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Packaging of viral genomes into their respective capsids requires partial
neutralization of the highly negatively charged RNA or DNA. Many
viruses, including the Microviridae bacteriophages fX174, G4, and a3,
have solved this problem by coding for a highly positively charged
nucleic acid-binding protein that is packaged along with the genome.
The fX174 DNA-binding protein, J, is 13 amino acid residues longer
than the a3 and G4 J proteins by virtue of an additional nucleic acid-
binding domain at the amino terminus. Chimeric fX174 particles
containing the smaller DNA-binding protein cannot be generated due to
procapsid instability during DNA packaging. However, chimeric a3 and
G4 phages, containing the fX174 DNA-binding protein in place of the
endogenous J protein, assemble and are infectious, but are less dense
than the respective wild-type species. In addition, host cell attachment
and native gel migration assays indicate surface variations of these
viruses that are controlled by the nature of the J protein.

The structure of a3 packaged with fX174 J protein was determined to
3.5 Å resolution and compared with the previously determined structures
of fX174 and a3. The structures of the capsid and spike proteins in the
chimeric particle remain unchanged within experimental error when
compared to the wild-type a3 virion proteins. The amino-terminal region
of the fX174 J protein, which is missing from wild-type a3 virions, is
mostly disordered in the a3 chimera. The differences observed between
solution properties of wild-type fX174, wild-type a3, and a3 chimera,
including their ability to attach to host cells, correlates with the degree of
order in the amino-terminal domain of the J protein. When ordered, this
domain binds to the interior of the viral capsid and, thus, might control
the flexibility of the capsid. In addition, the properties of the fX174 J
protein in the chimera and the results of mutational analyses suggest
that an evolutionary correlation may exist between the size of the J protein
and the stoichiometry of the DNA pilot protein H, required in the initial
stages of infection. Hence, the function of the J protein is to facilitate
DNA packaging, as well as to mediate surface properties such as cell
attachment and infection.
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Introduction

The assembly of viral proteins and nucleic acids
into mature and biologically active virions involves
a diversity of macromolecular interactions. After
capsid formation, structural and packaging
proteins must interact with viral nucleic acids.
These interactions may confer packaging
specificity, spatially organize the genome, enhance
particle stability, or contribute directly to capsid
quaternary structure.1 – 4 Typically, packaging
proteins are extremely basic, neutralizing the nega-
tive charges associated with the genome.5 – 7 Many
single-stranded RNA (ssRNA) plant viruses have
capsid proteins with internally localized, basic
N-terminal extensions that bind genomes non-
specifically.1,3,8 – 11 Interactions between the coat
protein and the genome also have been observed
in ssRNA animal viruses,4,12 in single-stranded
DNA (ssDNA) animal viruses,13,14 and in ssDNA
bacteriophages.15 In the Microviridae, the ssDNA
genome is associated with the inner surface of the
capsid. Thus, alterations to either the protein or
the genome can change the biophysical properties
of the resulting virion.16

fX174, G4, and a3 are small, icosahedral,
ssDNA bacteriophages belonging to the family
Microviridae. The amino acid identity between the
two most distantly related phages in this family,
fX174 and a3, ranges from 72% in the F coat
protein to 31% in the G spike protein. Microviridae
contain up to 12 copies of the pilot protein H and
60 copies each of the coat protein F, the spike
protein G, and the DNA-binding protein J.17 The
three-dimensional atomic structures of the fX174
and a3 virions, as well as their procapsid
assembly intermediates, have been studied by
X-ray crystallography and cryo-electron

microscopy (cryoEM).15,18 – 21 The F protein, forming
the icosahedral capsid, is folded into the
commonly found, eight-stranded, antiparallel
b-barrel. Each of the 12 pentagonal vertices is
decorated by a pentamer of protein G. The hydro-
philic channel formed along the 5-fold axes of G
and F may be the exit route of the DNA during
infection.19 Protein J binds to and is packaged with
the viral ssDNA.22,23 Subsequently, it binds to the
internal surface of the capsid, displacing the
internal scaffolding protein B, which occupies a
similar position in unfilled procapsids.20 Binding
of J protein to the coat protein and the genome
effectively tethers the genome to the inner surface
of the capsid. After genome packaging into the
procapsid, the 240 copies of the external scaffold-
ing protein are shed during provirion to virion
maturation (Figure 1).

The fX174 DNA-binding protein J is divided
into three functional parts: the 13 residue amino-
terminal domain 0, the 15 residue middle domain
I, and the nine residue carboxy-terminal domain II
(Figure 2). Domains 0 and I are highly basic with
many positively charged residues in each region.
In contrast, domain II is very hydrophobic and
contains no basic residues. Domain 0, which
makes extensive contacts with the inside of the
fX174 capsid, binds to the neighboring F subunit,
as compared to the location of domains I and II.15

In other Microviridae, the J protein consists of only
domains I and II. Domain I of the a3 J protein has
a structure that is rather different from that of the
J protein in fX174, with a root-mean-square
(r.m.s.) deviation between equivalent Ca atoms of
4.8 Å. Nevertheless, domain I of J for both viruses
binds to essentially the same position on the inside
of the capsid. In contrast, the structure of the
hydrophobic domain II is similar in fX174 and a3,

Figure 1. Microviridae assembly pathway. The internal scaffolding protein B (shaded red, and barely visible) and
external scaffolding protein D (shaded green) are required for the assembly of pentameric intermediates into an
empty protein shell called the procapsid.45 –47 The F capsid protein is shaded blue, and the G spike protein is shaded
yellow. The ssDNA is concurrently synthesized and packaged along with the basic DNA-binding protein J, which
displaces the internal scaffolding protein B by competition for the same hydrophobic binding pocket on the internal
surface of the F capsid protein.21 The resulting particle, or provirion, sheds the external scaffolding protein lattice to
form the mature virion.
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with the r.m.s. deviation being only 0.5 Å between
equivalent Ca atoms.

In some viruses, including fX174 and a3,
the capsid has imposed some degree of its
icosahedral symmetry onto the genome.18,19

Domain I and part of domain II are associated
with icosahedrally ordered DNA in the X-ray
structures of Microviridae. The icosahedrally
ordered DNA is in roughly the same location in
both the fX174 and a3 viruses.18,19 The results of
previous studies, in which the association of the
genome with the inner surface of the capsid was
altered by packaging with mutant J proteins,
suggested that these internal alterations influence
the outer surfaces of the capsid.16,24 In order to
determine how different wild-type J proteins affect
DNA packaging and the properties of the virus,
chimeric Microviridae particles were produced by
packaging a3 and G4 with the fX174 DNA-
binding protein. The resultant chimeric virions
were characterized by a variety of criteria, such as
buoyant density, native gel migration rate, host
cell attachment efficiency, and X-ray structure
determination. These observations suggest that the

binding of domain 0 to the inside of the capsid
affects the flexibility of the virions.

Results

The biological and solution properties of the
chimeric particle

To eliminate the expression of endogenous
DNA-binding proteins, amber J (amJ) mutations
were placed into the fX174, a3, and G4 genomes.
Thus, propagating an amJ mutant within the cell
line harboring a clone of a wild-type foreign J
gene allowed assembly of virions with foreign J
proteins.25 In plaque assays (Table 1), it was
found that the longer J protein of fX174 could sub-
stitute for the shorter J proteins in a3 and G4.
However, the shorter J proteins of a3 and G4,
which lack domain 0, could not replace the fX174
J protein.

The buoyant densities of a3 and fX174 were
compared to the buoyant density of the chimeric
a3 particles formed by packaging a3 with the

Figure 2. Comparison of the
fX174 J protein structure (top struc-
ture) with that of the a3 J protein
(bottom structure). The three func-
tional regions are highlighted:
green, domain 0; red, domain I;
and blue, domain II. The sequence
alignment is color-coded to match
the structures. The only secondary
structure in the J protein is found
in a3 in the form of a one-turn
a-helix. The inset above the struc-
tures gives the position of the J pro-
tein relative to the symmetry axes.

DNA-binding Protein J 1111



fX174 DNA-binding protein J. All three types of
particles were assayed in the same gradient using
genetic markers to identify the virion type in each
fraction. The chimeric particles were found to
have a buoyant density intermediate between the
two wild-types. The density difference between
the chimeric and wild-type a3 virions was of the
order of 1.5%. For both chimeric and wild-type a3
virions, a minor peak of less dense particles was
detected (Figure 3). The magnitude of the density
differences is the same for chimeric and wild-type
a3 particles. In contrast, the sub-population peak
of wild-type fX174 is of greater density than the

major fX174 population. Similar results were
obtained in experiments comparing wild-type G4
and chimeric particles packaged with fX174 J
protein.

The migration rates of chimeric and wild-type
virions were analyzed in bidirectional, native
agarose gels, which assay for differences in size
and charge, presumably on the surface.16,26 The a3
wild-type particles were found to migrate faster
than fX174 virions, with the chimera intermediate
between the two (Figure 4).

Host cell attachment efficiency was assayed by
determining the number of unattached virions
remaining in the supernatant at progressive time-
points.16 The a3 wild-type particles attach less
well than fX174 virions, by three orders of magni-
tude. Again, the chimeric particles exhibited an
intermediate efficiency (Figure 5).

The structure of the F capsid and G spike
proteins in the chimeric virus

Both the F and G proteins of the chimeric virion
have an r.m.s. deviation of less than 0.3 Å when
compared to the structure of the wild-type a3
virus by superimposing the icosahedral symmetry
axes (Table 2). Furthermore, the r.m.s. deviation is

Table 1. Cross-functional analysis of Microviridae J genes

Efficiency of platinga on BAF30 (recA)b with

Mutant pfXJ pG4J pa3J No plasmid

fX174 amJ 1.0 1.0 £ 1026 1.0 £ 1026 1.0 £ 1026

G4 amJ 1.0 1.0 0.7 2.0 £ 1026

a3 amJ 1.5 1.0 1.0 3.0 £ 1025

a Restrictive titer/permissive titer, as determined on BAF30
(recA) containing a plasmid expressing the same J gene.

b BAF30 is a recA-null derivative of C122 (sup0) wild-type
host.

Figure 3. Buoyant densities of wild-type fX174, chimera, and wild-type a3. All three types of particles were
analyzed within the same gradient. The chimera was propagated by growing an a3 amJ mutant in a recA cell line
harboring an inducible clone of the fX174 J gene. An additional genetic marker, amB, was placed in the wild-type a3
background, and an amD mutation was placed as a marker in the wild-type fX174 background. This allowed the
particles to be distinguished by titering on different cell lines harboring specific expression vector clones. Particle titers
were normalized to the same order of magnitude for the graph.
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Figure 4. Native gel migration of wild-type fX174, chimera, and wild-type a3. Negative gel section numbers
indicate movement toward the (2 ) electrode; positive gel section numbers indicate movement toward the (þ )
electrode. Each section is approximately 2 mm in length.

Figure 5. The attachment efficiency of wild-type fX174, chimera, and wild-type a3 particles. Efficiency was assayed
as the titer of unattached virion at progressive time points.
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only 0.6 Å between equivalent a3 and fX174 Ca

atoms for residues whose side-chain atoms
approach the J protein to within 3.4 Å. Thus, the
presence of the foreign fX174 J protein in the
chimeric virus had no measurable effect on
the conformation of either the capsid or the spike
proteins.

The structure of the J protein in the
chimeric virus

The DNA-binding protein J is situated at the

interface between the internal surface of the capsid
and the nucleic acid. Although the fX174 J protein
has a similar conformation in its indigenous and
foreign environments, the parts that would not
have existed in a3 are mostly disordered.
Specifically, residues 1–8 in domain 0 and residues
22–24 in domain I (Tables 3 and 4, Figures 2 and 6)
are disordered in the J protein in the chimera.
This is surprising, because the residues in the coat
protein that make contact with domain 0 in fX174
are completely conserved in a3, leading to the
expectation that domain 0 of the J protein in the
chimera would also be ordered.

Domain I of the J protein in the chimera follows
closely the Ca backbone found in fX174 (r.m.s.
deviation of 0.9 Å) and, hence, differs from the
structure of the a3 J protein. The majority of the
differences are limited to a single a-helical turn in
the wild-type a3 J protein and to the side-chains.
Domain I straddles the interface between 5-fold
related F proteins (Table 4) and domain II is very
similar in all three particle types (Table 5).

Ordered nucleic acid structure

The partially icosahedrally ordered nucleic acid

Table 2. r.m.s. deviation (Å) between equivalent Ca

atoms of fX174 and a3 when superimposed by aligning
the icosahedral axes

Protein a3 fX174

a3 Chimera F 0.229 0.901
a3 Chimera G 0.349 2.482
a3 Chimera J 2.605 0.782
fX174 F 0.812 –
fX174 G 2.358 –
fX174 JWhole 3.116 –
fX174 JC-term 0.494 –

Table 3. Contacts between protein F and domain 0 of protein J

Number of polar, van der Waals, and hydrophobic interactions with residues in protein Fa

Protein J residues fX174 Chimera a3

fX174 Chimera a3 Res. P V H Res. P V H Res. P V H

K2 L236 1 4 1
V237 0 2 0

G3 L236 1 1 1
V237 1 2 1
M238 0 2 2
R239 0 1 0

K4 K4 M238 0 1 1
R239 0 3 0

K5 K5 M238 0 2 1
R239 0 2 0

R6 R6 R239 1 1 0
S240 0 0 5
N241 0 6 4

S7 S7 S240 0 1 0
K269 1 2 0

G8 G8 L242 0 2 3
T267 0 3 0
Y268 1 2 3
K269 0 1 1

R10 R10 V46 0 2 0 T268 1 2 0
T267 1 3 2
K269 0 10 2

G12 G12 T267 0 2 0 T268 0 1 0

Total 7 55 27 Total 1 3 0 Total 0 0 0

Bold type indicates symmetry-related proteins. Selection criterion based on a distance of 3.6 Å.
a Res., residue; P, polar; V, van der Waals; H, hydrophobic.
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in the a3, fX174, and a3 chimeric structures is
located in a basic pocket on the inner surface of
protein F that is partially occupied by the J protein
(Figure 7). The structure of the four nucleotides
previously identified in fX17419 required only
minor adjustments to be fit into the density of the
chimeric and a3 viruses. The sugar-phosphate
backbone for six additional nucleotides was
also visible near the carboxy terminus of protein J,
but differed in position for the chimeric and a3
virions. However, the ordered ssDNA lacks the
phosphodiester backbone of conventional B-type
backbone geometry and base-stacking. The icosa-
hedrally ordered DNA has roughly the same
location in all three particles. The smaller number
of bases recognized in the 3 Å resolution map of
fX17419 may be because this map was interpreted
ten years before the a3 and chimeric structures
were interpreted. In the intervening decade,
experience has been gained for interpreting the
density associated with semi-ordered nucleic
acids.13

Discussion

Comparison of the chimera with wild-type a3
shows that the chimera is less dense than
wild-type. Yet, the chimeric virus contains 60
copies of the larger fX174 J protein with 13 extra
residues in each copy. Thus, if the F capsid protein
were of the same size in both the chimeric and
wild-type viruses, then the chimera would have
an additional 92 kDa mass, an increase of 1.5% in
molecular mass over that of wild-type a3. How-
ever, the density of the chimeric virus is not
greater, but actually 1.5% less than the density of
the wild-type virus (Figure 3). The observed buoy-
ant density differences could possibly be the result
of cesium ions binding to the external surface of
the capsid or binding to internal sites. However,
cesium had been ruled out previously as an inter-
fering factor in buoyant density determination of
Microviridae.16,24 Hence, the volume of the chimeric
virus must be greater by about 0.5% or the radius
by 0.7 Å. Such a small change in radius is on the

Table 4. Contacts between protein F and domain I of protein J

Number of polar, van der Waals, and hydrophobic interactions with residues in protein Fa

Protein J residues fX174 Chimera a3

fX174 Chimera a3 Res. P V H Res. P V H Res. P V H

P14 P14 Q265 0 0 1 Q266 0 2 2
P16 P16 K3 D61 0 0 1 D62 0 2 0 R412 0 1 0
L17 L17 A4 A59 1 1 0 D62 1 1 0 L18 0 1 0

I60 0 3 0 I61 0 2 0 Q410 0 1 0
D61 1 0 0 A411 0 2 1

R18 R18 R5 D61 1 2 0 I61 0 4 0
W243 0 3 2 D62 1 2 1

G19 G19 R6 K407 1 2 0 W244 0 4 2 D62 2 0 0
R412 2 1 0 W244 0 1 3

R412 1 0 0

T20 S7 H16 0 1 0 L18 0 1 2
L17 1 1 3 W244 0 2 0
S356 0 1 0 D357 0 2 0
K407 0 1 1

K21 K21 P8 D13 0 1 0 D14 0 1 0 H17 0 1 1
K407 1 4 0 R412 0 3 0 R412 0 0 1

G22 G22 D13 2 2 1 S16 0 1 1
S15 1 2 1 R412 1 2 0

K407 1 1 0
N409 0 3 0

K23 R10 D44 1 0 0 D14 0 2 0
S16 2 1 0

H355 1 0 0
D357 1 0 0

R24 R24 P11 0 2 0
D13 0 1 0
Y413 2 3 1

K12 D14 0 1 0
R28 R15 V424 0 1 0 V424 0 1 0

Total 13 34 11 Total 4 22 6 Total 8 21 8

Bold type indicates symmetry-related proteins. Selection criterion based on a distance of 3.6 Å.
a Res., residue; P, polar; V, van der Waals; H, hydrophobic.
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borderline of detection by X-ray crystallography,
considering the uncertainty of the assumed wave-
length at the synchrotron source when the data
were being collected. The assumed wavelength of
1.0 Å would have had to be in error by only
0.005 Å.

There are other indications that the virus has
changed shape. For instance, the attachment
efficiency of the chimeric particles is two orders of
magnitude higher than that of wild-type a3
(Figure 5), suggesting surface changes. These
changes might be either in altering the assembly
of a unique particle type or in affecting the ratio of
fast and slow-adsorbing species, which may be
indicated by the presence of both major and minor
sedimenting bands in buoyant density gradients
(Figure 3). Changes in surface features are indi-
cated also by differences in migration rates in
native gels (Figure 4). Changes in surface structure
would be consistent with changes in virus volume.
However, structural changes resulting from corre-
sponding differences in volume would be too
small to be observed at the resolution of the
chimera structure. Nevertheless, there are major
structural differences that reside in domain 0 of the J
protein and these are, therefore, presumably respon-
sible, directly or indirectly, for the changes in the sur-
face properties and buoyant densities of the viruses.

Domains I and II of each of the 60 J proteins are

situated in a deep channel along the interface of
adjacent capsid proteins on the inside of the virion.
The channel is a conserved feature that is found in
Microviridae, forming a basic environment. It is sur-
prising, therefore, that, in light of the very basic
character of J itself, this protein binds into the
channel. However, there is an increase in the basic
character of the channel when J is bound there,
presenting a surface highly suitable for DNA bind-
ing. Furthermore, this is the region where partially
ordered DNA is found. Domain 0 binds to a some-
what more exposed region of the inside of the
virion and to a slightly less basic surface.

The amino acid residues that participate in bind-
ing domain 0 to the F protein in wild-type fX174
are nearly all conserved between the F capsid
proteins of fX174 and a3. Hence, it might be
expected that the interactions of domain 0 with
the interior of the capsid shell in wild-type fX174
and in chimeric a3 would be much the same. How-
ever, domain 0 is fully ordered only in the fX174
capsid; it is mostly disordered in the a3 capsid.
The protein and DNA content of the fX174 and
a3 capsids are considerably different. Whereas the
genome of a3 is bigger by 681 bases, there are
only about five H protein molecules (331 amino
acid residues each) in a3 as opposed to about ten
H protein molecules (328 amino acid residues
each) in fX174. Furthermore, the additional 13

Figure 6. Temperature factor comparison of the wild-type fX174, chimera, and wild-type a3 proteins. The tempera-
ture factor, B, for each Ca atom is plotted on the y axis with equivalenced residue numbers on the x axis.
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residues in each of the 60 J molecules add another
780 amino acid residues to the content of fX174.
Thus, in total, there are approximately an
additional 2420 amino acid residues in the fX174
capsid as opposed to the extra 681 bases in a3.
Hence, overall there is considerable crowding in
fX174 compared to a3.

Domain 0 may be related to the number of DNA
pilot proteins H incorporated per capsid. fX174
requires 10–12 H proteins for infectivity. Fewer
copies result in defective particles that lose DNA
from the 5-fold vertices during packaging.27

Bacteriophage a3, on the other hand, is infectious
with only six copies of protein H. Attempting to
fill fX174 with a smaller DNA-binding protein
causes procapsids to dissociate during packaging.25

Mutations in the C terminus of the a3 DNA-
binding protein inhibit virion maturation, but are
suppressed by substitutions in protein H.28,29

Presumably, particle stability can be affected by
altering the structure of the pilot protein. There-

fore, the more stringent H protein requirement in
fX174 may necessitate a more elaborate DNA-
binding protein, one capable of guiding DNA
away from vertices containing the H proteins.

The H protein content of the chimera was
examined and found not to differ from wild-type
a3 (data not shown). Hence, the lack of crowding
in the chimera may account for the ability of
domain 0 to have numerous conformations, giving
rise to a disordered structure, whereas in fX174
domain 0 is held against a weak binding surface.
The tighter binding of domain 0 to the F capsid
protein in fX174 might reduce the flexibility of
the capsid in a manner equivalent to binding of a
“pocket factor” to the capsids of rhinoviruses.30

Therefore, binding of domain 0 may reduce the
flexibility of fX174 as opposed to a3. The chimera
structure would be intermediate in that not quite
all of domain 0 is disordered, there being diffuse
electron density and a high mean temperature fac-
tor (Figure 8) for residues 9–13 of the J protein

Table 5. Contacts between protein F and domain II of protein J

Number of polar, van der Waals, and hydrophobic interactions with residues in protein Fa

Protein J residues fX174 Chimera a3

fX174 Chimera a3 Res. P V H Res. P V H Res. P V H

L29 L29 L16 Q349 0 1 0 V424 0 1 1 V424 0 1 0
R352 0 1 0
T419 0 1 0

W30 W30 W17 K166 0 0 2 N168 0 1 1 N168 0 0 1
N167 0 3 0 I169 0 1 0 I169 0 1 1
I168 0 1 0 A172 0 1 0 I350 0 0 1
A171 0 1 0
Q349 0 1 0

Y31 Y31 Y18 P174 0 1 0 P173 0 1 0 L174 0 1 0
F211 0 0 3 V424 0 0 2 R425 0 1 0

R425 0 1 0

V32 V32 V19 P138 0 0 0 P139 0 1 0 P139 0 1 0
W139 0 0 0 W140 0 1 0 W140 0 1 0

Y211 1 0 0

G33 G33 G20 P138 0 0 0 Y211 2 2 0 T210 0 1 0
D209 0 0 0 F212 0 1 2 Y211 1 1 0
Y210 0 0 0 M213 1 0 0 F212 0 2 0
Q213 0 0 0 Q214 1 1 0 Q214 1 1 0

G34 G34 G21 P138 0 0 0 P139 0 1 0 P139 0 1 0
Q35 S22 Y135 0 2 0 R215 2 0 0

R215 2 1 0

Q36 Q36 Q23 A137 0 0 0 Y135 0 1 0 Y135 0 1 0
K166 0 0 0 A138 0 2 0 A138 0 2 0

C164 0 3 0 C164 0 3 0
K167 1 1 0 K167 0 2 0

F37 F37 F24 F67 0 0 0 F68 0 0 1 F68 0 0 1
Y134 0 0 0 Y135 1 1 2 Y135 1 1 1
F135 0 0 0
R239 0 0 0
R290 0 0 0

Total 0 10 5 Total 9 24 9 Total 5 21 5

Bold type indicates symmetry-related proteins. Selection criterion based on a distance of 3.6 Å.
a Res., residue; P, polar; V, van der Waals; H, hydrophobic.
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domain 0 (Table 3). These results demonstrate that
the nature of the internal J protein mediates the
surface properties of the virus, such as attachment
efficiency to host cells and diffusion properties in
native gels, possibly by controlling the “breathing”
of the capsid.

Materials and Methods

Construction and characterization of
chimeric particles

Chimeric a3 and G4 particles packaged with the
fX174 J protein were generated by propagating amJ
mutants in recA2 cells containing a clone of the fX174 J
gene.23 The construction of the fX174, G4, and a3 amJ
mutants and protein expression vectors have been
described.25,31 The infection conditions, a3 mutants, and
the cell line used to produce chimeric a3 particles for

crystallization were identical with those used for a3 pro-
capsid production, except for the presence of the cloned
fX174 J gene.18 The assays used to characterize the
chimeric particles, buoyant density centrifugation, native
gel migration, and host cell attachment have been
described.16,24

Chimera virion purification and crystallization

The chimeric virion was purified using the protocol
described for the wild-type virion.18 Crystals were
obtained in sitting drops by incubation after combining
an equal volume of virus sample at 6.7 mg/ml with
well solution (4–7% (w/v) PEG8000, 100 mM sodium
citrate (pH 5.0), 40% (v/v) glycerol, 0.02% (w/v) sodium
azide, 0.1% (v/v) b-mercaptoethanol, 0.9 M NaCl) after
incubation at 45 8C overnight. The chimeric a3 crystals
were stable at 25 8C and could be stored at room
temperature prior to data collection.

Figure 7. Stereo representation of the inner surface of an F capsid protein pentamer illustrating the effect of J bind-
ing. The electrostatic potential of the inner surface of F is shown in the absence of J everywhere except where marked
on the left side of the icosahedral asymmetric unit. When J is bound the F surface becomes more basic, as shown on
the left side of the icosahedral asymmetric unit.
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Figure 8. Self-rotation function of chimeric bacteriophage a3 using 10–6 Å resolution data. The self-rotation
functions for k ¼ 728, 1208, 1808 are shown in a stereographic projection (top panel). The lower panel is the
interpretation of the self-rotation function. Great circles are drawn to connect 2-fold axes of symmetry.
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Data collection

X-ray diffraction data were collected by oscillation
photography at the BioCARS beam line 14 BM-c of the
Advanced Photon Source (APS). A single frozen
(,100 K) crystal was used to collect 1508 of data on a
Quad4 CCD detector with a crystal-to-detector distance
of 300 mm. Each image was exposed for 60 seconds
with an oscillation angle of 0.258. Initial indexing showed
the crystal might be rhombohedral with hexagonal cell
dimensions of a ¼ 295:1 Å and c ¼ 678:2 Å. The
Matthews’ coefficient,32 VM, was 2.7 Å3 Da21 when
three particles were assumed to be in the hexagonal unit
cell.

Indexing and scaling

Images were processed with the program DENZO33

and scaled together using the program SNP,34 confirming
that the space group was R3. The final Rmerge was 9.7%
for all the data (15.7% in the highest-resolution bin), and
the overall completeness of the data set was 60% (21%
in the highest-resolution range) after removal of reflec-
tions with less that 4s.

Orientation and position of the virion in the unit cell

With three particles in the unit cell, each particle must
be located on a crystallographic 3-fold axis. One particle
can be arbitrarily chosen to coincide with the origin of
the unit cell. Hence, the only unknown parameter is the
orientation of the origin particle around the crystallo-
graphic 3-fold axis. This orientation was determined
with a self-rotation function using the program GLRF35

with 10–6 Å resolution data, where about 10% of the
large terms were used to represent the second
Patterson.36 The radius of integration was set to 150 Å,
and the interpolation grid around each rotated, non-
integral, reciprocal lattice point was 3 £ 3 £ 3. The func-
tion was explored using spherical polar coordinates
stepped in intervals of 28. The k ¼ 728, 1208, 1448, and
1808 sections showed that the orientation of a particle
aligned with the crystallographic c axis was rotated by
12.58 about the c axis from a position where one of the
icosahedral 2-fold axes would be parallel with the
crystallographic a axis (Figure 8).

Molecular replacement

The chimeric a3 virion structure was determined to
3.5 Å resolution by molecular replacement real-space
averaging using the program ENVELOPE.37 Phases
were generated to 3.5 Å resolution using the native a3
virion as a model, given the known orientation of the
chimeric a3 particle in the R3 unit cell. An initial
envelope was defined by an outer radius of 170 Å
and an inner radius of 80 Å. After 14 cycles of non-
crystallographic symmetry (NCS) averaging using the
20-fold redundancy, the mean correlation coefficient
between the calculated and observed structure ampli-
tudes converged to a value of 0.88 (0.61 in the outer-
most-resolution shell) and an overall R-factor of 0.17
(0.27).

Model building and refinement

The resulting averaged 3.5 Å electron density map
was used to trace the Ca atoms for the a3 F, G, and J

polypeptide chains using the program O.38 The electron
density could be interpreted in terms of the known
amino acid sequences with the exception of 11 residues
in the J protein. The subsequent structure was refined
using two cycles of simulated annealing followed by
four cycles of strict NCS conjugate gradient minimiz-
ation and one cycle of grouped B-factor refinement
using the program CNS.39 The final R-factor was 0.19
(0.27) with all of the residues in the favored regions of
the Ramachandran plot as calculated by the program
PROCHECK.40 Because of the 20-fold NCS redundancy,
there was less than 0.2% difference between Rworking and
Rfree:

Figure drawing

Figures were generated using the graphics programs
VMD,41 MOLSCRIPT,42 Bobscript,43 and Raster 3D.44

Protein Data Bank accession code

The coordinates of the crystallographically deter-
mined chimeric a3 virion have been deposited with the
RCSB Protein Data Bank with accession code 1RB8.
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