
phogenesis (Casjens and Hendrix, 1988; Kellenberger,
1990), organization of a specialized portal complex required
for DNA packaging and injection (Murialdo and Becker,
1978; Greene and King, 1996), exclusion of cellular pro-
teins from within the assembling capsid (Earnshaw and
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Casjens, 1980), and DNA packaging (King and Chiu, 1997).
It is believed that the scaffolding proteins may also play a
critical role in size regulation (Kellenberger, 1990).

For bacteriophage P22, participation of 200–300 scaf-
folding subunits in addition to the 420 coat protein subunits
is required for intracellular assembly of aT 5 7 procapsid.
The procapsid also includes a dodecameric portal complex
that serves as the site for DNA entry (Bazinet and King,
1988), as well as several copies each of pilot proteins
required for DNA injection into the host cell (King et al.,
1973). Incorporation of the portal and pilot proteins occurs
early in procapsid assembly (Bazinet and King, 1988;
Thomas and Prevelige, 1991), and these proteins may be
involved in the formation of an assembly initiation complex
(Bazinet et al., 1990). During the process of phage matura-
tion, the scaffolding molecules are released intact from the
capsid, probably through the channels present at the hexon
centers (Prasad et al., 1993), and are recycled to form new
procapsids (King and Casjens, 1974). At this point the DNA
is packaged into the capsid and the coat lattice undergoes
conformational transitions resulting in expansion, angular-
ization, and closure of the channels (Prasad et al., 1993).

In the absence of scaffolding protein, intracellular assem-
bly of the coat protein is slower (Casjens and King, 1974).
Eventually the P22 coat protein within infected cells forms
some correctly sized procapsids, but many smaller than
normal procapsids and aberrant spiral structures are also
produced (Earnshaw and King, 1978). Neither the spirals
nor either size of closed capsid contain the portal or pilot
proteins (Earnshaw and King, 1978). Consequently, the
capsids cannot package DNA and are dead-end products.

The small capsids formed in the absence of scaffolding
are of particular interest because the coat proteins of other
dsDNA phages, P2 andl, are also capable of forming both
T 5 7 and smaller capsids. The coat protein of phage P2 can
assemble both the P2 capsids and the smaller capsids of the
parasitic phage P4 (Lindqvist et al., 1993). Structures of the
P2 and P4 mature phages revealed that their capsids areT 5
7 andT 5 4, respectively (Dokland et al., 1992). Several
point mutations in the coat protein of theT 5 7 phagel
result in the formation of small capsids (Katsura and Koba-
yashi, 1990). The structure of these capsids has not been
solved, but they are also estimated to beT 5 4 (Katsura,
1983).

We have previously determined the structure of the wild-
type P22 procapsid to 19 Å (Thuman-Commike et al.,
1996). At this resolution subunits at different positions have
clearly altered conformations, suggesting that more exten-
sive conformational shifts than that of terminal arms are
involved. We have determined the structures of both wild-
type-size and small capsids formed in the absence of scaf-
folding protein, in the hope that this would help to illumi-
nate the mechanism of conformational switching between
the two capsid sizes and the roles scaffolding might play in
this switch. These structures provide the first direct com-
parison at the procapsid stage ofT 5 7 andT 5 4 lattices
assembled from the same coat protein.

MATERIALS AND METHODS

Capsid preparation

Capsids were prepared from cells infected with phage carrying an amber
mutation in the scaffolding gene, 8amH202, resulting in a nonfunctional
scaffolding fragment (King et al., 1973). In the absence of scaffolding
protein, the coat protein within cells forms some capsids that are the size
of normal procapsids but are empty of scaffolding protein, as well as
smaller filled capsids and large spiral structures (Earnshaw and King,
1978). These structures were purified according to previously described
protocols for procapsid purification (Prevelige et al., 1988; Thuman-Com-
mike et al., 1996). The infection was carried out at 40°C rather than 35°C
because the proportion of small capsids produced increases with temper-
ature (Greene and King, 1996). After purification, the structures were
applied to a Bio-Gel A-50m column to separate the spirals from the
wild-type-size and small closed capsids (Earnshaw and King, 1978). The
column fractions were assayed by absorbance at both 280 and 330 nm
measured in a Gilford spectrophotometer. Two approximately equal peaks
were observed by absorbance at 280 nm. The earlier eluting peak had a
much higher level of light scattering, as seen by absorbance at 330 nm,
confirming that this peak contained the large spiral structures. Fractions
from the second peak, containing the wild-type-size and small capsids,
were pelleted by centrifugation for 50 min at 35,000 rpm in a Beckman
45Ti rotor and resuspended to a concentration of;10 mg/ml.

Electron cryomicroscopy

Capsid samples were applied to copper grids covered with holey carbon
film that was glow-discharged immediately before use (Fukami and Ada-
chi, 1965). After removal of excess solution by blotting, the grid was
rapidly plunged into liquid ethane (Adrian et al., 1984; Dubochet et al.,
1988). Vitrified samples were stored under liquid nitrogen until transfer
into a JEOL 1200 microscope equipped with a Gatan 651-N anticontami-
nator, maintained at2179°C, and a Gatan 626 cold stage, maintained at
2165°C. Images were obtained with 100-kV electrons at a magnification
of 30,000 under low-dose conditions (less than or equal to 5 e2/Å2) and
were recorded on Kodak SO-163 film. The film was developed in full-
strength Kodak D19 for 12 min at 20°C and fixed for 10 min in Kodak
fixer.

Image analysis and
three-dimensional reconstruction

Electron micrographs were visually inspected for image quality, ice qual-
ity, and number of capsids per micrograph. The close-to-focus images of
two suitable micrographs were scanned using a Perkin-Elmer 1010M
microdensitomer with a step size of 17mm, which corresponds to 5.57 Å
per pixel in the scanned image. Particle selection was performed interac-
tively to allow particle images to be divided into the four capsid classes
based on size. All selected particles were perimeter average subtracted and
extracted as 1283 128 pixel images. The selected particle images were
then analyzed by computing the sum of the Fourier transform intensities to
ensure the images did not contain drift or astigmatism and to evaluate the
defocus value (Zhou et al., 1996).

Initial particle centers were estimated as the center of gravity of the
cross-correlation peak between a particle and a rotationally averaged
reference (Thuman-Commike and Chiu, 1997). The particles were then
masked with a circular mask slightly larger than the capsid to reduce
background noise. Next, for each particle image, an initial set of possible
orientations was found by performing a search over the icosahedral asym-
metric unit at 1° intervals, using several self-common line functions
(Thuman-Commike and Chiu, 1997).

For the small procapsids, a set of five estimated particle orientations
with low self-common lines phase residuals were chosen for refinement.
These selected particle orientations were refined by using cross-common
line phase residual refinement (Crowther et al., 1970; Fuller, 1987) over all
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five orientation parameters:f, u, v, and the centerx, y (Zhou et al., 1994).
After refinement the particles were reconstructed to generate an initial
low-resolution structure at;35-Å resolution. Projection images were
computed from the low-resolution structure for use as a template to
evaluate additional particle orientations by using the cross-common line
phase residual (Zhou et al., 1994; Crowther et al., 1994). After identifica-
tion of additional particle orientations, refinement was performed on all of
the particle orientations at increasingly higher resolutions to obtain an
improved reconstruction. The cycle of orientation search, five parameter
orientation refinement, reconstruction, and template projection was re-
peated until no further particle orientations were identified.

Orientation determination of the wild-type-size procapsid followed the
method outlined above, except that a modified initial particle orientation
selection method was used. Rather than select initial particle orientations
based on only the value of the self-common line phase residual, a computed
projection image template from the previously published 19-Å scaffolding
mutant reconstruction (Thuman-Commike et al., 1996) was used to identify
an initial set of orientations. All identified orientations were then refined
alone without the mutant procapsid template. The refined orientations were
reconstructed into a moderate resolution structure (30 Å) for generation of
computed projection images. After determination of this initial reconstruc-
tion, the orientation determination procedure proceeded as described
above.

The final resolution of each reconstruction was verified by the icosa-
hedral cross-common lines phase residual (Crowther, 1971; Stewart et al.,
1991), the Fourier ring correlation coefficient between two independent
reconstructions (Saxton and Baumeister, 1982; van Heel et al., 1982;
Radermacher, 1988), and the amplitude-weighted mean phase difference
between two independent reconstructions (Frank et al., 1981; Baker et al.,
1990). To ensure adequate Fourier space sampling, the inverse eigenvalue
spectrum was calculated during the interpolation step of the Fourier Bessel
analysis of the final reconstructions (Crowther et al., 1970; Crowther,
1971). Full icosahedral symmetry was obtained for the final reconstruc-
tions by imposing real-space threefold averaging (Fuller, 1987). These
structures were then analyzed to determine if the inner cores were icosa-
hedral, using previously described methods (Thuman-Commike et al.,
1996) that compare the non-threefold averaged density map with the
threefold averaged density map as a function of radius.

RESULTS

Capsid preparation

Capsids assembled in the absence of the scaffolding protein
were purified as described in Materials and Methods. The
protein composition of these particles was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Fig. 1). These capsids clearly lack the scaffolding protein,
as shown by comparison to procapsids assembled in the
presence of scaffolding protein. They also do not appear to
contain the portal protein or either of the two pilot proteins
gp16 and gp20. These particles do include small amounts of
four proteins that are not found in wild-type procapsids. One
of these proteins was previously identified as the P22 tail-
spike protein, whereas the others are presumably host cell
proteins (Earnshaw and King, 1978). The 67-kDa protein
may be a host chaperone. Analysis of purified small and
wild-type-size capsids demonstrated that the additional pro-
teins are found in both sizes of capsid (Earnshaw and King,
1978); thus there is no evidence that they are important in
size determination.

Electron cryomicroscopy and
three-dimensional reconstruction

Two electron micrographs at defocus values of 1.0 and 1.1
mm underfocus (Fig. 2) were selected and processed as
described in Materials and Methods. As with previous stud-

FIGURE 1 Protein composition of P22 procapsids assembled in the
presence and absence of the scaffolding protein. Procapsid samples were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
a 12% polyacrylamide gel; the gel was stained with Coomassie blue.Left
lane: Wild-type procapsids.Right lane: Capsids produced by the scaffold-
ing-minus strain. Each lane contains 2.5mg total protein. Positions of the
P22 coat protein (gp5), scaffolding protein (gp8), portal protein (gp1), pilot
proteins (gp16 and gp20), tailspike protein (gp9), and molecular weight
markers are shown. Note that the scaffolding protein typically migrates
anomalously to a position higher than predicted by its molecular weight.

FIGURE 2 Selected region of a 1.1-mm underfocus 100-kV flood-beam
micrograph of procapsids assembled in the absence of the scaffolding
procapsid. S denotes small procapsids, ES enlarged small procapsids, P
wild-type sized procapsids, and EP enlarged wild-type-size procapsids.
Also present in this region are aberrant and spiral-like particles. Scale bar,
500 Å.
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ies of procapsids assembled in the absence of scaffolding
protein (Earnshaw and King, 1978), capsids similar in size
to wild-type procapsids, a smaller procapsid, and aberrant
spirals are present. Unlike in the previous studies, however,
two additional classes are present that appear to be enlarged
versions of both the small and wild-type-size procapsids
(Fig. 2). These enlarged capsids are significantly more
angular, have thinner shells, and appear empty in compar-
ison to the corresponding nonenlarged procapsids. Specifi-
cally, the enlarged wild-type-size capsid has the same di-
ameter and resembles the appearance of the mature phage
(Prasad et al., 1993). Presumably, these capsids have un-
dergone maturation expansion in the absence of DNA. It
was previously shown that the wild-type-size capsids as-
sembled in the absence of the scaffolding protein are capa-
ble of undergoing expansion in vitro, as do wild-type pro-
capsids (Earnshaw and King, 1978), but this is the first
demonstration that the small procapsid lattice can undergo a
comparable transition. Preliminary processing indicates that
both of these enlarged capsids are icosahedral. However,
three-dimensional structural studies were not pursued at this
time because only a small number of these capsids are
present.

The small and wild-type-size procapsids were processed,
resulting in reconstructions at a nominal resolution of 22 Å,
as assessed by all three resolution determination methods
described in Materials and Methods. The small procapsid
structure includes 76 particle images, with 94% of the mean
inverse eigen values less than 0.01 and none greater than
0.1. The wild-type-size procapsid structure includes 147
particle images, with 97% of the mean inverse eigen values
less than 0.01 and none greater than 0.1.

Three-dimensional structure of small and
wild-type-size procapsids

The small procapsid structure possesses aT 5 4 icosahedral
lattice with an average radius of 195 Å and a maximum
radius of 240 Å (Fig. 3,a andb). In contrast to theT 5 4
lattice of the small procapsid, the wild-type-size procapsid
reconstruction forms aT 5 7 icosahedral lattice (Fig. 3,c
and d), which is very similar to the wild-type procapsid
assembled in the presence of the scaffolding protein (Thu-
man-Commike et al., 1996). The average radius of the
wild-type-size procapsid is 260 Å, with a maximum radius
of 306 Å. Both theT 5 4 andT 5 7 procapsids have an
;85-Å-thick outer icosahedral shell, which is attributed to
the 47-kDa coat protein gp5.

Two layers of density are present in both theT 5 4 and
theT 5 7 reconstructions (Fig. 4). These inner cores may be
composed of additional coat proteins or the minor proteins
observed in the gel in Fig. 1. One proposed function of the
scaffolding protein in wild-type procapsids is to prevent the
inclusion of cellular components in the procapsid (Earn-
shaw and Casjens, 1980). This may explain why the minor
proteins are not observed in wild-type procapsids. Compar-
ison of both reconstructions before and after applying ico-
sahedral threefold symmetry confirms that neither inner
core density is icosahedral.

Features of small and wild-type-size procapsids

Despite the different sizes andT numbers of the two pro-
capsids, their overall structural features are quite similar
(Fig. 3,a–d). Both procapsids are composed of penton and

FIGURE 3 Color-coded surface
representations of small and wild-
type-size procapsids. (a andb) Inner
and outer surfaces of the small pro-
capsid; (c andd) wild-type-size pro-
capsid. The surface is color coded
such that densities that extend inward
the most are red, and those that ex-
tend outward the most are blue; see
scale bars. The arrows indicate the
regions connecting neighboring hex-
ons and pentons, which are elevated
bridges or saddle-like regions on the
outer surface and appear as grooves
on the inner surface. The asterisk’s
indicate the fingerlike regions at the
edge of the hexon. In addition, the
asymmetric unit of each procapsid is
outlined.
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skewed hexon clusters with the same overall dimensions in
each procapsid. As with the previously studied procapsid
structure (Thuman-Commike et al., 1996), the hexons have
four fingerlike densities protruding inward from the edge of
each hexon hole (Fig. 3,b andd). These densities, however,
are less prominent at this resolution than in the 19-Å pro-
capsid structure. In addition, in theT 5 4 procapsid only

two densities appear to be present. The regions connecting
neighboring hexons and pentons on the outer surface (Fig.
3, a and c) appear as depressions at all strict and local
icosahedral threefold axes, and as elevated bridges or
saddlelike regions between neighboring hexon-hexon and
hexon-penton subunit pairs. On the inner surface (Fig. 3,b
and d) the depressions at all strict and local icosahedral
threefold axes appear as knobs, and the bridges between
hexon-hexon and hexon-penton subunit pairs appear as a
network of grooves.

Comparison of small and wild-type-size
procapsid lattices and subunit interactions

The T 5 4 small procapsid contains four quasi-equivalent
subunits (labeledA–D in Fig. 5 a), and theT 5 7 wild-
type-size procapsid contains seven quasi-equivalent sub-
units (labeledA–G in Fig. 5 b). However, as with the
wild-typeT 5 7 procapsid (Thuman-Commike et al., 1996),
this T 5 7 procapsid contains a local non-icosahedral two-
fold axis that does not intersect the center of the icosahe-
dron, as confirmed by superimposing each compuationally
isolated hexon with a 180° rotated version of itself. Because
the B, C, and D subunits are equivalent to the E, F, and G
subunits, theT 5 7 lattice contains only four unique quasi-
equivalent subunits at the current resolution. For clarity, the

FIGURE 4 Radial density plots of the small and wild-type-size procapsid.

FIGURE 5 Schematic icosahedral
lattices and subunit interactions of
the T 5 4 and T 5 7 procapsids.
Surface representations of the (a)
small procapsid and (b) wild-type-
size procapsid, with all of the quasi-
equivalent subunits in one asymmet-
ric unit labeled. The four unique
quasi-equivalent subunits found in
both procapsids are color coded. (c)
Small and (d) wild-type-size procap-
sid unit triangles with thebridge and
triangular cluster interactions de-
noted. The four unique quasi-equiv-
alent subunits are labeled. In addi-
tion, the unique region of the wild-
type-size procapsid is highlighted.
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labels for E, F, and G in the schematic diagram of Fig. 5d
have been replaced with B, C, and D. Notice, however, that
the interactions that occur between the equivalent subunits
and other hexon or penton subunits are different. That is, the
equivalence of the B, C, and D subunits to the E, F, and G
subunits is restricted to subunit conformations and does not
include the subunit interactions.

The quasi-equivalent subunits of the procapsid lattices
interact with each other in two distinct manners (Fig. 5,c
andd), as described earlier. The first type of interaction is
the pairwise bridges between subunit pairs in neighboring
hexon or penton clusters (blue interactionsin Fig. 5, c and
d). In the small procapsid these pairwise interactions occur
between the AB and CD subunits. In the wild-type-size
procapsid two additional interactions occur between the BD
and the CC subunits. The second type of interaction is the
triangular clusters at strict and local threefold axes (red
interactions in Fig. 5, c and d). In the case of the small
procapsid, these interactions occur between three C subunits
(CCC) and between the A, B, and D subunits (ABD). In the
case of the wild-type-size procapsid, the ABD interactions
also occur. However, the CCC interactions do not occur in
the T 5 7 procapsid; rather, interactions occur between
three D subunits (DDD) and two C subunits with one B
subunit (CCB). Notice that the four different interactions
observed in theT 5 7 procapsid all occur between the
second half of each hexon, as denoted in the shaded region
of Fig. 5d. At this resolution, structural differences in these
various interactions are not observed.

As suggested by the similarities in lattice interactions, the
penton and surrounding hexons of the two procapsids are
very similar to each other but differ in placement within the
icosahedral lattice. That is, the small procapsid pentons lie
at a different angle of rotation with respect to the wild-type-
size procapsid. Alignment of the pentons occurs when the
small procapsid is rotated 50° about the fivefold axis. In Fig.
6 the difference map between computationally extracted and
aligned fivefold regions of the small and wild-type-size
procapsids is shown. Notice that although the quasi-equiv-
alent subunits of each capsid are very similar, at this reso-
lution, the hexons possess a change in curvature (seearrows
in Fig. 6) as a result of the smaller size of theT 5 4 capsid.
The pentamers of theT 5 4 andT 5 7 capsids are virtually
identical, as is the conformation of the B subunits that
contact the pentameric A subunits. Furthermore, the C and
D subunits have the same overall conformations in each
procapsid but are positioned at different orientations on
each hexon. Thus, at this resolution, the four quasi-equiva-
lent subunits present in theT 5 4 and theT 5 7 procapsids
exhibit the same conformations.

DISCUSSION

Scaffolding protein appears to play an important role in the
regulation of the conformational switching involved in di-
recting the assembly of the different quasi-equivalent coat

protein conformations required to build a correctly sized
P22 procapsid. In the absence of scaffolding, the P22 coat
protein forms capsids of two different sizes. We have shown
that the wild-type-size capsids produced by the P22 coat
protein in the absence of scaffolding protein areT 5 7, as
are wild-type procapsids (Prasad et al., 1993), whereas the
small capsids areT 5 4, as previously predicted from
low-angle x-ray scattering data (Earnshaw and King, 1978).
The ability to form bothT 5 7 andT 5 4 capsids is also
found in the phage P2 coat protein, gpN, and the phagel
coat protein. In phage P2, wild-type virions areT 5 7, but
the action of gpSid produced by the parasitic phage P4
induces gpN to formT 5 4 capsids, sufficient in size to
package P4 DNA while excluding the larger P2 genome
(Lindqvist et al., 1993). In the absence of either gpSid or the
P2 scaffolding protein gpO, gpN can form both sizes of

FIGURE 6 Comparison of computationally isolated fivefold views of
small and wild-type-size procapsids. The small procapsid is the surface
rendered in white. The gray surface is the difference map between the
fivefold view of the small procapsid and wild-type-size procapsid. (a) Top
and (b) side view. Although the hexons and pentons of each capsid are very
similar, notice that the small capsid hexons have a different curvature, as
pointed out by the arrows.
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capsid (Marvik et al., 1994). In bacteriophagel, single
amino acid substitutions in the coat protein can result in the
production of small capsids, estimated to beT 5 4 instead
of the wild-typeT 5 7 (Katsura, 1983; Katsura and Koba-
yashi, 1990). Thus there appears to be some structural
relationship betweenT 5 7 andT 5 4 lattices such that the
coat proteins ofT 5 7 phages are intrinsically capable of
forming both these sizes of capsid, but not those of larger or
smallerT numbers.

Quasi-equivalence of coat protein subunits

The principles of quasi-equivalence (Caspar and Klug,
1962) imply that the number of distinct subunit conforma-
tions within a capsid lattice is the same as theT number;
thus construction of aT 5 7 capsid would require three
novel coat subunit conformations that do not exist in aT 5
4 capsid. The structure of theT 5 4 P22 capsid reveals the
expected four distinct coat subunit types, classified as A–D.
The coat subunits of theT 5 7 P22 capsid are labeled as
A–G, with conformations A, B, C, and D corresponding to
the four subunits of theT 5 4 capsid, and with conforma-
tions E, F, and G being the conformations that, under the
rules of quasi-equivalence, would be novel. Because of the
presence of a local twofold axis in the hexamers, however,
the conformations of the E, F, and G subunits are equivalent
to the conformations of the B, C, and D subunits. Thus the
T 5 7 capsid is assembled using only the same four quasi-
equivalent conformations required to build theT 5 4 capsid.

The presence of a system where only four quasi-equiva-
lent subunit conformations are required to build bothT 5 4
andT 5 7 capsids does not strictly comply with the rules of
quasi-equivalence. Recently, however, a theory of local
rules-based assembly has been developed in which the
capsid assembly pathway depends only on the interaction of
coat subunits with their immediate neighbors, rather than on
building blocks such as hexamers and pentamers (Berger et
al., 1994). It is possible to devise a set of local assembly
rules which direct the assembly of aT 5 7 capsid from only
four different subunit conformations. According to these
rules, to prevent formation of aT 5 4 lattice, the C trimer
interaction (see Fig. 5c) must be forbidden (Berger et al.,
1994). This might occur if this interaction were of higher
energy than the corresponding CCB interaction found in the
wild-type-size structure. It may be significant that the per-
centage of small capsids is higher at 40°C than at 30°C,
whereas the percentage of spirals, which can result from
substituting a hexamer at a pentameric site, is highest at
17°C (Greene and King, 1996). This interaction might also
be blocked by the presence of scaffolding subunits, as
discussed below.

Hexon skew

To form aT 5 4 rather than aT 5 7 lattice, the coat proteins
must alter in conformation to give a larger curvature. This

could occur either by hinge-bending motions in the individ-
ual coat subunits, so that each one curved slightly more, or
by larger scale alterations in hexon shape. In the case of
P2/P4, both mature phage structures have been solved to
45-Å resolution (Dokland et al., 1992). The shift to the
smaller capsid does result in altered hinge angles of several
coat subunits as well as small changes in hexamer geometry
(Dokland et al., 1992). The P22 coat subunits also display
slightly increased bending, resulting in increased curvature
of the small capsid. At this resolution, however, it is clear
that the hexons are remarkably similar in the two sizes of
capsid. In particular, the distinctive hexon skew is not
altered.

All T 5 7 phages for which procapsid structures have
been obtained—P22 (Prasad et al., 1993),l (Dokland and
Murialdo, 1993), and HK97 (Conway et al., 1995)—display
skewed hexons that adopt a significantly more symmetrical
arrangement upon transition to the mature form. The sig-
nificance of this skew is unknown, although it is assumed to
play some role in the assembly mechanism. The structures
presented here are the first that allow direct comparison
betweenT 5 4 andT 5 7 lattices at the procapsid stage.
These structures demonstrate that hexon skewing is not
sufficient to regulate the capsid size of P22, because the
same skewed hexons are found in theT 5 4 as well as the
T 5 7 capsids.

The T 5 4 P22 procapsid structure displays differences
from the T 5 4 P4 procapsid, suggesting that it is not
generated by a comparable morphological mechanism. In
the case of P4, the axis of the hexamer is coincident with the
capsid twofold axis (Marvik et al., 1995), rather than being
offset by an angle, as is observed for the P22 small procap-
sid. This alignment of the P4 hexamers is undoubtedly
influenced by the external scaffolding protein gpSid, which
binds directly across the twofold axis of the elongated
hexamers (Marvik et al., 1995). TheT 5 4 P22 procapsid
includes no equivalent of gpSid, which may explain why the
hexamers are not forced into a more symmetrical arrange-
ment. Although the structure of theT 5 7 P2 procapsid has
not been determined, structures of the mature P2 and P4
lattices reveal differences in hexamer geometry (Dokland et
al., 1992), which are most likely established at the procapsid
stage. It is interesting that whereas binding of gpSid directs
formation of the T 5 4 P4 procapsid, conformational
changes analogous to those presumably induced by gpSid
do not appear to be required to build theT 5 4 P22
procapsid.

Capsid size regulation

Role of the scaffolding protein

There is ample evidence that the scaffolding proteins of
dsDNA phages play an important role in size regulation. For
example, whereas the size and shape of the prolate phage T4
are affected by mutations in a number of different phage
proteins, the only mutations that affect capsid width, rather
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than length, are those in one of the T4 scaffolding proteins
(Kellenberger, 1990). This suggests a special role for the
scaffolding proteins in regulating theT number, which sets
the capsid width. In the case of the isometric P22, the
presence of wild-type scaffolding protein sharply reduces
the number of small capsids, from 25% of all the structures
produced to only 1.5% (Earnshaw and King, 1978).

There are several levels at which scaffolding proteins
might regulate capsid size. The scaffolding subunits could
bind to individual coat subunits, influencing their confor-
mational switching, or bind at junctions of capsomeres to
influence the placement of pentons and hexons. It is also
possible that the scaffolding molecules might regulate cap-
sid size by using a simple steric mechanism to affect overall
capsid curvature.

The P22 scaffolding molecule is an elongated rod, with
estimated dimensions of 247-Å length and 22-Å diameter
(Parker et al., 1997). Assuming that the scaffolding mole-
cules are arranged radially, their presence would block the
formation of aT 5 4 capsid, because the radius of this
capsid is too small to allow the scaffolding subunits to fit. In
this way, the binding of scaffolding to coat subunits during
assembly would force them into the wider curvature of the
T 5 7 capsid. This mechanism does not explain, however,
the assembly of small capsids from mutant coat proteins of
phage l. These small capsids include small scaffolding
cores, containing a reduced number of scaffolding subunits
(Katsura, 1983). Because thel scaffolding protein is only a
third the size of the P22 scaffolding, it is reasonable that it
can fit within the smaller capsids, but this implies that
mechanisms other than steric hindrance help ensure the
production of normally sizedl procapsids.

The scaffolding protein could play a more active role in
determining capsid size by directly influencing the types of
contacts made by the coat subunits. Procapsid assembly is
thought to initiate with a pentamer of coat protein (Prevelige
et al., 1993). As can be seen in Fig. 5,c andd, the initial
types of coat subunit interactions, from the pentamer to the
first surrounding ring of hexamers, are identical between the
wild-type-size and small capsids. The next subunits to add
would determine the capsid size, based on whether they
make the unique interactions of theT 5 7 capsid. In
particular, the C subunits form a trimeric interaction at the
threefold axis of theT 5 4 capsid, but make a dimeric
bridge across the twofold axis of theT 5 7 capsid. Scaf-
folding molecules form dimers and tetramers, but not trim-
ers, in solution (Parker et al., 1997). Interactions between
scaffolding molecules bound to the C coat subunits might
force these subunits into a twofold rather than a threefold
interaction, thus directing the assembling lattice into the
T 5 7 form.

Last, the scaffolding protein could also affect size deter-
mination at a later assembly step, such as the point at which
the coat subunits must choose to form either a penton,
ensuring production of aT 5 4 capsid, or another hexon, to
form the T 5 7 capsid. The P2 internal scaffolding, gpO,
was proposed to bind at the threefold junction of three

hexamers, forming “groups of three” subassemblies that
would form the face of aT 5 7 capsid (Marvik et al., 1995).
Although P22 does not appear to assemble via hexameric
intermediates or other subassemblies (Prevelige et al.,
1993), it is possible that the addition of scaffolding subunits
to a growing shell at the appropriate sites could lock in a
“group of three” type arrangement. This would forestall the
incorporation of a penton at the site required for aT 5 4
capsid.

Role of the portal

In addition to lacking scaffolding protein, procapsids pro-
duced in the absence of scaffolding also fail to incorporate
the portal protein. Expression of the portal protein of the
prolate phageF29 is required to form procapsids of uniform
size (Guo et al., 1991). The portal does not play an equally
significant role in the assembly of the isometricT 5 7
phages, because capsids of the correct size are formed in the
absence of portals (King et al., 1973; Ray and Murialdo,
1975; Serwer and Watson, 1982). However, P22 scaffolding
mutants that prevent incorporation of the portal, as well as
minor pilot proteins, produce a higher proportion of small
capsids than observed with wild-type,;5% of the total
structures (Greene and King, 1996). It is possible that the
portal protein helps to set the initial procapsid curvature, as
proposed forF29 (Guo et al., 1991). This seems less likely
for P22, as the pentamer and surrounding subunits, which
would be in contact with the portal, are the most highly
conserved regions between theT 5 4 andT 5 7 structures.
Alternatively, the portal, in a complex with the pilot pro-
teins, may serve as a procapsid initiating center into which
scaffolding subunits are recruited (Bazinet et al., 1990); thus
in the absence of portals, more capsids are made without the
assistance of scaffolding, and form incorrectly.

CONCLUSIONS

A recurring theme in bacteriophage assembly appears to be
the regulation of capsid size by the scaffolding protein. The
mechanism by which this regulation occurs, however, does
not appear to be consistent from phage to phage. In the case
of P22, we have shown that in the absence of scaffolding,
the P22 coat protein forms both wild-type-sizeT 5 7 and
smallerT 5 4 capsids, both of which are composed of the
same four unique quasi-equivalent subunits. Thus the scaf-
folding protein appears to be involved in directing the
interactions of the different quasi-equivalent coat protein
conformations, so as to ensure the assembly of a correctly
sized P22 procapsid. We have presented several models by
which the scaffolding proteins might regulate procapsid
size. The scaffolding subunits could bind to individual coat
subunits, influencing their conformational switching, or
bind at junctions of capsomeres to influence the placement
of pentons and hexons. Alternatively, scaffolding molecules
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might regulate capsid size by using a simple steric mecha-
nism to affect overall capsid curvature.
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