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HK97 is a member of the Siphovirus family of dsDNA

bacteriophages. It is similar in architecture to bacteriophage �,

the type member of this family, with an icosahedral capsid of

triangulation number T = 7. No high-resolution structural

information is available for the dsDNA phages, and HK97 is

the only dsDNA bacteriophage capsid to produce crystals

which diffract X-rays. At 650 AÊ in diameter, the large size of

the particle and resultant large unit cell create crystallographic

challenges. The empty Head II (mature) particles were

expressed in Escherichia coli and assembled in vitro, but they

have the same morphology as the mature HK97 capsid.

Previously reported Head II crystals diffracting to 3.5 AÊ

resolution are examined here in detail. Although the cell

dimensions suggest an orthorhombic lattice, further analysis

demonstrated that the space group was monoclinic. This has

been con®rmed by the present study. Images were recorded on

the F1 beamline at CHESS and they were processed and

scaled, resulting in a data set with a cumulative completeness

of 65% and a scaling R factor of 7.7% to 7 AÊ . The cell

dimensions after post-re®nement were a = 580, b = 626,

c = 788 AÊ , � = 90.0�. From the particle dimensions determined

by cryo-electron microscopy (cryo-EM), there were deter-

mined to be two particles per unit cell. Systematic absences of

even re¯ections along the 0k0 lattice line indicate that the

space group is P21. The rotation function was used to

determine the orientation of the particles in the unit cell

and to con®rm the space group. An icosahedral twofold axis is

approximately, but not exactly, aligned with the crystal-

lographic screw (b) axis. An icosahedral twofold axis

orthogonal to the one approximately parallel to the b axis, is

rotated 18� away from the a axis. The centers of the two

particles must be positioned close to the minimum-energy

packing arrangement for spheres, which places one particle at

(1
4, 0, 1

4) and the other particle at (3
4,

1
2,

3
4). The particle position

and orientation were con®rmed by calculating a Patterson

function. The particles interact closely along icosahedral

threefold axes, which occurs both along the crystallographic a

axis and along the b axis. The particle dimensions derived from

this packing arrangement agree well with those determined by

cryo-EM and image reconstruction. The cryo-EM reconstruc-

tion will be used as a model to initiate phase determination;

structure determination at 7 AÊ is under way.
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1. Introduction

Bacteriophages are one of the primary structural, biochemical

and molecular-biological model systems in modern biology.

The dsDNA bacteriophages infect a wide variety of bacterial

hosts and occupy diverse environments, including aquatic, soil
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and animal systems. A phage particle is constructed from

many copies of one or more gene products arranged with

icosahedral symmetry. The capsid contains the DNA genome

and has a tail assembly through which the DNA is injected

after the particle attaches to the cell. The assembly of a phage

particle into this architecturally complex structure has been

extensively studied; several phage-assembly pathways have

been characterized in detail (Casjens & Hendrix, 1988). All

well studied dsDNA bacteriophage groups share several

common features of structure and assembly. These include the

T = 7 quasi-equivalent arrangement of capsid subunits (in

phages with known structure), the assembly of empty capsids

into provirions, the packaging of dsDNA through a `portal

complex' at a unique pentamer and the expansion and

extensive conformational change that occurs when the dsDNA

is packaged into the provirion; the resultant particle has

increased stability. This elaborate, highly regulated assembly

and maturation pathway has been thoroughly investigated.

The assembly and genome organization of dsDNA phages is

more complex than that of the small spherical plant and

animal viruses.

The most detailed structural information on dsDNA

bacteriophage capsids has been determined by cryo-electron

microscopy and image reconstruction (Conway et al., 1995;

Dokland et al., 1992; Dokland & Murialdo, 1993; Prasad et al.,

1993). Bacteriophage structure has also been investigated by

X-ray solution scattering (King et al., 1976; Stroud et al., 1981)

and spectroscopy (Li et al., 1981; Prevelige et al., 1993; Steven

et al., 1990; Thomas et al., 1982). Despite previous attempts, no

high-resolution structures have been determined, primarily

because crystals which diffracted X-rays could not be grown.

The bacteriophage capsids are relatively large and are close to

the current size limit of macromolecules accessible to X-ray

crystallography.

A medium- or high-resolution structure of a dsDNA

bacteriophage will provide information about the capsid

architecture of the protein subunit and of the quaternary

interactions between subunits, and thus information about

capsid assembly. Most of the small plant and animal viruses for

which high-resolution structures are known have subunit folds

built around a characteristic �-barrel. The dsDNA phages may

reveal a novel capsid protein architecture.

An understanding of the assembly process for bacter-

iophages should provide insight into the analogous process

which occurs in some animal viruses. For example, herpes-

viruses share a number of features in common with dsDNA

bacteriophages. Like most phages, herpesviruses assemble an

empty procapsid with a scaffold. A protease is then activated

and cleaves two internal proteins, and the shell transforms in a

conformational change analagous to the bacteriophage-

expansion reaction that occurs upon dsDNA packaging

(Newcomb et al., 1996; Trus et al., 1996). None of the virus

capsid proteins with known structures exhibit a conforma-

tional change during assembly analogous to the expansion

reaction seen in the dsDNA bacteriophages and in herpes-

virus. The Papovaviridae, with a capsid organization which is

reminiscent of the T = 7 quasi-equivalent organization found

in bacteriophages, is the only dsDNA virus group for which an

X-ray structure is known (Liddington et al., 1991). The capsid

arrangement deviates from the classic T = 7 symmetry by

placing pentamers in the position which would ordinarily be

occupied by hexamers. The other large dsDNA viruses,

including herpesvirus, hepatitis virus and adenovirus, have not

been accessible to X-ray crystallography, although the capsid

subunit of adenovirus has been studied at high resolution as an

oligomer called the hexon (Roberts et al., 1986). Thus, an

understanding of how quasi-equivalence is utilized in phages

and the structural details of the assembly process may add to

the understanding of animal virus structure and assembly.

The dsDNA bacteriophage HK97 belongs to the Siphovirus

group (Murphy et al., 1995); the type-member of this group is

phage �. The assembly of the HK97 capsid has been char-

acterized in detail and is an excellent system for the study of

virus assembly. During the maturation process, the capsid goes

through three intermediate forms before it reaches the ®nal

Head II capsid state (Conway et al., 1995). By expressing the

capsid protein and the putative protease in the native and

mutant forms, it is possible to produce each of the four particle

types; for each of these, a cryo-EM reconstruction has been

determined (Conway et al., 1995). Assembly begins when 420

copies of the uncleaved capsid protein (gp5) are arranged in

pentamers and hexamers into a T = 7 icosahedron, termed

Prohead I. Approximately 50 copies of gp4, the putative

protease, are packaged inside the capsid. Prohead II is formed

after 102 amino-acid residues are cleaved from the amino-

terminus of each gp5 molecule; the protease and these

proteolytically cleaved fragments then leave the capsid. The

prohead-to-head transition (Prohead II to Head II) occurs in

vivo when dsDNA is packaged into the capsid; the equivalent

structural changes can be induced in vitro in various partially

denaturing solvent conditions. The ®nal maturation step to the

Head II particle is a covalent crosslinking reaction which joins

a lysine to an asparagine residue with an amide bond, linking

the entire capsid into concatenated circles and providing

stability to the capsid.

This paper describes the second phase of the crystal-

lographic investigation of empty Head II capsid crystals,

including space-group determination, data analysis and

determination of the particle orientation, position and

packing. At 650 AÊ in diameter along the ®vefold axis, these are

among the largest virus particles to be studied by X-ray

crystallography to date. This is the ®rst example of a dsDNA

bacteriophage to yield high-resolution structural data.

2. Materials and methods

The production, puri®cation and crystallization of the empty

Head II particle crystals was were previously described

(Wikoff et al., 1998). Brie¯y, HK97 empty capsids were

produced in Escherichia coli by expressing the gp4 (putative

protease) and gp5 (capsid protein). These `immature' capsids

were puri®ed and expanded in vitro to produce the mature

empty capsid (Head II). Crystals were grown directly in the

X-ray capillary by mixing an equal volume (4 ml) of virus at



40±70 mg mlÿ1 and precipitant. The precipitant mix consisted

of 50 mM citrate pH 5.0, 0.85 M ammonium sulfate and 1.5%

PEG 8000. Data to about 5 AÊ were collected at the F1 station

at CHESS. The diffraction patterns were viewed and indexed

using the programs XDISPLAYF and DENZO (Otwinowski,

1993). The orientation matrix A obtained from DENZO was

then input to the program OSC for image processing (Ross-

mann, 1979). The data set was scaled and postre®ned using the

Purdue package (Rossmann et al., 1979). Rotation functions

were calculated using the program GLRF (Tong & Rossmann,

1990, 1997). Patterson functions and data completeness were

calculated using the CCP4 package (Collaborative Computa-

tional Project, Number 4, 1994).

3. Results and discussion

3.1. Crystals, data collection and processing

The crystallization and data collection have been described

previously (Wikoff et al., 1998). Data to about 5 AÊ were

collected at the F1 station at CHESS using crystals grown

directly in the capillaries, without draining (Wikoff et al.,

1998). The crystal was translated after each exposure. A total

of 73 crystals were used. Depending on crystal size, most

crystals produced between four and eight images. A few

exceptionally large crystals produced up to 15 images. The

images were indexed using the program DENZO (Otwi-

nowski, 1993). A total of 416 images were collected in this

experiment at CHESS. The crystal-to-detector distance was

680 mm, with an exposure time of 90 s and an oscillation angle

of 0.3�. Unit-cell parameters were a = 580, b = 625, c = 788 AÊ ,

� = � = 
 = 90.0� (Fig. 1).

During data processing, another crystal form was identi®ed

with a morphology indistinguishable from that of the mono-

clinic form. The unit-cell parameters determined using

DENZO were a = 579, b = 834, c = 1164 AÊ , � = � = 
 = 90.0�.
The volume is 5.62 � 108 AÊ 3, twice that of the monoclinic cell,

indicating that there were probably four particles per cell. No

further analysis of this cell was undertaken; fortunately, this

crystal form does not occur frequently.

Images were processed using the Purdue image-processing

suite (Rossmann, 1979; Rossmann et al., 1979). The crystal

orientation matrix (A matrix) obtained from DENZO was

input to the processing program as the initial orientation. Each

image contained approximately 2000 accepted whole re¯ec-

tions and 7000 accepted partial re¯ections, with an assumed

mosaic spread of 0.1�. 256 of the images were incorporated

into the ®nal data set.

3.2. Space-group determination

To de®nitively assign the space group, it was necessary to

carefully examine the agreement in the measured intensities

between re¯ections across putative symmetry axes. Because

the �, � and 
 angles were 90.0�, it was important to ensure

that a lower (monoclinic) symmetry was not incorrectly

chosen. The Purdue image-processing program includes a

subroutine which allows the user to assume different space

groups and calculate an R factor for the symmetry-related

re¯ections on an individual ®lm (Rsym). The axially aligned

crystals had suggested that the 625 AÊ axis was the 21 axis. An

image was identi®ed which had 20 pairs of strong re¯ections

related by twofold symmetry along this axis, with an Rsym of

5.3%. This con®rmed that the 625 AÊ axis is a lattice twofold.

All images used in the ®nal data set which contain symmetry-

related re¯ections on the same image had Rsym values between

3 and 9% when this monoclinic symmetry was assumed.

Similar calculations assuming twofold symmetry along either

the a axis or c axis produced Rsym

values of 30±50%, indicating that

these were not twofold axes. The

crystal system is monoclinic.

In the monoclinic system, the b

axis can be either a twofold (P2) or

a twofold screw axis (P21). In space

group P2, both particles must be in

the ac plane, related by the twofold

axis. This requires the distance

between the particles to be 490 AÊ

or less. The cryo-EM reconstruc-

tion shows that the minimum

particle dimension is 550 AÊ along

the threefold axes. It is not possible

to pack two particles of these

dimensions in a P2 cell without

overlap and the space group must

therefore be P21. Space group P21

requires systematic absences along

the 0k0 lattice line when k is odd.

There were many strong 0k0

re¯ections in the Head II data set
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Figure 1
Left: a 0.3� oscillation photograph of an HK97 crystal recorded on an image plate at the CHESS F1
station. The outer resolution limit is 5 AÊ . Right: enlargement of the region in the square box of the
pattern. The predicted pattern (circles) from DENZO indexing is overlayed with the observed pattern.
The resolution at the center of the image is 8.5 AÊ and at the upper left corner 7.0 AÊ , the resolution to
which the images were processed. The crystal-to-detector distance was 680 mm with � = 0.908 AÊ .
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for k = even (Fig. 2). For k = odd, the re¯ections were either

very weak (presumably incorrectly measured) or absent,

con®rming the presence of the screw axis along b. However,

there is a possibility, which cannot entirely be ruled out, that

the space group is actually triclinic, with a very strong pseu-

dosymmetry about the b axis. In this case (and with the data

scaled in the monoclinic system) however, the Rsym would

presumably be higher (see below).

3.3. Data scaling and postre®nement

Although the space group is monoclinic, the lattice displays

orthogonal axes within experimental error (� = 90.0�). This

presents an `orientation problem' in image indexing, allowing

each crystal to be indexed with two possible orientations. The

90� � angle creates mmm symmetry in the positions of the

reciprocal lattice points, but does not generate mmm

symmetry in the re¯ection intensities. Therefore, it is not

possible to determine the correct orientation from the lattice

alone; the relative intensities must be examined for symmetry.

The orientation can be determined by scaling the image

processed with both orientations to a reference data set and

comparing the individual R factors for that image. A typical

image had an Rscale = 7.5% for the correct orientation and

greater than 40% for the incorrect one. Thus, the correct

orientation was obvious. Generating a consistent data set is a

`boot-strap' procedure in which all patterns must be referred

to a reference data set. The initial data set was created by

scaling together images from a single crystal, and a more

extensive reference data set was generated by scaling addi-

tional images to that crystal, testing the orientation of each,

for a total of 25 images.

There were 256 images included in the ®nal data set. The

post-re®ned cell dimensions were a = 579.9, b = 626.2,

c = 788.1 AÊ , � = 90.0�. The overall completeness to 7 AÊ is 66%

with 879441 re¯ections (Fig. 3). The overall R factor after

post-re®nement was 7.7% including all data which has

I/�(I) > 2.

3.4. Determination of the particle orientations

The rotation function (Rossmann & Blow, 1962) was used to

determine the orientation of the two particles in the unit cell.

A self-rotation function for � = 72� (®vefold search) between

12 and 7 AÊ was calculated using the program GLRF (Tong &

Rossmann, 1990; Fig. 4). Approximately 10% of the data were

used as `large terms' in the calculation and a radius of inte-

gration of 325 AÊ was employed. The stereographic plot indi-

cated that the peak positions were consistent with an

icosahedral set of symmetry elements. Each peak was split,

indicating that the two particles were in similar, but not

identical, orientations. An icosahedral twofold axis was close

to, but not precisely parallel to, the crystallographic b axis (21

screw). An orthogonal icosahedral twofold axis was rotated

approximately 18� away from the a axis. Self-rotation func-

tions for � = 120� (threefold) and � = 180� (twofold) were also

calculated and the results con®rmed those from the ®vefold

search.

A locked self-rotation function (Tong & Rossmann, 1990),

which considers all 60 icosahedral symmetry operators

simultaneously, was calculated in order to determine the

orientation with greater accuracy (Fig. 5). The calculation was

performed between 12 and 7 AÊ and produced two peaks, one

for each particle (Table 1). These peaks are related by crys-

tallographic symmetry.

Figure 3
Data completeness (solid line) and |Fobs|/�(|Fobs|) (dashed line) plotted
versus resolution.

Table 1
Peaks in the locked self-rotation function.

'  �

Particle A 11.0 49.0 83.0
Particle B 8.4 48.2 84.2

Figure 2
Plot of |Fobs|/�(|Fobs|) versus the Miller index k for the 0k0 lattice line in
the ®nal merged data set. Values for even re¯ections are un®lled and
values for odd re¯ections measured above background are shaded.



A graphical representation of the constellation of symmetry

elements consistent with these solutions is shown in Fig. 6. The

position of these two locked rotation-function peaks agreed

with the results of the self-rotation function. Each self-rotation

function (� = 72, 120, 180�) produced a set of peaks that was

consistent with the locked rotation function. The agreement in

the orientation and degree of peak splitting with the � = 72�

map (compare Figs. 4 and 6) was particularly striking.

3.5. Determination of the particle packing and positions

The particle volume, using a sphere with radius 275 AÊ

(based upon on the dimension along the threefold axis in the

cryo-EM reconstruction), is 8.711 � 107 AÊ 3. Table 2 shows the

volume occupied in the unit cell by solid spheres and the Vm

calculations. This indicates that the most reasonable packing is

with two particles per cell. Each particle has a mass of

13.0 � 106 Da; with two particles per cell, the Vm for the

empty particle is 11.0. This value is very high, owing to the fact

that the particles contain no nucleic acid. When the calculation

is performed assuming that the particles contained genomic

dsDNA, the Vm is 3.7, a very reasonable value.

It is necessary to determine accurately the particle positions

for phase determination by molecular replacement. For two

spheres placed in a P21 cell, the lowest energy packing

arrangement places the particles at the positions A (1
4, y, 1

4) and

B (3
4, y + 1

2,
3
4), where y is arbitrary because the monoclinic space

group is polar.

From the cryo-EM reconstruction it is known that the Head

II particle has the shape of an icosahedron with ¯at faces
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Figure 4
Self-rotation function calculated between 12 and 7 AÊ for � = 72� (®vefold search). The rotation function indicates that an icosahedral twofold axis is
almost parallel to the crystal b axis. The splitting of each peak is a consequence of the slight deviation from the parallel orientation.

Table 2
Volume calculations.

Particles per cell 1 2 3
Cell volume occupied by sphere(s) (%) 30.4 60.8 91.3
Vm, empty capsid 21.9 11.0 7.3
Vm, full capsid 7.3 3.7 1.8
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roughly perpendicular to the icosahedral threefold axes

(Conway et al., 1995). Therefore, an icosahedron was chosen to

model the particle packing. The size of the particle was

determined by measuring along symmetry axes in images of

the cryo-EM reconstruction (Conway et al., 1995). The icosa-

hedra in the orientation determined by the rotation function

were placed in the unit cell using the display program O (Jones

et al., 1991). The distances between the particles were calcu-

lated with their centers at (1
4, 0, 1

4) and (3
4,

1
2,

3
4). This packing

analysis is summarized in Table 3 and illustrated in Fig. 7. The

particle dimensions determined from the cryo-EM recon-

struction are systematically shorter than the dimensions

suggested by the crystal packing, indicating that the particles

may be slightly larger at room temperature in the crystal. The

particles must be close to their minimum energy (isotropic)

packing arrangement, as movement by a signi®cant distance

(�10 AÊ ) away from this position results in particle overlap.

The closest contact is along an icosahedral twofold axis nearly

coincident with one set of the crystallographic body diagonals

(1, 1, 1) and (ÿ1, 1, ÿ1). The particle twofold axes are also

aligned in contact along the b-axis direction. The icosahedral

threefold faces are in contact along the a axis and the other

body diagonals (1, 1, ÿ1) and (ÿ1, 1, 1) directions. The ¯at

threefold face of the particle visualized in the cryo-EM

Figure 5
The locked self-rotation function between  = 46±52� and ' = 6±13�. The map was contoured from 2� in steps of 1�. Three sections are plotted, for � =
83.0� (top left), 83.6� (top right) and 84.2� (bottom). The two highest peaks are at ' = 11.0,  = 49.0 and � = 83.0� and at ' = 8.4,  = 48.2 and � = 84.2�,
corresponding to the two particles in the unit cell.



reconstruction (Conway et al., 1995) should provide a larger

contact surface area than the twofold axis edge. The

approximately 19� rotation of the particle about the b axis

allows these relatively ¯at icosahedral threefold faces to pack

along the a axis and two body-diagonal directions. Packing

these threefold faces parallel requires the � angle to be 90.0�.
If the � angle deviated statistically from 90�, these faces would

not be parallel.

The packing analysis was independently con®rmed by

calculation of the Harker section of the Patterson map. In

space group P21, the screw axis along � results in a Harker

section at v = 1
2 in the Patterson map. If the particles were close

to (1
4, y, 1

4) and (3
4,

1
2 + y, 3

4) and if, as indicated by the rotation

function, the particles were in similar orientations, there

should be a Harker peak at u = 1
2, w = 1

2. A Patterson map at

v = 1
2 was calculated between 40 and 20 AÊ using the CCP4
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Figure 6
Particle orientations as determined by the locked self-rotation function, calculated between 12 and 7 AÊ . The peak positions are identical to those
calculated by the self-rotation function. Note particularly the agreement in the orientation and degree of peak splitting with the � = 72� map (Fig. 4).

Table 3
P21 cell particle packing.

Axis or direction Contact type

Cryo-EM
dimension
(AÊ )²

Standard
icosahedron
dimension
(AÊ )³

Particle
packing
distance
(AÊ )§

a Threefold 550 538 580
b (21) None Ð Ð 625
c None Ð Ð 790
Body diagonal

(1, 1, 1)
(ÿ1, 1, ÿ1)

� Twofold >570 576 576

Body diagonal
(1, 1, ÿ1)
(ÿ1, 1, 1)

� Threefold 550 538 576

² Dimensions of the cryo-EM reconstruction along the icosahedral axis in column
2. ³ Dimension of an icosahedron along the icosahedral axis in column 2, assuming that
the dimension along the icosahedral twofold axis is 576 AÊ . § Distance along the unit-
cell axis or direction divided by the number of particles packed along that direction.
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package (Collaborative Computational Project, Number 4,

1994) (Fig. 8). There was a single peak at the expected posi-

tion. When the Harker section was calculated at higher reso-

lution (23±15 AÊ ) the peak was split. The splitting was caused

by the slight deviation of the icosahedral twofold away from

being parallel to the b axis. The results of the Patterson

function con®rmed the particle orientation and the expected

packing arrangement. A similar effect in the Harker section

was seen in the structure determination of canine parvovirus

(Tsao et al., 1992). The space group is also P21 with particles in

close, but not exactly aligned, orientations. A single peak in

the Harker section at low resolution

becomes split and diminished in

magnitude at higher resolution.

3.6. Summary

In this paper we have described

the data processing, scaling and post-

re®nement of the Head II data set.

The space group has been de®ni-

tively determined to be monoclinic

(P21). The particle orientation has

been determined by the rotation

function, its position established by

examination of the Patterson func-

tion and the packing of the particles

into the unit cell has been char-

acterized. Thus, all the crystal-

lographic parameters for molecular

replacement have been determined.

Phase determination will be initiated with molecular-replace-

ment real-space averaging using the cryo-EM map of Head II

empty capsids (Conway et al., 1995)

We are grateful to the staff at CHESS for assistance with

data collection and to CHESS for the award of synchrotron

time (proposal 705) on beamline F1 for this project. This is

manuscript number 11340-MB from the Scripps Research

Institute. This work was supported by NIH grants AI40101 to

JEJ and GM47795 to RWH.
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