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The multifunctional human p100 protein ‘hooks’
methylated ligands
Neil Shaw1,6, Min Zhao2,6, Chongyun Cheng1, Hao Xu2, Juha Saarikettu3, Yang Li1, Yurong Da4, Zhi Yao4,
Olli Silvennoinen3, Jie Yang4, Zhi-Jie Liu1, Bi-Cheng Wang2 & Zihe Rao1,5
The human p100 protein is a vital transcription regulator that increases gene transcription by forming a physical bridge between
promoter-specific activators and the basal transcription machinery. Here we demonstrate that the tudor and SN (TSN) domain
of p100 interacts with U small nuclear ribonucleoprotein (snRNP) complexes, suggesting a role for p100 in the processing of
precursor messenger RNA. We determined the crystal structure of the p100 TSN domain to delineate the molecular basis of
p100’s proposed functions. The interdigitated structure resembles a hook, with a hinge controlling the movement and orientation
of the hook. Our studies suggest that a conserved aromatic cage hooks methyl groups of snRNPs and anchors p100 to the
spliceosome. These structural insights partly explain the distinct roles of p100 in transcription and splicing.

p100, encoded by SND1, is a ubiquitous, multifunctional protein that
can interact with and modulate a broad spectrum of proteins involved
in transcription1–4. Originally identified as a vital cellular component
that enhances the transcription of EBNA-2–activated gene expression5,
p100 was later shown to have similar effects in activating additional
transcription factors, such as STAT5 (ref. 6) and STAT6 (ref. 1). The
underlying mechanism of p100-mediated coactivation seems to be
similar among these factors and is dependent on p100’s ability to
interact with the basal transcription machinery. In all studies of this
coactivation, p100 has been found to interact in vitro and in vivo with
specific transcription activators and to form a physical bridge in their
associations with components of the basal transcription machinery.
Recently, p100 has been implicated in the pathogenesis of autosomaldominant polycystic kidney disease (ADPKD)7. Notably, p100 is also a
known component of the RNA-induced silencing complex (RISC),
promoting cleavage of double-stranded RNA and hyperedited doublestranded RNA substrates8. These studies suggest that p100 may have
several distinct roles.
The modular architecture of the p100 protein is well suited for
participation in protein-protein interactions. Hydrophobic cluster
analysis (HCA) of p100 has revealed multiple staphylococcal nuclease
(SN)-like domains at the N terminus, and tudor and SN domains
(which we term the TSN domain) at the C terminus9,10. It has been
postulated that the SN-like domains of p100 have evolved into
protein-protein–interacting domains. Experimental evidence seems
to support this hypothesis, but structural evidence is still
missing. The STAT5TAD, STAT6TAD, CBP, RNA polymerase II,

RNA helicase A, Myb and Pim1 serine/threonine kinases have been
shown to interact with the p100 protein through the SN-like
domains1–6. The TSN domain of p100 shows similarity to the TSN
domain of the survival of motor neurons (SMN) protein, which acts
as a transcriptional coactivator and is also involved in splicing of
precursor mRNA (pre-mRNA)11,12.
Previously, we have shown that the SN-like domain of p100 alone is
sufficient to enhance STAT6-mediated gene activity in response to
interleukin-4 stimulation, whereas expression of the TSN domain does
not affect transcriptional activity1. More recently, we found that the
TSN domain of p100 interacts with U5 snRNP–specific proteins and
promotes pre-mRNA splicing (J.Y. and O.S., unpublished data). This
suggests that human p100 protein plays multiple roles via different
functional domains. To delineate the molecular bases of the proposed
functions, we determined the three-dimensional structure of the p100
TSN domain.
RESULTS
Overall structure of p100 TSN domain
The three-dimensional structure solution of the human p100
C-terminal TSN domain (residues 654–870) was determined at
2.0-Å resolution using X-ray crystallography. The crystallographic
asymmetric unit contains two fragments of this C-terminal domain,
probably originating from different truncations and crystal-packing
preferences during crystallization. The larger fragment is composed of
complete, interdigitated tudor and SN domains, with residues
654–870 clearly visible in the electron density map. A short fragment
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Figure 1 Overall structure of the p100 TSN domain. (a) Diagram of the human p100 protein architecture, showing the five SN-like domains and the tudor
domain. (b,c) Cartoon illustration of the C-terminal human p100 TSN domain structure. Blue, SN domain; pink, tudor domain. (d) Amino acid sequence of
interdigitated p100 TSN domain, with secondary structural annotations. Residues are colored by domain as in b.

made up of residues 680–770, representing the tudor domain alone, is
also packed in the asymmetric unit along with the larger fragment
(Supplementary Fig. 1 online). This was confirmed by SDS-PAGE
analysis of the protein obtained by harvesting and dissolving the
crystals in buffer. Electron density for residues 870–885 is missing
from the structure.
The human p100 protein has modular architecture and is predicted
to be made up of four complete SN-like domains at the N terminus,
and an incomplete SN-like domain and a tudor domain formed by
residues 654–885 at the C terminus9,10 (Fig. 1a). Our structure of the
human p100 TSN domain shows four a-helices, nine b-sheets and
14 loops (Fig. 1). The SN domain is composed of two segments:
residues 654–678, which form two sheets (b1 and b2), and residues
769–870, which form the remaining three sheets (b7, b8 and b9) and
helix (a2). Residues 679–768 (b3, b4, b5 and b6) form a typical
b-barrel tudor domain (Fig. 1c). In addition, a long helix (a1) and
numerous loops (L3 through L8) are part of the tudor domain.
Although HCA analysis previously predicted an incomplete SN
domain at the C terminus of p100, our TSN domain structure
reveals a complete SN domain, including a typical oligosaccharide/
oligonucleotide-binding (OB) fold13. The secondary structural elements of the SN domain are interdigitated with the tudor domain.
The Protein Data Bank was searched using WU-BLAST (http://blast.
wustl.edu/) to identify structures similar to the p100 TSN domain.
Although no matches (E o 1) were found, the overall architecture of
the human p100 SN domain is similar to the staphylococcal nuclease
(SNase) structure14 (PDB 1SNC), with an r.m.s. deviation of 1.86 Å
over 118 of 135 SNase main chain Ca atoms (Fig. 2a). Differences are
found in the loop regions implicated in DNA binding (loop L45
linking b3 with a1, and loop L3a linking b4 with b5, according to the
OB fold nomenclature of ref. 13). The amino acids necessary for
catalysis are missing in the structure of the p100 SN domain. The
positions of Asp21 and Asp40 in SNase are occupied by Leu669 and
Gln777 in the p100 SN domain. Similarly, the catalytic amino acids
Arg35, Glu43 and Arg87 in SNase are replaced by Ala772, Gln780 and
Cys812, respectively, in the p100 SN domain. These substitutions may
compromise the nuclease activity of the p100 protein, as reported9,10.
Although the overall architecture of the secondary structural
elements is identical between p100 SN and SNase, the nature of the
surface residues differs. The p100 SN domain has a large stretch of
negatively charged surface, predominantly occupied by aspartate

780

VOLUME 14

residues. Residues 654–678 and 781–797, containing a total of nine
aspartates and two glutamates, impart the negative charge to this
region (Fig. 2b). Such negatively charged patches are absent in the
SNase structure, and these patches could potentially mediate ionic
protein-protein interactions of p100 SN.
Human p100’s four-stranded b-barrel is similar in architecture to
the SMN tudor domain12. Superimposition of the SMN tudor domain
(PDB 1MHN) onto the p100 tudor domain reveals little difference
between the two structures: the Ca atoms of 53 of the 59 SMN tudor
domain residues overlap with an r.m.s. deviation of 1.2 Å (Fig. 2a).
Differences between these two structures are found mainly at L5, the
loop linking b3 with b4, and L6, the loop linking b4 with b5 (Fig. 2a;
the secondary structural elements are named as described for the
p100 TSN domain). The b-barrel of human p100 tudor is stabilized by
a hydrophobic core, which is conserved in almost all proteins containing the tudor domain (Fig. 3a), composed of residues Phe715, Tyr721,
Tyr738 and Tyr741. A similar hydrophobic core in the SMN tudor
domain has been suggested to bind the dimethylated arginine/glycinerich tail of the SN core protein12.
Two antiparallel loops connect the SN-like domain with the tudor
domain. One of the loops has a helix embedded inside. This L3-a1-L4
region works together with the long L8 loop like a hinge (Fig. 1b).
The a1 helix helps maintain the distance and orientation of the
tudor domain.
HCA of p100 and modeling of the p100 N terminus
Because HCA did not predict the interdigitation of the p100 SN
domain’s secondary structural elements, the complete set of residues
involved in the formation of the SN domain was not identified in
previous studies. Using the new information about these residues
obtained from the structure of the C-terminal p100 SN domain, we
carried out HCA again (Supplementary Fig. 2 online) and compared
the results with the previously reported HCA of the four N-terminal
SN-like domains of human p100 (refs. 9,10). The hydrophobic core is
similar overall, with similar secondary structural elements in all five
SN-like domains of the p100 (data not shown). Next, we aligned the
sequences of all five SN-like domains of p100 with that of the SNase.
This revealed a number of conserved residues, including the absolutely
conserved Leu835 (Fig. 2b). We then constructed a three-dimensional
model of the four N-terminal SN-like domains of p100 using
Geno 3D15. The crystal structure of SNase (PDB 1SNC) was used as

NUMBER 8

AUGUST 2007

NATURE STRUCTURAL & MOLECULAR BIOLOGY

ARTICLES
Figure 2 Analysis of the p100 TSN region. (a) Superimposition of Ca atoms
of SNase (PDB 1SNC) and SMN tudor domain (PDB 1MHN) on the
C-terminal p100 TSN domain structure. Main chains of p100 TSN,
SNase and SMN tudor are colored magenta, blue and green, respectively.
(b) Multiple sequence alignment of the C-terminal SN domain of p100
with SNase and the four N-terminal SN-like domains of p100. Conserved
residues are highlighted in color according to the ClustalW convention
(http://www.ebi.ac.uk/clustalw).
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a template for model building. Although the overall topologies of the
four SN-like domains are similar, the pattern of surface charge
distribution is remarkably different for SN IV. Whereas SN I, SN II
and SN III have positively charged surfaces, SN IV has a negatively
charged surface, similar to that of the tudor domain (see below). In
addition, there are differences among all the modeled SN domains at
loop L45 (linking b3 with a1) and loop L3a (linking b4 with b5).
p100 tudor domain binds methylated ligands
Proteins have evolved intricate mechanisms for recognition of covalent
modifications such as methylation of lysine and arginine residues.
Gene expression is regulated precisely and efficiently by physical
rearrangement of the chromatin structure in response to the methylation marks found on histone proteins16. Arginine methylation is also
routinely used as a signal for recognition of partners and assembly of
the spliceosome17,18. It is likely that the modules involved in recognition and binding of methylated amino acid residues use a common
mechanism, in which methyl groups are trapped inside a cage
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comprising at least three aromatic amino acid residues (Fig. 3). The
methyl carbon is highly polarized because of an adjacent, strongly
electron-withdrawing nitrogen, and this protonated carbon is localized in space by ionic interactions with the c electrons, effectively
securing the methyl group. The peptide binding specificity is determined by the nature of the residues surrounding the cage. In the
structures of proteins known to bind methylated ligands, including
SMN (PDB 1MHN), HP1 (1GUW), JMJDA (2GFA), 53BP1 (1XNI)
and Polycomb (1PDQ)19–23, such an aromatic cage is implicated in
recognition and binding of methylation marks; the human p100 tudor
domain structure reveals an identical rectangular aromatic cage. In
p100, three tyrosine residues (Tyr721, Tyr738 and Tyr741) and a
phenylalanine residue (Phe715) form the cage, whereas in the SMN
tudor domain three tyrosines (Tyr109, Tyr127, Tyr130) and a tryptophan (Trp102) enclose a dimethylated arginine ligand, and in the
Polycomb chromodomain the trimethylated lysine ligand is enclosed
by Tyr4, Trp47, Trp50 and Tyr54 (ref. 23) (Fig. 3a). A recent study
describes a similar evolutionarily conserved mechanism for recognition of methylated ligands by an aromatic cage in the 53BP1 tudor
domain24. Our structure of the p100 tudor domain also reveals the
fortuitous caging of the Leu808 dimethyl group by another C-terminal
fragment of the same protein packed in the crystal. The dimethyl
group of Leu808 is caged by the same aromatic residues predicted to
bind methylated ligands (Fig. 3c,d).
A deep, negatively charged cleft is evident at the interface of
p100’s tudor and SN domains, composed of the carboxyl oxygens of
Glu664, the main chain carbonyl oxygens of Gln767, Thr663, Val673,
Ala768 and Tyr741, and the hydroxyl oxygen of Tyr672. The close
proximity of this negatively charged patch to the aromatic cage
implicated in binding of methyl groups suggests a role for the charged
region in determining ligand binding specificity (Fig. 3b). Proteins
known to bind methylated ligands have similar negatively charged
surfaces19–23. The SMN tudor domain binds the positively charged
arginine/glycine-rich tails of Sm proteins through negatively
charged surface residues; similarly, the JMJD2A double tudor
domain uses negatively charged groups surrounding the aromatic
cage to bind positively charged histone peptides (Fig. 3b).
p100 interacts with snRNP particles
We have previously shown that the SN-like domains of p100 protein
recruit CBP histone acetyl transferase (HAT) activity to STAT6,
facilitating access of the STAT6–p100 complex to the basal transcriptional machinery1. Recently, we identified a group of U5 snRNP–
specific proteins, including the 220-kDa, 200-kDa and 116-kDa
proteins, associated with the TSN domain of p100 in an in vitro
pull-down assay (J.Y. and O.S., unpublished data). To confirm the
interaction of p100 protein and U5 snRNP protein, we carried out
pull-down assays with glutathione S-transferase (GST)-fused p100-SN
and p100-TSN proteins. Equal amounts of GST, GST–p100-TSN or
GST–p100-SN fusion proteins were bound to glutathione-coupled
beads and incubated with nuclear extracts of HeLa cells. Western
blotting showed that GST–p100-TSN precipitated PRP8, whereas
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Figure 3 Human p100 binds methylated ligands. (a) Aromatic cage
implicated in binding of methylated ligands in human p100 TSN domain,
SMN tudor domain (PDB 1MHN) and Polycomb chromodomain (PDB
1PDQ). Trimethylated ligand and aromatic residues forming the cage are
represented as sticks. (b) Environment surrounding binding sites for
methylated ligands, characterized by negatively charged surface patches that
specifically bind positively charged methylated ligands via ionic interactions.
Shown are surface electrostatic potential of human p100 TSN domain,
JMJD2A double TSN domain (PDB 2GFA) and Polycomb chromodomain
(PDB 1PDQ). Trimethylated substrate residues and aromatic residues
forming the cage are represented as sticks. Potentials were calculated
with APBS37 and contoured from –1 kbT e–1 (red) to +1 kbT e–1 (blue).
(c,d) Caging of methyl groups within human p100 tudor domain. Methyl
groups of Leu808 from chain A (residues 654–870) of the p100 tudor
domain are bound by the aromatic cage formed in the hydrophobic core
of the TSN domain from chain B (residues 680–770). Leu808 and the
aromatic cage residues are shown as sticks.
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Figure 4 TSN domain of p100 interacts with the U snRNP complex.
Nuclear lysates of HeLa cells were incubated with GST alone, or with
GST–p100-SN or GST–p100-TSN fusion protein. (a) Bound proteins were
resolved by SDS-PAGE and immunoblotted with PRP8-specific antibody.
(b) The coprecipitated RNAs were fractionated on a 7 M urea 6% PAGE gel,
analyzed by northern blotting with U1, U2, U4, U5 and U6 snRNA probes
and visualized by autoradiography. Positions of snRNAs are indicated on the
left. (c) Expression of different GST fusion proteins measured by western
blotting. (d) Coprecipitation of snRNAs with wild-type (WT) or mutant GST–
p100-TSN or GST–p100-TSN. Mutants contain alanine substitutions of
aromatic residues in the putative methyl-binding cage. (e) Expression of WT
and mutated GST–p100-TSN proteins measured by western blotting.
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DISCUSSION
The modeled three-dimensional structures of the N-terminal SN-like
domains, in combination with the C-terminal TSN structure determined by X-ray crystallography, indicate that the overall structure of
full-length p100 resembles a stick with a hook (Fig. 5a,b). The SN-like
domains form the stick, and the tudor domain makes up the hook. The
aromatic cage of the tudor domain’s hook traps methyl groups of
ligands and anchors the p100 protein in the ligand–protein complex.
This could be the mechanism for p100’s participation in splicing
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GST–p100-SN or GST protein alone did not (Fig. 4). To provide
additional evidence that the p100 TSN domain associates with snRNP
particles, we performed GST pull-down assays with nuclear extract of
HeLa cells and tested for the presence of snRNAs by northern blotting
with 32P-labeled probes specific to U1, U2, U4, U5 or U6 snRNAs.
Notably, GST–p100-TSN fusion protein precipitated not only U5
snRNA but also U1, U2, U4 and U6 snRNAs, whereas GST–p100-SN
and GST protein did not (Fig. 4). This result indicates that p100
protein is associated with snRNP particles through its TSN domain.
Finally, mutagenesis studies support the idea that the p100 TSN
domain’s conserved aromatic cage binds snRNPs. Double mutants of
the aromatic cage (Y738A Y741A or Y721A F715A) did not bind
snRNPs, and mutation of either Tyr721, Tyr738, Tyr741 or Phe715 to
alanine diminished binding (Fig. 4d).
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reactions. We have shown that the GST–p100-TSN fusion protein
binds snRNPs, such as U1, U2, U4, U5 and U6. The snRNAs associated
with these snRNPs are known to contain covalently modified guanosine
nucleotides25: the 5¢ guanosine of snRNA is hypermethylated by the
Tgs1 methyltransferase, and the mature snRNAs have a 2,2,7-trimethylated guanosine cap. The p100 TSN domain may hook the methyl caps
of snRNAs to anchor the protein to the spliceosomal complex. It is
possible that the interactions of p100’s N-terminal SN-like domains
with the basal transcription machinery components RNA polymerase
II, CBP and RNA helicase A form a complex that couples transcription
with splicing events. Alternatively, the SN-like domains may have
unknown partners in the spliceosome that remain to be detected.
In addition, the structure of full-length p100 reveals a distinct role
in transcription and DNA replication independent of splicing events.
It is likely that p100 recognizes specific histone methylation marks,
binds methylated histones in the aromatic cage of the tudor domain
and recruits HAT to unfold the nucleosomes. Once p100 bridges
promoter-specific transcription factors and the basal transcription
machinery, its DNA-binding ability might serve to anchor them on
the DNA. There is also evidence linking the assembly of the mRNA
export machinery with transcription and splicing26. Thus, p100 may
function in transcription, splicing and export of mRNA from the
nucleolus. Further experiments are necessary to determine the exact
role of p100 in these processes.
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Figure 5 Structure of full-length p100. (a) The four N-terminal SN-like domains were modeled using Geno 3D. Surface electrostatic potential plots (as in
Fig. 3b) of SN domains I–III show positively charged surfaces, in contrast to SN IV and tudor domain, which have negatively charged surfaces. (b) Tudor
domain structure solved by X-ray crystallography resembles a hook with a hinge (boxed). The hook’s conserved aromatic cage implicated in binding ligand
methyl groups is represented as sticks.

Experimental evidence collected in the last decade has firmly established the importance of the ubiquitous p100 protein in transcription.
The domain boundaries of p100 defined by HCA analysis have formed
the basis for interpretation of all the functional studies published so far.
Our crystal structure of p100 TSN domain redefines these domain
boundaries, indicates the molecular basis of some of p100’s proposed
functions and establishes a new role for p100 in splicing.
METHODS
Protein preparation. The C-terminal region of human p100 protein containing
the tudor and SN domains (residues 654–885) was cloned into the pGEX-4T-1
vector (Amersham Biosciences) and expressed in Escherichia coli strain BL21DE3 (Invitrogen) to produce N-terminal GST-tagged protein with a thrombin
cleavage site for removal of the GST tag. Cells were grown in LB medium until
the culture reached an A600 of 0.8. Recombinant protein was produced by
lowering the temperature to 16 1C and inducing the culture with 0.2 mM IPTG
for 20 h. Cells were harvested and lysed by sonication. The clarified lysate
containing soluble recombinant protein was subjected to GST affinity chromatography followed by thrombin treatment to remove the tag. The protein was
further purified using anion-exchange and size-exclusion chromatography. The
purified protein was chemically modified using a reductive methylation protocol as described27. Native or methylated protein (15–20 mg ml–1) in 20 mM
Tris-HCl (pH 7.4), 200 mM NaCl and 1 mM DTT was used for crystallization.
Crystallization and data collection. Crystallization screening was done using
commercially available sparse matrix screens (Hampton Research). Trials for
native and methylated protein were set up in 2-ml hanging drops containing
equal amounts of protein and mother liquor equilibrated over 300 ml of
reservoir solution. After 7 d of incubation at 16 1C, the methylated protein
crystallized in a mother-liquor solution containing 0.1 M phosphate-citrate
buffer (pH 4.2), 20% (w/v) PEG 8,000 and 0.2 M NaCl.
For data collection, the crystals were harvested and frozen with liquid
nitrogen. We derivatized the crystals by adding a small grain of potassium
tetrachloroplatinate(II) to the drop and soaking for 2 h. All data sets were
collected at cryogenic temperatures (100 K) using the frozen crystals. Both
native and derivatized data were collected using X-rays generated with a copper
target on an FR-E+ SuperBright generator (Rigaku) and focused through
VariMax HR optics (Osmic). Both native and derivatized data sets consisting of
a single-axis f scan with 360 oscillation images of 11 each were recorded on a
R-AXIS IV2+ detector (Rigaku) using a crystal-to-detector distance of 200 mm
and 240 s exposure time per image. The higher-resolution native data set was
collected using synchrotron radiation (beamline 22-ID, Southeast Regional
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Collaborative Access Team (SER-CAT), Advanced Photon Source, Argonne
National Laboratory). The data were processed with HKL2000 (ref. 28).
The crystals belong to the space group P212121, with unit cell parameters
of a ¼ 49.93 Å, b ¼ 93.41 Å and c ¼ 95.28 Å. The asymmetric unit contains two
different fragments of the p100 C-terminal domain (identified after the
structures were determined): a large fragment containing the TSN domain
(residues 654–870) and a short fragment containing the tudor domain
(residues 680–770).

Table 1 Data collection and refinement statistics
Native 1

Native 2

Platinum
derivative

P 212121

P 212121

P 212121

49.93, 93.41,
95.28

49.81, 93.79,
95.37

49.80, 93.10,
95.02

Resolution (Å)

44.0–2.0
(2.1–2.0)

15.0–3.1
(3.3–3.1)

20.0–2.8
(2.9–2.8)

Rsym
I / sI

0.078 (0.40)
25.8 (4.3)

0.138 (0.379)
22.9 (8.2)

0.079 (0.349)
41.1 (8.8)

Completeness (%)
Redundancy

99.7 (99.5)
8.9 (8.7)

100.0 (100.0)
14.4 (14.3)

99.5 (100.0)
13.9 (13.4)

Data collection
Space group
Cell dimensions
a, b, c (Å)

Refinement
Resolution (Å)
No. reflections

44.0–2.0
29102

Rwork / Rfree
No. atoms

0.233 / 0.249

Protein
Water
B-factors
Protein
Water
R.m.s. deviations
Bond lengths (Å)
Bond angles (1)

2,437
156
27.9
34.0
0.009
1.080

A total of three crystals were used to solve the structure. Values in parentheses are for
highest-resolution shell.
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Phasing and structure refinement. The initial phases were determined by
SIRAS in SHARP29 with native and platinum-derivatized data sets collected
using in-house FR-E+ X-rays. Several rounds of semiautomated refinement
were done using ARP/wARP30, REFMAC31 and manual revisions of the models
in XFIT32. The refinement converged to give the statistics presented in Table 1.
The final model was validated using MolProbity33 and PROCHECK34 before
submission to the Protein Data Bank35.

© 2007 Nature Publishing Group http://www.nature.com/nsmb

GST fusion protein constructs and GST pull-down assay. GST–p100-SN
and GST–p100-TSN constructs were made and GST pull-down assays done
as described1.
Mutagenesis. GST–p100-TSN mutant constructs were generated using the
QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s recommendations.
RNA extractions and northern blotting. The bead-bound GST fusion proteins
were incubated first with HeLa cell nuclear lysates, then in 300 ml PK buffer
containing 10 mM Tris-HCl (pH 8.0), 2 mM EDTA, 200 mM NaCl, 0.5% (w/v)
SDS and 200 mg ml–1 proteinase K (Invitrogen) at 65 1C for 60 min. After
phenol-chloroform extraction, RNA was precipitated in ethanol, separated by
denaturing 6% (w/v) PAGE, transferred to a nylon filter with semidry blotter
(Owl Scientific) in 0.5 Tris-EDTA buffer using a constant 3 mA cm–2 current
for 1.5–2 h, and cross-linked with a Stratalinker (Stratagene). Hybridization
conditions for snRNA blots were as described36. Radiolabeled probes for U1,
U2, U4, U5 and U6 snRNAs were synthesized by in vitro transcription of the
linearized snRNA plasmids as described36.
Accession codes. Protein Data Bank: Coordinates have been deposited with
accession code 2O4X.
Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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