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The gene coding for the human spliceosomal U5 snRNP-speci®c

15 kDa protein (U5-15kD) was overexpressed in Escherichia coli, its

product puri®ed to homogeneity and crystallized. Well diffracting

single crystals were obtained by the vapour-diffusion method in

hanging drops and subsequent macroseeding. The crystals belong to

the orthorhombic space group P21212 with a = 62.3, b = 65.7,

c = 37.1 AÊ . They diffract to at least 3.0 AÊ and contain one molecule in

the asymmetric unit. A selenomethionine derivative of the protein

was prepared and crystallized for multiwavelength anomalous

diffraction (MAD) data collection.

Received 22 October 1998

Accepted 30 November 1998

1. Introduction

Catalysis of nuclear pre-mRNA splicing

requires a large assembly of ribonucleopro-

teins known as the spliceosome. This macro-

molecular complex is a highly dynamic

structure composed of four small nuclear

ribonucleoprotein (snRNP) particles, U1, U2,

U4/U6 and U5, and additional auxiliary factors

(reviewed in Lamm & Lamond, 1993; KraÈmer,

1996). The spliceosomal snRNPs contain either

one (U1, U2, U5) or two (U4/U6) snRNAs and

more than 45 distinct proteins in total. Among

the snRNP proteins there are the eight core

(Sm) proteins B/B0, D1, D2, D3, E, F and G,

which are common to all snRNPs, as well as

proteins which are speci®c for a given snRNP

species (reviewed in Will & LuÈ hrmann, 1997).

In the case of the human U5 snRNP there are

nine speci®c proteins with apparent molecular

weights of 15, 40, 52, 100, 102, 110, 116, 200 and

205 kDa.

While catalysis of pre-mRNA splicing

appears to be RNA based, the many confor-

mational rearrangements of snRNAs that

occur during the splicing process appear to be

driven by spliceosomal proteins. Several RNA

helicases belonging to the DEAD/H box

superfamily (Lauber et al., 1996; Laggerbauer

et al., 1998) as well as a cyclophilin with

peptidyl±prolyl cis/trans-isomerase activity

(Teigelkamp et al., 1998) have been identi®ed

in the spliceosome. Sequence analysis of the

gene coding for the U5-116kD protein

revealed high homology to the ribosomal

elongation factor EF-2, which hydrolyses GTP

and acts as a translocase during translation

(Fabrizio et al., 1997). It is intriguing to spec-

ulate that U5-116kD perfomes a similar func-

tion in the spliceosome.

There is also structural information avail-

able on spliceosomal proteins. Much has been

learned about protein±RNA interactions

through the structure determination of several

spliceosomal proteins complexed to snRNAs.

The crystal and NMR structure of the U1A

RNA-binding domain in complex with a

hairpin within U1 snRNA (Oubridge et al.,

1994; Howe et al., 1994) and the NMR structure

of the same domain complexed to the poly-

adenylation-inhibition element of its own

mRNA (Allain et al., 1997) have been deter-

mined. The crystal structure of the U2B0 0±
U2A0 complex bound to a fragment of U2

snRNA has only recently been published

(Price et al., 1998).

There is, however, still a considerable

number of snRNP proteins which have no

information available about their functions

and interactions with snRNAs or other

proteins. Among them is the U5 snRNP-

speci®c 15 kDa protein (U5-15kD) recently

isolated by Nottrott & LuÈ hrmann (personal

communication). A point mutation in this

protein was shown to have a temperature-

dependent effect upon mitosis in Schizo-

saccharomyces pombe. Complete deletion of

the U5-15kD gene produced a lethal

phenotype, which could be complemented by

its mammalian homolog (Berry & Gould,

1997). Because of the scarcity of detailed

functional data on U5-15kD, we decided to

initiate a structural study of this spliceo-

somal protein. Determination of its three-

dimensional structure might reveal valuable

insights into its function which are not

revealed by its primary structure (Nottrott &

LuÈ hrmann, personal communication). We

describe here the details of the over-

expression, puri®cation and crystallization of
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human U5-15kD as well as preliminary

crystallographic data.

2. Methods, results and discussion

2.1. Cloning procedures, expression and

puri®cation

The coding region of the U5-15kD cDNA

was PCR-ampli®ed and cloned into the

temperature-induceable overexpression

vector pXC35 (Cheng & Patterson, 1992) via

an NdeI and a HindIII restriction site

introduced by the 50 and 30 PCR primers,

respectively. The insert of the resulting

plasmid p15KXC35 was completely rese-

quenced from both directions to exclude

mutations that might have occurred during

PCR ampli®cation.

Escherichia coli TAP106 transformed with

p15KXC35 were grown in 0.5 l of LB

medium (Miller, 1972) containing 100 mg lÿ1

ampicillin and 50 mg lÿ1 kanamycin at

303 K. At an OD600 of 1.0, the expression of

U5-15kD was induced by addition of 0.5 l

LB medium prewarmed to 336 K and

subsequent growth of bacteria at 315 K for

4 h. Induction led to strong production of

U5-15kD protein. After SDS±PAGE of a

total cell lysate this protein was clearly

visible as an intense band with an apparent

molecular mass of 15 kDa, which is some-

what lower than the calculated molecular

mass of 16.8 kDa (Nottrott & LuÈ hrmann,

personal communication). For puri®cation,

cells were harvested by centrifugation and

the cell pellet was resuspended in 10 ml of

buffer A (100 mM Tris±HCl pH 7.8, 2 mM

DTT) plus protease-inhibitor cocktail (one

tablet Complete per 50 ml buffer; Boeh-

ringer Mannheim, Germany) plus

10 mg mlÿ1 bovine DNAaseI (Boehringer

Mannheim, Germany). Cells were disrupted

at 277 K by addition of hen egg-white lyso-

zyme (Boehringer Mannheim, Germany) to

a ®nal concentration of 1 mg mlÿ1 and by

sonication (15 cycles of 20 s on, 45 s off).

20 min after sonication, the cell extract was

subjected to centrifugation at 30000g and

277 K for 1 h. The supernatant was further

submitted to a second centrifugation at

100000g for 2 h. The S-100 was then loaded

onto a Q-Sepharose (Fast Flow) column

with a bed volume of 100 ml, which was

equilibrated with lysis buffer. The column

was run with a linear gradient of 0±0.4 M

NaCl (®ve bed volumes) in the same buffer

with a ¯ow rate of 4 ml minÿ1. The U5-15kD

protein eluted at 0.2 M NaCl. (NH4)2SO4

was added to the U5-15kD-containing frac-

tions to a concentration of 1 M. This solution

was loaded onto a Hi-Load phenyl

Sepharose column (diameter 16 mm and

height 10 cm). After being washed with two

bed volumes of lysis buffer plus 1 M

(NH4)2SO4, the protein was eluted with a

linear gradient of 1±0 M (NH4)2SO4 (20 bed

volumes) with a ¯ow rate of 3 ml minÿ1.

U5-15kD eluted >95% pure at 0.2 M

(NH4)2SO4. To remove residual trace

amounts of impurities, the U5-15kD-

containing fractions were concentrated to

4 ml using a Centriprep-10 concentrator

(Amicon, USA) and loaded onto a

Superdex75 gel-®ltration column (diameter

26 mm and height 60 cm). The column was

eluted with buffer A (20 mM Tris±

HCl pH 7.8, 120 mM NaCl, 2 mM

DTT, 1 mM EDTA) at a ¯ow rate

of 2.5 ml minÿ1. Pure U5-15kD

eluted at 225 ml, proving that

U5-15kD exists as a monomer, as

assessed by comparison with gel-

®ltration runs of standard proteins.

The pure protein was concentrated

to 10 mg mlÿ1 using Centriprep-10

and Centricon-10 concentrators

(Amicon, USA) for crystallization

experiments. The chromatographic

steps were carried out at room

temperature using an AÈ kta-

Explorer system (Pharmacia,

Sweden). The amino-terminus of puri®ed

U5-15kD was sequenced. Apart from

lacking the N-terminal methionine, the

14 N-terminal amino acids were identical to

those predicted by the cDNA sequence.

2.2. Crystallization

Crystallization experiments were

performed at 294 K in Linbro plates using

the hanging-drop vapour-diffusion tech-

nique. A drop of 1.5 ml protein solution

(100 mg protein per millilitre of buffer A)

was mixed with an equal volume of reservoir

solution and sealed against 1 ml reservoir

solution. All reservoir solutions contained

2 mM DTT and 0.02%(w/v) sodium azide. In

a systematic search for crystallization

conditions, U5-15kD spontaneously formed

numerous microcrystals in the presence of

1 M (NH4)2SO4 as the precipitating agent

buffered with 200 mM HEPES/NaOH in the

pH interval 7.2±7.8. The ®rst crystals

appeared after four weeks at pH 7.6. No

crystals were obtained at an (NH4)2SO4

concentration of 0.8 or 1.2 M, or at 1 M

(NH4)2SO4 at 277 K. A U5-15kD derivative

containing an N-terminal His-tag, which was

kindly provided by Nottrott & LuÈ hrmann,

showed no tendency to crystallize under

these or various other tested conditions. To

obtain X-ray quality crystals, some of the

microcrystals were transferred to fresh

droplets prepared identically to those

leading to the microcrystals. After one week,

the resulting single crystals, which had the

dimensions 0.2 � 0.1 � 0.05 mm, were

further passed on to new droplets. Within a

week, the crystals grew to dimensions of

approximately 0.7 � 0.3 � 0.2 mm (Fig. 1).

2.3. X-ray diffraction experiments and

crystal characterization

In order to collect data under cryo-

conditions, crystals were ¯ash-frozen in a

solution containing 62% saturated

(NH4)2SO4 and 20% sucrose as a cryopro-

tectant buffered with 100 mM HEPES/

NaOH pH 7.6. Data were collected on an

R-AXIS IV image-plate detector mounted

on an RU300 rotating-anode generator

(Rigaku/MSC) operating at 50 kV and

100 mA. The crystal-to-detector distance

was 150 mm. A complete data set of 1�

frames with a 15 min exposure time was

collected. Crystals diffracted to 3.0 AÊ

(Table 1). Processing the data with the

program DENZO (Otwinowski & Minor,

1997) revealed an orthorhombic crystal

system with unit-cell parameters a = 36.6 AÊ ,

b = 61.4 AÊ , c = 65.2 AÊ . From systematic

absences in speci®c re¯ections in the
Figure 1
Crystal of U5-15kD obtained by macroseeding

Table 1
X-ray data-collection statistics.

Number of crystals 1
Resolution (AÊ ) 100±3.0
Wavelength (AÊ ) 1.54
Space group P21212
Unit-cell parameters (AÊ )

a 36.6
b 61.4
c 65.2

Data-collection temperature (K) 100
Number of observed re¯ections 29213
Number of unique re¯ections 2924
Completeness of all data (%) 88.2
Rsym for all data (%) 3.7
Completeness of outer shell (3.11±3.0 AÊ ) (%) 91.9
Rsym in outer shell (%) 6.6
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diffraction pattern the space group was

determined to P21212. Assuming one mole-

cule in the asymmetric unit, the Matthews

coef®cient VM (Matthews, 1968) was

2.2 AÊ 3 Daÿ1, corresponding to a solvent

content of 44%.

2.4. Puri®cation and crystallization of

selenomethionine U5-15kD

For multiwavelength anomalous diffrac-

tion (MAD) experiments, a derivative of

U5-15kD in which the eight internal

methionine residues of the protein are

replaced by selenomethionines will be

required (Hendrickson et al., 1990).

Temperature-induced overexpression of the

U5-15kD gene by means of p15KXC35

requires the E. coli host strain TAP106

(Cheng & Patterson, 1992), which carries a

temperature-sensitive �cI857 repressor

allele but is met+. The production of sele-

nomethionine proteins is facilitated by using

a methionine auxotrophic strain, which is

grown in minimum medium supplemented

with selenomethionine during induction. To

our knowledge, no such E. coli strain exists

with a �cI857 repressor allele in its genome.

Therefore, the insert of p15KXC35 was

recloned into the vector pET-21a(+)

(Novagen, Madison, WI; Studier et al., 1990)

resulting in plasmid p15KET21. This

plasmid allowed IPTG-induceable over-

expression of the U5-15kD gene in the metÿ

E. coli strain B834(DE3) (Novagen,

Madison, WI).

A 1 l culture of B834(DE3)(pLysS/

p15KET21) was grown at 310 K in minimum

medium M9 (Sambrook et al., 1989) with

glucose (4 g lÿ1) as the carbon source. The

medium contained 100 mg lÿ1 ampicillin and

10 mg lÿ1 chloramphenicol. It was supple-

mented with biotin and thiamine (2 mg lÿ1

each) and l-methionine (50 mg lÿ1). After

the culture had reached an OD600 of 0.8,

cells were spun down by centrifugation and

resuspended in 1 l of the above medium

devoid of methionine. After 1 h, 50 mg of

dl-selenomethionine were added. After an

additional 30 min, induction of seleno-

methionine U5-15kD expression was

achieved through addition of IPTG to a ®nal

concentration of 1 mM. Expression was

allowed to continue for 4 h. Puri®cation of

the selenomethionine U5-15kD was iden-

tical to that of the native protein, except that

oxidation of selenomethionine was

prevented by adding 5 mM DTT and 1 mM

EDTA to all buffers. The success of seleno-

methionine incorporation was veri®ed by

electrospray mass spectrometry. A differ-

ence in molecular weight of 379.5 Da

between the natural and selenomethionine

protein was measured, corresponding to full

incorporation of eight Se atoms (data not

shown). To crystallize selenomethionine

U5-15kD, natural U5-15kD crystals were

used as a source for streak microseeding

experiments (see Stura & Wilson, 1992).

However, selenomethionine U5-15kD

formed amorphous precipitates at 1 M

(NH4)2SO4 at pH 7.6. At a concentration of

0.8 M (NH4)2SO4, crystals were obtained

which were morphologically similar to the

natural U5-15kD crystals. A decrease in

solubility of selenomethionine proteins

compared with their natural counterparts,

which necessitates a reduced precipitant

concentration in crystallization experiments,

is commonly observed (DoublieÂ, 1997). The

resulting crystals were used for a second

microseeding procedure to exclude non-

selenomethionine protein from the crystals.

Through subsequent macroseeding, seleno-

methionine U5-15kD crystals were obtained

which were morphologically identical and

grew to the same size as their natural

counterparts. Selenomethionine U5-15kD

crystals diffracted equally well and had the

same unit-cell parameters as crystals of

natural U5-15kD.
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