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The packaging of genomic RNA in members of the Cystoviridae is

performed by P4, a hexameric protein with NTPase activity. Across

family members such as �6, �8 and �13, the P4 proteins show low

levels of sequence identity, but presumably have similar atomic

structures. Initial structure-determination efforts for P4 from �6 and

�8 were hampered by dif®culties in obtaining crystals that gave

ordered diffraction. Diffraction from crystals of full-length P4 showed

a variety of disorder and anisotropy. Subsequently, crystals of �13 P4

were obtained which yielded well ordered diffraction to 1.7 AÊ .

Comparison of the packing arrangements of P4 hexamers in different

crystal forms and analysis of the disorder provides insights into the

¯exibility of this family of proteins, which might be an integral part of

their biological function.
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1. Introduction

Many viruses couple nucleoside triphosphate

(NTP) hydrolysis to nucleic acid translocation

to package their genome into preformed viral

particles. The structural basis of the NTP-

dependent translocation of oligonucleotides

has been extensively studied in a number of

systems, in particular the portal complex of

double-stranded DNA (dsDNA) bacterio-

phages (Baumann & Black, 2003; Catalano,

2000; Moore & Prevelige, 2002; Simpson et al.,

2000). The complexity of these systems,

however, still obscures the basic mechanism of

coupling. Members of the family Cystoviridae

make attractive targets for studying the

problem as the portal complex is composed of

a single protein species, P4, which hydrolyses

NTPs to provide the power for genome

translocation (Juuti et al., 1998; Kainov et al.,

2003). Icosahedral and single-particle cryoEM

reconstructions have demonstrated that

protein P4 from �6 is a ring-shaped hexamer

positioned on the surface of the viral capsid at

each ®vefold symmetry axis. Such a symmetry

mismatch, reminiscent of that observed at the

portal vertex of dsDNA phages, could play a

role in RNA packaging (de Haas et al., 1999;

Hendrix, 1998).

Much work has been devoted to the

production of recombinant P4 from members

of the Cystoviridae family (�6, �8 and �13) in

order to characterize their in vitro activity

(Kainov et al., 2003). Recombinant P4 proteins

have similar molecular weights of about

35 kDa and share a common ring-like

hexameric architecture. However, they show

very little sequence similarity (Kainov et al.,

2003). Furthermore, the NTPase activity of �8

P4 is strongly stimulated by RNA, whilst �6

and �13 are only weakly stimulated. Finally

and most remarkably, isolated P4 from �8 and

�13 possess a detectable in vitro RNA-

translocating activity, which P4 from �6 lacks.

Despite very low levels of sequence identity, a

close inspection of the sequences suggests that

P4 proteins from different viruses are likely to

share signi®cant structural similarity. Speci®-

cally, the presence of Walker motifs A and B

and loosely conserved hexameric helicase

motifs suggest the presence of a RecA-like fold

and ATP-binding site. Atomic structures have

now been reported for two hexameric heli-

cases, but the mechanism for transducing the

chemical energy generated by the NTP

hydrolysis into oligonucleotide translocation

remains elusive (Niedenzu et al., 2001;

Singleton et al., 2000). The P4 proteins of the

Cystoviridae are therefore likely to share a

common core fold reminiscent of other

hexameric helicases, but will undoubtedly

show major rearrangements in the regions

outside the conserved motifs. To verify this

hypothesis and to help elucidate the

mechanism of the mechano-chemical coupling

of NTP hydrolysis with nucleic acid transloca-

tion, we have attempted to determine the

atomic structure of these proteins by X-ray

crystallography. The frustrating road to well

ordered crystals is described in this paper.

2. Materials and methods

2.1. Protein expression and purification

Recombinant full-length �6 P4, clone �6

P4�310 (310/331 C-terminal truncation), full-

length �8 P4 and full-length �13 P4 were

expressed and puri®ed as previously described

(Kainov et al., 2003; Ojala et al., 1993).
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A plasmid pDK10 was constructed to

produce a C-terminal deletion mutant �8

P4�281 (�8 P4 missing amino acids 281±

321). The 30-terminal part of the P4 gene was

PCR-ampli®ed from pSJ1b encoding full-

length protein (Ojala et al., 1993) with

recombinant Pfu DNA polymerase (Strata-

gene) using the primers 50-TCGTCAACA-

TATGGCTAGAAAAACGAAAGT-30 and

50-TGCGTAAGCTTAACCCCGCGAGA-

CCA-30 and inserted into pT7-7 plasmid

(Tabor & Richardson, 1990) at NdeI±

HindIII sites. �8 P4�281 was produced in

the Escherichia coli B834 (DE3) strain

transformed with pDK10 as described for

�8 P4 (Kainov et al., 2003).

2.2. Crystallization and X-ray analysis

All crystals were grown by the sitting-

drop vapour-diffusion method. Unless

otherwise speci®ed, crystals were cryo-

protected by transferring them into reser-

voir solution mixed with glycerol to a ®nal

concentration of 25% seconds prior to

freezing in a nitrogen-gas stream. All data

Figure 1
Crystals, diffraction patterns and self-rotation functions for different cystoviral P4s. (a) �6 P4�310, space group P21. (b) �6 P4�310, space group P1. (c) �8 P4, space group
P6322. (d) �8 P4�281, space group C2. (e) �8 P4�281, space group P21212. (f) �13 P4, space group P212121. The � = 60� sections of the self-rotation functions calculated
using the program CNS (BruÈ nger et al., 1998) are shown.
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were processed and scaled using the

HKL2000 suite of programs (Otwinowski &

Minor, 1997). Statistics for data sets for the

different crystal forms of the various

proteins are summarized in Table 1.

Two crystals forms of �6 P4�310 were

grown at 298 K from a 3.5 mg mlÿ1 protein

solution in 20 mM HEPES±KOH pH 8.0,

5 mM MgCl2, 2 mM CaCl2, 5 mM ADP,

100 mM NaCl. The two forms belong to

space groups P1 and P21, but were

morphologically identical and appeared

after nine months in a drop in which 3 ml of

protein were mixed with 3 ml of a reservoir

solution consisting of 6% PEG 4000 and

90 mM sodium acetate pH 4.5. The diffrac-

tion data for the P21 crystal form of �6

P4�310 were collected from three crystals at

room temperature.

Crystals of full-length SeMet-derivatized

�8 P4 were grown at 298 K using 0.1 M

sodium acetate pH 4.6 and 2.2 M ammonium

sulfate as a precipitant. Drops consisted

of 0.9 ml of protein at a concentration of

3 mg mlÿ1, 0.9 ml of reservoir solution and

0.4 ml of 100 mM DTT. Crystals of the

truncation mutant �8 P4�281 at a concen-

tration of 5 mg mlÿ1 were grown at 298 K

using a Cartesian crystallization robot

(Walter et al., 2003) with a drop size of 100 nl

of protein and 100 nl of precipitant (0.1 M

Tris pH 8.0, 18% PEG 1000). A second

crystal morphology for �8 P4�281 was

found using the crystallization condition for

the full-length protein, six months after

setting up the crystallization drops.

Crystals of full-length �13 P4 at a

concentration of 12 mg mlÿ1 were grown at

293 K using 0.1 M Tris±HCl pH 7.0, 1 M

trisodium citrate and 0.2 M NaCl as a

precipitant. The dropsize was, again, 100 nl.

3. Results and discussion

3.1. Crystal-packing arrangements of P4

from U6

Several crystals of different morphology

were rapidly obtained from puri®ed active

full-length �6 P4, but none diffracted to

high resolution. C-terminally truncated

proteins comprising at least 290 out of 331

amino acids retain NTPase activity. Clone

P4�310, which is truncated at residue 310,

delivered several crystals in a single drop ten

months after setting of the trays. The ®rst

crystals from that drop diffracted to 3.5 AÊ

and belonged to space group P21. A second

crystal picked up from the same drop a

month later diffracted to 3.0 AÊ and belonged

to space group P1. Analysis of their self-

rotations and native Patterson functions

revealed the presence of two hexamers in

the asymmetric unit of both space groups in

the same orientations and related by a

simple translation (Figs. 1 and 2). The two

hexamers, A and B, which are non-

crystallographically related in space group

P21 are crystallographically related in space

group P1; conversely, the crystallo-

graphically related molecules in space group

P21 are non-crystallographically related in

P1 (Fig. 2). It seems plausible, given the

related arrangement, that dehydration of the

drop caused the transformation of the space

group from P21 to P1. This suggestion is in

line with a drop in solvent from �40%,

calculated for space group P21, to �34% for

space group P1 and the improved resolution

of the diffraction (Esnouf et al., 1998).

3.2. Crystal-packing arrangements and

disorder of P4 from U8

Crystals of full-length P4 �8 belong to the

apparent space group P6322, with unit-cell

parameters a = b = 100.7, c = 131.2 AÊ ,

� = � = 90.0,  = 120.0�. The unit-cell

dimensions are consistent with the presence

of one monomer of P4 in the crystallo-

graphic asymmetric unit. These crystals,

however, gave rise to a rather complex

diffraction pattern (Fig. 1c) that included a

honeycomb-like effect and diffuse rods and

bands in addition to the Bragg re¯ections.

Such effects are characteristic of statistically

disordered crystals, ®rst reported in 1954 for

imidazole horse methaemoglogin (Bragg &

Howells, 1954; Cochran & Howells, 1954).

This is an unfortunate and intimate type of

twinning in which crystal domains showing

systematically different orientations or

positions are distributed randomly

throughout the crystal to produce the char-

acteristic blurring of the Fourier transfor-

mation in a systematic way.

The diffraction of �8 P4 can be explained

by regarding the crystals as being based

upon a perfect lattice of hexamers organized

in a smaller unit cell (a = b = 100.7,

c = 65.6 AÊ ). The sheets of hexamers in the

c planes have a well de®ned structure and

are capable of yielding sharp re¯ections.

However, successive sheets are stacked

together with random fractional displace-

ments of 1/2 in the a or b direction. The

relative displacement of the layers manifests

itself as an apparent doubling of the unit-cell

dimension in the c direction. The re¯ections

of this superlayer are diffuse, leading to an

interesting pattern containing sharp lines

and diffuse lines of various widths (Fig. 1c).

As for �6 P4, in �8 P4 the C-terminus is

not required for enzymatic activity. Clone

�8 P4�281, truncated at residue 281 out of

321, was soluble, expressed at high levels

in E. coli and crystallized to yield weak

diffraction to 3.4 AÊ (Fig. 1d). Also inline

with �6 P4�310, crystals of �8 P4�281

were found in drops several months after

setting up the trays. These crystals belonged

to space group P21212 and displayed ordered

diffraction to better than 2.9 AÊ resolution

(Fig. 1e). The improved diffraction, as in

the case of �6 P4, may be a consequence

of proteolytic cleavage, dehydration or a

combination of the two.

Table 1
Data-collection statistics.

Values in parentheses refer to the highest resolution shells.

�6 P4�310 �6 P4�310 �8 P4 �8 P4�281 �8 P4�281 �13 P4

X-ray source ESRF BM14 SRS 14.2 ESRF ID29 ESRF
ID14-EH2

ESRF
ID14-EH4

ESRF
ID14-EH2

Detector MAR CCD ADSC Q4R
CCD

ADSC Q210
CCD

MAR CCD ADSC Q4R
CCD

ADSC Q4R
CCD

Wavelength (AÊ ) 0.979 0.870 0.977 0.933 1.006 0.933
Space group P21 P1 P6322 C2 P21212 P212121

Unit-cell parameters
a (AÊ ) 98.9 93.8 100.7 168.1 139.0 97.0
b (AÊ ) 102.5 95.2 100.7 111.4 159.6 116.0
c (AÊ ) 171.3 98.3 131.2 103.0 100.4 149.1
� (�) 90.0 82.4 90.0 90.0 90.0 90.0
� (�) 90.1 86.2 90.0 106.8 90.0 90.0
 (�) 90.0 64.9 120.0 90.0 90.0 90.0

Resolution range (AÊ ) 20.0±3.5 20.0±3.0 30.0±2.0 60.0±3.4 20.0±2.9 20±1.7
Observations 181563 319853 1020966 186386 1254134 3208823
Unique observations 38948 72294 27264 26995 61037 180149
Completeness (%) 94 (92) 96 (90) 100 (100) 98 (94) 100 (100) 100 (98)
I/�(I) 5.6 (2.5) 4.6 (1.1) 41.2 (14) 8.2 (1.7) 21.1 (6.0) 16.2 (2.4)
Rmerge² (%) 12.8 (48.5) 19.8 (62.0) 8.1 (38.0) 16.6 (44.4) 13.3 (51.2) 8.3 (54.9)
No. of hexamers in AU 2 2 1/6 1 1 1

² Rmerge =
P jI ÿ hIij=PhIi.
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3.3. X-ray analysis and packing

arrangements of P4 from U13

Crystals of full-length P4 from �13

diffracted strongly to better than 1.7 AÊ

resolution (Fig. 1f). The unit-cell parameters

are consistent with the presence of one

hexamer of �13 P4 in the crystallographic

asymmetric unit, assuming a solvent content

of 33% (Table 1). The very low solvent

content accords with the strong diffraction

from these crystals. The self-rotation func-

tion shows a strong peak at = 74.0, '= 90.0,

� = 60.0� consistent with a non-crystallo-

graphic sixfold axis canted about 15� from

the c axis (Fig. 1f).

3.4. Packing arrangements and their

biological significance

The surface of the P4 hexamer, possibly

owing to its biological role as a molecular

interface, seems to offer an incredibly good

interface for crystallization in a variety of

different space groups (six different space

groups are reported in Table 1). However,

this ability to form varied interactions

appears to bring with it a tendency towards

stacking disorders and changes in crystal

lattice over time (perhaps in response to

dehydration). Obtaining ordered diffraction

was a bottleneck in our structural studies of

P4. In this case, clues from anisotropically

diffracting crystals were used to engineer

truncated constructs with somewhat

improved crystal packing; however, species

variation was ultimately the key to obtaining

good diffraction reliably. Clearly, a genomic

approach in which the proteins are exam-

ined from several related organisms of the

same family is likely to be an ef®cient

general strategy for obtaining diffraction-

Figure 2
Native Patterson functions and crystal-packing arrangements of the hexamers in related space groups P21 and P1 of �6 P4�310. Native Patterson functions were calculated
in CCP4 (Collaborative Computational Project, Number 4, 1994) and the ®gures were drawn with GROPAT (R. Esnouf, unpublished program). (a) The native Patterson
function for the P21 crystal form, shown on the left and calculated using data between 20 and 3.5 AÊ , produced a 13.5� peak at fractional coordinates a = 0.078, b = 0.391, c =
0.492 originating from NCS-related molecules. The packing of hexamers for space group P21 is shown on the right, with NCS-related molecules A and B coloured grey. (b)
The native Patterson function for the P1 crystal form, shown on the left and calculated using data between 20 and 3.5 A, produced a 8.1� peak at fractional coordinates a =
0.986, b = 0.472, c = 0.5 originating from the NCS-related molecules. The packing of hexamers for space group P1 is shown on the right with NCS-related molecules A and B
coloured grey.
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quality crystals, as pioneered nearly 50 years

ago by John Kendrew.
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