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Background: Like many viruses, bacteriophage X174
packages its I)NA genome into a procapsid that is assem-
bled from structural intermediates and scaffolding pro-
teins. The procapsid contains the structural proteins F, G
and H, as well as the scaffolding proteins B and D.
Provirions are formed by packaging of DNA together
with the small internal J proteins, while losing at least
some of the B scaffolding proteins. Eventually, loss of the
I) scaffolding proteins and the remaining B proteins leads
to the formation of mature virions.
Results: X174 108S 'procapsids' have been purified in
milligram quantities by removing 114S (mature virion)
and 70S (abortive capsid) particles from crude lysates by
differential precipitation with polyethylene glycol. 132S
'provirions' were purified on sucrose gradients in the pres-
ence of EDTA. Cryo-electron microscopy (cryo-EM) was
used to obtain reconstructions of procapsids and pro-
virions. Although these are very similar to each other,
their structures differ greatly from that of the virion. The
F and G proteins, whose atomic structures in virions were

previously determined from X-ray crystallography, were
fitted into the cryo-EM reconstructions. This showed that
the pentamer of G proteins on each five-fold vertex
changes its conformation only slightly during DNA pack-
aging and maturation, whereas major tertiary and quater-
nary structural changes occur in the F protein. The
procapsids and provirions were found to contain 120
copies of the I) protein arranged as tetramers on the two-
fold axes. IDNA might enter procapsids through one of the
30 A diameter holes on the icosahedral three-fold axes.
Conclusions: Combining cryo-EM image reconstruc-
tion and X-ray crystallography has revealed the major
conformational changes that can occur in viral assembly.
The function of the scaffolding proteins may be, in part,
to support weak interactions between the structural pro-
teins in the procapsids and to cover surfaces that are sub-
sequently required for subunit-subunit interaction in the
virion. The structures presented here are, therefore, anal-
ogous to chaperone proteins complexed with folding
intermediates of a substrate.
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Introduction
Like most DNA-containing phages, X174 packages its
single-stranded (ss) genome into a pre-formed protein
shell, the 'procapsid' (traditionally called prohead by anal-
ogy with the tailed phages), during late stages of its assem-
bly pathway. In general, procapsids are composed of viral
structural proteins, plus scaffolding (or accessory) proteins
that are not usually found in the mature virion [1-3].

Several steps (Fig. 1; Table 1) have been enumerated in
the assembly of X174 [4]. Initially, the F and G proteins
form 9S and 6S complexes, respectively, which are prob-
ably both pentamers on the basis of molecular weight
estimates 51. Both types of pentamers then combine
with the H protein and the B and D scaffolding proteins
to form 108S procapsids which contain 60 copies each of
F, G and B proteins, 12 copies of the H protein and 240
copies [6] (or as suggested here, only 120 copies) of the
D protein. A 12S particle consisting of five copies each of
the G and F proteins has been identified, but its partici-
pation in the assembly pathway is uncertain [7]. Aided by
phage proteins A and C, the progeny ssDNA, along with
60 copies of the J protein, is packaged into procapsids,

with the concurrent loss of the 60 copies of the B protein
leading to the formation of 132S 'provirion' particles
[8,9]. Conversion of these into 114S particles (mature
virions) occurs in the final stage of morphogenesis and
involves the loss of the D scaffolding proteins. This
process may be triggered by higher levels of divalent
cations present during cell lysis [10,11]. Either because of
partial loss of DNA from the virion, or because of
incomplete DNA packaging, 70S particles accumulate in
the cell and represent a suicide end product [12-14].

The crystal structure of the virion, previously determined
to 3 A resolution [15-17], showed the structure and cap-
sid organization of the F, G andJ proteins in atomic detail.
The capsid, with an average radial diameter of -260 A,
consists primarily of 60 copies of the F protein arranged
with icosahedral symmetry. The F protein adopts the
3-barrel motif common to many virus structural proteins
[18] (Fig. 2), and the 3-strands run roughly tangential to
the viral capsid surface. Two large loops, representing 65%
of the F polypeptide chain, are inserted between the E
and F and between the H and I strands and form the sur-
face topology of the capsid. The 12 characteristic 70 A
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Fig. 1. Assembly pathway of 4X174 based on Hayashi et al. [4].

wide 'spikes' that extend 30 A above the F protein capsid
surface are formed by pentameric aggregates of the G
protein. The G protein also has the 3-barrel motif, but
the 13-strands run roughly radial to the viral capsid surface
and lack the insertion loops. The small DNA-packaging
protein, J, is bound to the F protein on the interior sur-
face of the capsid. Diffuse density observed in hydrophilic
channels formed by the pentamers of G proteins may be
attributable, in part, to the presence of the H protein.

Cryo-electron microscopy (cryo-EM) and image recon-
struction have been used to observe major rearrange-
ments between empty proheads and virions for phage
P22 [19] and phage X [20]. No atomic models for the
structural or scaffolding proteins of these phages exist to
provide a more detailed description of the conformational
changes required for maturation. Studies of negatively
stained procapsids and provirions of bX174 [9] have
shown that these particles are roughly spherical, with a
diameter of-400 A. We report here the purification and
cryo-EM reconstruction of the X174 108S procapsid
and 132S provirion, and the interpretation of the cryo-
EM reconstructions in light of the known atomic [15]
and cryo-EM [21] structures of the X174 virion.

Results and discussion
Purification and characterization
Previously, Mukai et al. [6] isolated procapsids by using a
qX174 strain defective in the DNA-packaging gene C,
which led to the accumulation of procapsids in the
infected cells. However, in the present study it was
observed that large numbers of procapsids and provirions,
as well as mature virions, were present in extracts from a
normal X174 infection [22]. The procapsids could be
recovered from the supernatant after removal of virions,
provirions and 70S particles by precipitation with poly-
ethylene glycol. Provirions could be isolated from the
lysates by gradient centrifugation in the presence of
EDTA (see the Materials and methods section).

Table 1. Proteins involved in X174 assembly.

No. of
Protein kDa amino acids Function

F 48.4 426 Major capsid protein; has virus structural
5-barrel fold plus two large irregular
insertions involved in monomer-monomer
interactions.

G 19.0 175 Pentamers form 12 spikes on virion; has virus
structural -barrel motif.

J 4.2 37 Protein required for packing ssDNA into
virion; has extended structure on internal
face of the F protein in the virion.

H 34.4 328* 12 copies per virion; is disordered in X-ray
studies; 'pilot' protein which enters E. coli
during DNA injection.

B 13.8 120' Scaffolding protein used in formation of
procapsid.

D 16.9 152* Scaffolding protein used in formation of
procapsid; aggregates as a tetramer.

'Based on the DNA sequence.
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Fig. 2. The F (pale blue), G (red) and J
(green) proteins in the virion as deter-
mined from the refined, 3 A resolution,
X-ray crystallographic structure [16]
viewed down an icosahedral two-fold
axis. Two-fold, three-fold and five-fold
axes (indicated by an ellipse, two tri-
angles and a pentagon, respectively)
surrounding an icosahedral asymmetric
unit are also shown.

The ultraviolet spectrum for the procapsids had an
A260 /A2 80 ratio of 0.90+0.05, demonstrating that they
contained little or no DNA, in contrast to the absorption
ratio for virions (1.55±0.05) [14]. The absorption ratio
for the provirions was 1.45+0.05, showing that they had
gained DNA. By EM, procapsids and provirions are
spherical, enabling them to be readily distinguished from
virions with their characteristic morphology of spikes at
the five-fold vertices (Fig. 3).

Analysis by SDS-PAGE revealed the presence of the F, G,
H and J structural proteins in the virion (Fig. 4, lane a).
Procapsid particles lacked the J protein and gave rise to
two additional protein bands that migrated faster than G
(Fig. 4, lane b), consistent with those previously observed
for the B and D scaffolding proteins [6]. In contrast,
the provirion particles contain the F, H, G, B, D and J
proteins (Fig. 4, lane c). These provirions thus differ
from the particles described by Mukai et al. [6] in that
they contain at least some B protein (compare lanes b and
c of Fig. 4).

Cryo-EM and three-dimensional reconstruction
Images of frozen hydrated samples of procapsids, proviri-
ons and virions (Fig. 3a-c) were used to produce three-
dimensional (3D) reconstructions of the particles
(Fig. 3d-i). The virion reconstruction (Fig. 3f, i) was
previously published [21] and was shown to be consistent
with the 3.0 A atomic structure [15-17]. The excellent
agreement between the EM density and the X-ray crys-
tallographic structure (Fig. 5a) establishes the quality of
the EM results. This justifies the assumption that the EM
densities of the assembly intermediates are equally reli-
able and permits the interpretation of the image recon-
struction in terms of atomic models. Nevertheless, some
of the observed differences between the procapsid and

provirion reconstructions may be attributable, in part, to
the differences in resolution. The procapsid (Fig. 3d, g)
and provirion (Fig. 3e, h) structures have very similar
external morphologies, but both differ greatly in shape
and size from the virion (compare with Fig. 3f, i). The
subsequent description of the assembly intermediates will
refer to the procapsid, unless it is explicitly necessary to
differentiate between the procapsid and the provirion.

Both assembly intermediates are roughly spherical
(363 A maximum diameter), but their internal and
external capsid diameters are larger than those of the
virion (Table 2). The prominent five-fold spikes of the
virion, giving these particles a maximum diameter of
335 A, are present in the intermediates, but are masked
by additional density on the particle surface. The pres-
ence of ssDNA in the virion contrasts with the empty
procapsid (compare Fig. 3i with Fig. 3g). Somewhat sur-
prisingly, the provirion particles also appear to be hollow
and, therefore, devoid of DNA (Fig. 3h). However, the
presence of DNA was established by A2 60/A28 0 measure-
ments. Presumably, the larger internal cavity of the
assembly intermediates (Table 2) allows looser packing
of the DNA than in the virions. Another major differ-
ence between procapsid and virion is the presence of
30 A diameter holes in the procapsid on the icosahedral
three-fold axes. In virions, the same location is occupied
by a minor protrusion at the surface (compare Fig. 3f
with Fig. 3d, e).

This initial comparison of the image reconstructions
shows that considerable structural rearrangements occur
during capsid maturation, entailing entry of ssDNA andJ
proteins as well as departure of the B and D scaffolding
proteins. In order to understand these structural changes
in more detail, a procapsid model was constructed by
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Fig. 3. Cryo-electron micrographs and
three-dimensional reconstructions of
4X174 assembly particles. Images of
frozen-hydrated particles (top row),
shaded surface representations (center
row) and cross-sections (bottom row) of
each reconstruction are shown of the
procapsid (a,d,g), the provirion (b,e,h)
and the virion (c,f,i). The small particles
in (a) and (b) are degraded procapsids
and provirions that have lost the D scaf-
folding protein and are similar in struc-
ture to virions. The shaded surface
representations and cross-sections are
viewed down a two-fold axis. Spikes are
observed along the periphery of the viri-
ons (f) and (i), but not on the procapsids,
(d) and (g), or provirions, (e) and (h). The
magnification bar corresponds to
1000 A (a-c) and 200 A (d-i).

interactively fitting the F and G atomic structures of the
virion into the procapsid EM density.

The absolute radial scale of the procapsid reconstruction
was determined by comparison with virion-like particles
in the same micrograph using a 3D density correlation
procedure (see the Materials and methods section). The
absolute hand of the reconstructions was tentatively
established by fitting a truncated version of the F protein
into the procapsid density (see below).

Fig. 4. SDS-PAGE analysis of X1 74 particles. A 20% polyacryl-
amide gel with 0.5% cross-linking agent was run in 0.75 M
Tris-HCI (pH 9.3) buffer with 10% glycerol. The gel was loaded
with virions in lane a, procapsids in lane b and provirions in
lane c. Protein B migrates abnormally slowly under these condi-
tions in an SDS gel [6].

Modeling of the G protein
The G pentamer spikes are present on the procapsid,
although they are less obvious than on the virion. The
whole pentamer is translated radially outwards by 11 A
(Fig. 5b). In the procapsid, but not the provirion, a fur-
ther 200 rotation of the entire pentamer about the
five-fold axis gave an equally good fit (Table 3; Fig. 6). In
virions, the edges of the spike are composed of antiparal-
lel 3-strands that lie roughly parallel to the five-fold axis.
In the procapsid, but not in the provirion, the edges of
the spike are inclined by -20 ° to the five-fold axis. This
suggests that the G protein -barrel tilts outwards at
lower radius, thus widening the base of the pentamer
(Fig. 6b). The 3-barrel of the G protein structure as
found in the virion fits nicely into the procapsid density
map, but the extended N and C termini (10 residues
each) fall outside the density.
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Fig. 5. (a) Fit of the X-ray crystallographically determined atomic
structure to the cryo-EM density of 70S particles (partially empty
virions). An icosahedral three-fold axis runs vertically through
the center of the figure. Notice the small spike made by helices
a4 on the surface of the virus at the three-fold axis. (b) Compari-
son of the procapsid (blue), provirion (green) and virion (red)
cryo-EM densities viewed with the icosahedral five-fold axis run-
ning vertically through the center of the figure. The big spike of
the virion on the five-fold axis is produced by G protein pen-
tamers. The pentamer is condensed radially inwards by -1 1 A in
the virion (red) relative to the assembly intermediates.

Contact between the G pentamer and the underlying
shell of the F capsid protein in the virion is mediated by
at least 25 solvent molecules [16], suggesting that the G
pentamer 'floats' above a crater formed by five F proteins.
In the procapsid, this interface forms a striking gap of
30 A width (Fig. 5b). The main contact of the G protein
pentamer with the rest of the procapsid structure is made
with the D scaffold proteins (see below).

Modeling of the F protein
Compared with the G protein, fitting of the virion's F
protein structure into the procapsid and provirion density
maps was more difficult. The main axis of the F protein
1-barrel in the virion points in a tangential direction
towards the five-fold axis, where the FG loops of all five
F monomers contact each other as well as the overlying
G proteins. In contrast, a -30 A diameter hole is found at
the center of the F protein pentamer of the procapsid
(Fig. 7a, c). The F protein PI-barrel has two large inser-
tions, one of 163 residues between 13-strands E and F and
the other of 111 residues between 13-strands H and I.
The -barrels within a pentamer in the virions make few
contacts, but most of the interactions occur between the
EF insertion of one subunit and the HI insertion of the
five-fold-related neighboring subunit. Procapsids and

provirions have a 30 A diameter hole on each three-fold
axis, which is exactly where part of the EF insertion
makes contact in the virion (Fig. 3).

Conformational changes in the F protein were assumed to
occur mostly in the insertion loops, thus leaving the core
13-barrel domain unchanged during maturation. Conse-
quently, these insertion loops were removed from the F
protein model prior to fitting it into the EM density. A
good fit was obtained when the P-barrel was rotated by
almost 900 about an approximately radial axis (Fig. 7;
Table 3). An alternative but poorer fit was obtained when
the F protein was rotated 45° in the opposite direction
(data not shown) and fitted into the map of the opposite
hand. Although the second model gave a poorer fit, the F
protein required smaller changes in position and orienta-
tion relative to the virion (Table 3). In both models, the
ring of five contiguous F subunits lies within a shell of

Table 2. Dimensions of OX1 74 particles.

Virion and Procapsid and
Diameter 70S particle provirion

External (along two-fold axis) 247 A 363 A
External (along three-fold axis) 293 A 
External (along five-fold axis) 335 A 355 A
Internal volume 5 x 106 A3 13 x 106 A3

Diameters are based on the cryo-EM reconstructions relative to an
arbitrarily chosen density level.

Table 3. Agreement between model and map.

Model EM map (hand) Coordinatesa Correlation

1 Virion (+) X-ray 0.93
2 Virion (-) X-ray 0.86
3 Procapsid (+) X-ray 0.58
4 Procapsid (-) X-ray 0.31

5 Procapsid (+) F+, Grot 0.93
6 Procapsid (+) F+, Gunrot 0.93
7 Procapsid (-) F+, Grot 0.74
8 Procapsid (-) F., Grot 0.91
9 Procapsid (-) F_, Gunrot 0.91

10 Provirion (+) F+, Grot 0.88
11 Provirion (+) F+, Gunrot 0.90

12b Procapsid (+) Procapsid (-) 0.69
13 Virion (+) Virion (-) 0.95

aX-ray refers to the X-ray crystallographic coordinates for the whole of
the F and G proteins. F+ refers to the truncated model of the F protein as
fitted into the procapsid (+) map. F_ refers to the truncated model of the F
protein as fitted into the procapsid (-) map. Gunrot refers to the truncated
model of the G protein in the same orientation as found in the virion.
Grot refers to the truncated model of the G protein rotated by 20 ° from
the virion orientation. bCorrelation between maps of opposite hand. This
demonstrates that the procapsid map has greater 'handedness' than that
of the virion.
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Fig. 6. Fit of the G protein pentamer into
cryo-EM density. The procapsid density
is shown in (a) and (b) with the trun-
cated G pentamer rotated by 20° rela-
tive to its orientation in the virion. The
unrotated G pentamer is shown fitted
into the provirion EM density in (c) and
(d). Electron densities are color coded
as described for Fig. 5b. The models
show connected Ca-atoms in yellow.
The views are from outside the virus
looking down a five-fold axis (a,c) and
with the five-fold axis vertical (b,d).

Fig. 7. Fit of the F protein pentamer into
cryo-EM density of the procapsid (a)
and (b) and provirion (c) and (d), color
coded as described for Fig. 5b. The
views are down a five-fold axis (a,c) and
from the side (b,d). Only the truncated F
protein is shown, that is the 13-barrel
without the EF and HI insertions.

-25 A thickness, compared with 45 A in the virion. This
change in shell thickness is attributable to the conforma-
tional change of the insertion loops.

The provirion and procapsid structures exhibit similar
features (Fig. 3). However, the F proteins of the provirion
are tilted slightly relative to their orientation in the pro-
capsid so that they are positioned more similarly to those
in the virion (Table 4). Thus, the F protein may adopt an
orientation in the provirion that represents an intermedi-
ate state in the maturation of virions from procapsids.

It is impossible to assign specific density to the insertion
loops in a 26 A resolution electron-density map, espe-
cially when dramatic conformational changes have
occurred. However, there is additional unassigned density

in the procapsid reconstruction that protrudes from the F
protein [3-barrel domain where the insertion loops enter
and exit the -barrel. At the EF insertion, density
extends to the surface where it contacts features that have
been ascribed to one of the D proteins (see below). The
HI insertion is positioned near U-shaped density at the
two-fold axes (Fig. 8). The provirion shares all of these
features with the procapsid, but also has an additional
ring of density around the five-fold axis at a particle
radius of 122 A (Fig. 7c).

The small protrusions on the three-fold axes of virions
(Fig. 3) are formed by helix oL4 in the EF insertion of
each of the three-fold-related F subunits. In contrast,
procapsids and provirions have 30 A diameter holes on
the three-fold axes. In addition, helices ol and (x5 in the
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EF insertion form F subunit interactions across icosahe-
dral two-fold axes in the virion (Fig. 2), but at this site in
the procapsid a gap (Fig. 8) lies immediately below the
proposed sites of the D scaffolding proteins (see below).
The contacts between F subunits are, therefore, com-
pletely different in virions and assembly intermediates.
Furthermore, the two major 3-barrel insertions must
undergo considerable conformational changes during the
maturation process.

The D protein scaffold
Previous estimates of the number of copies of protein D
per capsid have ranged from 80 [11] to 240 [6], and it is
known that D can aggregate into tetramers in solution
[23]. The modeling of the G and F proteins leaves unin-
terpreted densities centered about the two-fold axes on
and below the surface of the procapsid and provirion.
The uninterpreted external densities have a morphology
that is consistent with a tetramer situated on the icosahe-
dral two-fold axes (Fig. 9). This density has been ascribed
to the D scaffolding proteins, with a total of 120 copies
per capsid. This interpretation is consistent with volume
measurements calculated from the reconstructions. Each

D tetramer contacts two G pentamers, two underlying F
protein -barrels and four adjacent D tetramers. The
putative D tetramer is a dimer of dimers, (DID2)2,
because D 1 and D2 have different environments (Fig. 9).
Each D1D2 dimer contacts a two-fold-related dimer via
interactions between the D) subunits across an icosa-
hedral two-fold axis. By themselves, the D tetramers
form an external skeleton with contacts between D 1 of
one tetramer and D2 of another. The D1 monomers also
provide support for the G pentamer, while the D2
monomers internally tether the F pentamers. This
unusual arrangement of 120 copies of D protein per cap-
sid is not unique. Several double-stranded RNA viruses
such as the fungal viruses L-A and P4 [24], the reoviruses
[25] and phage 6 ([26]; T Dokland, S Butcher, L
Mindich, SD Fuller & DH Bamford, personal communi-
cation) have been shown to have capsids comprising 120
copies of at least one protein subunit.

There is a mutation in the D protein that leads to the for-
mation of unstable procapsids at 240 C. Fane et al. [27] iso-
lated seven different mutations that suppress the
phenotype of this primary cold-sensitive (cs) mutation. In
addition, several of these suppressor mutations also sup-
press the cs phenotype of a primary mutation at another
amino acid 10 residues away in the D polypeptide chain.
It may be no coincidence that five out of seven of the sup-
pressor mutations map to the EF insertion of the F protein
and that this insertion could contact the D2 scaffolding
protein subunits. Another suppressor mutant maps to the J
protein, which is bound to the EF and HI insertions in
the virion, and may exert its effect in a similar fashion.

The B protein
The difference between the procapsids and provirions as
characterized by Hayashi et al. [4] is that the provirions
lack the B scaffolding protein, but have gained DNA and
J proteins. After assigning densities to the F, G and D
proteins, a U-shaped density on the two-fold axis
remained unassigned. This position corresponded to the

Fig. 8. Cryo-EM density (blue) of the
procapsid with an icosahedral two-fold
axis vertical. The difference map of the
procapsid minus the provirion cryo-EM
density (in red), shows the presence of
the B scaffolding protein on the two-fold
axis. G pentamer and F pentamer struc-
tures are shown on either side of the
two-fold axis. Note the additional den-
sity outside the F capsid proteins, which
has been assigned to the D scaffolding
proteins.

Table 4. Orientational and translational differences between models.

Model Ia Model 2a Rotation ()b Translation (A)c

Virion G Procapsid Gunrot 0 11
Virion G Procapsid Grot 20 11
Virion F Procapsid F+ 77 19
Virion F Procapsid F_ 40 14
Procapsid Gunrot Provirion Gunrot 0 0
Procapsid Gro t Provirion Grot 20 0
Virion F Provirion F+ 77 14

aSee Table 3 for definition of G, Got, Gunrot, F_ and F models. bRotation
is anticlockwise, when the virus is viewed from the outside, for generat-
ing Model 2 from Model 1. cTranslation is the increased radial distance
in generating Model 2 from Model 1.
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virion. All structural proteins (G, F and J), other than H,
were assigned crystallographically in the virion [15].
Hence, the densities on the five-fold axes in the virion
are either the H proteins or some ordered DNA. In the
procapsid, the G, F, D and B proteins have been assigned,
leaving only the H protein unassigned. Thus, the H pro-
tein probably accounts for the unassigned densities on the
five-fold axes of all three particles. Such an assignment is
consistent with, firstly, the H protein being ejected with
the DNA during infection of E. coli [28], secondly, EM
data showing that DNA is ejected out of the pentameric
spikes [29], and thirdly, there being only 12 copies of the
H protein per virion.

Fig. 9. An asymmetric unit (red) has been superimposed on the
surface density of the procapsid after subtracting all but the puta-
tive D protein density. The position of the D tetramer (D1 D2)2 is
indicated in blue outline, illustrating the differing environments
for the D and D2 monomers. The D tetramers form a cohesive
scaffolding by themselves that serves to stabilize the procapsid
prior to DNA insertion.

most prominent feature in a difference map in which the
provirion density was subtracted from the procapsid den-
sity (Fig. 8). Part of the U-shaped density could be
accounted for by the HI insertion of the F protein. The
remaining density is consistent with its assignment to the
B scaffolding protein, although its volume is not large
enough for two B subunits. These results suggest that the
provirions characterized here still contain some B scaf-
folding protein, whereas the 132S particles of Mukai et
al. [6] are likely to be later intermediates that are devoid
of all B protein.

The H protein
Procapsids and provirions also have an apparently discon-
nected density on each five-fold axis below the G penta-
mer at a smaller radius than the F pentamer (Figs. 3, 5, 8).
Similar density, although somewhat weaker than the rest
of the capsid, occurs in the EM reconstruction of the

The lack of contact of this putative H protein density
with the rest of the capsid and its relatively small size in
comparison with its expected molecular weight may be
accounted for by smearing during the icosahedral averag-
ing process. The X-ray crystallographic results on the
virion showed no interpretable electron density that
could be confidently ascribed to the H protein, with the
possible exception of some low density in the channel
along the axis of the G pentamer spikes. The H protein is
probably disordered, because of the high proportion of
glycine and proline residues it contains [30], but the lack
of interpretable density may just be a consequence of the
icosahedral symmetry. Monoclonal antibodies that bind
to SDS-denatured H protein cross-react with virions and
procapsids (NL Incardona, unpublished data) suggesting
that a portion of the H protein may extend out of the
hydrophilic channel at the five-fold axes of the virion and
assembly intermediates.

Conclusions
Here we have presented the 3D structures of two stable
intermediates in the assembly pathway to formation of
4X174 virions (Fig. 10) - the empty procapsid and the
provirion containing the genomic ssDNA.

According to the model of Hayashi et al. [4], the assem-
bly process starts with the formation of pentamers of the
G and F proteins. Siden and Hayashi [7] describe a 12S
particle, consisting of a complex of one F and one G
pentamer, as a possible intermediate in assembly. It is
shown here that the G pentamer remains essentially
intact from the procapsid to the virion stage and probably

Fig. 10. Diagrammatic representation
of the protein organization in the pro-
capsid, provirion and virion.
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corresponds to the structure of the G pentamer seen by
Hayashi and co-workers in solution. The structure of the
F pentamer, on the other hand, differs greatly between
the procapsid/provirion stage and the virion. The assign-
ment of the scaffolding protein B to the two-fold axes,
and the almost complete absence of contacts between F
and G pentamers in the procapsid, are inconsistent with
the 12S particle as an assembly intermediate. The role of
the B protein appears to be to hold the F pentamers
together across icosahedral two-fold axes.

In the absence of D or B scaffolding proteins, pentamers
of F and G are still formed but no shell is assembled [5].
The role of these two scaffolding proteins in assembly
may be, therefore, to bring pentamers together and hold
the procapsid shell as a stable intermediate. The role
played by the scaffolding proteins is analogous to the
function of chaperones in facilitating the folding of
polypeptide chains into their final, stable, tertiary confor-
mation. Thus, the present structures represent folding
intermediates complexed with chaperone-like proteins.

The large holes on the three-fold axes of the procapsid
may provide potential portals for entry of a loop of
antiparallel, single-stranded, circular DNA as it is pack-
aged during replication. Such a loop would be dsDNA,
which has a diameter of-20 A, and would, therefore, fit
through any of these holes quite easily. The basic J pro-
teins probably bind to the DNA and neutralize the nega-
tive charges of the phosphates. The B proteins would
need to exit from the procapsid through any of the
remaining 19 portals during the DNA packaging process.

At some point after DNA entry, the DNA-containing
provirion condenses to form the virion. This transforma-
tion is a consequence of the removal of the D protein
and is probably induced by an increase in Ca2 + concen-
tration upon host cell lysis [10,11]. X174 recognizes a
lipopolysaccharide receptor on the outer cell membrane
of E. coli [31-34]. In the virion, a putative carbohydrate
site (associated with the EF insertion of the F protein) is
generated by binding of two Ca 2+ ions [35]. Thus, the D
scaffolding protein protects against premature ejection of
DNA by inhibiting formation of the receptor attachment
site. As Ca2+ is known to release the D protein, it would,
therefore, permit the formation of the receptor-binding
site and, thus, generate the virion.

Biological implications
The assembly of virions from the component pro-
teins, nucleic acid and other molecules usually
proceeds through a series of intermediates (often
involving transient association with scaffolding
proteins) to the final infectious particles. The
three-dimensional structures of two such interme-
diates in the pathway to formation of 4dX174 viri-
ons - the empty procapsid and the provirion
containing the single-stranded (ss) genomic DNA
- are presented here. By combining cryo-electron

microscopy (cryo-EM) and crystallography, a
more detailed picture of such assembly intermedi-
ates has been obtained than was previously possi-
ble. Techniques are presented for isolating and
stabilizing milligram quantities of the intermedi-
ates. Similar techniques could be readily adaptable
to other viral systems.

The changing relationship between the structural
proteins that occurs in the assembly and matura-
tion of +X174 has been elucidated by comparing
the EM reconstructions of the procapsid and
provirion with the X-ray structure of the virion.
Pentamers of the G protein that form spikes in the
virion have a similar conformation in both of the
assembly intermediates and in the virion. How-
ever, the F capsid proteins undergo major confor-
mational changes and rearrangements during
assembly. Direct contact between the G pentamers
and the underlying F proteins is minimal in the
precursor capsids. Instead, tetramers of the exter-
nal D scaffolding protein form an icosahedral cage
that tethers the G pentamers on the outside to the
pentameric rings of F proteins on the inside. The
internal B scaffolding proteins appear to hold the
F proteins together across the two-fold axes. The
role of the scaffolding proteins in facilitating the
folding and assembly of polypeptide chains into
the final virion structure is therefore analogous to
that played by chaperones.

Small conformational changes in proteins fre-
quently occur in enzymes during catalysis [36,37].
However, the larger scale conformational changes
observed here are not unique. Virus maturation in
the dsDNA bacteriophages P22 [19] and X [20],
during which the procapsids expand in size rather
than contract as in the case of X174, also
involves major structural rearrangements. Other
examples of major conformational changes
include the rearrangement of bacteriophage T4
baseplates [38]; assembly of T4 polyheads [39];
movements of muscle proteins such as myosin
during the contraction cycle [40]; the insertion of
colicin into membranes [41]; and membrane
fusion by influenza virus [42]. Recently, crystals of
d4X174 procapsids have been obtained that diffract
to 3.5 A resolution, promising to provide atomic
resolution detail of the assembly and folding
processes described here.

Materials and methods
Materials, plaque assay, growth of X174 and
biochemical methods
A detailed description of E. coli C and HF4714, the amber
non-suppressor and suppressor strains, the tryptone-yeast
extract (TYE) medium and borate buffer were reported in a
previous publication [43]. The procedures for growing and
assaying the infectivity of cX174 Eam3 [22] were the same as
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those previously described [43], except that the CaC12 concen-
tration during the log phase growth of the cells was increased
to 8.5 mM. A second addition of CaCl 2 (final concentration
8.5 mM) was also made prior to infection with the phage.

The protein composition was determined with polyacrylamide
gel electrophoresis (PAGE) in the presence of sodium dodecyl
sulfate (SDS) [44]. A separating gel of 20% (w/v) total acryl-
amide with 0.5% cross-linking agent and 10% (w/v) glycerol
(pH 9.3) was used [45].

Purification of procapsids and provirions
One liter of E. coli cells was lysed by the addition of 10 mg
lysozyme and three cycles of freezing/thawing [46]. Debris was
removed by centrifugation at 16 000 g for 15 min, upon which
the DNA-containing X174 particles were precipitated by
addition of 5 g of polyethylene glycol (PEG) 8000 (Fisher
brand Carbowax) per 100 ml lysate and stirring the solution
overnight at 4°C. After centrifugation at 16 00 0 g for 20 min to
remove the precipitate, the procapsids in solution were pelleted
by centrifugation for 1.5 h at 226 000 g at 5°C in a 50Ti rotor.
The pellets were resuspended in 5% (w/v) potassium tartrate in
pH 9.1 borate (final pH of 9.4). The insoluble material was
removed by centrifugation in an Eppendorf microfuge for 2
min. The final step of purification was rate-zonal centrifugation
at 5C and 240000 g for 30 min in a VTi50 rotor, or 141000 g
for 4 h in a SW28 rotor. The gradient was either a 5-25%
(w/w) sucrose gradient in a 5% potassium tartrate/borate buffer
or a 10-40% (w/v) potassium tartrate gradient in pH 9.1 borate
buffer. A turbid band in the center of the final sucrose or tar-
trate gradient marked the location of the procapsids, consistent
with the results of Mukai et al. [6]. If the procapsid-containing
fractions were dialyzed for 3 days against the sodium tetrabo-
rate buffer commonly used for storage of virions, the particles
dissociated. However, if the fractions were not dialyzed,
thereby retaining the potassium tartrate, the particles remained
stable for at least 3 months at 5°C.

Provirions were obtained from cells lysed in the presence of
high concentrations of EDTA (lysis buffer containing 10 mM
sodium phosphate, 100 mM NaCI, 5 mM EDTA, pH 7.2).
After removal of insoluble material from the crude lysate by
centrifugation at 16000 g for 15 min, the supernatant was cen-
trifuged for 1.5 h at 302000 g at 5°C in a 50.2Ti rotor. The
resulting pellets were resuspended in 4 ml of 10 mM Tris-Cl,
250 mM NaCl, 20 mM EDTA, pH 7.5 and layered onto a
5-25% (w/w) sucrose gradient in the above buffer. The cen-
trifugation was performed in a SW28 rotor at 141 000 g for 4 h
at 5C, resulting in three clearly separated bands. The band
nearest the bottom of the tube contained the provirions, while
the middle and top bands contained virions and 70S particles,
respectively. Stabilization of the provirion over a longer time
required the addition of saturated EDTA to keep free divalent
cations out of solution.

Cryo-electron microscopy and image reconstruction
The cryo-EM and image processing procedures used to obtain
the three-dimensional reconstructions of procapsids and
provirions have been described previously [47-49]. Samples
were examined on a Philips EM420 transmission electron
microscope and were maintained at near liquid nitrogen tem-
perature in a Gatan 626 cryotransfer stage. The micrographs
chosen for image processing were recorded under minimal
dose conditions (20e- A-2), at an instrument magnification
setting of 49 000x and at 80kV accelerating voltage. The objec-
tive lens defocus was 1.4 m and 1.1 m for the procapsid and

provirion micrographs, respectively. The phase origins (particle
centers) of the procapsid particle images were initially
determined by cross-correlation against a circularly sym-
metrized average of all the images of the data set. The orienta-
tion parameters for each image were determined with
common-lines and cross common-lines techniques [47,50,51].
The phase origins and orientation parameters were iteratively
refined until a 143 particle data set was obtained and a three-
dimensional reconstruction calculated that had an effective res-
olution of -26 A. The orientations and phase origins of the
provirion particle images were determined by use of a model-
based approach which utilized a reconstruction of the procap-
sid as the starting model [48,52]. A final three-dimensional
reconstruction, derived from 142 particle images, was calcu-
lated to an effective resolution of -20 A. Separate and in-
dependent data sets from both the procapsid and provirion sets
were compared to determine the effective resolution of each
reconstruction as previously described [53].

Modeling
Full icosahedral symmetry was applied to the EM reconstruc-
tion maps by real-space interpolation. The X-ray coordinates
of the X174 virion [15] were fitted interactively into the
reconstruction density using the program 'O' [54]. As the
absolute hand of the reconstructions was not known, fitting
was attempted in both possible enantiomers.

Electron-density maps were calculated from coordinates by
summing the atomic numbers of the atoms assigned to a partic-
ular grid point on a 5 A grid [55] and low pass-filtering this map
to 20 A resolution. These maps were compared with the EM
density maps to check the quality of the fit. An estimate of the
quality of the fit was given by the correlation coefficient (CC):

>/[(PI,-P1 ) (P2,-P 2)
CC =[ [(ppl)2 (pop2)2 ]

where pl and p2 represent the EM and calculated maps,
respectively.

Difference maps were generated by normalizing the densities of
the two maps to a given mean and standard deviation, then
radially scaling them before subtracting one map from the other.

To estimate the molecular mass and, hence, the number of
copies of proteins, the volume of the pixels whose densities
were above a certain cutoff level was measured in the vinrion
map. A cutoff level was determined that gave a volume corre-
sponding to the known mass of the virion based on a protein
density of 1.23 A3 Da'. The cutoff level determined in this
way was applied to the procapsid and also to the provision
map. This yielded a mass estimate for these particles. These
estimates were cross-checked by using the volume of the G
protein in the virion map as a standard.

Cot coordinates of the truncated F protein and of the G protein
as modeled into the procapsid have been submitted to the
Brookhaven Protein Data Bank.
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