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Purification, crystallization and initial X-ray analysis
of the head—tail connector of bacteriophage ¢29

The head-tail connector of bacteriophage ¢29, an oligomer of gene
product 10 (gpl0), was crystallized into various forms. The most
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useful of these were an orthorhombic P22,2; form (unit-cell
parameters a = 143.0, b = 157.0, ¢ = 245.2 A), a monoclinic C2 form
(a =160.7, b = 143.6, c = 221.0 A, B =97.8°) and another monoclinic
C2 form (a =177.0, b=169.1,c=185.2 A, B= 114.1°). Frozen crystals
diffracted to about 3.2 A resolution. There is one connector per
crystallographic asymmetric unit in each case. Rotation functions
show the connector to be a dodecamer. Translation functions readily
determined the position of the 12-fold axis in each unit cell. The
structure is being determined by 12-fold electron-density averaging
within each crystal and by averaging between the various crystal

forms.

1. Introduction

The Bacillus subtilis bacteriophage ¢29 is a
small double-stranded DNA (~19 kbp) virus
with a prolate head and complex structure
(Anderson et al., 1966). Because DNA pack-
aging in vitro rivals in vivo assembly in
efficiency, ¢29 is a leading system for study of
the DNA packaging mechanism. The ¢29
prohead, a precursor capsid into which DNA is
packaged, consists of only four structural
proteins. These are the head-tail connector
(gene product 10; gpl0), scaffolding protein
(gp7), major capsid protein (gp8) and head
fibers (gp8.5) (Méndez et al., 1971). A cyclic
hexamer of a 174-base ¢29-encoded RNA,
prohead RNA (pRNA), is bound to the
connector and is needed for DNA packaging
(Guo et al., 1998; Hendrix, 1998; Zhang et al.,
1998). The connector, pRNA and the ATPase
gpl6 comprise the DNA-packaging machine;
analysis of the structure of these components is
needed in order to determine the packaging
mechanism.

The ¢29 head-tail connector is a cone-
shaped oligomer of the 35.9 kDa gp10 (Carazo
et al., 1986; Tsuprun et al., 1994; Miiller et al.,
1997; Valpuesta et al., 1999). The connector
occupies the vertex at the base of both the
prohead and mature head, which are extended
icosahedrons having an elongation number of
Q =5 and 235 subunits (Tao ez al., 1998). The
connector has a diameter ranging from 140 to
80 A, with an axial channel of 60-35 A that is
large enough to accommodate DNA passage
(Tao et al, 1998). Free connectors wrap
supercoiled DNA in a single turn around their
circumference, restraining a negative supercoil,

and wrapping of DNA by the connector of the
prohead may provide a stable initiation
complex for packaging (Turnquist et al., 1992).
In addition to its DNA-translocation function,
the connector functions in the initiation of
prohead assembly (Guo et al., 1991; Anderson
& Reilly, 1993). The three-dimensional X-ray
structure analysis of the connector protein is
important in understanding these functions.
Connectors of double-stranded DNA
phages, such as T3 (Carazo et al., 1996), T4
(Driedonks et al., 1981), T7 (Kocsis et al., 1985),
A (Kochan et al., 1984), P22 (Bazinet & King,
1985) and ¢29 (Carrascosa et al., 1982; Guasch
et al., 1998; Valle et al., 1999), have all shown
12-fold symmetry, although 13-fold symmetry
has also been reported (Dube et al., 1993;
Tsuprun et al., 1994). These investigations have
been based on negative staining, cryo-electron
microscopy and image processing, as well as
atomic force microscopy. It is clear that ¢29
connector interactions with proteins gp8 of the
head and gpl1 of the neck, pRNA, the DNA-
translocating ATPase gp16 and DNA would be
better understood if high-resolution X-ray data
were available. In this paper, we describe the
crystallization conditions that yielded well
ordered crystals of ¢29 connectors suitable for
X-ray analysis and the preliminary crystal-
lographic characterization of these crystals.

2. Materials and methods
2.1. Protein expression and purification

The connectors of bacteriophage ¢29 were
assembled in Escherichia coli (pPC28D1) that
expresses gpl0 (Garcia et al., 1984; Ibanez et
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Table 1

¢29 head-tail connector crystal data.

Type 1 2 3
Space group P22,2, c2 2
Unit-cell dimensions (A, ) a=143.0, b = 157.6, a=160.7, b =143.6, a=177.0,b=169.1,
c=2452 ¢=2210,8=978 c=1852, p=114.1
Vi (A’ Da™) 32 2.9 2.9
No. of connectors per 1 1 1
crystallographic
asymmetric unit
Resolution limit} (A) 3.5 (3.60) 4.3 (4.40) 3.2 (3.25)
Rinerget (%) 11.2 (31.3) 7.4 (25.9) 6.5 (24.0)
Completenessi (%) 90.6 (71.7) 99.2 (99.5) 99.0 (99.0)
Redundancy 2.53 4.55 3.77
Oscillation angle (°) 1.0 1.5 1.0
Exposure time (s) 20 25 30
Crystal-to-detector 250 420 250
distance (mm)
Detector ADSC Quatum 4 SBC 3K x 3K CCD ADSC Quatum 4
2K x 2K CCD 2K x 2K CCD
Source APS 14-BM-C APS 19-ID SBC APS 14-BM-C
BioCARS BioCARS
Wavelength (A) 1.00000 0.97935 1.00000

30-35% MPD, 02 M
MgCl,, 0.1 M HEPES
pH 75

Max. crystal size (mm) 0.3

Crystallization conditions

1 Values in parentheses indicate the inside resolution of the
outermost resolution shell.

al., 1984) and purified with several changes
to the methods described. Cells were grown
overnight at 303 K in LB medium containing
ampicillin (50 pg m1™"), diluted tenfold in
the same medium and grown to
5 x 10% cells ml™". The culture was induced
at 315 K and cells were pelleted by centri-
fugation and resuspended in 50 mM Tris—
HCI pH 7.7, 0.3 M KClI (buffer A). The cells
were lysed in a French press at 83 MPa,
treated with DNase I (0.l mgml™') and
RNase A (0.2mgml™") and incubated for
1h at 277 K. The lysate was clarified by
centrifugation and the gpl0 constituted
about one-third of the total protein of the
supernatant by SDS-PAGE.

Figure 1

Monoclinic type 3 crystals of bacteriophage ¢29
connectors obtained by the vapor-diffusion method
using 30-40% MPD in 0.1 M Tris-HCl pH 8.0
containing 0.05 M CaCl,. The length of one edge of
the top right crystal is 0.1 mm.

30-40% MPD, 0.2 M 36-40% MPD, 0.05 M
MgCl,, 0.2 M NaCl, CaCl,, 0.1 M Tris—-HCl
0.1 M Tris-HCI pH 8.0 pH 8.0

0.5 0.3

outermost shell. # Values in parentheses indicate results for the

The protein solution was brought to 50%
ammonium sulfate, kept at 277 K overnight
and the precipitate was recovered by
centrifugation. The pellets were resus-
pended to about 10 mgml™" protein in
50 mM Tris-HCl pH 7.7, 01 M NH,CI
(buffer B) and the buffer was changed by
centrifugation in Centricon-30 concentrators
(Amicon, Beverly, MA, USA). The dialyzed
sample was concentrated in an Amicon
stirred cell with a PM30 membrane and
subjected to ion-exchange chromatography
using FPLC (Waters 650E Advanced
Protein Purification System). The sample
was loaded on a DEAE-Sepharose ion-
exchange column (Pharmacia Biotech,
Sweden) equilibrated in the same buffer and
eluted with a NH,Cl gradient (0-1.0 M) in
buffer B. The connectors were eluted at
0.35 M NH,CI. Fractions judged by SDS-
PAGE were concentrated in an Amicon
stirred cell with a PM30 membrane and
applied to a Superdex-200 column (Phar-
macia, Biotech, Sweden) equilibrated with
buffer B. Fractions containing homogenous
gpl0 were concentrated for crystallization
using Centricon-30 concentrators.

2.2. Crystallization

Well ordered connector crystals suitable
for X-ray analysis (Fig. 1) of up to 0.5 mm in
their maximum dimension were obtained
using the vapor-diffusion method. Conn-
ector protein at 7-10 mg ml~" in 5 mM Tris—
HCl pH 7.5 containing 0.4 M NaCl was
diluted with an equal volume of 0.1 M

HEPES pH 7.5 containing 0.2 M MgCl, or
with an equal volume of Tris-HCI pH 8.0
containing either 0.2 M MgCl, and 02 M
NacCl or 0.05 M CaCl,. The diluted protein
was then equilibrated against a well solution
containing the same buffer and 30-40%
MPD. The type 1 orthorhombic crystal form
(P22,2,) grew using 30-35% MPD in 0.1 M
HEPES pH 7.5 containing 0.2 M MgCl,. The
type 2 and type 3 monoclinic crystals (C2)
grew in MPD precipitant at 30-40% in 0.1 M
Tris-HCl pH 8.0 containing either 0.2 M
MgCl, and 0.2 M NaCl or 0.05M CaCl,,
respectively. The crystals appeared after 4-6
weeks and grew to a size of about 0.3—
0.5mm at room temperature (Table 1).
Complete data sets were collected from
single frozen crystals.

2.3. Synchrotron X-ray data collection and
reduction

A variety of different crystal forms were
characterized at the Cornell High Energy
Synchrotron Source (CHESS) beamline F1,
at the Advanced Photon Source BioCARS
beamline 14-BM-C and Structural Biology
Center beamline 19-ID. The three most
useful data sets are described in Table 1. The
crystals were flash-frozen in a liquid-
nitrogen stream while being protected with a
cryosolution of 30-40% MPD in 0.1 M
HEPES pH 7.5 or 0.1 M Tris—-HCI pH 8.0
containing 0.2 M MgCl,, 0.2 M MgCl, and
0.2 M NaCl or 0.05 M CaCl,. All data sets
were processed using the programs DENZO
and SCALEPACK (Gewirth, 1996)
(Table 1).

3. Results and discussion

3.1. Purification, crystallization and data
collection

Pure crystalline connector solutions were
achieved using a FPLC system that included
DEAE-Sepharose followed by gel-filtration
on Superdex-200. Most contaminants of the
expressed protein solutions were removed
during the initial ion-exchange batch chro-
matography and pure connectors were
sieved at the later gel-filtration step. Samples
used in crystallization experiments showed
a single band by SDS-PAGE. Higher
molecular-weight contaminants present in
previous purifications (Garcia et al., 1984;
Turnquist et al., 1992) were not found. Thus,
the earlier main obstacle in obtaining well
ordered diffracting crystals of connectors
may have been the lack of homogeneity of
the purified samples. Connector assemblies
were found to be stable in high-salt solutions
containing 0.2-0.4 M NaCl. Additives such
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as MgCl, and CaCl, assisted in crystal-
lization and connector protein concentration
for crystallization varied from 5 to
10 mg ml ™.

3.2. Structure determination

Rotation-function results clearly showed
a 12-fold axis perpendicular to the a axis in
type 1 crystals and perpendicular to the
unique b axis in type 2 and 3 crystals. We
show (Fig. 2) here only the result for type 3

crystals, but the other rotation functions
were essentially of the same quality. The 24
peaks in a great circle in the « = 180°
rotation-function section is a consequence of
the product of the 12-fold axis perpendicular
to a crystallographic twofold axis. The rota-
tion function also showed a significant peak
at Y = 18.4, ¢ = 180, k = 30° (Fig. 2). The 12-
fold symmetry of the ¢29 connector is
consistent with the results reported by
Guasch et al. (1998). The Matthews coeffi-
cient (Table 1) shows that there is one

80.00 71'; pd—tnly ; ';.1 80.00
sm.:au;'; = A L ; 90.00 =
10000 ' }I 100,00
RG o "-.:\ f.:"{ T, 0
s ® ’:\“-', 1 Jx”;. 2 iy
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R

Figure 2

Stereographic projections of the « = 180° section self-rotation
function for type 3 crystals calculated with the general locked
rotation function (Tong & Rossmann, 1997). Resolution of the data
was between 10 and 5 A. The integration radius was 80.0 A. The 12-
fold axis of the particle is perpendicular to the b axis. Contours are
at about one standard deviation interval. The 24 peaks around the
great circle are perpendicular to the NCS 12-fold axis and are a
consequence of a product between the NCS axis and the crystal-
lographic twofold axis. The peak near the c axis is a sub-operator of
the 12-fold axis.

L

Figure 3

The translation function 7(S) for the type 2 crystal form. Data were
limited to 4.0 A resolution. The radius of integration was 80.0 A.
Shown is the section y = 0, thus giving the distance between NCS
axes related by twofold axes in the C2 space group. The T(S) streak
passing through the origin is a result of the symmetry in the self-
Patterson, whereas the major other streak is the result of the NCS
symmetry between twofold-related connector molecules.

connector per crystallographic
asymmetric unit in each crystal
form, assuming a molecular
weight of 36 kDa per monomer
or 432kDa per connector
assembly.

The position of the connector
12-fold axis in the type 1
orthorhombic form could be
found readily from a Patterson
function because the non-crys-
tallographic symmetry (NCS)
12-fold axis was parallel to the
crystallographic b axis. The
resultant very large Patterson
peak located the NCS axis
running parallel to b through the
point at x = 0.0635, z = 0.1250 in
the cell. The position of the NCS
12-fold axes in the two mono-
clinic unit cells was established
by a translation function (Argos
& Rossmann, 1980) of the form

UOEDY YARE Gy,
P
x cos[2m(h + p)S]},

where h and p are Miller indices,
S is a position in the Patterson
map and Gy, is a diffraction
function dependent on the
direction of the NCS axis and
the radius of integration (Ross-
mann & Blow, 1962). The cross
vectors in a Patterson of a
structure containing a 12-fold
NCS axis perpendicular to the
crystallographic twofold axis will
contain a NCS twofold at a
distance S from the origin. The
T(S) function measures the
agreement of features in the
Patterson after rotation about
the NCS axis. Hence, the T(S)
function will be large when the
point S is situated on the NCS
axis in the Patterson at a
distance of twice the distance
from the origin as in real space

(Fig. 3).

Attempts are currently in progress to
obtain suitable phasing starting points with
reasonable assumptions about the molecular
envelope and connector structure. The
initial electron-density maps are being
averaged both within and between each of
the three crystal forms while extending the
resolution in suitably small increments
(Arnold et al., 1987).
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