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Abstract The connector or portal particle from double-stranded
DNA bacteriophage PP29 has been crystallized. This structure,
which connects the head of the virus with the tail and plays a
central role in prohead assembly and DNA packaging and
translocation, is formed by 12 subunits of the p10 protein and has
a molecular weight of 430 kDa. The connector structure was
proteolysed with endoproteinase Glu-C from Staphylococcus
aureus V8, which removes 13 and 18 amino acids from the amino-
and carboxy-terminal regions of the p10 protein, respectively.
Two crystal forms were grown from drops containing an alcohol
solution and paraffin oil. Crystals of form I are monoclinic, space
group C2 with cell dimensions a = 416.86 Aî , b = 227.62 Aî ,
c = 236.68 Aî and LL= 96.3³ and contain four connector particles
per asymmetric unit. Crystals of form II are tetragonal, space
group P42212 with cell dimensions a = b = 170.2 Aî , c = 156.9 Aî
and contain half a particle per asymmetric unit. X-ray diffraction
data from both native crystal forms have been collected to 6.0
and 3.2 Aî respectively, using synchrotron radiation. Crystals of
form II are likely to have the same packing arrangement as the
two-dimensional crystals analyzed previously by electron micros-
copy.
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1. Introduction

P29 is a complex double-stranded DNA bacteriophage that
infects Bacillus subtilis cells. The viral particles are formed by
an elongated eicosahedral capsid, or head, and a tail structure.
Between these two structures there is a connecting region
called the portal structure or connector. This head-to-tail con-
nector plays an important role in the ¢rst steps of head as-
sembly and the packaging of DNA. The connector is also
involved in the process of DNA transfer into the host cell
[1,2].

Electron microscopy studies based on two-dimensional pro-
jections show that the P29 connector is an oligomeric struc-
ture built up by multiple copies of the 36 kDa gen 10 product.
This structure is composed of two morphological domains: a
wider disk-like domain of about 14.5 nm in diameter and
3.2 nm in height with protruding lobules and a narrower
domain with a cylindrical shape of 8 nm in diameter and
5 nm in height, which presents a longitudinal channel of

40 nm in diameter along its axis [3]. The symmetry of the
connector has been controversial, although there is strong
evidence for a 12-fold local symmetry of the particle [1,4].

The connector contains two independent domains for inter-
action with DNA [5] and with a small RNA of viral origin
(prohead RNA or pRNA) which is necessary for DNA pack-
aging into the P29 prohead [6]. Treatment of P29 connectors
with endoprotease Glu-C from Staphylococcus aureus sup-
presses the connector DNA binding and abolishes the DNA
packaging ability [5].

Although the pRNA seems to play a role in the selection of
the DNA to be packaged [7], its role in the DNA transloca-
tion process remains unclear. Also, the molecular details of
the interaction of both the DNA and the RNA with the con-
nector have not been analyzed in detail due to the lack of a
high resolution model of the packaging structure. To under-
stand these complex interactions as well as the molecular basis
underlying the DNA translocation during DNA packaging, it
is critical to determine the atomic structure of the connector.
To this end, we have crystallized proteolysed connector par-
ticles ; the crystals are suitable for X-ray di¡raction and a
preliminary crystallographic analysis is described. This is the
¢rst crystallographic report of a bacteriophage connector par-
ticle.

2. Materials and methods and results

2.1. Preparation of inactive and proteolysed connectors
The connectors were puri¢ed as described [8] with some modi¢ca-

tions. Brie£y, the protein p10 that builds the connector was overpro-
duced in Escherichia coli carrying a recombinant plasmid containing
the gene encoding this protein under the control of the PL promoter
of phage V. The overproduced protein was puri¢ed in native form,
yielding p10 dodecamers that closely resembled the necks extracted
from P29 viral particles. The cells were lysed with lysozyme treatment
and the connectors isolated from the cell debris by centrifuging the
cell extract. The connector solution was loaded onto a DE-32 cellulose
(Whatman) column equilibrated with 0.3 M KCl 50 mM Tris-HCl,
pH 7.7 and washed with the same bu¡er to remove the nucleic acids.
The pass-through was precipitated with 0.26% ammonium sulfate and
redissolved in 5% glycerol, 50 mM Tris-HCl, pH 7.7. The solution was
loaded onto a P11 phosphocellulose (Whatman) column equilibrated
with 5% glycerol, 50 mM Tris-HCl, pH 7.7 and washed with a 0^1 M
NaCl gradient. Pure connectors were obtained at 0.8 M NaCl. The
connector solution was then dialyzed against 5% glycerol, 50 mM
Tris-HCl, pH 7.7 and subsequently treated with V8 (endoproteinase
Glu-C from S. aureus V8) (100:1, p10/V8 (w/w)) for 60 min at 25³C.
Proteolysis was terminated by addition of 1 mM phenylmethylsulfonyl
£uoride. After digestion, the protein solution was loaded onto a p11
phosphocellulose column equilibrated with 5% glycerol, 1 mM DTT,
50 mM Tris-HCl, pH 7.7 and washed with a 0^1 M NaCl gradient.
Pure proteolysed connectors, devoid of the proteolytic fragments,
were obtained at 0.4 M NaCl.
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2.2. Sample preparation
The initial protein concentration was 1 mg/ml and the ¢nal concen-

tration of 7 mg/ml, used for crystallization experiments, was reached
by two di¡erent ways, either lowering the volume with Centricon 30
or by precipitation with ammonium sulfate. With the ¢rst method,
sometimes depending the sample preparation, signi¢cant protein loss
was observed due to its binding to the Centricon membrane. The
second method consisted in an ammonium sulfate precipitation
(0.26 g/ml) at 4³C, followed by centrifugation at 4000Ug, and dialysis
against 0.4 M NaCl, 20 mM Tris pH 7.7, 1 mM DTT. In both cases
the same type of crystals were obtained.

The molecular weight of each monomer, determined by mass spec-
tral analysis, was 32 208 Da, which coincides with the theoretical
molecular weight of the proteolysed p10 protein. However, in some
preparations which resulted in lower quality crystals the molecular
mass showed an increase of 30 Da. To prevent it, 1 mM DTT was
added to the protein solution.

The initial protein solution for crystallization contained 7 mg/ml of
protein in 0.4 M NaCl, 5 mM Tris-HCl, pH 7.7. Higher protein
concentrations led to the formation of two-dimensional crystals.
High salt concentration was needed to maintain the connectors in
solution.

2.3. Crystallization
Initial conditions for crystallization were obtained by the hanging

drop vapor di¡usion method upon a broad screening following the
conditions of Jancarik and Kim [9] and Cudney et al. [10] and in-
cluded in the Crystal Screening I and II kits (Hampton Research),
respectively. The native connector crystallized in 21% tert-butyl alco-
hol, 50 mM CaCl2, 0.1 M Tris-HCl pH 8.0 at 20³C. The proteolysed
connector crystallized in 20^30% isopropyl alcohol, 0.2 M MgCl2, 0.1
M HEPES pH 7.5, at 20³C.

A modi¢ed batch method [11] using para¤n oil made it possible to
increase the crystal size of the proteolysed connector, keeping con-
stant the drop volume. The mixture of protein for crystallization was
prepared as follows: 64 Wl protein (7 mg/ml) in 0.4 M NaCl, 5 mM
Tris-HCl, pH 7.7, 20 Wl 0.2 M MgCl2, 0.1 M HEPES, pH 7.5, and 24
Wl pRNA 2 mg/ml. The protein solution was ¢ltered through 0.22 Wm
Ultrafree-MC at 4³C. Crystallization boxes with plastic bridges were
used for seating drop experiments. On each bridge depression 10 Wl of
protein mixture and 50 Wl of para¤n oil were applied. The bottom of
the box was ¢lled with reservoir solution containing initially 25%
isopropyl alcohol. Then, it was progressively increased up to 30%
isopropyl alcohol over 2 days. Following this procedure, chunky crys-
tals (form I) appeared after 4 days and reached a maximum size of
approx. 0.4U0.3U0.3 mm (Fig. 1). In some drops, plate-like crystals
measuring 0.4U0.4U0.1 mm (crystal form II) appeared simultane-
ously.

2.4. Flash-freezing and heavy atom derivative preparation
Both crystals were extremely unstable under the X-ray at 20 or

10³C and di¡racted at a very low resolution (i.e. 10 Aî ) using a rotat-
ing anode source. Under these conditions only a single di¡raction
image could be taken before complete di¡raction decay. However,
£ash-freezing of the crystals lead to their stabilization and improve-
ment of the di¡racting resolution. The £ash-frozen procedure was as
follows. For crystal form I each crystal was taken directly from the
crystallization drop with an appropriated loop attached to a metal tip.
Immediately it was introduced in a tube with liquid propane and the
tube kept in liquid nitrogen until use. The metal tip ¢ts on a magnetic
piece attached to the goniometer head for rapid mounting under the
nitrogen stream, were the solid propane evaporates [12]. For crystal
form II the crystals were taken from the drop with a loop, soaked on
a solution containing 50% glycerol and £ash-frozen directly under the
nitrogen stream.

Two putative Ta6Br2�
12 derivatives of crystal form II were prepared

with di¡erent soaking times. A few crystals of Ta6Br2�
12 were intro-

duced in the crystallization drop containing the connector crystals.
After 2 h a pale-green crystal was taken and £ash-frozen directly on
the nitrogen stream. The same procedure was repeated with a second
crystal of intense dark green color after 24 h of soaking.

2.5. X-ray data collection and processing of crystal form I
X-ray intensity data from a single frozen crystal were collected with

a MAR Research imaging plate detector, using 0.869 Aî synchrotron
radiation at the BW7B beamline at the EMBL outstation in the
Deutches Elektronensynchrotron (Hamburg). Many crystals had to
be tested before higher resolution than 10.0 Aî could be observed. A
6.0 Aî data set was collected at 120 K with a total of 180 frames of 1³
rotation. Data indexing and reduction was performed with DENZO
[13]. Crystal data and di¡raction statistics are shown in Tables 1 and
2.

2.6. Crystal density determination
For the crystal form I the crystal volume per unit of protein mo-

lecular mass Vm [14] varies from 4.84 Aî 3/Da considering three con-
nectors to 2.44 Aî 3/Da for six connectors in the asymmetric unit.
Because of the size of the particles and their large central channel it
was di¤cult to estimate a reasonable water content in the crystals.
For this reason an experimental determination of density was neces-
sary. The density was therefore measured experimentally using a ¢coll
gradient according to the method of Bode and Schirmer [15]. The
protein crystals showed a continuous increase of apparent density
during the ¢rst 3 min and after this time the crystals descended slowly.
The density was determined at the in£ection point of the slope as 1.09
g/cm3 which implies four connector particles in the asymmetric unit of
the crystal. With 0.5% glutaraldehyde cross-linked crystals the same
value was obtained. The Vm value, assuming four connectors in the
asymmetric unit, is 3.61 Aî 3/Da.

2.7. Data collection and processing of crystal form II and derivatives
X-ray di¡raction data for native and Ta6Br2�

12 derivatives of soak-
ing crystals of form II were collected with a MAR Research imaging
plate detector, using 1.105 Aî synchrotron radiation at the BW7B
beamline at the EMBL outstation in the Deutches Elektronensynchro-
tron (Hamburg). A 3.2 Aî native data set was collected at 120 K from
two crystals with a total of 90³ rotation. The detector was set at 385
and 440 mm distance respectively. Data indexing and reduction was
performed with DENZO [13]. Crystal data and di¡raction statistics
are shown in Tables 1 and 2. For crystal form II the calculated crystal
volume per unit of protein molecular mass, Vm, is 2.94 Aî 3/dalton
considering half connector in the asymmetric unit of the crystal.

3. Discussion

Three-dimensional crystals of the P29 connector particle
can be obtained from alcohol-containing solutions. The strong
tendency of the connectors to aggregate in two-dimensional
layers has to be prevented by adjusting a precise protein and
salt concentration. The removal of micro-aggregates or crystal
nuclei by ¢ltering the protein solution is also necessary in
order to avoid the formation of large two-dimensional crystal
layers in the crystallization drops (Fig. 1).

Three-dimensional crystals of both native and proteolysed
connectors are obtained this way, but the later grow to larger
size and can be stabilized for X-ray data collection. The pro-
teolytic cleavage removes 13 residues of the N-terminus and
18 residues of the C-terminus. The N-terminal region of p10
contains a stretch of basic charged residues that could hinder
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Table 1
Crystal data

Crystal form Space group Cell dimensions (Aî ) Vm (Aî 3/Da) Molecules/connectors in the asymmetric unit

I C2 a = 416.8 b = 227.6 c = 236.7 L= 96.3 3.61 48/4
II P42212 a = b = 170.2 c = 156.9 2.94 6/0.5
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the crystallization process. It is also possible that because both
N- and C-terminal ends are presumably located at the narrow
edge of the connector cylinder [1], the elimination of the two

tails in this region must favor the packing of the particles in
the c axis direction, that is, the piling of the connectors along
their 12-fold axis. Thus, three-dimensional crystals are favored
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Fig. 1. Crystals of the bacteriophage P29 connector obtained with the proteolyzed p10 protein. Top: Crystals of form I obtained without ¢lter-
ing the protein solution. A background of two-dimensional layers as the ones used for EM studies covers the bottom of the drop. Middle:
After ¢ltering the initial p10 protein solution crystals of form I grow from clear drops and show faces and sharp edges. Bottom: Plate-like tet-
ragonal crystals of form II coexist in some drops with crystals of form I.
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over two-dimensional layers, which appear easily in the crys-
tallization drops containing the native protein.

The use of para¤n oil covering the crystallization drops is
also critical in order to enlarge the crystals for X-ray di¡rac-
tion analysis. Without oil, the volume of the drop increases
during the crystallization process because a volatile precipi-
tant is used and therefore the protein is diluted during the
vapor di¡usion experiment. Being the protein concentration
already low in the initial solution, the small crystals obtained
in drops without oil are unable to grow further. The use of
para¤n oil is an e¤cient alternative crystallization method to
dialysis buttons, which were also tried unsuccessfully in order
to prevent the increase in the drop volume. The para¤n oil
also retards nucleation by slowing the alcohol di¡usion into
the crystallization drop.

The p10 monomer contains two cysteine residues that form
a disul¢de bridge (J.J. Calvete, J.M. Valpuesta and J.L. Car-
rascosa, unpublished results), and seven methionines. Prevent-
ing oxidation ^ most probably at a methionine residue ^ is
also important in order to reproduce crystallization. The pro-

tein sample was treated with N-methylmercaptoacetamide, an
e¡ective reducing agent that converts methionine sulfoxide to
methionine under relatively mild conditions [16].

Two crystal forms have been obtained, appearing some-
times in the same crystallization drops. Although both crystals
di¡ract to high resolution, they display very di¡erent di¡rac-
tion patterns. Crystals of form I di¡ract anisotropically and
weakly beyond 6 Aî . Even though re£ections can be observed
up to 3.4 Aî resolution, no useful data can be collected in the
6^3.4 Aî resolution range. An attempt to do so resulted in low
completeness, high R-merge values and unacceptable signal to
noise ratio. On the other hand, for crystal form II di¡raction
intensities can be observed up to 3.2 Aî , with good complete-
ness in the last resolution shell and reasonable 6 I/cIs val-
ues (Table 2). The di¡raction pattern (Fig. 2) does not show
the strong anisotropy and dramatic intensity drop after 6 Aî

seen in crystal form I. In crystal form II a packing arrange-
ment as that described for the two-dimensional sheets of P29
connectors is expected to occur. Electron di¡raction patterns
obtained from frozen-hydrated thin crystals show unit cell
parameters of a = b = 165 Aî and 422 symmetry [3], similar to
those found in three-dimensional crystals of form II. An anal-
ysis of the internal symmetry of the particle will be published
elsewhere [17]. Crystal of form II will be used for further
crystallographic analysis, including the search for new heavy
atom derivatives suitable for phasing.
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