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ABSTRACT

Human p14 (SF3b14), a component of the spliceosomal U2 snRNP, interacts directly with the pre-mRNA branch adenosine
within the context of the bulged duplex formed between the pre-mRNA branch region and U2 snRNA. This association occurs
early in spliceosome assembly and persists within the fully assembled spliceosome. Analysis of the crystal structure of a complex
containing p14 and a peptide derived from p14-associated SF3b155 combined with the results of cross-linking studies has
suggested that the branch nucleotide interacts with a pocket on a non-canonical RNA binding surface formed by the complex.
Here we report a structural model of the p14dbulged duplex interaction based on a combination of X-ray crystallography of an
adenine p14/SF3b155 peptide complex, biochemical comparison of a panel of disulfide cross-linked protein–RNA complexes,
and small-angle X-ray scattering (SAXS). These studies reveal specific recognition of the branch adenosine within the p14 pocket
and establish the orientation of the bulged duplex RNA bound on the protein surface. The intimate association of one surface of
the bulged duplex with the p14/SF3b155 peptide complex described by this model buries the branch nucleotide at the interface
and suggests that p14dduplex interaction must be disrupted before the first step of splicing.
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INTRODUCTION

Pre-mRNA splicing by the human spliceosome requires the
sequential recognition by RNA and protein factors of the 59

and 39 splice sites, the polypyrimidine tract, and the branch
region (Burge et al. 1999). The dynamic nature of spliceo-
some assembly with respect to these recognition events has
been established by a wealth of studies describing a complex
series of RNAdRNA and RNAdprotein associations during
the course of the assembly pathway (Staley and Guthrie 1998).
This sequence is characterized by the stepwise association
of the U1, U2, and U4/U5/U6 snRNP particles as well as non-
snRNP factors with the pre-mRNA substrate through the
formation of E, A, B complexes into the mature spliceosomal
C complex (Brow 2002).

One of the key steps in spliceosome assembly is recog-
nition of the branch region. In contrast to the yeast branch
sequence, 59-UACUAAC-39 which is very highly conserved,
the human branch region sequence is variable (Burge et al.

1999; Gao et al. 2008); branch sequence plasticity in
humans is important in splicing regulation, and mutations
are associated with a variety of disease states resulting from
aberrant splicing (for review, see Hartmann and Valcárcel
2009). In humans, initial recognition of the single-stranded
branch sequence within the pre-mRNA is mediated by the
branch-binding protein SF1, which is part of a network
of factors that define the E or commitment complex (Reed
1990). The stable association of U2 snRNP with the pre-
mRNA in A complex includes the formation of a bulged
duplex structure between the pre-mRNA branch sequence
and U2 snRNA that specifies the bulged nucleotide as the
nucleophile for the first transesterification step of splicing
(Query et al. 1994).

Sequential association of proteins with the pre-mRNA
branch region has been demonstrated by site-specific mod-
ification of the branch adenosine with the photo-reagent
benzophenone followed by cross-linking and analysis by
SDS-PAGE (MacMillan et al. 1994). This study detected the
early association of SF1 with the branch region but also
revealed the specific, stepwise association of several other
factors with the branch nucleotide from very early in
spliceosome assembly into the mature spliceosome. Of par-
ticular interest was a strong cross-link to p14 that appeared
in A complex and persisted within the fully assembled
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spliceosome. The kinetics of the appearance of this cross-
link suggest that p14 is associated with the bulged branch
regiondU2 snRNA duplex (Fig. 1A; Query et al. 1994). The
benzophenone reagent probed pre-mRNA–protein inter-
actions within a radius of 15 Å; subsequent experiments
showed that p14 directly contacted the branch nucleotide
in A through C complexes indicating an intimate association
between protein and RNA at the heart of the mammalian
spliceosome (Query et al. 1996).

p14 was initially isolated from purified mammalian
spliceosomes and subsequently identified as a constituent
of both the U2 and U12 snRNPs of the major and minor
spliceosomes, respectively (Will et al. 2001). More specif-
ically, p14 is part of SF3b, a salt-dissociable multi-protein
complex conserved between the U2 and U12 snRNPs, and
a strong interaction between p14 and the SF3b protein
SF3b155 has been demonstrated (Fig. 1A). p14 is an evo-
lutionarily highly conserved protein with orthologs across
diverse species; the human protein is a 125-amino-acid
polypeptide containing a central region with strong ho-
mology with the well-characterized RRM domain (Will
et al. 2001). In particular, p14 contains consensus RNP1
and RNP2 motifs that mediate RRMdRNA interactions as
evidenced by high-resolution structural analyses (Oubridge
et al. 1994; Deo et al. 1999; Handa et al. 1999; Allain et al.
2000; Wang and Hall 2001; Clery et al. 2008).

As an initial step toward understanding the molecular
basis of p14dbranch duplex interaction, we solved the X-ray
structure of p14 in a complex with a short peptide derived
from SF3b155 (Fig. 1B; Schellenberg et al. 2006). As

predicted, p14 contains a central RRM domain (residues
20 to 91). As well, the C terminus of the protein features
two additional a-helices of four and 12 amino acids. The
bound SF3b155 peptide forms a long N-terminal a-helix
(amino acids 380–396) and a second shorter helix (amino
acids 401–407). The C terminus of the SF3b155 fragment
contains a short b-strand interacting with b-2 of the p14
RRM b-sheet; this is connected to the shorter a-helix by
a loop that makes extensive contacts with both the shorter
C-terminal helix and RRM of p14 (Schellenberg et al.
2006).

An intriguing feature of the p14dpeptide complex, as
revealed by the X-ray structure, is that the canonical
b-sheet of the RRM is occluded by one of the C-terminal
helices of p14, the central helix of the SF3b155 peptide,
and the loop connecting the peptide to the C-terminal
b-strand, resulting in a large buried surface. The interface
between the two proteins is extensive including a hydro-
phobic core surrounded by a set of hydrogen bonds and
salt bridges.

The blocking of one face of p14 is significant because the
b-sheet of the RRM represents the canonical RNA binding
surface of the domain including the highly conserved RNP1
and RNP2 motifs (Oubridge et al. 1994; Deo et al. 1999;
Handa et al. 1999; Allain et al. 2000; Wang and Hall 2001;
Clery et al. 2008). In the p14/SF3b155 peptide complex,
residues of RNP1 and RNP2 are largely buried. Intrigu-
ingly, a portion of RNP2 is exposed within a pocket on the
otherwise occluded surface: A highly conserved aromatic
residue within RNP2, Y22 forms the base of this pocket on
the p14dpeptide surface (Fig. 1B). The surface surrounding
this pocket includes four basic residues—R24, R57, R96,
and K100. The side chains of two of these (R24, R57)
project from the surface of the p14 b-sheet, the third (R96)
is found at the end of a3, and the fourth (K100) in the loop
between a3 and a4. The identities of R96 and K100 are
highly conserved among p14 orthologs but not between
p14 and other RRMs (Schellenberg et al. 2006).

In biochemical studies, we were able to characterize
a cross-link between the bulged adenosine of a model
branch region duplex and the mutant Y22M p14/SF3b155
peptide complex where the introduced methionine forms
the floor of the pocket on the p14 surface. Mapping the
RNA cross-link to M22 in the mutant allowed us to infer
that the bulged nucleotide is bound within the p14 pocket
and that the surrounding surface represents the RNA-
binding face of p14 (Schellenberg et al. 2006).

In order to further characterize the interaction of p14
with the pre-mRNA branch duplex, we have used a disulfide
tethering approach to compare the stabilities of different
RNAdprotein complexes. The results of these studies,
combined with X-ray crystallographic and solution-scat-
tering studies, allow us to propose a model of the branch
duplexdp14 interaction with significant implications with
respect to the role of p14 in the assembled spliceosome.

FIGURE 1. Protein–protein and protein–RNA interactions of p14 in
the human spliceosome. (A, upper) p14 directly contacts the bulged
duplex formed between the pre-mRNA branch sequence and U2
snRNA; (lower) p14 as a constituent of the U2 snRNP-associated SF3b
particle. (B, upper) Ribbon diagram showing the p14dSF3b155 peptide
complex based on the X-ray structure (Schellenberg et al. 2006).
(Yellow) p14; (blue) the SF3b155 peptide; (green) Y22. (Lower)
Surface representation of the p14dSF3b155 peptide complex showing
Y22 exposed within the surface pocket surrounded by conserved basic
residues; (light gray) p14; (dark gray) SF3b155 peptide; (yellow) Y22;
and (blue) R24, R57, R96, and K100.
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RESULTS

Interrogating the p14dRNA complex
using a disulfide tethering strategy

The affinity of the isolated p14/SF3b155
peptide complex for short model RNA
duplexes is not strong (>100 mM); nei-
ther is there a marked specificity for a spe-
cific bulged duplex over double-stranded
or single-stranded RNA (Spadaccini
et al. 2006; MJ Schellenberg and AM
MacMillan, unpubl.). These observations
are not surprising and may reflect several
different features of branch duplex rec-
ognition within the spliceosome. These
include the cooperative nature of RNA–
protein interactions—SF3b155 has been
shown to directly interact with nucleo-
tides at the �6 position, just 59 to the
branch region U2 duplex, and at the +5
position, 39 to the branch (Gozani et al.
1998)—as well as the fact that p14 likely
interacts with multiple bulged duplex
structures due to the variable nature of
the branch sequence in humans (Gao
et al. 2008).

To address problems of affinity/spec-
ificity and to facilitate biochemical and
structural characterization of p14dRNA
interaction, we chose to use a disulfide
tethering approach to stabilize a complex between thiol-
derivatized RNA and p14 containing a single exposed Cys
residue (Fig. 2). This approach, first developed by Verdine
and coworkers, has been very successfully used in the char-
acterization of proteindDNA complexes (Huang et al. 1998;
Huang et al. 2000; He and Verdine 2002; Fromme et al. 2004;
Banerjee and Verdine 2006; Johnson et al. 2006; Corn and
Berger 2007; Komazin-Meredith et al. 2008; Lee et al. 2008;
Zhao et al. 2008) and has been adopted by others to ac-
celerate screening of drug–target interactions (Erlanson et al.
2000, 2003a,b; Cancilla et al. 2008). Sequence-specific and
non-specific complexes of the Escherichia coli Ada protein
with DNA have been trapped via intramolecular disulfides
(He and Verdine 2002). X-ray structures of the DNA repair
protein MutY bound to a DNA lesion (Fromme et al. 2004)
and a complex of HIV reverse transcriptase with a DNA tem-
plate primer were also based on a disulfide trapping strategy
(Huang et al. 1998).

The positioning of the branch adenosine base within the
pocket on p14 allows us to crudely model the interaction of
the protein complex with a cognate RNA based on X-ray
and NMR structures of bulged duplex RNAs (Berglund
et al. 2001; Newby and Greenbaum 2002; Lin and Kielkopf
2008). Given the positioning of adenine within the pocket

and minimizing steric clashes with the p14/SF3b155 pep-
tide surface, two possible orientations of the RNA, related
by a 180° rotation, may be modeled (1 and 2 in Fig. 3A; see
Supplemental Material). We created a Cys-less version of
p14 (C83S; C74V) based on phylogenetic comparisons
(Will et al. 2001) and determined the structure of the
mutant p14dSF3b155 peptide complex to show that it is not
perturbed by these changes (data not shown). From Cys-
less p14, we then created a panel of single-Cys-containing
p14 mutants where the introduced residues were designed,
based on our X-ray structure and crude model, to sample
the phosphodiester backbone with respect to both possible
RNA orientations on the proposed RNA binding surface
(Fig. 3A). One mutant, D37C, is located on the opposite,
‘‘rear,’’ face of the p14/SF3b155 peptide complex to serve as
a negative control. This combination of modified proteins,
especially the D37C mutant, is important with respect to
addressing any concern that the tethering strategy might
force a nonbiological interaction; screening and compari-
son of a panel of disulfide linked complexes serve as a
control for the validity of the approach (see below).

We chemically synthesized model bulged RNA hairpins,
containing a single, commercially available 29-deoxy-
H-phosphonate precursor (Froehler 1986), to mimic the

FIGURE 2. Disulfide cross-linking strategy for interrogating the p14/SF3b155 peptidedRNA
complex. (A) Cross-linking of engineered Cys containing p14/SF3b155 peptide to thiol-
derivatized RNA generates a tethered RNA–protein complex in which cognate association is
predicted to stabilize the disulfide bond to reduction. (B) p14dRNA cross-linking reaction.
Chemistry of disulfide bond formation between single Cys containing p14/SF3b155 peptide
and an N-thioalkyl modified RNA, where attachment to the backbone is mediated by single
phosphoramidate subtitution for a backbone phosphate. (C) Synthesis of thiol-modified RNA.
(Left) Oxidation of an H-phosphonate monomer with cystamine disulfide is followed by
reduction and trapping with Ellman’s reagent during the course of automated synthesis.
(Right) Sequence of thiol-modifed RNA synthesized as a mimic of the pre-mRNAdU2 snRNA
bulged duplex containing C in place of pseudouridine at position 4 (*).
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pre-mRNAdU2 snRNA duplex (Fig. 2C). These were derivi-
tized with a thiol by oxidation of the H-phosphonate with
cystamine disulfide during the synthesis, which we then re-
duced and protected with Ellman’s reagent. The position of
RNA modification was based on an initial model of RNA–
protein interaction where placement of the bulged nucle-
otide within the p14 pocket sets the register of duplex
association with that face of the protein. The length of RNA
was similarly based on the initial crude model. A highly
conserved pseudouridine in U2 snRNA base-pairs with the
nucleotide 59 to the branch position and has been proposed
to stabilize an extrahelical disposition of the branch aden-
osine (Newby and Greenbaum 2002). Therefore, two RNAs
were initially synthesized, one containing a single pseudouri-
dine to match the position of this modified base within the
U2 snRNA, and another containing cytidine at the same
position (Fig. 2C). Disulfide bond formations between these
RNAs and p14 cysteine mutants were essentially the same,
suggesting that the replacement of pseudouridine with cyti-
dine is a valid model of the bulged duplex (see Supplemental
Material).

Allowing Cys mutant protein complexes to equilibrate
with the mixed Ellman’sdRNA disulfides under mild re-
ducing conditions (60 mM b-mercaptoethanol) overnight
produced the desired RNA–protein disulfide in variable

yield as assayed by SDS-PAGE (Fig. 3B)
and confirmed by RNase treatment (see
Supplemental Material). The highest
yields of complex were those involving
formation of RNA disulfides with the
N25C and R85C proteins, suggesting
that these are the most thermodynam-
ically stable linkages. A roughly 50%
yield of the M101C and N84C disul-
fides was obtained; the yields of all the
D102C and T103C complexes were
much lower. Significantly, almost no
D37C disulfide was observed. In several
cases, intermolecular p14 disulfide for-
mation, upon dialysis into non-reduc-
ing buffer and before RNA addition,
was observed; this was significant in the
case of N84C, likely reflecting the loca-
tion of the introduced cysteine on a
flexible loop of p14. Initial formation of
disulfide linkages, as assayed by quench-
ing an aliquot of the above reactions
after 20 min (Fig. 3C), produced a
roughly equivalent yield of almost all of
the RNA–protein disulfides, showing
that no single Cys mutant formed the
initial disulfide with significantly greater
or less (e.g., due to steric constraints)
efficiency. We were also able to show
that the N25C protein–RNA disulfide

is kinetically stable to reduction with respect to the
other disulfides by treatment with a high concentration
of b-mercaptoethanol followed by SDS-PAGE analysis
(Fig. 3D).

The results of the tethering and reduction experiments
are very informative, immediately suggesting that the
bulged duplex interacts with one face of the p14/SF3b155
peptide complex, and furthermore indicating the preferred
binding orientation of the bulged duplex on this face. The
lack of D37C disulfide under reducing, equilibrating con-
ditions is a control for non-specific protein–RNA disulfide
formation on the rear face of the complex and the varying
yields of the other disulfides support one of the two pro-
posed orientations on the front face (1 in Fig. 3A). Finally,
the kinetic stability of the N25C disulfide with respect to all
of the others but especially the R85C complex (Fig. 3D)
suggests that the N25CdRNA disulfide most represents
a cognate RNA–protein association. The relatively high
amount of M101C disulfide formed under mildly equili-
brating conditions (Fig. 3B) shows that an ensemble of
p14dRNA complexes (specific and non-specific) is likely
present under the conditions of the experiment; however,
this disulfide and those to D102C and T103C are rapidly
reduced, suggesting that they are unstable/strained and do
not represent cognate complexes.

FIGURE 3. Formation and reduction of p14/SF3b155 peptidedRNA disulfides. (A) Two
models of p14/SF3b155 peptidedRNA interaction (1 and 2), related by a 180° rotation about
the branch adenosine glycosidic bond, based on cross-linking of a bulged nucleotide to the
pocket on the p14 surface (Schellenberg et al. 2006). (Yellow) p14; (blue) the SF3b155 peptide;
and (green) RNA. Shown are sites of single-Cys mutations introduced into Cys-less p14 (red
balls) and site of RNA backbone modification with the C2 thiol functionality (green ball).
Modeling based on the p14/SF3b155 peptide X-ray structure (PDB: 2F9D) and a bulged RNA
X-ray structure (PDB: 1I9X) (Berglund et al. 2001). (B) Coomassie-stained SDS-PAGE gel
showing formation of p14dRNA disulfide cross-links under mild equilibrating conditions with
panel of single Cys mutants (p14dp14 disulfide is formed upon dialysis of p14 samples into
nonreducing buffer before RNA addition); (*) uncharacterized contaminant. (C) Coomassie-
stained SDS-PAGE gel showing initial formation of p14dRNA disulfide cross-links. (D)
Coomassie-stained SDS-PAGE gel showing time course of p14dRNA reduction (0, 10, 30, 60,
120 min).
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Adenine recognition by the p14/SF3b155
peptide complex

In parallel with the tethering experiments described above,
we attempted co-crystallization and soaks of p14/SF3b155
peptide crystals with a variety of nucleobases, nucleosides,
and mononucleotides. Following a soak of Cys-less p14/
SF3b155 peptide crystals with adenine alone, we solved the
2.4 Å resolution structure of an adeninedp14/SF3b155
peptide complex (Fig. 4A; Table 1). The structure reveals
adenine bound within the pocket on the p14 surface as
predicted on the basis of cross-linking to the Y22M mutant
(Schellenberg et al. 2006).

The resolution of the adeninedp14/SF3b155 peptide
structure allows us to unambiguously model the specific
disposition of adenine within the pocket (Fig. 4A). The base
stacks on the conserved Y22 of RNP2 consistent with the
cross-linking results. Specific recognition of the base within
the pocket is mediated by a Watson-Crick-like interaction
with main-chain functionalities (the N-6 exocyclic amine
with the carbonyl of Y91 and N-1 with the amide N-H of
N93), as well as hydrogen-bonding of N-3 to the phenolic
hydroxyl of the otherwise buried Y61 of RNP1 (Fig. 4A).

Overall, upon adenine binding, the structure of the
p14dSF3b155 peptide complex is unperturbed with the ex-
ception of the side chain of R96. In the absence of adenine,
this lies along the side of the pocket, forming a hydrogen
bond with the main chain carbonyl of Y91. As noted above,
adenine binding replaces this with an N6 interaction; the
R96 side chain is swung out from the surface in the com-
plex, a conformation that would be suitable to interact with
the phosphate backbone of a bound RNA duplex.

The placement of adenine within the structure corrob-
orates the RNAdprotein orientation proposed on the basis

of the tethering experiments (1 in Fig. 3A) since, with
adenine fixed, the alternative disposition would not only
require the energetically unfavorable syn orientation of the
bulged base but also be subject to significant steric clashes
of the duplexdprotein interface.

SAXS analysis of tethered p14/SF3b155
peptidedRNA complex

The results of the tethering experiments supported by the
X-ray structure suggest that the N25C complex represents a
cognate model of a bulged RNA duplexdp14/SF3b155 inter-
action. We therefore decided to characterize this specific
complex further using small-angle X-ray scattering (SAXS).
This method has several advantages over others in the struc-
tural characterization of macromolecular structure. As a so-
lution technique, it does not require crystallization; because
of small sample volumes, relatively small absolute amounts of
sample are required; and finally, a significant amount of struc-
tural information is contained within the scattering data.

FIGURE 4. Recognition of the branch nucleotide base during
spliceosome assembly. (A) X-ray structure of adenine bound to
p14/SF3b155 peptide. (Left) 2Fo � Fc map at 2.4 Å resolution using
phases calculated from the final, refined model and contoured at 1s
(blue) and Fo � Fc map using phases calculated from a model lacking
adenine contoured at +5s (green). (Right) Interactions between
adenine and the SF3b14 pocket. The purine stacks on Y22 of RNP2,
features Watson-Crick-like hydrogen-bonding interactions between
the N-6 exocylic amine and the main-chain carbonyl of Y91 and
between N-1 and the main-chain N-H of N93, as well as hydrogen-
bonding between N-3 and the hydroxyl of otherwise buried Y61 of
RNP1. (B) Recognition of human branch region by the KH domain
of SF1. Detail from the NMR structure showing specific recognition of
the branch nucleotide base and SF1 mediated by Watson-Crick like
interactions with the main chain of I177 (Liu et al. 2001).

TABLE 1. Data collection, phasing, and refinement statistics

p14/SF3b155dadeninea

Data collection
Space group C2221

Cell dimensions
a, b, c (Å) 101.85, 112.7, 82.2
a, b, g (°) 90, 90, 90

Wavelength 1.1158
Resolution (Å) 2.4
Rsym or Rmerge 0.055 (0.311)
ÆI/s(I )æ 21.8 (2.8)
Completeness (%) 95.0 (84.0)
Redundancy 3.8

Refinement
Resolution (Å) 74–2.40
Number of reflections 17,384
Rwork /Rfree 0.214/0.258
Number of atoms

Protein 2545
Ligand/ion 20
Water 80

B-factors
Protein 49.8
Ligand 48.0
Water 46.6

RMSD
Bond lengths (Å) 0.016
Bond angles (°) 1.55

Ramachandran (%)
Most favored 92.0
Allowed 8.0
Disallowed 0.0
Molprobity Clashscore 3.51

Data were collected from a single crystal. Values in parentheses are
for the highest-resolution shell (2.40–2.49 Å). Molecular replace-
ment was performed using PDB ID 2F9D as the search model.
ap14 is the C83S/C74V mutant; RMSD with wild-type p14 is 0.2 Å.
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We performed SAXS on samples of
both the N25C p14/SF3b155 peptide com-
plex and purified N25C p14/SF3b155
peptidedRNA disulfide. Upon scale-up,
in the final purification of the N25C
p14/SF3b155dRNA complex by anion
exchange chromatography, we were
able to separate two species present in a
roughly 20:1 ratio. The minor species
showed a scattering curve that was rela-
tively featureless and did not flatten at
low angles, consistent with a disordered
or unfolded structure (data not shown).
We interpret this minor cross-linked
species, which we did not characterize
further, to represent a strained disulfide
formed with one of the two possible
diastereomers at phosphorous that re-
sult from the oxidation of the H-phos-
phonate precursor during the chemical
synthesis. We examined both the p14/
SF3b155 peptide and p14/SF3b155
peptidedRNA samples by dynamic light
scattering and detected no evidence of
higher-order multimers or aggregates (data
not shown).

With respect to the N25C p14/SF3b155
peptide complex and the major purified
N25C p14/SF3b155 peptidedRNA disul-
fide, the SAXS scattering plot suggests
the presence of ordered, folded struc-
tures (Fig. 5A). The flattening of the
raw scattering plots at low angles shows
that there is minimal aggregation in
these samples. The bell-shaped distri-
bution function, P(r), for both is rep-
resentative of a folded, essentially glob-
ular structure (Fig. 5B); the asymmetry
represented by a shoulder at z50 Å is
consistent with the protrusion of the long helix, a1, of the
SF3b155 peptide observed in the X-ray structure (Fig. 1B).
Linear Guinier plots (Fig. 5C) indicate the absence of
aggregation in both samples. The bell-shaped structure of
the Kratky plot (Fig. 5C, inset) is also consistent with an
essentially globular structure; the plateau of this plot at
higher s-values again may be representative of scattering
from the helical protrusion.

We next used the ab initio modeling program GASBOR
(Svergun et al. 2001) in real space mode to generate models
refined against the P(r) function. Ten rounds of model-
building from different and random starting positions for
dummy atoms were averaged using the program DAMAVER
(Volkova and Svergun 2003). The unfiltered model from
DAMAVER was further refined by using it as a starting
model for the program DAMMIN (Svergun 1999) to yield

the final calculated envelope. The ab inito envelope for the
p14/SF3b155 peptide complex is bipartite featuring a glob-
ular density and long extension within which we fit the
p14/SF3b155 peptide crystal structure using the program
SUPCOMB (Fig. 5D, upper; Kozin and Svergun 2001). The
globular portion of the crystallographic X-ray density fits
well and was positioned by virtue of the close correspon-
dence of the helical extension of SF3b155 a1 with the
protrusion from the calculated envelope, which leaves
room for the five amino acids N-terminal to a1 that are
disordered in the crystal structure.

In comparing the ab initio model to the p14/SF3b
peptide X-ray structure, we first used the program CHADD
(Petoukhov et al. 2002) to add dummy residues to that
structure representing the poorly ordered/disordered
N-terminal residues (11 and seven residues of p14 and

FIGURE 5. Small-angle X-ray scattering (SAXS) analysis of p14/SF3b155 peptide and tethered
p14/SF3b155 peptidedRNA complexes. (A) Experimental SAXS curves for p14/SF3b155
peptide (blue) and p14/SF3b155 peptidedRNA (red); also shown in black are scattering curves
calculated from the CHADD (p14/SF3b155 peptide) or SASREF models (p14/SF3b155
peptidedRNA). (B) Distance distribution functions, P(r), for p14/SF3b155 peptide (blue)
and p14/SF3b155 peptidedRNA (red) complexes calculated from the experimental scattering
data using GNOM. (C) Guinier plots of p14/SF3b155 peptide (blue) and p14/SF3b155
peptidedRNA data (red); (inset) Kratky plots. (D, upper) SAXS envelope for the p14/SF3b155
peptide complex derived from the DAMMIN refined ab initio model superimposed on the
model from CHADD. (Lower) SAXS envelope for the p14/SF3b155 peptidedRNA complex
derived from the DAMMIN refined ab initio model superimposed on the model from SASREF.
Dummy residues added for (yellow) p14 and (blue) SF3b155 using CHADD.
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the SF3b155 peptide, respectively). The radius of gyration,
Rg, derived from this model, 19.3 Å, is close to that derived
from the experimental scattering data (19.7 Å); the theo-
retical scattering curve calculated from this model using
CRYSOL (Svergun et al. 1995) fits the experimental with
a x2 of 2.7 (Fig. 5A; see Supplemental Material).

We next generated an ab initio envelope for the tethered
N25C p14/SF3b155dRNA complex using the protocol de-
scribed above for the p14/SF3b155 peptide complex alone.
The resulting envelope is similar to that derived for the
protein complex alone, featuring, again, a globular region
and a narrow protrusion that we assign to a1 of the
SF3b155 peptide. Fixing the p14/SF3b155 peptide crystal
structure within the envelope using this constraint reveals
significant additional density in the ab initio envelope
corresponding to the proposed RNA-binding face of the
protein complex (Fig. 5B, right).

We used the program SASREF (Petoukhov and Svergun
2005) to generate a model of the p14/SF3b155 peptidedRNA
complex. The protein model was derived from the crystal
structure with the missing residues added using CHADD,
and the RNA model was a 6-bp bulged duplex based on the
larger X-ray structure of Schultz and colleagues capped
with a canonical GAAA tetraloop. Ten rounds of SASREF
docking using restraints corresponding to the N25C disul-
fide and bulged-adenosine binding pocket were performed.
The models were quite similar, and the one with the best fit
to the experimental data (x2 of 2.0) (see Supplemental
Material) is shown in Figure 5D. Using SUPCOMB, we were
able to fit this model within the ab initio envelope, once
again positioning the helical extension of the SF3b155
peptide within the protrusion from the globular main body
of the calculated mass.

DISCUSSION

A complete understanding of p14 function in branch
region recognition will include a high-resolution structure
of p14 in a complex with a bulged RNA duplex. Neverthe-
less, the studies described here provide a satisfactory low-
resolution model of p14dbulged duplex interaction with
implications for spliceosome assembly and activation.
Specifically, they argue that the p14dbranch duplex associ-
ation precedes incorporation of that RNA structure into
the fully activated spliceosome.

Disulfide tethering as a probe of p14dRNA interaction

The disulfide tethering approach described here confirms
a model of RNA interaction with one face of p14 and allows
us to distinguish between two proposed orientations of
RNA on the p14 surface. Enhanced stability of disulfides to
reduction has been clearly shown to reflect the specificity of
proteindligand interaction in tethered complexes. Relative
disulfide stability is a measure of relative binding affinity

(Gilbert 1995; Stanojevic and Verdine 1995; O’Shea et al.
1989) and reflects the fact the disulfide bond formation/
reformation in specific complexes is essentially an intra-
molecular process that is entropically favored. The high
efficiency of disulfide cross-linking of N25C and R85C
under mild reducing conditions suggests the specific orien-
tation of RNA on the p14 surface (1 in Fig. 3A). Further-
more, the kinetic stability of the N25C complex to reduc-
tion suggests that tethering at this position was optimal in
terms of representing a cognate complex. The different
efficiencies of disulfide formation strongly support this
model and serve as a control for the approach.

The methodology described here should be of general
utility in the characterization of RNA–protein interactions,
especially where there is uncertainty with respect to the
nature of the cognate interaction. As an example, Corn and
Berger have successfully described a high-throughput pro-
tocol using biotinylated thiol-derivatized DNA to screen for
specific protein–DNA complexes from a library of Cys-
containing mutants of bacterial DNA primase (Dnag)
(Corn and Berger 2007). Because, as in the case with p14,
RNA–protein interactions are often cooperative, and iso-
lated complexes may only have a weak affinity, this
approach may be particularly useful in screening RNA–
protein complexes.

Recognition of the branch adenosine

Specific recognition of adenine, revealed by the X-ray
structure reported here, supports our previous suggestion
that the unpaired adenosine of the pre-mRNAdU2 snRNA
bulged duplex is bound within a pocket on the p14 surface.
This interaction is specific and stabilized by three hydro-
gen-bonding interactions. This includes the interaction of
the adenine N6 exocyclic amine with the main chain of Y91
that is dependent on the displacement of the R96 side
chain. The hydrogen bond between Y61 and N3 of adenine
may only be representative of a subset of branch nucleotide
p14 interactions since phenylalanine frequently occupies
this position in p14 orthologs. The NMR structure of
a single-stranded RNA, representing the human branch
sequence, bound to the SF1 KH domain has also been
described (Fig. 4B; Liu et al. 2001). Interestingly, recogni-
tion of the nucleotide corresponding to the branch aden-
osine is also specified by a Watson-Crick-like interaction,
in this case with the backbone amide and carbonyl of I177.

Together, the SF1dRNA and p14dadenine structures re-
veal specific recognition of the branch adenosine at mul-
tiple stages of spliceosome assembly from the E complex
(SF1) through the A, B, and C complexes (p14). The ob-
served specific interactions with adenine provide a molec-
ular explanation for the pronounced preference for that
residue at the branch position and may function along with
a spliceosomal proofreading mechanism (Xu and Query
2007) to help ensure fidelity of branch selection.
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SAXS model of p14dRNA interaction

The envelopes generated from the SAXS data for both the
p14/SF3b155 peptide and major RNAdp14/SF3b155 peptide
complexes correspond with the density expected on the
basis of the p14/SF3b155 peptide X-ray structure, in the
latter case with the positioning of bound RNA on one face
of the protein complex. The p14/SF3b155 peptidedRNA
model formed on the basis of these data is of low resolution
but is fully consistent with our previous photo-cross-linking
results (Schellenberg et al. 2006), the disulfide cross-linking
reduction studies, and the pocket-bound adenine X-ray
structure.

Chemical shift mapping has been used to examine the
interaction of the p14dSF3b155 peptide complex with single-
stranded and bulged duplex RNAs representing U2 snRNA and
the pre-mRNAdU2 snRNA duplex, respectively (Spadaccini
et al. 2006; Kuwasako et al. 2008). Overall, the NMR results
are consistent with the essentials of the structural model
proposed here, specifically with respect to the identification
of the face of p14 involved in RNA binding and the oc-
clusion of the canonical RNA-binding surface of the RRM.
They suggest limited interaction with the RNP motifs (with
the exception of Y22 and K24), consistent with their being
largely buried and inaccessible; the principal chemical shift
perturbations suggest RNA binding involving areas flank-
ing the central b-sheet including the loop between a2 and
b4 and the C-terminal portion of p14 proximal to a3.
Although it is possible that association of p14 with single-
stranded RNA occurs prior to the recruitment of U2
snRNP to the branch region, the p14dSF3b155dRNA in-
teraction that occurs in the A and higher-order complexes
must involve recognition of a bulged duplex structure
(Query et al. 1994).

Implications for role of p14 and SF3b in spliceosome
assembly and activation

The model of p14dduplex interaction described here sug-
gests that an intimate complex is formed between p14 and
the pre-mRNAdU2 snRNA duplex. One face of the RNA
and, more specifically, the bulged branch nucleotide is
bound on the protein surface, consistent with previous
cross-linking results showing direct contact between the
branch residue and p14 in the A through B and C complexes
during spliceosome assembly.

In the model described here, the branch nucleotide, and
more specifically the 29 hydroxyl that is the nucleophile for
the first step of splicing, is buried at the interface between
the bulged duplex and p14 protein complex (Fig. 3A); this
is true even in the mature spliceosome, as represented by
the C complex, since photo-cross-linking shows a direct
interaction between p14 and the bulged branch adenosine
(Query et al. 1996). Thus, although the p14dRNA complex
persists into the mature spliceosome, it must be disrupted
to allow the first step of splicing to occur.

Luhrmann and coworkers have purified an active step 1
spliceosome and characterized its RNP core. Based on the
under-representation of both the SF3a and SF3b complexes
in this assembly, they have suggested that the association of
both with the spliceosome must be disrupted at or during
the first step of splicing (Bessonov et al. 2008). It has recently
been suggested by Stevens and colleagues that a Prp2-
dependent rearrangement displaces both SF3a and SF3b
from the branch region prior to the first step of splicing in
yeast. They further propose a model whereby SF3 associa-
tion with the pre-mRNA prevents premature nucleophilic
attack by the branch adenosine until the correct orientation
of the proper substrate within the spliceosome (Lardelli et al.
2010). The structural model reported here and the resulting
requirement for disruption of the bulged duplex p14 in-
teraction are consistent with both of these observations.
Interestingly, in Saccharomyces cerevisiae, which lacks a p14
homolog, the branch nucleophile can attack U2 snRNA in
the presence of a weak 59 splice site where presumably the
positioning of the proper substrate has been decoupled from
spliceosome activation (Smith et al. 2007). Finally, bulged
RNA duplexes have also been shown to be susceptible to
hydrolysis 39 to the bulged residue by virtue of the backbone
geometry (Portmann et al. 1996). Thus, the p14dbranch
duplex association may serve as a regulatory step preventing
aberrant chemistry during the assembly of the correct
spliceosome active site.

MATERIALS AND METHODS

Protein expression and purification

DNA fragments encoding mutant p14 were generated by over-
lapping PCR and cloned into pMALC2-X as described (Schellenberg
et al. 2006). All mutants were verified by sequencing. Protein
expression and purification of mutant p14dSF3b155 amino acids
373–415 were carried out as previously described (Schellenberg
et al. 2006).

Protein crystallization and structure determination

Crystals of the Cys-less p14dSF3b155 peptide complex were grown
using the hanging drop method with a reservoir solution of 12%–
14% PEG 3350, 100 mM Tris (pH 7), and 200 mM NaCl. For
adenine soaks, a 100 mM solution of adenine hemisulfate (Sigma)
was heated to dissolve the adenine, quickly cooled to room
temperature, and 0.2 mL was added to a 2-mL drop containing
p14dSF3b155 peptide crystals. Crystals were cryoprotected in
reservoir solution containing 15% glycerol and flash-frozen in
liquid nitrogen. X-ray diffraction data were collected at beamline
8.3.1 at the Advanced Light Source (Berkeley, CA). Data were
processed using HKL2000 (Otwinowski and Minor 1997) and
solved using REFMAC5 (Murshudov et al. 1997) for a rigid-body
refinement with the coordinates from PDB entry 2F9D, followed
by rounds of model building and refinement using XFIT (McRee
1999) and REFMAC5.
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RNA synthesis

RNAs were synthesized on an ABI 394 synthesizer using 29-ACE
chemistry (Dharmacon) modified to incorporate the thiol tether
during synthesis. After the first detritylation step, the RNA syn-
thesis column was removed from the machine, and the following
steps were performed manually with a syringe: (1) wash with 1 mL
of 50:50 acetonitrile:pyridine; (2) coupling with 28 mg of 59-trityl
39-H phosphonate thymidine monomer (ChemGenes) dissolved in
1 mL of 50:50 acetonitrile:pyridine and 40 mL of pivaloyl chloride
(Sigma) for 60 sec; (3) wash with 1 mL of 50:50 acetonitrile:pyr-
idine; (4) wash with 5 mL of acetonitrile; (5) oxidation for 1 h with
50:25:25 carbon tetrachloride:pyridine:cystamine disulfide (freshly
dried over MgSO4 in dichloromethane); (6) wash with 5 mL of
pyridine; and finally, (7) wash with 5 mL of acetonitrile. The
column was returned to the ABI 394 synthesizer and capped with
acetic anhydride followed by detritylation, and the synthesis was
continued using standard 29-ACE chemistry. The oligonucleotides
were deprotected according to the manufacturer’s instructions
with the added steps of addition of 0.1 M b-mercaptoethanol
during base deprotection and 20 mM tris(2-carboxyethyl)phos-
phine (TCEP) during the 29-ACE removal step. Crude oligonu-
cleotides were then modified with 5,59-dithiobis-(2-nitrobenzoic)
acid (Ellman’s regeant) prior to separation by denaturing PAGE
(20%, 19:1 acrylamide:bis acrylamide, 8 M urea) in TBE running
buffer. The band corresponding to the full-length oligonucleotide
containing the thiol modification was identified, excised, and
extracted from the gel slice.

Protein-RNA disulfide bond formation

Mutant p14dSF3b155 peptide complex was dialyzed overnight into
buffer (10 mM Tris at pH 8.0, 60 mM KCl, 0.1 M EDTA)
containing 1 mM b-mercaptoethanol, followed by dialysis in the
same buffer containing 0.1 mM b-mercaptoethanol for 1 h. Pro-
tein complex was mixed with RNA (50 mM) in the same buffer
such that the final concentration of b-mercaptoethanol was
60 mM, and disulfide bond formation was allowed to proceed
overnight at 4°C. For analysis of the initial products of cross-
linking, samples were removed after 20 min and treated as
described below. All samples were analyzed by 16% (w/v) SDS-
PAGE under non-reducing conditions after first quenching all free
thiols with 2 mM iodoacetamide for 10 min and using a load-
ing dye lacking b-mercaptoethanol. For SAXS analysis the
p14dSF3b155 peptide RNA complex was purified on a Superdex
75 column (GE Healthcare Life Sciences) followed by ion exchange
on a mono-Q HR5/5 column (GE Healthcare Life Sciences).

Protein-RNA disulfide reduction

p14dSF3b155 peptide RNA complex was added to reactions
containing 5 mM b-mercaptoethanol and incubated at room
temperature for between 10 and 120 min. At the end of each time
point, free thiols were quenched with a twofold excess of
iodoacetamide for 10 min followed by non-reducing 16% (w/v)
SDS-PAGE using loading dye lacking b-mercaptoethanol.

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data were collected at beam-
line 12.3.1 of the Advanced Light Source, Lawrence Berkeley
National Laboratory, at 12 keV on a MAR165 detector. Samples

were maintained at 10°C during data collection using a thermo-
statically controlled cuvette. p14dSF3b155 peptide samples at 2.5
and 10 mg/mL and a p14dSF3b155 peptide–RNA sample at a
concentration of 10 mg/mL were buffer-exchanged overnight at
4°C in 25-mL dialysis buttons, using 6–8 kDa nominal molecular
weight cutoff regenerated cellulose dialysis tubing, against a
50-mL volume of the SAXS buffer (10 mM Tris at pH 8.0, 60
mM NaCl, 0.1 mM EDTA, and 5% glycerol). A series of exposures
(6, 60, and 6 sec) was measured to assess for radiation sensitiv-
ity. Scattering of the dialysis medium alone from 6- or 60-sec
exposures was subtracted from the scattering of the equivalently
exposed samples to yield scattering curves for the macromolecules
alone. Data were analyzed using the programs PRIMUS43
(Konarev et al. 2003), GNOM44 (Svergun 1992), and AUTORG45
(Konarev et al. 2003). No radiation damage was apparent as
the first and last 6-sec exposures produced curves that were
superimposable, no aggregation was visible to the program
AUTORG45, and a linear dependence of log[I(s)] versus s2 in
the range sRG < 1.3 was observed. The scattering curves for the
6-sec exposure (data from 0.012 sec to 0.163 sec) and the 60-sec
exposure (data from 0.072 sec to 0.318 sec) of the 10 mg/mL
p14dSF3b155 peptide RNA sample were merged. Scattering data
from 0.012 sec to 0.163 sec for the 60-sec exposure of the 2.5 mg/
mL p14dSF3b155 peptide and data from 0.072 sec to 0.318 sec for
the 60-sec exposure of the 10 mg/mL sample were merged using
PRIMUS43. The merged scattering curves were used for analysis
with the program GNOM44 which generated a P(r) curve. Ten
rounds of model building using the program GASBOR (Svergun
et al. 2001) with 168 dummy atoms for the p14dSF3b155 peptide
complex and 219 dummy atoms for the p14dSF3b155 peptidedRNA
complex were averaged using DAMAVER (Volkova and Svergun
2003). The starting model from DAMAVER was used as an initial
model for the program DAMMIN (Svergun 1999), which produced
the final refined ab initio model.

The program CHADD (Petoukhov et al. 2002) was used to add
dummy residues to the crystal structure of p14dSF3b155 peptide
(PDB entry 2F9D, chains A and P) to model amino acids that
were disordered in the crystal structure. The program SASREF
(Petoukhov and Svergun, 2005) was used to model the complex
between the p14dSF3b155 peptide model generated by CHADD
and a model RNA duplex (PDB entry 1I9X: nucleotides 2–8 of
chain A and nucleotides 7–12 of chain B) (Berglund et al. 2001),
with a GAAA tetraloop at the end of the helix from PDB entry
1TLR (nucleotides 5–8) (Butcher et al. 1997), using restraints
corresponding to the N25C-RNA disulfide tether and the bulged
adenosine–Y22 interaction. Theoretical scattering from models
was compared to the experimental scattering curves using the pro-
gram CRYSOL27 (the solvent density was maintained at the de-
fault value of 0.334 e/Å3) (Svergun et al. 1995). The ab initio
models were superimposed with the CHADD and SASREF models
using the program SUPCOMB20 (Kozin and Svergun 2001).

Coordinates

Protein Data Bank: Coordinates for the p14/SF3b155 peptidedadenine
complex have been deposited under accession code 3LQV.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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