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Protein translocation across or targeting to membranes mediated by

the signal recognition particle (SRP) is a universal mechanism

conserved in all domains of life. SRP54 from the crenarchaeon

Sulfolobus solfataricus has been recombinantly expressed and

crystallized with and without SRP RNA helix 8. The RNA has been

transcribed in vitro using ribozyme technology. Both crystal forms are

perfect merohedral twins. While SRP54 alone is hemihedrally

twinned, the crystals of the SRP54±helix 8 complex indicate

tetartohedral twinning, which has not previously been observed in

protein crystals. The tetartohedral twinning is enabled by a special

diamond-like packing in a trigonal crystal.
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1. Introduction

The signal recognition particle (SRP) is a

ribonucleoprotein particle that targets nascent

membrane and secretory proteins to the

translocation machinery of the endoplasmic

reticulum in eukaryotes or the plasma

membrane of bacteria (Keenan et al., 2001;

Lutcke & Dobberstein, 1993; Walter &

Johnson, 1994). SRP interacts with the ribo-

some, where it binds to the signal peptide of

the nascent chain. The SRP±ribosome nascent-

chain (RNC) complex is then targeted to the

membrane-associated SRP receptor (SR) in a

GTP-dependent manner (Miller et al., 1993).

The signal peptide is subsequently guided into

the translocon, where the nascent polypeptide

is translocated across or inserted into the

membrane. After GTP hydrolysis in both SRP

and its receptor (Miller et al., 1993), the

complex is resolved and SRP is prepared for a

new translocation cycle. The archaeal SRP

machinery represents an intermediate between

the complex mammalian and the simple

eubacterial systems (Zwieb & Eichler, 2002).

It consists of two polypeptides (SRP19 and

SRP54), an �310-nucleotide SRP RNA (7S

RNA) and the SRP receptor protein FtsY.

These components or their homologues are

conserved in all domains of life. SRP54 is a

three-domain protein with an N-terminal four-

helix bundle, a G domain with a Ras-like

GTPase fold (Freymann et al., 1997) and a

C-terminal M domain (methionine-rich) that is

responsible for binding the signal peptide

(Clemons et al., 1999; Zopf et al., 1990) and

SRP RNA (Batey et al., 2000; Romisch et al.,

1990). The hallmark of the SRP cycle is the

binding of the signal peptide to the M domain

and its release into the translocon. Both

actions are regulated by the GTPase present in

SRP54 and FtsY. In order to further char-

acterize the regulation of the SRP cycle and

the role of domain cross-talking in SRP54, we

have crystallized SRP54 from the archaeon

Sulfolobus solfataricus alone and in complex

with its cognate binding site on SRP RNA

(helix 8). The protein±RNA crystals show a

complex twinning phenomenon which can be

interpreted by tetartohedral merohedry.

2. Methods and results

2.1. Protein expression and purification

A gene fragment encoding amino acids

1±432 of S. solfataricus SRP54 was ampli®ed

by PCR using PCR primers encoding an

N-terminal hexahistidine tag and a C-terminal

stop codon. The fragment was cloned in the

NcoI and BamHI sites of the expression vector

pET24d (Novagen). SRP54 was expressed in

the Escherichia coli expression strain Rosetta

pLyS (Novagen). The bacteria were grown in

Luria±Bertani media (LB) containing kana-

mycin (10 mg lÿ1) and chloramphenicol

(34 mg lÿ1) at 310 K until an optical density

(OD600nm) of 0.8; protein expression was then

induced by addition of 1 mM isopropyl-1-thio-

�-d-galactopyranoside (IPTG). Expression

continued for 4 h at the same temperature. The

harvested bacteria were resuspended in buffer

A (50 mM Tris±HCl pH 8.0, 300 mM NaCl).

Lysis was performed by sonication in the

presence of Complete protease inhibitor

(Roche Molecular Biochemicals) and the

lysate was cleared by ultracentrifugation at

91 000g (average) for 60 min at 277 K (Sorvall

Discovery 100, T-647.5). SRP54 was puri®ed in

a three-step procedure. The soluble fraction

was enriched by nickel-af®nity chromato-

graphy (Chelating Sepharose Fast Flow,
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Amersham Biosciences), eluted with buffer

B (buffer A containing 500 mM imidazole),

followed by heating the pooled fractions at

343 K for 20 min. The precipitated con-

taminants were removed by centrifugation

at 4300g for 10 min at 277 K (Heraeus

Megafuge 1.0 R) and the supernatant was

dialysed against buffer C (20 mM HEPES

pH 7.5, 150 mM KCl, 10 mM MgCl2). After

concentrating SRP54 to about 15 mg mlÿ1

(Amicon Ultra, 30 kDa molecular-weight

cutoff), the protein was applied to a gel-

®ltration column (Superdex 200 16/60;

Amersham Biosciences). Fractions con-

taining SRP54 were pooled and concen-

trated to 30 mg mlÿ1 as determined by the

Bradford assay and absorbance at 280 nm.

2.2. In vitro transcription of SRP RNA

helix 8

Helix 8 of SRP RNA was ampli®ed by

PCR using a primer containing the T7

promotor and ligated into the vector pUC18

using the restriction-enzyme sites KpnI and

XbaI. A hammerhead ribozyme in the form

of an oligonucleotide adaptor molecule

(Wild et al., 1999) was ligated directly after

the helix 8 coding region using the XbaI and

HindIII restriction sites. After linearization

with HindIII, a 47-nucleotide RNA was

produced by run-off in vitro transcription

and puri®ed by denaturing polyacrylamide

electrophoresis and electro-elution (Price et

al., 1995). The transcript contains 43 native

nucleotides from helix 8 (nucleotides 181±

223) and two non-native base pairs resulting

from the T7 promoter and the ribozyme.

Finally, the puri®ed RNA was desalted in a

PD10 column (Amersham Biosciences),

eluted in pure water and concentrated in a

Speed-Vac.

2.3. Crystallization

SRP54 and SRP54±helix 8 crystals were

grown by vapour diffusion using the

hanging-drop method in 24-well Linbro

plates at a temperature of 291 K (Fig. 1).

Crystals of SRP54 were obtained by mixing

equal amounts of protein (30 mg mlÿ1) and

precipitant buffer (2±4% PEG 8000, 1±1.2 M

Li2SO4). The protein±RNA crystals were

produced by mixing equal amounts of

SRP54±helix 8 (5 mg mlÿ1) and precipitant

buffer [acetate buffer pH 4.5, 1.26 M

(NH4)2SO4, 200 mM NaCl]. The SRP54

crystals typically grew in 1±2 d to maximum

dimensions 400 � 50 � 50 mm, while the

protein±RNA crystals reached their ®nal

size (50 � 50 � 30 mm) in 5±6 d.

2.4. Data collection and processing

Prior to data collection, the crystals were

mounted in cryoloops (Hampton Research)

and cryoprotected by transferring the

crystals to either 90% mineral oil/10%

Paratone-N (SRP54) or dry paraf®n oil

(SRP54±helix 8). The crystals were frozen by

directly immersing them into liquid

Figure 1
Crystals of SRP54 with and without SRP RNA helix 8. (a) Trigonal crystal of SRP54 complexed with helix 8 of
SRP RNA. (b) Tetragonal crystals of SRP54.

Figure 2
Self-rotation function plots in polar coordinates for the resolution range 20.0±4.0 AÊ (SRP54, upper panels) and
20.0±4.3 AÊ (SRP54±helix 8, lower panels, calculated in space groups I4 and P31, respectively). The following
sections are shown: SRP54 (apparent point group 622), (a) � = 90� and (b) � = 180�; SRP54±helix 8 (apparent
point group 422), (c) � = 60� and (d) � = 180�. The plots were calculated with the program GLRF (Tong &
Rossmann, 1997). Contours start at 2� and increase in 1.5� intervals.
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nitrogen. The data were collected at the

European Synchrotron Radiation Facility

(ESRF) on beamlines ID14-2 (SRP54) and

ID13 (SRP54±helix 8). All data were inte-

grated using MOSFLM (Leslie, 1992) and

scaled, merged and truncated with the CCP4

package (Collaborative Computational

Project, Number 4, 1994). Data statistics are

listed in Table 1.

2.5. Detection of twinning

According to their apparent point-group

symmetry deduced from self-rotation func-

tions (Fig. 2), the space groups were initially

determined as I422 (SRP54) and P6422

(SRP54±helix 8; screw con®rmed by mole-

cular replacement), with one molecule per

asymmetric unit in both crystal forms.

Decreasing the crystal symmetries to I4 and

P64 (or P31), respectively, did not signi®-

cantly improve the data-processing statistics.

The solvent contents of both crystals were

rather high, with approximately 60% solvent

content for SRP54 and 80% for SRP54±

helix 8. Both crystal forms could be unam-

biguously solved by molecular replacement

with either BEAST (Read, 2001) or AMoRe

(Navaza & Saludjian, 1997) using the SRP54

NG domain from the closely related

archaeon Acidianus ambivalens (PDB code

1j8m; Montoya et al., 2000) as a search

model. Most of the E. coli M domain and

RNA (PDB code 1hq1; Batey et al., 2000,

2001) could be placed in the resulting

Fourier maps. Nevertheless, all attempts to

re®ne the structures failed. Analysing the

data sets using the twinning server (Yeates,

1997) and the CCP4 (Collaborative

Computational Project, Number 4, 1994)

and CNS (BruÈ nger et al., 1998) packages

revealed that both data sets were highly

twinned, although calculation of the twin-

ning parameters (i.e. intensity statistics) was

limited by the moderate resolution. The

tetragonal crystals of SRP54 belong to the

space group I4, with two molecules in the

asymmetric unit. The twinning fraction was

found to be about 47% and the data set

could be treated as a perfect hemihedral

twin.

The twinning of the SRP54±helix 8 data

set was more intricate. After processing the

data in all possible trigonal and hexagonal

space groups and performing one step of

hemihedral twin re®nement in CNS, the

space group P31 was the only one that gave a

considerable drop in both the R factor (54.9

to 40.8) and Rfree (54.9 to 45.6). In P31, the

crystals contain four molecules in the

asymmetric unit. Surprisingly, the crystals

showed almost perfect twinning for all three

possible twin operators (ÿh, ÿk, l;

k, h, ÿl;ÿk,ÿh,ÿl), so-called tetartohedral

twinning, which to our knowledge has not

previously been reported in biological

crystallography. Tetartohedral twinning adds

extra 222 symmetry to the actual point-

group symmetry of the crystal. The four

molecules of the asymmetric unit are

arranged in a distorted tetrahedron (to ®t

the trigonal crystal requirements) and the

three tetrahedrons (12 molecules) of the

unit cell are arranged around the 31 screw

axis (Fig. 3). These three tetrahedrons are

part of three different layers (1, 2, 3) of

tetrahedrons and thus the crystal can be

described as a cubic diamond-like lattice.

Apart from the twinning, the orientations of

the tetrahedrons in one layer are identical

Figure 3
The diamond-like crystal packing of the SRP54±helix 8 complex. (a) The four molecules of the asymmetric unit
are arranged in a distorted tetrahedron. The carbon positions and bonds of the superposed diamond lattice are
shown in grey. (b) The 222 symmetry of the tetrahedron. The perfect dyads (red) cross at a single point (the
central carbon) of the tetrahedron. The 222 pseudo-symmetry within the asymmetric unit is shown as orange
lines. (c) Correlation of the unit cell with the diamond lattice. The trigonal unit cell is shown in red. The
tetrahedrons forming the asymmetric unit are arranged in three layers (1, 2, 3) according to a cubic diamond
lattice. The three tetrahedrons forming the unit cell are marked with a pink arrow and are arranged around the 31

screw axis. The four different corners are marked and would be identically arranged in one layer if the data were
not twinned. The four different corners are joined together (gold circle). The tetartohedral twinning can be easily
achieved by permutating the orientations of the four different corners.
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and they occupy equivalent positions in all

unit cells. Furthermore, the molecules can be

described as `bonds' between the C atoms of

the diamond structure, with the C atoms

being placed at the centre (the crystal

contact of four G domains) and at the

corners of the tetrahedron (the crystal

contact of the NM domains). The intrinsic

222 symmetry of each tetrahedron corre-

sponds to the non-crystallographic 222

symmetry within the asymmetric unit. The

222 symmetry is not exact (pseudosym-

metry; see Fig. 3) and therefore the four

corners of the tetrahedron are distinct from

each other but still seem to be suf®ciently

similar that the tetrahedrons can be joined

by either of the four different corners (apart

from the twinning it is always four different

corners that join; Fig. 3). This would result in

four orientations of the tetrahedrons and

yields the observed tetartohedral twin.

Finally, it should be noted that the tetra-

hedral pseudosymmetrical arrangement of

molecules is probably the only geometry

that favours tetartohedral twinning in a

protein crystal. For more complicated

geometric bodies with 222 symmetry (octa-

hedron, cube) six and eight molecules will be

needed in a quasi-symmetric crystal contact

and will create an even more complicated

twin.
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Table 1
Crystallographic data.

Values in parentheses are for the highest resolution shell.

SRP54 SRP54±helix 8

Space group I4 P31

Unit-cell parameters (AÊ ) a = b = 197.91,
c = 64.31

a = b = 138.38,
c = 308.59

Wavelength (AÊ ) 0.9740 0.9763
Resolution (AÊ ) 40.0±4.0 (4.21±4.00) 30.0±4.1 (4.31±4.10)
Unique re¯ections 9576 49660
Completeness (%) 89.0 (97.9) 97.2 (98.1)
Mean I/�(I) 4.8 (1.5) 4.0 (1.5)
Redundancy 4.2 (4.3) 1.9 (1.9)
Rsym² (%) 8.3 (48.4) 8.7 (48.1)

² Rsym =
P

ij jIi�j� ÿ hI�j�ij=
P

ij Ii�j�, where Ii(j) is the ith measurement of re¯ection j and hI(j)i is the overall weighted mean of j

measurements.


